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Recent Hot Topics

Contents of this talk
- Review of time-dependent CP violation
  measurement
- Recent results of CP violation measurement
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Review of time-dependent 
CP violation measurement
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Overview of Time-dependent
CP asymmetry measurement

アルバトリオン

e- e+ B0

B0
Υ(4S)

K0
K
π
μ

μ+
μ-

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

Signal side B

Tag side B

- Decay time is measured from 
  difference of vertex position
- Flavor of B0 is measured from
  information of daughter of 
  companion B (high momentum
  lepton, kaon, etc. ) 

Introduction

Phenomenology of  mixing-induced CP-violation:

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

where:

Flavor tagging
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= S sinΔmΔt           +  　　　　 A cosΔmΔt

    mixing  induced CPV         direct CPV                
                Δm: B-B mass difference
                Δt: B-B decay time difference

_

_

Angles of unitary triangle can be 
measured in several CP-eigenstates:
ex. B0→J/ψK0 (b→ccs tree)
     S = -ξf sin2φ1

     B0→ππ, ρρ (b→uud tree)
     S = -ξf √1-A2 sin2φ2eff

    φ2eff = φ2 - Δφ2 
    (extra-CP phase from other diagram)
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sin2φ1/β measurement
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FIG. 1: Distributions for BCP and Bflav candidates satisfying the tagging and vertexing requirements: a) mES for the final
states J/ψ K0

S , ψ(2S)K0
S , χc1K0

S , and ηcK0
S, b) ∆E for the final state J/ψ K0

L, c) mES for J/ψK∗0(K∗0
→ K0

Sπ0), and d) mES

for the Bflav sample. In each plot, the shaded region is the estimated background contribution.

• 3 parameters for the ∆t resolution: δcore, Score and
fcore.

• 4 parameters for the Bflav time dependence: 2 pa-
rameters for the fraction (fprompt) of zero lifetime
component for the lepton-tagged and nonlepton-
tagged events, τbg, and ∆md,bg.

• 8 parameters for possible CP violation in the back-
ground, including the apparent CP asymmetry of
non-peaking events in each tagging category,

• 1 parameter for possible direct CP violation in the
χc1K0

S
background coming from J/ψK∗0, and

• 3 parameters for possible direct CP violation in the

J/ψK0
L

mode, coming from J/ψK0
S
, J/ψK∗0, and

the remaining J/ψ backgrounds.

The effective value of |λf | for the non-J/ψ background is
fixed from a fit to the J/ψ -candidate sidebands in J/ψK0

L
.

We fix τB0 = 1.530 ps and ∆md = 0.507 ps−1 [3]. The
determination of the mistag fractions and ∆t resolution
function parameters for the signal is dominated by the
Bflav sample, which is about 10 times larger than the CP
sample.

+ data
― signal+background

background

CP odd (ξf = −1)

Nsig = 7482
Purity 97 %

B0→J/ψK0S  

Belle 535M BB  
_

Nsig = 8377
Purity 93 %

_
BABAR 465M BB
(full data set)

(PRL 98 (2007) 031802) (PRD 79 (2009) 072009)
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      sin2φ1= 0.642±0.031±0.017

                A = -0.018±0.021±0.014
              (B0→J/ψK0 total)

     sin2φ1= 0.666±0.031±0.013

               A = -0.016±0.023±0.018
              (B0→J/ψK0 total)
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Motivation of further 
sin2φ1/β measurements

- sin2φ1      |Vub| from B+→τ+ν
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Precise sin2φ1 measurement contributes to reduce global fit error

Δmd &Δms

Recent global fit result by CKMfitter

Hints of new physics contribution?

global fit 
result
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B(B+→τν)  = (0.861+0.101 )× 10-4 (CKMFitter, ICHEP10)-0.095

Belle preliminary     (1.54 +0.38 +0.29 )×10-4

BaBar preliminary    (1.76 ± 0.45) ×10-4

Average                  (1.64±0.34) ×10-4

-0.37 -0.31
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Further sin2φ1/β measurements
- Belle final result will be shown in near future

Signal region of 
reconstructed energy

772M BB, full data

J/ψK0S J/ψK0L ψ(2S)K0S χc1K0S

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

Signal yield (535M BB) 7484±87 6312±123 ― ―
Purity (%) (535M BB) 97 59 ― ―

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

_

B0→(cc)K0S B0→J/ψK0L
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Expected statistical error on sin2φ1 = 0.023
→ 30% smaller than previous result and close to systematic limit 
   (c.f. sin2φ1 = 0.642±0.031(stat)±0.017(syst), Belle 535M BB)

_
_

_
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φ2/α measurement
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FIG. 1: (a) ∆E, (b) Mbc and (c) x± projection plots of the
B0

→ π+π− candidates having R > 0.85 in the signal box of
(a) Mbc with x± < 0.4, (b) ∆E with x± < 0.4 and (c) Mbc

with 0 GeV< ∆E < 0.02 GeV. Figure (c) is the sum of x+

and x− distributions.

the corresponding PDF P q!
K±π∓(∆t) is constructed in the

same manner as the signal PDF. The qq background
distribution contains prompt and finite-lifetime compo-
nents; it is convolved with a background resolution func-
tion modeled as a sum of two Gaussians and combined
with the outlier PDF to give the qq background PDF
Pqq̄(∆t). All the parameters of Pqq̄(∆t) are determined
using sideband events.

We define a likelihood value for the i-th event, which
lies in the !-th bin of R vs. r:

Pi =
∑

k

n!
kP

q(!)
k ("si)P

(q!)
k (∆ti). (2)

Here n!
k is the fraction of component k ∈

{π+π−, K+π−, K−π+, qq̄} in R-r bin !; Pq(!)
k ("s) is

the event-by-event probability for component k as a

function of "s = (∆E, Mbc, x+, x−); and P (q!)
k (∆t) is the

event-by-event probability for component k and flavor
tag q as a function of ∆t. In the fit, Sππ and Aππ are the
only free parameters and are determined by maximizing
the likelihood function L =

∏

i Pi.
The unbinned maximum likelihood fit yields Sππ =

−0.61 ± 0.10(stat) ± 0.04(syst) and Aππ = +0.55 ±
0.08(stat)±0.05(syst). The correlation between Sππ and
Aππ is ρ = +0.15. Figures 2 (a) and (b) show the back-
ground subtracted ∆t distributions of the signal events
with r > 0.5 for q = ±1 and the asymmetry ACP in each
∆t bin, respectively, where ACP = (N+−N−)/(N++N−)
and N+(−) is the number of signal events with q = +1
(−1) obtained by a fit in each ∆t bin.

The main contributions to the systematic error are due
to uncertainties in the vertex reconstruction (±0.03 for
Sππ and ±0.01 for Aππ) and event fractions (±0.01 for
Sππ and ±0.04 for Aππ); the latter includes a conser-
vative uncertainty for the possible qq background flavor
asymmetry of ±0.02. We include the effect of tag side in-
terference [20] on Sππ (±0.01) and Aππ (±0.02). Other
sources of systematic error are the uncertainties in the
wrong tag fraction (±0.01 for both Sππ and Aππ), physics
parameters (τB0 , ∆md and AKπ) (< 0.01 for both Sππ

and Aππ), resolution function (±0.02 for both Sππ and
Aππ), background ∆t shape (< 0.01 for both Sππ and
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FIG. 2: (a) ∆t distributions of B0 → π+π− signal events
with r > 0.5 after background subtraction for q = +1 (solid)
and q = −1 (dashed), and (b) asymmetry ACP plot. The
curves are projections of the fit result. The difference in the
heights of the q = +1 and q = −1 components in (a) is due
to direct CP violation.

Aππ), and fit bias (±0.01 for both Sππ and Aππ). We
add each contribution in quadrature to obtain the total
systematic error.

To validate our CP -violating parameter measurement,
we check the measurement of Aππ using a time-integrated
fit, and obtain Aππ = +0.56 ± 0.10, consistent with the
time-dependent fit results. An unbinned extended max-
imum likelihood fit to the q = +1 (q = −1) subset with
R > 0.85 and r > 0.5 yields 280 ± 20 (169 ± 16) π+π−

signal events, in agreement with the measured Aππ value
taking into account the dilution due to the wrong tag
fractions and B0B̄0 mixing. We also check the direct
CP asymmetry in B0 → K+π− events by floating AKπ

in the time-dependent fit, and obtain a value consistent
with the W.A. [3] and the same ρ value with the nominal
fit. The fit is applied to various data subsets: a subset
containing events with positive (negative) ∆E in which
the B0 → K+π− contamination is suppressed (enriched),
where Aππ = +0.60 ± 0.11 (+0.51 ± 0.12), events with
R > 0.85 (R < 0.85) where the qq background fraction
is suppressed (enriched), events with x± < 0.4 where the
signal fraction is enhanced, and events in one of the six r
bins having different wrong tag fractions. All fits to the
subsets yield CP asymmetries consistent with the overall
fit result. We also carry out a fit to the sideband events,
and find no sizable asymmetry.

We determine the statistical significance of our mea-
surement using a frequentist approach [21], taking into
account both statistical and systematic uncertainties.
Figure 3 shows the resulting two-dimensional confidence
regions in the Sππ and Aππ plane. The case of no direct
CP violation, Aππ = 0, is ruled out at a confidence level
(C.L.) of 1 − 4 × 10−8, equivalent to a 5.5σ significance
for one-dimensional Gaussian errors. We also observe

            S = -0.61±0.10±0.04
            A = 0.55±0.08±0.05

⇒ exclude 9° < φ2 < 81° (95.4% C.L. )
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Figure 6: The background-subtracted distributions of ∆t for signal π+π− events tagged as (top)
B0 or (middle) B0, and (bottom) their asymmetry a(∆t) (Eq. 1). The curves represent the PDFs
used in the fit and reflect the fit result.
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Figure 6: The background-subtracted distributions of ∆t for signal π+π− events tagged as (top)
B0 or (middle) B0, and (bottom) their asymmetry a(∆t) (Eq. 1). The curves represent the PDFs
used in the fit and reflect the fit result.
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used in the fit and reflect the fit result.
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          S = -0.68±0.10±0.03
          A = 0.25±0.08±0.02

⇒ exclude 23° < φ2 < 67° (90% C.L.)

Belle 535M BB (PRL 98 211801)       BABAR 465M BB (arXiv:0807.4226)
__

(units: 10-6)

→ Extra CP phase is determined using isospin relations 
     (Gronau and London, PRL65 3381) with other measured values

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 amplitude of B→πiπj/ρiρj)

- B0→π+π-

9



φ2/α measurement

φ2 =(89.0      )°
       (68% C.L.)

+4.4
-4.2 φ2 =(92.4±3.4)°

       (68% C.L.)

Both asymmetries and branching fractions will be 
updated with full data samples in Belle and BABAR.
φ2 will be measured with better accuracy in near future.
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Recent results of CP 
violation measurement
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B+→J/ψK+ Direct CPV
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Precise measurement using 
huge data samples
 Nsignal = 41315±205 events

_ Previous measurements     Asymmetry (%)
Belle (2003, 32M BB)        -2.6 ± 2.2 ± 1.7
BABAR (2005, 124M BB) +3.0 ± 1.4 ± 1.0
D0 (2008, 40k signal)  +0.75 ± 0.61 ± 0.30
PDG (2009)                        +0.9 ± 0.8

_

beam constraint mass:
Mbc = √(Ebeam/2)2 - prec2 (signal: = MB0 )

Asymmetry : 

 ~ 0.3% in Standard Model
O(1%) extra U(1)’ gauge boson
Phys. Lett. B. 598, 218 (2004) 
O(10%) extra coupling to charged Higgs
Phys. Rev. D. 62, 056005 (2000)
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_
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= (-0.76±0.50±0.22)%

→ estimate from control samples: 
    Ds→φ(→KK)π+, D0→Kπ+
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B+→J/ψK+ Direct CPV
Asymmetry from K+/K- detection efficiency should be considered
(detector acceptance, interaction rate difference between K+ and K-)

ArecDs = AFBDs  +  Aεπ  +   AεK

ArecD  = AFBD     +  Aεπ

measured 
forward-backward 
asymmetry of D 

π detection
efficiency 

K detection
efficiency 
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-)
AεK  (Assume AFBDs = AFBD)

K+ momentum and 
flight direction in 
B+→J/ψK+ decay

Consider K momentum/flight direction 
dependence on AεK
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CP violation in b→s transition
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Loop appears in first order diagrams of
Flavor Changing Neutral Current transitions
b→sqq penguin, b→sγ
⇒ Sensitive to new physics contribution
    → Extra CP phase
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CP violation in b→s transition
Loop appears in first order diagrams of
Flavor Changing Neutral Current transitions
b→sqq penguin, b→sγ
⇒ Sensitive to new physics contribution
    → Extra CP phase
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- sin2φ1      sin2φ1eff (b→sqq penguin dominant modes)

b
_

d

s
_

s

s
_

d

W

g
t―

New physics 
contribution?

Slight positive shifts from sin2φ1 are
expected by contribution from b→u 
tree and so on.
J. Zupan, ECONFC070512:012, 2007;
Hai-Yang Cheng, hep-ph/0702252

sin2φ1 is a reference 
point for this study

(sin2φ1/β)eff measurement
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Interferences in B decays with KsK!K- final state

B0

!"KS
CP= -1 A1

KSK+K-

f0KS
CP= 1
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CP=+0.86!0.20

!"KS
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Non-resonant

! Dalitz-plot

! distinguish the intermediate states considering interferences

! Opposite CP eigenvalue from !Ks

!State-by-state CP measurement 

Dalitz-plot 
Time-dependence of Dalitz plot in B0!KsK!K-

B0

!"KS

A

A

KSK+K-

f0KS

B0

CP asymmetry (!1,eff, ACP) of B!!"KS

using Time-dependent Dalitz plot analysis in B!KsKK

B0 A
KSK+K-

B0

A

c.f. Time-dependence

Interference in B0 B0 (!1,eff)+ intermediate states (Dalitz phase)

Time-dependence Dalitz-plot 

Difficulty: We need a model of resonances contributing in the Dalitz plot .
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Belle 657M BB New! 
_

BABAR 465M BB  
_

φ1eff (φK0S)= (32.2±9.0±2.6±1.4)°
φ1eff (f0K0S)= (31.3±9.0±3.4±4.0)°

φK0S region φK0S region

φ1eff (φK0S)= (7.7±7.7±0.9)°
φ1eff (f0K0S)= (8.5±7.5±1.8)°

 B0→K+K-K0 (B0→f0K0, B0→φK0)

s-
 =
M

2 (
K-
K0

S)

s+ =M2(K+K0S)
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B0→φKS0γ

B0→φK0Sγ

Br(B0→φK0Sγ) = 
(2.66±0.60±0.32)×10-6

 (5.4σ significance)

772M BB
_

35±8 events → CP study
beam constraint mass:
Mbc = √(Ebeam/2)2 - prec2 (signal: = MB0 )
energy difference: 
ΔE = ErecCM -Ebeam/2  (signal: = 0)
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(1-γ5)

(1+γ5)
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S(B0→φK0Sγ) = 0.74 +0.72 +0.10
A(B0→φK0Sγ) = 0.35 ±0.58 +0.23
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Belle preliminary
Consistent with SM expectation
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-0.10

B0→φKS0γ
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Summary
- sin2φ1 study using full data will be finalized soon
- Further constraints on φ2 are expected from
  asymmetries/branching fraction measurements

- New results using large data sets
  ・B+→J/ψK+ direct CP violation
  ・B→KKKS time-dependent Dalitz analysis
  ・B0→φK0Sγ time-dependent CP violation
     and other modes in backup slides
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backup
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Fully inclusive B→Xsγ
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background subtracted
Dominant BG 
components are 
photon from π0/η,  
e± bremsstrahlung 
and fake photon. 

MC BB-bar 
distribution is used 
after correction 
using control 
sample
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Fully inclusive B→Xsγ

Consistent with SM expectation:
ACP(B→Xs+dγ)~10-6 (T.Hurth, et. al., Nucl. Phys. B704 (2005))
Statistical error dominant

347 fb-1
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Inclusive B→Xsη

Xs: pseudo-inclusive 
reconstruction with  
(K0S or K±) + nπ (n=1-4)

Unexpectedly large branching fraction observed in B→Xsή 
CLEO2003 (9.7M BB)      (4.6±1.1±0.4±0.5)×10-4

BABAR2004 (88.4M BB)  (3.9±0.8±0.5±0.8) ×10-4

(2.0 GeV/c < Pή< 2.7 GeV/c)
→ No explanation so far, comparison to Xsη gives some hints
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Inclusive B→Xsη

Br(B → Xs η; MXs < 2.6 GeV/c2) = (26.1 ± 3.0 (stat) ± +1.9-2.1 (syst) +4.0-7.1 (model)) × 10-5

Br(B → Xs η; 1.8 GeV/c2 < MXs < 2.6 GeV/c2) = (16.9 ± 2.9 (stat) ± +1.5-1.8 (syst) +3.3-5.9 (model)) × 10-5

ACP (B → Xs η; MXs < 2.6 GeV/c2) = -0.13 ± 0.04 (stat) +0.02-0.03 (syst) 

            (Belle preliminary arXiv:0910.4751v2 [hep-ex])

Lack of strong suppression / MXs spectrum shape
→ disfavors ή specific mechanism 
(I. E. Halperin and A. Zhitnitsky, Phys. Rev. Lett. 80; 
 D. Atwood and A. Soni, Phys. Lett. B 405, 150 (1997) 438 (1998))
⇒ We still have puzzle
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CP violation in τ→KS0πν

Belle preliminary
|Im(ηS)|<0.05-0.2 @90%CL

324×103 signals 
from 700 fb-1 data

CP violating phase in
 New physics 

(ex. Multi-Higgs model)
Higgs coupling constant: 
-4.1<Im(ηS)<1.6 (CLEO) 

MKsπ (GeV/c2) MKsπ (GeV/c2)
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KEKB/Belle at KEK,Japan

μ / KL detection

 14/15 layers RPC+Fe

Central Drift Chamber 

small cell +He/C
2
H

6

CsI(Tl) EM calorimeter

 Aerogel Cherenkov counter

              n=1.015~1.030

Si vertex detector

   3/4 layers DSSD

SC solenoid 1.5T 3.5 GeV e+

8 GeV e−
TOF counter
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- charged particle tracking 

- momentum measurement

- particle identification

- e/γ energy measurement

- KL cluster detection

PEP-II/BaBar at SLAC,USA

Experimental Apparatus
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B0→D[K0Sπ+π-] h0 (h0=π0,η,ω,η’)  
3

dependent Dalitz plot density is defined by

P (m2
+, m2

−, ∆t, qB) =
e−|∆t|/τ

B0

8τB0

F (m2
+, m2

−)

2N

(

1 + qB ×
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A(m2
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+) cos(∆m∆t) + S(m2
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+) sin(∆m∆t)
}

)

,

A = (|f(m2
−, m2

+)|2 − |f(m2
+, m2

−)|2)/F (m2
+, m2

−),

S =
−2ξh0(−1)lIm{f(m2

−, m2
+)f∗(m2

+, m2
−)e2iφ1}

F (m2
+, m2

−)
,

F = |f(m2
−, m2

+)|2 + |f(m2
+, m2

−)|2,

N =

∫

|f(m2
−, m2

+)|2dm2
+dm2

−, (2)

where the b-flavor charge is qB = +1 (−1) when the
tagging B meson is a B0 (B0). Thus the phase 2φ1 can
be extracted from a time-dependent Dalitz plot fit to
B0 and B0 data if f(m2

+, m2
−) is known. Note that this

formulation assumes that there is no direct CP violation
in the B decay amplitudes.

This analysis is based on 386×106 BB events collected
with the Belle detector at the asymmetric energy e+e−

collider [10]. The Belle detector has been described else-
where [11]. We reconstruct the decays B0 → Dh0 for
h0 = π0, η and ω and B0 → D∗h0 for h0 = π0 and η.

Charged tracks are selected based on the number of
hits and impact parameter relative to the interaction
point (IP). To reduce combinatorial background, a trans-
verse momentum of at least 0.1 GeV/c is required of each
track. All charged tracks that are not positively identi-
fied as electrons are treated as pions.

Neutral kaons are reconstructed via the decay K0
S →

π+π−. The ππ invariant mass is required to be within
9 MeV/c2 (∼ 3σ) of the K0 mass, and the displacement
of the π+π− vertex from the IP in the transverse (r-ϕ)
plane is required to have a magnitude between 0.2 cm
and 20 cm and a direction that agrees within 0.2 radians
with the combined momentum of the two pions.

Photon candidates are selected from calorimeter show-
ers not associated with charged tracks. An energy de-
position of at least 50 MeV and a photon-like shape are
required for each candidate. A pair of photons with an
invariant mass within 12 MeV/c2 (2.5σ) of the π0 mass
is considered as a π0 candidate.

We reconstruct neutral D mesons in the K0
Sπ+π− de-

cay channel and require the invariant mass to be within
15 MeV/c2 (2.5σ) of the nominal D0 mass. D∗0 can-
didates are reconstructed in the D0π0 decay channel.
The mass difference between D∗0 and D0 candidates is
required to be within 3 MeV/c2 of the expected value
(3σ). ω candidates are reconstructed in the π+π−π0

decay channel. Their invariant mass is required to be
within 20 MeV/c2 (2.5 Γ) of the ω mass. We define the
angle θω between the normal to the ω decay plane and
opposite of the B direction in the rest frame of ω and
require | cos θω| > 0.3. We reconstruct η candidates in

the γγ and π+π−π0 final states and require the invari-
ant mass to be within 10 and 30 MeV/c2 (2.5σ) of the
η mass, respectively. The photon energy threshold for
the prompt π0 and η candidates coming from B decays
is increased to 200 MeV in order to reduce combinato-
rial background. We remove η candidates if either of the
daughter photons can be combined with any other pho-
ton with Eγ > 100 MeV to form a π0 candidate.

We combine either D and h0 = {π0, ω, η} or
D∗ and h0 = {π0, η} to form B mesons. Sig-
nal candidates are identified by their energy dif-
ference in the center-of-mass system of the Υ(4S)
(CM), ∆E = (

∑

i Ei) − Ebeam, and the beam-energy
constrained mass, Mbc =

√

E2
beam − (

∑

i +pi)2, where
Ebeam is the beam energy and +pi and Ei are the mo-
menta and energies of the decay products of the B meson
in the CM frame. The masses of π0, η and D(∗) candi-
dates are constrained to their nominal values to improve
∆E resolution. We select events with Mbc > 5.2 GeV/c2

and |∆E| < 0.3 GeV, and define the signal region to
be 5.272 GeV/c2 < Mbc < 5.287 GeV/c2, −0.1 GeV <
∆E < 0.06 GeV (π0, η → γγ) or |∆E| < 0.03 GeV (ω,
η → π+π−π0). In cases with more than one candidate
in an event, the one with D and h0 masses closest to the
nominal values is chosen.

To suppress the large combinatorial background domi-
nated by the two-jet-like e+e− → qq continuum process,
variables that characterize the event topology are used.
We require | cos θthr| < 0.80, where θthr is the angle be-
tween the thrust axis of the B candidate and that of the
rest of the event. This requirement eliminates 77% of the
continuum background and retains 78% of the signal. We
also construct a Fisher discriminant, F , which is based
on the production angle of the B candidate, the angle
of the B candidate thrust axis with respect to the beam
axis, and nine parameters that characterize the momen-
tum flow in the event relative to the B candidate thrust
axis in the CM frame [12]. We impose a requirement on F
that rejects 67% of the remaining continuum background
and retains 83% of the signal.

Signal yields and background levels are determined by
fitting distributions in ∆E for candidates in the Mbc sig-
nal region. For each mode, the ∆E distribution is fitted
with an asymmetric Gaussian for signal and a linear func-
tion for background. The signal shape is fixed, based on
MC simulation. The region ∆E < −0.1 GeV is excluded
from the fit to avoid contributions from other B decays.
The results from our fits to the data are shown in Figure 2
and Table I. We study the systematic error of the fit by
varying the shapes for signal and background and chang-
ing the fit range. The difference in the signal yields does
not exceed 5%. We also confirm that there are no feed
across between channels and other peaking background
by using generic BB MC.

The signal B decay vertex is reconstructed using the D
trajectory and the IP constraint. The tagging B vertex is

3

dependent Dalitz plot density is defined by
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where the b-flavor charge is qB = +1 (−1) when the
tagging B meson is a B0 (B0). Thus the phase 2φ1 can
be extracted from a time-dependent Dalitz plot fit to
B0 and B0 data if f(m2

+, m2
−) is known. Note that this

formulation assumes that there is no direct CP violation
in the B decay amplitudes.

This analysis is based on 386×106 BB events collected
with the Belle detector at the asymmetric energy e+e−

collider [10]. The Belle detector has been described else-
where [11]. We reconstruct the decays B0 → Dh0 for
h0 = π0, η and ω and B0 → D∗h0 for h0 = π0 and η.

Charged tracks are selected based on the number of
hits and impact parameter relative to the interaction
point (IP). To reduce combinatorial background, a trans-
verse momentum of at least 0.1 GeV/c is required of each
track. All charged tracks that are not positively identi-
fied as electrons are treated as pions.

Neutral kaons are reconstructed via the decay K0
S →

π+π−. The ππ invariant mass is required to be within
9 MeV/c2 (∼ 3σ) of the K0 mass, and the displacement
of the π+π− vertex from the IP in the transverse (r-ϕ)
plane is required to have a magnitude between 0.2 cm
and 20 cm and a direction that agrees within 0.2 radians
with the combined momentum of the two pions.

Photon candidates are selected from calorimeter show-
ers not associated with charged tracks. An energy de-
position of at least 50 MeV and a photon-like shape are
required for each candidate. A pair of photons with an
invariant mass within 12 MeV/c2 (2.5σ) of the π0 mass
is considered as a π0 candidate.

We reconstruct neutral D mesons in the K0
Sπ+π− de-

cay channel and require the invariant mass to be within
15 MeV/c2 (2.5σ) of the nominal D0 mass. D∗0 can-
didates are reconstructed in the D0π0 decay channel.
The mass difference between D∗0 and D0 candidates is
required to be within 3 MeV/c2 of the expected value
(3σ). ω candidates are reconstructed in the π+π−π0

decay channel. Their invariant mass is required to be
within 20 MeV/c2 (2.5 Γ) of the ω mass. We define the
angle θω between the normal to the ω decay plane and
opposite of the B direction in the rest frame of ω and
require | cos θω| > 0.3. We reconstruct η candidates in

the γγ and π+π−π0 final states and require the invari-
ant mass to be within 10 and 30 MeV/c2 (2.5σ) of the
η mass, respectively. The photon energy threshold for
the prompt π0 and η candidates coming from B decays
is increased to 200 MeV in order to reduce combinato-
rial background. We remove η candidates if either of the
daughter photons can be combined with any other pho-
ton with Eγ > 100 MeV to form a π0 candidate.

We combine either D and h0 = {π0, ω, η} or
D∗ and h0 = {π0, η} to form B mesons. Sig-
nal candidates are identified by their energy dif-
ference in the center-of-mass system of the Υ(4S)
(CM), ∆E = (

∑

i Ei) − Ebeam, and the beam-energy
constrained mass, Mbc =

√

E2
beam − (

∑

i +pi)2, where
Ebeam is the beam energy and +pi and Ei are the mo-
menta and energies of the decay products of the B meson
in the CM frame. The masses of π0, η and D(∗) candi-
dates are constrained to their nominal values to improve
∆E resolution. We select events with Mbc > 5.2 GeV/c2

and |∆E| < 0.3 GeV, and define the signal region to
be 5.272 GeV/c2 < Mbc < 5.287 GeV/c2, −0.1 GeV <
∆E < 0.06 GeV (π0, η → γγ) or |∆E| < 0.03 GeV (ω,
η → π+π−π0). In cases with more than one candidate
in an event, the one with D and h0 masses closest to the
nominal values is chosen.

To suppress the large combinatorial background domi-
nated by the two-jet-like e+e− → qq continuum process,
variables that characterize the event topology are used.
We require | cos θthr| < 0.80, where θthr is the angle be-
tween the thrust axis of the B candidate and that of the
rest of the event. This requirement eliminates 77% of the
continuum background and retains 78% of the signal. We
also construct a Fisher discriminant, F , which is based
on the production angle of the B candidate, the angle
of the B candidate thrust axis with respect to the beam
axis, and nine parameters that characterize the momen-
tum flow in the event relative to the B candidate thrust
axis in the CM frame [12]. We impose a requirement on F
that rejects 67% of the remaining continuum background
and retains 83% of the signal.

Signal yields and background levels are determined by
fitting distributions in ∆E for candidates in the Mbc sig-
nal region. For each mode, the ∆E distribution is fitted
with an asymmetric Gaussian for signal and a linear func-
tion for background. The signal shape is fixed, based on
MC simulation. The region ∆E < −0.1 GeV is excluded
from the fit to avoid contributions from other B decays.
The results from our fits to the data are shown in Figure 2
and Table I. We study the systematic error of the fit by
varying the shapes for signal and background and chang-
ing the fit range. The difference in the signal yields does
not exceed 5%. We also confirm that there are no feed
across between channels and other peaking background
by using generic BB MC.

The signal B decay vertex is reconstructed using the D
trajectory and the IP constraint. The tagging B vertex is
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formulation assumes that there is no direct CP violation
in the B decay amplitudes.

This analysis is based on 386×106 BB events collected
with the Belle detector at the asymmetric energy e+e−

collider [10]. The Belle detector has been described else-
where [11]. We reconstruct the decays B0 → Dh0 for
h0 = π0, η and ω and B0 → D∗h0 for h0 = π0 and η.

Charged tracks are selected based on the number of
hits and impact parameter relative to the interaction
point (IP). To reduce combinatorial background, a trans-
verse momentum of at least 0.1 GeV/c is required of each
track. All charged tracks that are not positively identi-
fied as electrons are treated as pions.

Neutral kaons are reconstructed via the decay K0
S →

π+π−. The ππ invariant mass is required to be within
9 MeV/c2 (∼ 3σ) of the K0 mass, and the displacement
of the π+π− vertex from the IP in the transverse (r-ϕ)
plane is required to have a magnitude between 0.2 cm
and 20 cm and a direction that agrees within 0.2 radians
with the combined momentum of the two pions.

Photon candidates are selected from calorimeter show-
ers not associated with charged tracks. An energy de-
position of at least 50 MeV and a photon-like shape are
required for each candidate. A pair of photons with an
invariant mass within 12 MeV/c2 (2.5σ) of the π0 mass
is considered as a π0 candidate.

We reconstruct neutral D mesons in the K0
Sπ+π− de-

cay channel and require the invariant mass to be within
15 MeV/c2 (2.5σ) of the nominal D0 mass. D∗0 can-
didates are reconstructed in the D0π0 decay channel.
The mass difference between D∗0 and D0 candidates is
required to be within 3 MeV/c2 of the expected value
(3σ). ω candidates are reconstructed in the π+π−π0

decay channel. Their invariant mass is required to be
within 20 MeV/c2 (2.5 Γ) of the ω mass. We define the
angle θω between the normal to the ω decay plane and
opposite of the B direction in the rest frame of ω and
require | cos θω| > 0.3. We reconstruct η candidates in

the γγ and π+π−π0 final states and require the invari-
ant mass to be within 10 and 30 MeV/c2 (2.5σ) of the
η mass, respectively. The photon energy threshold for
the prompt π0 and η candidates coming from B decays
is increased to 200 MeV in order to reduce combinato-
rial background. We remove η candidates if either of the
daughter photons can be combined with any other pho-
ton with Eγ > 100 MeV to form a π0 candidate.

We combine either D and h0 = {π0, ω, η} or
D∗ and h0 = {π0, η} to form B mesons. Sig-
nal candidates are identified by their energy dif-
ference in the center-of-mass system of the Υ(4S)
(CM), ∆E = (
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i Ei) − Ebeam, and the beam-energy
constrained mass, Mbc =
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beam − (
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i +pi)2, where
Ebeam is the beam energy and +pi and Ei are the mo-
menta and energies of the decay products of the B meson
in the CM frame. The masses of π0, η and D(∗) candi-
dates are constrained to their nominal values to improve
∆E resolution. We select events with Mbc > 5.2 GeV/c2

and |∆E| < 0.3 GeV, and define the signal region to
be 5.272 GeV/c2 < Mbc < 5.287 GeV/c2, −0.1 GeV <
∆E < 0.06 GeV (π0, η → γγ) or |∆E| < 0.03 GeV (ω,
η → π+π−π0). In cases with more than one candidate
in an event, the one with D and h0 masses closest to the
nominal values is chosen.

To suppress the large combinatorial background domi-
nated by the two-jet-like e+e− → qq continuum process,
variables that characterize the event topology are used.
We require | cos θthr| < 0.80, where θthr is the angle be-
tween the thrust axis of the B candidate and that of the
rest of the event. This requirement eliminates 77% of the
continuum background and retains 78% of the signal. We
also construct a Fisher discriminant, F , which is based
on the production angle of the B candidate, the angle
of the B candidate thrust axis with respect to the beam
axis, and nine parameters that characterize the momen-
tum flow in the event relative to the B candidate thrust
axis in the CM frame [12]. We impose a requirement on F
that rejects 67% of the remaining continuum background
and retains 83% of the signal.

Signal yields and background levels are determined by
fitting distributions in ∆E for candidates in the Mbc sig-
nal region. For each mode, the ∆E distribution is fitted
with an asymmetric Gaussian for signal and a linear func-
tion for background. The signal shape is fixed, based on
MC simulation. The region ∆E < −0.1 GeV is excluded
from the fit to avoid contributions from other B decays.
The results from our fits to the data are shown in Figure 2
and Table I. We study the systematic error of the fit by
varying the shapes for signal and background and chang-
ing the fit range. The difference in the signal yields does
not exceed 5%. We also confirm that there are no feed
across between channels and other peaking background
by using generic BB MC.

The signal B decay vertex is reconstructed using the D
trajectory and the IP constraint. The tagging B vertex is
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where the b-flavor charge is qB = +1 (−1) when the
tagging B meson is a B0 (B0). Thus the phase 2φ1 can
be extracted from a time-dependent Dalitz plot fit to
B0 and B0 data if f(m2
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−) is known. Note that this

formulation assumes that there is no direct CP violation
in the B decay amplitudes.

This analysis is based on 386×106 BB events collected
with the Belle detector at the asymmetric energy e+e−

collider [10]. The Belle detector has been described else-
where [11]. We reconstruct the decays B0 → Dh0 for
h0 = π0, η and ω and B0 → D∗h0 for h0 = π0 and η.

Charged tracks are selected based on the number of
hits and impact parameter relative to the interaction
point (IP). To reduce combinatorial background, a trans-
verse momentum of at least 0.1 GeV/c is required of each
track. All charged tracks that are not positively identi-
fied as electrons are treated as pions.

Neutral kaons are reconstructed via the decay K0
S →

π+π−. The ππ invariant mass is required to be within
9 MeV/c2 (∼ 3σ) of the K0 mass, and the displacement
of the π+π− vertex from the IP in the transverse (r-ϕ)
plane is required to have a magnitude between 0.2 cm
and 20 cm and a direction that agrees within 0.2 radians
with the combined momentum of the two pions.

Photon candidates are selected from calorimeter show-
ers not associated with charged tracks. An energy de-
position of at least 50 MeV and a photon-like shape are
required for each candidate. A pair of photons with an
invariant mass within 12 MeV/c2 (2.5σ) of the π0 mass
is considered as a π0 candidate.

We reconstruct neutral D mesons in the K0
Sπ+π− de-

cay channel and require the invariant mass to be within
15 MeV/c2 (2.5σ) of the nominal D0 mass. D∗0 can-
didates are reconstructed in the D0π0 decay channel.
The mass difference between D∗0 and D0 candidates is
required to be within 3 MeV/c2 of the expected value
(3σ). ω candidates are reconstructed in the π+π−π0

decay channel. Their invariant mass is required to be
within 20 MeV/c2 (2.5 Γ) of the ω mass. We define the
angle θω between the normal to the ω decay plane and
opposite of the B direction in the rest frame of ω and
require | cos θω| > 0.3. We reconstruct η candidates in

the γγ and π+π−π0 final states and require the invari-
ant mass to be within 10 and 30 MeV/c2 (2.5σ) of the
η mass, respectively. The photon energy threshold for
the prompt π0 and η candidates coming from B decays
is increased to 200 MeV in order to reduce combinato-
rial background. We remove η candidates if either of the
daughter photons can be combined with any other pho-
ton with Eγ > 100 MeV to form a π0 candidate.

We combine either D and h0 = {π0, ω, η} or
D∗ and h0 = {π0, η} to form B mesons. Sig-
nal candidates are identified by their energy dif-
ference in the center-of-mass system of the Υ(4S)
(CM), ∆E = (

∑

i Ei) − Ebeam, and the beam-energy
constrained mass, Mbc =
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i +pi)2, where
Ebeam is the beam energy and +pi and Ei are the mo-
menta and energies of the decay products of the B meson
in the CM frame. The masses of π0, η and D(∗) candi-
dates are constrained to their nominal values to improve
∆E resolution. We select events with Mbc > 5.2 GeV/c2

and |∆E| < 0.3 GeV, and define the signal region to
be 5.272 GeV/c2 < Mbc < 5.287 GeV/c2, −0.1 GeV <
∆E < 0.06 GeV (π0, η → γγ) or |∆E| < 0.03 GeV (ω,
η → π+π−π0). In cases with more than one candidate
in an event, the one with D and h0 masses closest to the
nominal values is chosen.

To suppress the large combinatorial background domi-
nated by the two-jet-like e+e− → qq continuum process,
variables that characterize the event topology are used.
We require | cos θthr| < 0.80, where θthr is the angle be-
tween the thrust axis of the B candidate and that of the
rest of the event. This requirement eliminates 77% of the
continuum background and retains 78% of the signal. We
also construct a Fisher discriminant, F , which is based
on the production angle of the B candidate, the angle
of the B candidate thrust axis with respect to the beam
axis, and nine parameters that characterize the momen-
tum flow in the event relative to the B candidate thrust
axis in the CM frame [12]. We impose a requirement on F
that rejects 67% of the remaining continuum background
and retains 83% of the signal.

Signal yields and background levels are determined by
fitting distributions in ∆E for candidates in the Mbc sig-
nal region. For each mode, the ∆E distribution is fitted
with an asymmetric Gaussian for signal and a linear func-
tion for background. The signal shape is fixed, based on
MC simulation. The region ∆E < −0.1 GeV is excluded
from the fit to avoid contributions from other B decays.
The results from our fits to the data are shown in Figure 2
and Table I. We study the systematic error of the fit by
varying the shapes for signal and background and chang-
ing the fit range. The difference in the signal yields does
not exceed 5%. We also confirm that there are no feed
across between channels and other peaking background
by using generic BB MC.

The signal B decay vertex is reconstructed using the D
trajectory and the IP constraint. The tagging B vertex is
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where the b-flavor charge is qB = +1 (−1) when the
tagging B meson is a B0 (B0). Thus the phase 2φ1 can
be extracted from a time-dependent Dalitz plot fit to
B0 and B0 data if f(m2
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−) is known. Note that this

formulation assumes that there is no direct CP violation
in the B decay amplitudes.

This analysis is based on 386×106 BB events collected
with the Belle detector at the asymmetric energy e+e−

collider [10]. The Belle detector has been described else-
where [11]. We reconstruct the decays B0 → Dh0 for
h0 = π0, η and ω and B0 → D∗h0 for h0 = π0 and η.

Charged tracks are selected based on the number of
hits and impact parameter relative to the interaction
point (IP). To reduce combinatorial background, a trans-
verse momentum of at least 0.1 GeV/c is required of each
track. All charged tracks that are not positively identi-
fied as electrons are treated as pions.

Neutral kaons are reconstructed via the decay K0
S →

π+π−. The ππ invariant mass is required to be within
9 MeV/c2 (∼ 3σ) of the K0 mass, and the displacement
of the π+π− vertex from the IP in the transverse (r-ϕ)
plane is required to have a magnitude between 0.2 cm
and 20 cm and a direction that agrees within 0.2 radians
with the combined momentum of the two pions.

Photon candidates are selected from calorimeter show-
ers not associated with charged tracks. An energy de-
position of at least 50 MeV and a photon-like shape are
required for each candidate. A pair of photons with an
invariant mass within 12 MeV/c2 (2.5σ) of the π0 mass
is considered as a π0 candidate.

We reconstruct neutral D mesons in the K0
Sπ+π− de-

cay channel and require the invariant mass to be within
15 MeV/c2 (2.5σ) of the nominal D0 mass. D∗0 can-
didates are reconstructed in the D0π0 decay channel.
The mass difference between D∗0 and D0 candidates is
required to be within 3 MeV/c2 of the expected value
(3σ). ω candidates are reconstructed in the π+π−π0

decay channel. Their invariant mass is required to be
within 20 MeV/c2 (2.5 Γ) of the ω mass. We define the
angle θω between the normal to the ω decay plane and
opposite of the B direction in the rest frame of ω and
require | cos θω| > 0.3. We reconstruct η candidates in

the γγ and π+π−π0 final states and require the invari-
ant mass to be within 10 and 30 MeV/c2 (2.5σ) of the
η mass, respectively. The photon energy threshold for
the prompt π0 and η candidates coming from B decays
is increased to 200 MeV in order to reduce combinato-
rial background. We remove η candidates if either of the
daughter photons can be combined with any other pho-
ton with Eγ > 100 MeV to form a π0 candidate.

We combine either D and h0 = {π0, ω, η} or
D∗ and h0 = {π0, η} to form B mesons. Sig-
nal candidates are identified by their energy dif-
ference in the center-of-mass system of the Υ(4S)
(CM), ∆E = (

∑

i Ei) − Ebeam, and the beam-energy
constrained mass, Mbc =
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beam − (
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i +pi)2, where
Ebeam is the beam energy and +pi and Ei are the mo-
menta and energies of the decay products of the B meson
in the CM frame. The masses of π0, η and D(∗) candi-
dates are constrained to their nominal values to improve
∆E resolution. We select events with Mbc > 5.2 GeV/c2

and |∆E| < 0.3 GeV, and define the signal region to
be 5.272 GeV/c2 < Mbc < 5.287 GeV/c2, −0.1 GeV <
∆E < 0.06 GeV (π0, η → γγ) or |∆E| < 0.03 GeV (ω,
η → π+π−π0). In cases with more than one candidate
in an event, the one with D and h0 masses closest to the
nominal values is chosen.

To suppress the large combinatorial background domi-
nated by the two-jet-like e+e− → qq continuum process,
variables that characterize the event topology are used.
We require | cos θthr| < 0.80, where θthr is the angle be-
tween the thrust axis of the B candidate and that of the
rest of the event. This requirement eliminates 77% of the
continuum background and retains 78% of the signal. We
also construct a Fisher discriminant, F , which is based
on the production angle of the B candidate, the angle
of the B candidate thrust axis with respect to the beam
axis, and nine parameters that characterize the momen-
tum flow in the event relative to the B candidate thrust
axis in the CM frame [12]. We impose a requirement on F
that rejects 67% of the remaining continuum background
and retains 83% of the signal.

Signal yields and background levels are determined by
fitting distributions in ∆E for candidates in the Mbc sig-
nal region. For each mode, the ∆E distribution is fitted
with an asymmetric Gaussian for signal and a linear func-
tion for background. The signal shape is fixed, based on
MC simulation. The region ∆E < −0.1 GeV is excluded
from the fit to avoid contributions from other B decays.
The results from our fits to the data are shown in Figure 2
and Table I. We study the systematic error of the fit by
varying the shapes for signal and background and chang-
ing the fit range. The difference in the signal yields does
not exceed 5%. We also confirm that there are no feed
across between channels and other peaking background
by using generic BB MC.

The signal B decay vertex is reconstructed using the D
trajectory and the IP constraint. The tagging B vertex is
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formulation assumes that there is no direct CP violation
in the B decay amplitudes.

This analysis is based on 386×106 BB events collected
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collider [10]. The Belle detector has been described else-
where [11]. We reconstruct the decays B0 → Dh0 for
h0 = π0, η and ω and B0 → D∗h0 for h0 = π0 and η.

Charged tracks are selected based on the number of
hits and impact parameter relative to the interaction
point (IP). To reduce combinatorial background, a trans-
verse momentum of at least 0.1 GeV/c is required of each
track. All charged tracks that are not positively identi-
fied as electrons are treated as pions.

Neutral kaons are reconstructed via the decay K0
S →

π+π−. The ππ invariant mass is required to be within
9 MeV/c2 (∼ 3σ) of the K0 mass, and the displacement
of the π+π− vertex from the IP in the transverse (r-ϕ)
plane is required to have a magnitude between 0.2 cm
and 20 cm and a direction that agrees within 0.2 radians
with the combined momentum of the two pions.

Photon candidates are selected from calorimeter show-
ers not associated with charged tracks. An energy de-
position of at least 50 MeV and a photon-like shape are
required for each candidate. A pair of photons with an
invariant mass within 12 MeV/c2 (2.5σ) of the π0 mass
is considered as a π0 candidate.

We reconstruct neutral D mesons in the K0
Sπ+π− de-

cay channel and require the invariant mass to be within
15 MeV/c2 (2.5σ) of the nominal D0 mass. D∗0 can-
didates are reconstructed in the D0π0 decay channel.
The mass difference between D∗0 and D0 candidates is
required to be within 3 MeV/c2 of the expected value
(3σ). ω candidates are reconstructed in the π+π−π0

decay channel. Their invariant mass is required to be
within 20 MeV/c2 (2.5 Γ) of the ω mass. We define the
angle θω between the normal to the ω decay plane and
opposite of the B direction in the rest frame of ω and
require | cos θω| > 0.3. We reconstruct η candidates in

the γγ and π+π−π0 final states and require the invari-
ant mass to be within 10 and 30 MeV/c2 (2.5σ) of the
η mass, respectively. The photon energy threshold for
the prompt π0 and η candidates coming from B decays
is increased to 200 MeV in order to reduce combinato-
rial background. We remove η candidates if either of the
daughter photons can be combined with any other pho-
ton with Eγ > 100 MeV to form a π0 candidate.

We combine either D and h0 = {π0, ω, η} or
D∗ and h0 = {π0, η} to form B mesons. Sig-
nal candidates are identified by their energy dif-
ference in the center-of-mass system of the Υ(4S)
(CM), ∆E = (

∑

i Ei) − Ebeam, and the beam-energy
constrained mass, Mbc =

√

E2
beam − (

∑

i +pi)2, where
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dates are constrained to their nominal values to improve
∆E resolution. We select events with Mbc > 5.2 GeV/c2

and |∆E| < 0.3 GeV, and define the signal region to
be 5.272 GeV/c2 < Mbc < 5.287 GeV/c2, −0.1 GeV <
∆E < 0.06 GeV (π0, η → γγ) or |∆E| < 0.03 GeV (ω,
η → π+π−π0). In cases with more than one candidate
in an event, the one with D and h0 masses closest to the
nominal values is chosen.

To suppress the large combinatorial background domi-
nated by the two-jet-like e+e− → qq continuum process,
variables that characterize the event topology are used.
We require | cos θthr| < 0.80, where θthr is the angle be-
tween the thrust axis of the B candidate and that of the
rest of the event. This requirement eliminates 77% of the
continuum background and retains 78% of the signal. We
also construct a Fisher discriminant, F , which is based
on the production angle of the B candidate, the angle
of the B candidate thrust axis with respect to the beam
axis, and nine parameters that characterize the momen-
tum flow in the event relative to the B candidate thrust
axis in the CM frame [12]. We impose a requirement on F
that rejects 67% of the remaining continuum background
and retains 83% of the signal.

Signal yields and background levels are determined by
fitting distributions in ∆E for candidates in the Mbc sig-
nal region. For each mode, the ∆E distribution is fitted
with an asymmetric Gaussian for signal and a linear func-
tion for background. The signal shape is fixed, based on
MC simulation. The region ∆E < −0.1 GeV is excluded
from the fit to avoid contributions from other B decays.
The results from our fits to the data are shown in Figure 2
and Table I. We study the systematic error of the fit by
varying the shapes for signal and background and chang-
ing the fit range. The difference in the signal yields does
not exceed 5%. We also confirm that there are no feed
across between channels and other peaking background
by using generic BB MC.

The signal B decay vertex is reconstructed using the D
trajectory and the IP constraint. The tagging B vertex is

(A.Bonder, T.Gershon and P. Krokovny, PLB 624 1-10)
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sin2φ1/β systematic error
In future experiment, error of sin2φ1 measurement will be 
systematic dominant

Categories
σ

(sin2φ1)
Vertexing 0.012
Possible fit bias　 0.007
Δt Resolution function 0.006
BG fractions (J/ψKL) 0.005
Wrong tag probability 0.004
BG fractions (J/ψKS) 0.003
Fixed Physics parameters: Δmd ,τB0 0.001
BG Δt 0.001
Tag-Side interference 0.001

Total 0.017

Colored contents are 
independent of increase 
of data sample
→ Technical improvement
     is needed.
ex. 
- select good quality tracks, 
  reconstruct  vertex without e+e-  
   interaction point information
- Improve detector mis-alignment 

Belle 535M BB  
_
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Vertexing detail σ(sin2φ1) 
IP tube constraint vertex fit 0.0072
Poor-quality vertex rejection 0.0064
Imperfect SVD alignment 0.0056
Δz bias 0.0050
Track error estimation 0.0033
Track rejection in Btag decay vertexing 0.0026
Δt fit range 0.0002

Total 0.012
29



Introduction

Phenomenology of  mixing-induced CP-violation:

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

where:

Flavor tagging
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                ξf : CP eigenvalue
                Δm: B-B mass difference
                Δt: B-B decay time difference
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_
_

b
_

d

d
_

u

u
_

d

W
g

t―
penguin contamination

φ2/α measurements
_

d

b
_

u
d

d

_

w u

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 amplitude of B→πiπj/ρiρj)

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

⇒ 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

10th International Conference on Heavy Quarks and Leptons, Frascati Oct. 13, 2010  
⇒ constrain φ2 without ambiguity.
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H. Ishino Phi2 and related measurement from 

Belle

22

!"#$%&%$#'#()"*+!2 constraint using isospin

M. Gronau and D. London, PRL 65, 3381 (1990)

)22sin(1 2

2 "!#### $%& AS

We use the statistical treatment of  
J. Charles et al., Eur. Phys. J. C 41, 1 (2005)

The cleanest 

method to 

extract !2

10th International Conference on Heavy Quarks and Leptons, Frascati Oct. 13, 2010  
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φ2/α measurement B→ρρ

__

(units: 10-6)

→ φ2 constraint by isospin relations with other measured values

Belle 535M BB (PRD76 011104)       BABAR 387M BB (PRD76 052007)
S = 0.19±0.30±0.07
A = 0.16±0.21±0.07

⇒ 59° < φ2 < 117° (90% C.L.)

         S = -0.17±0.20
         A = 0.01±0.15±0.06
    

    ⇒ φ2 =[73.1, 117]°(68% C.L.)

+0.05
-0.06

P→VV decay ⇒ longitudinal (CP-even)
transverse (CP-even and CP-odd){

 From angular analysis, longitudinally polarized dominant for this decay. 
(94.1% from Belle, 99.2% from BABAR)

(small penguin contamination)

!"#$%#&'()'*+,-.'( /(

!!((0*1-'2%.(*%34'.5(678(98:5;(3'(,$$'<#3(='-($'--%>,?'#5("#(

(((((34%(*,"#(6$'#?#<<*(@(($'*+"#,3'-"$(AA;(+,$BC-'<#.5(

!"#$%&'()*'+,-$'"'./,)%0)12)!)"+"0 !

!"!"#$%&'()*+$(,(-)*$.*))/!(

D/EFE(G(AA(1,"-5(
H(

B612)!)"+"0) = (23.7 F(IJD(F(IJD;(K(ILM/(

0'$= 0.950 ± 0.015 ± 0.006!

!"#$%#&'()'*+,-.'( /(

!!(012!3!045012!6!74829:;(<(=:>4?(

(((((@*,AA(B%#CD"#($'#E-"+DF'#(

!!(GHI2!
6!3483((

(((((@*,AA(JK(B%#CD"#($'#E-"+DF'#(

!"#"$%&'()*%+,--).%-/,--)%

!0110%%&'23*%+,--*.%4)45-4%

!"#"$%&'()5%+,--5.%-)44-6%

!0110%%&'()5%+,--5.%4444-,%

!"#"$%&'24-,%+,--3.%4645-,%

!0110%%&'234%+,--7.%,,45-4%

!"#"$%&'24-,%+,--3.%4645-,%

!0110%%&'234%+,--7.%,,45-4%

!"""!!: !#$%&'(%)"*#$&+,%-"$%."/012- !

PRL 102 141802 (2009)
ρ+ρ0 parameters are updated in BaBar

⇒ φ2 =(92.4       )° 

     -1.8° < Δφ2 < 6.7° (68% C.L.)

+6.0
-6.5
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φ2/α measurement B→πππ0
Coefficients of Dalitz plot functions are interrupted to CPV parameters of 

quasi-2-body decays, B→ ρ+π- and B→ ρ0π0

Chapter 7

Interpretation of the Fit Result

In this chapter, we describe several interpretations of our result of the time-dependent Dalitz
plot analysis. Though the main purpose of this analysis is to constrain the CKM angle φ2,
which is described in Sec. 2, our analysis also gives useful information on the parameters related
to the quasi-two-body processes of B0 → ρ+π−, ρ−π+, and ρ0π0, as written in Sec. 1.

1 Quasi-Two-Body Parameters

Among the 27 coefficients determined by the time-dependent Dalitz plot fit, those of the
non-interfering terms, U+

+ , U+
− , U+

0 , U−
+ , U−

− , U−
0 , I+, I−, and I0 can be interpreted as

the CP -violation and non-CP -violation parameters of the quasi-two-body decay processes of
B0 → ρ+π−, B0 → ρ−π+, and B0 → ρ0π0. In the following, we extract the quasi-two-body
parameters from the result of the time-dependent Dalitz plot analysis.

1-1 Parameters Related to B0 → ρ±π∓

Since ρ±π∓ are not CP eigenstates, the time-dependent decay rates of the processes B0 →
ρ±π∓ are described by Eq. (2.96). We can calculate the CP -violation parameters in the
equation from the several of the 27 coefficients determined by the time-dependent Dalitz plot
fit as

C+ =
U−

+

U+
+

, C− =
U−
−

U+
−

, S+ =
2I+

U+
+

, S− =
2I−
U+
−

, ACP
ρπ =

U+
+ − U+

−

U+
+ + U+

−

, (7.1)

and

C ≡ C+ + C−

2
, ∆C ≡ C+ − C−

2
, S ≡ S+ + S−

2
, ∆S ≡ S+ − S−

2
. (7.2)

As described in Sec. 3-4 of chapter 2, ACP
ρπ , C, and S are CP -violation parameters, while ∆C

and ∆S can be non-zero even without CP violation, The charge asymmetry, ACP
ρπ , is a time-

and flavor-integrated CP -violation parameter that can be interpreted as

ACP
ρπ =

Γ(B0, B0 → ρ+π−) − Γ(B0, B0 → ρ−π+)

Γ(B0, B0 → ρ+π−) + Γ(B0, B0 → ρ−π+)
. (7.3)
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Figure 7.2: The likelihood curve (solid line) as a function of U+
0 . The dotted curve shows a

Gaussian curve corresponding the statistical error we quote.

The branching fraction measurements of Belle and BaBar yields

B(B0 → ρ0π0)Belle

B(B0 → ρ±π∓)WA
=

3.12+0.88
−0.82

+0.60
−0.76

24.0 ± 2.5
= 0.130+0.049

−0.046 , and (7.20)

B(B0 → ρ0π0)BaBar

B(B0 → ρ±π∓)WA
=

1.4 ± 0.6 ± 0.3

24.0 ± 2.5
= 0.058 ± 0.029 , (7.21)

where we use the world average [54, 55] for the denominator. Our result supports the branching
fraction measurement of Belle. The Dalitz plot analysis by BaBar also favors rather large
contribution from B0 → ρ0π0 [59], being consistent with our result:

B(B0 → ρ0π0)

B(B0 → ρ±π∓)

∣∣∣∣
BaBar,Dalitz

= 0.103 ± 0.018± 0.019 . (7.22)

CP Violation Parameters

We also measure the CP violation parameters of B0 → ρ0π0. Since ρ0π0 is a CP eigenstate,
its time-dependent decay rate is described by Eq. (2.92). The CP violation parameters Aρ0π0

and Sρ0π0 are calculated as

Aρ0π0 = −U−
0

U+
0

, and Sρ0π0 =
2I0

U+
0

. (7.23)

We obtain

Aρ0π0 = −0.49 ± 0.36 ± 0.28 , and (7.24)

Sρ0π0 = +0.17 ± 0.57 ± 0.35 , (7.25)

with the correlation coefficient of −0.08. This is the first measurement of Sρ0π0 . Our measure-
ment of Aρ0π0 is consistent with and better than the previous measurement from Belle based
on a data set corresponding to 386 × 106 BB̄ pairs [57]:

Aρ0π0 = −0.53+0.67
−0.84

+0.10
−0.15 . (7.26)
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Table 7.1: Correlation matrix of the quasi-two-body parameters, with statistical and systematic
errors combined.

ACP
ρπ C ∆C S ∆S

ACP
ρπ +1.00
C −0.17 +1.00

∆C +0.10 +0.16 +1.00
S +0.01 −0.02 −0.00 +1.00

∆S −0.00 −0.01 −0.02 +0.29 +1.00

From our measurement listed in Table 6.2, we obtain

ACP
ρπ = −0.12 ± 0.05 ± 0.04 , (7.4)

C = −0.13 ± 0.09 ± 0.05 , (7.5)

∆C = +0.36 ± 0.10 ± 0.05 , (7.6)

S = +0.06 ± 0.13 ± 0.05 , and (7.7)

∆S = −0.08 ± 0.13 ± 0.05 , (7.8)

where first and second errors are statistical and systematic, respectively. The correlation matrix
is shown in Table 7.1.

One can transform the parameters into the direct CP violation parameters A+−
ρπ and A−+

ρπ

defined as

A+−
ρπ ≡ −

ACP
ρπ + C + ACP

ρπ ∆C
1 + ∆C + ACP

ρπ C , and (7.9)

A−+
ρπ ≡ +

ACP
ρπ − C −ACP

ρπ ∆C
1 − ∆C −ACP

ρπ C , (7.10)

which are more convenient for interpretation since

A+−
ρπ =

Γ(B0 → ρ−π+) − Γ(B0 → ρ+π−)

Γ(B0 → ρ−π+) + Γ(B0 → ρ+π−)
, and (7.11)

A−+
ρπ =

Γ(B0 → ρ+π−) − Γ(B0 → ρ−π+)

Γ(B0 → ρ+π−) + Γ(B0 → ρ−π+)
. (7.12)

We obtain

A+−
ρπ = +0.21 ± 0.08 ± 0.04 , and (7.13)

A−+
ρπ = +0.08 ± 0.16 ± 0.11 , (7.14)

with a correlation coefficient of +0.47. Our result differs from the case with no direct CP
asymmetry (A+−

ρπ = 0 and A−+
ρπ = 0) by 2.3 standard deviations (Fig. 7.1). More data would

be useful to clarify whether direct CP violation is present.

1-2 Parameters Related to B0 → ρ0π0

Evidence for B0 → ρ0π0 Decay Channel

The existence of the decay channel B0 → ρ0π0 has been a matter of argument due to the
discrepancy between the branching fractions reported by Belle and BaBar. Though the dis-
crepancy is becoming smaller as the data increase, there is still a difference of 1.7 σ between
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0 . The dotted curve shows a

Gaussian curve corresponding the statistical error we quote.

The branching fraction measurements of Belle and BaBar yields

B(B0 → ρ0π0)Belle

B(B0 → ρ±π∓)WA
=

3.12+0.88
−0.82

+0.60
−0.76

24.0 ± 2.5
= 0.130+0.049

−0.046 , and (7.20)

B(B0 → ρ0π0)BaBar

B(B0 → ρ±π∓)WA
=

1.4 ± 0.6 ± 0.3

24.0 ± 2.5
= 0.058 ± 0.029 , (7.21)

where we use the world average [54, 55] for the denominator. Our result supports the branching
fraction measurement of Belle. The Dalitz plot analysis by BaBar also favors rather large
contribution from B0 → ρ0π0 [59], being consistent with our result:

B(B0 → ρ0π0)

B(B0 → ρ±π∓)

∣∣∣∣
BaBar,Dalitz

= 0.103 ± 0.018± 0.019 . (7.22)

CP Violation Parameters

We also measure the CP violation parameters of B0 → ρ0π0. Since ρ0π0 is a CP eigenstate,
its time-dependent decay rate is described by Eq. (2.92). The CP violation parameters Aρ0π0

and Sρ0π0 are calculated as

Aρ0π0 = −U−
0

U+
0

, and Sρ0π0 =
2I0

U+
0

. (7.23)

We obtain

Aρ0π0 = −0.49 ± 0.36 ± 0.28 , and (7.24)

Sρ0π0 = +0.17 ± 0.57 ± 0.35 , (7.25)

with the correlation coefficient of −0.08. This is the first measurement of Sρ0π0 . Our measure-
ment of Aρ0π0 is consistent with and better than the previous measurement from Belle based
on a data set corresponding to 386 × 106 BB̄ pairs [57]:

Aρ0π0 = −0.53+0.67
−0.84

+0.10
−0.15 . (7.26)
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are consistent with the nominal fit. To validate the SCF
modeling, we leave the average SCF fractions per tagging
category free to vary in the fit and find results that are
consistent with the MC prediction.

VI. INTERPRETATION OF THE RESULTS

We can use the results of this time-dependent Dalitz
analysis to extract the B0(B0) → ρ±π∓ parameters de-
fined in Ref. [17]:

fρ±π∓

Qtag
(∆t) = (1 ±Aρπ)

e−|∆t|/τ

4τ
(32)

×
[

1 + Qtag(S ± ∆S) sin(∆md∆t)

− Qtag(C ± ∆C) cos(∆md∆t)

]

,

where Qtag = 1(−1) when the tagging meson B0
tag is a

B0(B0). The time- and flavor-integrated charge asym-
metry Aρπ measures direct CP violation and the quanti-
ties S and C parameterize mixing-induced CP violation
related to the angle α, and flavor-dependent direct CP
violation, respectively. The parameters ∆Cρπ and ∆Sρπ

are insensitive to CP violation.
The U and I coefficients are related to the parameters

as follows:

C+ =
U−

+

U+
+

, C− =
U−
−

U+
−

,

S+ =
2 I+

U+
+

, S− =
2 I−
U+
−

,

Aρπ =
U+

+ − U+
−

U+
+ + U+

−

, (33)

where C = (C+ + C−)/2, ∆C = (C+ − C−)/2, S =
(S++S−)/2, and ∆S = (S+−S−)/2 . The definitions of
Eq. (33) explicitly account for the presence of interference
effects, and are thus exact even for a ρ with finite width,
as long as the U and I coefficients are obtained with
a Dalitz plot analysis. This treatment leads to slightly
increased statistical uncertainties compared to the results
obtained neglecting the interference effects.

Using a least-squares method including statistical and
systematic correlations for the U and I coefficients, we
obtain:

Aρπ = −0.14± 0.05 ± 0.02 , (34)

C = 0.15 ± 0.09 ± 0.05 , (35)

S = −0.03± 0.11 ± 0.04 , (36)

where the first errors are statistical and the second are
the systematic uncertainties. For the other parameters
in the description of the B0(B0) → ρπ decay-time de-
pendence, we measure

∆C = 0.39 ± 0.09 ± 0.09 , (37)

∆S = −0.01 ± 0.14 ± 0.06 . (38)
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FIG. 6: Confidence level contours for the direct CP asymme-
tries A+−

ρπ versus A−+
ρπ . The shaded areas represent 1σ, 2σ

and 3σ contours, respectively.

In addition, we measure the B0 → ρ0π0 CP -violation
parameters and decay fraction to be

C00 =
U−

0

U+
0

= −0.10 ± 0.40 ± 0.53 , (39)

S00 =
2 I0

U+
0

= 0.04 ± 0.44 ± 0.18 , (40)

f00 =
U+

0

U+
+ + U+

− + U+
0

= 0.136 ± 0.036± 0.039 .(41)

The systematic errors are dominated by the uncertainty
on the CP content of the B-related backgrounds. Other
contributions are the signal description in the likeli-
hood model (including the limit on non-resonant B0 →
π+π−π0 events), and the fit bias uncertainty. The large
systematic error on C00 is due to the possible π+π− S-
wave contribution. The correlation matrix, including sta-
tistical and systematic uncertainties, of the eight quasi-
two-body parameters is given in Table VII.

One can transform the experimentally convenient (un-
correlated) direct-CP violation parameters C and Aρπ

into A+−
ρπ , A−+

ρπ , defined by

A+−
ρπ =

|κ+−|2 − 1

|κ+−|2 + 1
= −

Aρπ + C + Aρπ∆C

1 + ∆C + AρπC
, (42)

A−+
ρπ =

|κ−+|2 − 1

|κ−+|2 + 1
=

Aρπ − C −Aρπ∆C

1 − ∆C −AρπC
,

where κ+− = (q/p)A−/A+ and κ−+ = (q/p)A+/A−, so
that A+−

ρπ (A−+
ρπ ) involves only diagrams where the ρ (π)

meson is formed from the W boson. We find
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are consistent with the nominal fit. To validate the SCF
modeling, we leave the average SCF fractions per tagging
category free to vary in the fit and find results that are
consistent with the MC prediction.

VI. INTERPRETATION OF THE RESULTS

We can use the results of this time-dependent Dalitz
analysis to extract the B0(B0) → ρ±π∓ parameters de-
fined in Ref. [17]:

fρ±π∓

Qtag
(∆t) = (1 ±Aρπ)

e−|∆t|/τ

4τ
(32)

×
[

1 + Qtag(S ± ∆S) sin(∆md∆t)

− Qtag(C ± ∆C) cos(∆md∆t)

]

,

where Qtag = 1(−1) when the tagging meson B0
tag is a

B0(B0). The time- and flavor-integrated charge asym-
metry Aρπ measures direct CP violation and the quanti-
ties S and C parameterize mixing-induced CP violation
related to the angle α, and flavor-dependent direct CP
violation, respectively. The parameters ∆Cρπ and ∆Sρπ

are insensitive to CP violation.
The U and I coefficients are related to the parameters

as follows:

C+ =
U−

+

U+
+

, C− =
U−
−
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S+ =
2 I+
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2 I−
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−
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, (33)

where C = (C+ + C−)/2, ∆C = (C+ − C−)/2, S =
(S++S−)/2, and ∆S = (S+−S−)/2 . The definitions of
Eq. (33) explicitly account for the presence of interference
effects, and are thus exact even for a ρ with finite width,
as long as the U and I coefficients are obtained with
a Dalitz plot analysis. This treatment leads to slightly
increased statistical uncertainties compared to the results
obtained neglecting the interference effects.

Using a least-squares method including statistical and
systematic correlations for the U and I coefficients, we
obtain:

Aρπ = −0.14± 0.05 ± 0.02 , (34)

C = 0.15 ± 0.09 ± 0.05 , (35)

S = −0.03± 0.11 ± 0.04 , (36)

where the first errors are statistical and the second are
the systematic uncertainties. For the other parameters
in the description of the B0(B0) → ρπ decay-time de-
pendence, we measure

∆C = 0.39 ± 0.09 ± 0.09 , (37)

∆S = −0.01 ± 0.14 ± 0.06 . (38)
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In addition, we measure the B0 → ρ0π0 CP -violation
parameters and decay fraction to be

C00 =
U−

0

U+
0

= −0.10 ± 0.40 ± 0.53 , (39)

S00 =
2 I0

U+
0

= 0.04 ± 0.44 ± 0.18 , (40)

f00 =
U+

0

U+
+ + U+

− + U+
0

= 0.136 ± 0.036± 0.039 .(41)

The systematic errors are dominated by the uncertainty
on the CP content of the B-related backgrounds. Other
contributions are the signal description in the likeli-
hood model (including the limit on non-resonant B0 →
π+π−π0 events), and the fit bias uncertainty. The large
systematic error on C00 is due to the possible π+π− S-
wave contribution. The correlation matrix, including sta-
tistical and systematic uncertainties, of the eight quasi-
two-body parameters is given in Table VII.

One can transform the experimentally convenient (un-
correlated) direct-CP violation parameters C and Aρπ

into A+−
ρπ , A−+

ρπ , defined by

A+−
ρπ =

|κ+−|2 − 1

|κ+−|2 + 1
= −

Aρπ + C + Aρπ∆C

1 + ∆C + AρπC
, (42)

A−+
ρπ =

|κ−+|2 − 1

|κ−+|2 + 1
=

Aρπ − C −Aρπ∆C

1 − ∆C −AρπC
,

where κ+− = (q/p)A−/A+ and κ−+ = (q/p)A+/A−, so
that A+−

ρπ (A−+
ρπ ) involves only diagrams where the ρ (π)

meson is formed from the W boson. We find
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are consistent with the nominal fit. To validate the SCF
modeling, we leave the average SCF fractions per tagging
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TABLE VIII: Summary of the systematic uncertainties re-
lated to the detection efficiency.

π0 Detection 4.7%
Kaon Identification (KID) 0.4%
Continuum Suppression 2.3%
Vertex Reconstruction 1.8%
Dalitz Efficiency 0.8%

the items included in above two categories. It consists of
the uncertainties from the modeling of PDF used in the
fit, where the possible uncertainty in the SCF component
has a sizable impact; the fraction of the BB background
component, which is fixed in the nominal fit; and the fit
bias.

4. Detection efficiency

The largest components of the detection efficiency sys-
tematic uncertainty are the differences between data and
MC. We consider differences in π0 detection efficiency
with π0 momentum dependence, the KID efficiency cor-
rection (ε′KID), the continuum event suppression cut, and
the vertex reconstruction efficiency. All are estimated
from control sample studies. Small uncertainty due to
the limited statistics of MC used in calculation of the ef-
ficiency is also taken into account. Table VIII shows the
breakdown of the systematic uncertainty contributions
from the above items.

5. TDPA systematic errors

The systematic errors in the Dalitz plot parame-
ters obtained in the time-dependent Dalitz plot analy-
sis (TDPA) listed in Table I propagate to the branching
fractions.

6. Number of BB pairs

The number of accumulated BB pairs and its uncer-
tainty are NBB = (449.3± 5.7)× 106, assuming an equal
production rate for charged and neutral BB pairs from
the Υ(4S). The uncertainty in the number of BB pairs
propagates to the branching fraction and is taken into
account as a systematic error.

9. CONSTRAINT ON THE CKM ANGLE φ2

We constrain the CKM angle φ2 from our analysis fol-
lowing the procedure described in Ref. [6]. With three
B0 → (ρπ)0 decay modes, we have 9 free parameters

including φ2:

9 =(6 complex amplitudes = 12 d.o.f.) + φ2

−(1 global phase) − (1 global normalization)

−(1 isospin relation = 2 d.o.f.) ,

(64)

where we make use of an isospin relation that relates
neutral B decay processes only [7, 8]. Parameterizing
the 6 complex amplitudes with 9 free parameters, we
form a χ2 function using the 26 measurements from our
time-dependent Dalitz plot analysis as constraints. We
first optimize all the 9 parameters to obtain a minimum
χ2, χ2

min; we then scan φ2 from 0◦ to 180◦ optimiz-
ing the other 8 parameters, whose resultant minima are
defined as χ2(φ2); the difference ∆χ2(φ2) is defined as
∆χ2(φ2) ≡ χ2(φ2) − χ2

min. Performing a toy MC study
following the procedure described in Ref. [38], we ob-
tain the 1 − C.L. plot in Fig. 12 (dotted line) from the
∆χ2(φ2) [39].

In addition to the 26 observables obtained from our
time-dependent Dalitz plot analysis, we use the branch-
ing fraction B(B0 → ρπall) obtained in Sec. 8 and the
following world average branching fractions and asymme-
tries: B(B+ → ρ+π0), A(B+ → ρ+π0), B(B+ → ρ0π+),
and A(B+ → ρ0π+) [26], which are not correlated with
our 26 observables. With the 31 measurements above, we
perform a full combined Dalitz and isospin (pentagon)
analysis. Having 5 related decay modes, we have 12 free
parameters including φ2:

12 =(10 complex amplitudes = 20 d.o.f.) + φ2

−(1 global phase)

−(4 isospin relations = 8 d.o.f.) .

(65)

The detail of the χ2 construction can be found in ap-
pendix D. The χ2

min obtained is 10.2, which is reason-
able for 31(measurements) − 12(free parameters) = 19
degrees of freedom. Following the same procedure as
above, we obtain the 1 − C.L. plot in Fig. 12 (solid line).
We obtain 68◦ < φ2 < 95◦ as the 68.3% confidence in-
terval consistent with the SM expectation. Several SM-
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Dalitz analysis for B0→ρπ(π+π-π0) 3-body decay.

CHAPTER 2. PHENOMENOLOGY OF CP VIOLATION IN B0 → π+π−π0 DECAY

In the time-dependent Dalitz plot analysis, the amplitudes Af1 and Af1 in equation (2.88)
have the Dalitz plot dependence, which are denoted by A3π(s+, s−) and A3π(s+, s−). Here,
we define the Lorentz-invariant Dalitz plot variables as

s+ ≡ (p+ + p0)
2 ,

s− ≡ (p− + p0)
2 , and

s0 ≡ (p+ + p−)2 ,

(2.156)

where p+, p−, and p0 are the four-momenta of π+, π−, and π0 in the B0 → π+π−π0 decay,
respectively. Among the Dalitz plot variables, the following relation holds

s+ + s− + s0 = mB0
2 + 2mπ+

2 + mπ0
2 . (2.157)

Ignoring the B0 → π+π−π0 contributions from the processes other than B0 → (ρπ)0 →
π+π−π0, the Dalitz plot amplitudes

(

A
)

3π(s+, s−) can be written as

A3π(s+, s−) = f+(s+, s−)A+ + f−(s+, s−)A− + f0(s+, s−)A0 , and (2.158)
q

p
A3π(s+, s−) = f+(s+, s−)A+ + f−(s+, s−)A− + f0(s+, s−)A0 , (2.159)

where functions
(

f
)

κ(s+, s−) (with ρ charge κ = +,−, 0) incorporate the kinematic and dynam-
ical properties of B0 decay into a vector ρκ and a pseudoscalar πκ, with (+,−, 0) = (−, +, 0),
corresponding to the mass and helicity distributions of the ρκ. Figure 2.5 schematically shows
the fκ(s+, s−) in the Dalitz plot. We will discuss in Sec. 1 of chapter 6 the detail of the

functions
(

f
)

κ(s+, s−). As described there, we assume the relation

fκ(s+, s−) = fκ(s+, s−) (2.160)

in our nominal fit. The definition of the complex coefficients Aκ and Aκ here are consistent
with equations (2.143)-(2.145) and (2.148)-(2.150).
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Figure 2.5: Schematic figures of the fκ(s+, s−). Dotted lines show the kinematic boundary.

With equations (2.158), (2.159), and (2.160), we rewrite Eq. (2.88) as

dΓ

d∆t ds+ds−
∝ e−Γ|∆t|

[
|A3π(s+, s−)|2 + |A3π(s+, s−)|2

− qtag · (|A3π(s+, s−)|2 − |A3π(s+, s−)|2) cos(∆md∆t)

+ qtag · 2Im

(
q

p
A3π(s+, s−)A3π(s+, s−)∗

)
sin(∆md∆t)

]
.

(2.161)
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with equations (2.143)-(2.145) and (2.148)-(2.150).
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(c) |f0(s+, s−)|

Figure 2.5: Schematic figures of the fκ(s+, s−). Dotted lines show the kinematic boundary.

With equations (2.158), (2.159), and (2.160), we rewrite Eq. (2.88) as

dΓ

d∆t ds+ds−
∝ e−Γ|∆t|

[
|A3π(s+, s−)|2 + |A3π(s+, s−)|2

− qtag · (|A3π(s+, s−)|2 − |A3π(s+, s−)|2) cos(∆md∆t)

+ qtag · 2Im

(
q

p
A3π(s+, s−)A3π(s+, s−)∗

)
sin(∆md∆t)

]
.

(2.161)
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Decay amplitudes
A+ = T -+ VubV*ud + P -+ VtbV*td

A- = T +-  VubV*ud + P +- VtbV*td

A0 = C 00 VubV*ud + P 00 VtbV*td

T : tree transition
P : penguin transition
C : color-suppressed tree transition

φ2

→ 27 coefficients measurablefκ,σ : 9 Dalitz plot functions
                 ×
3 types of distributions in Δt direction (lifetime, sine, cosine)

CHAPTER 2. PHENOMENOLOGY OF CP VIOLATION IN B0 → π+π−π0 DECAY

where

|A3π(s+, s−)|2 ± |A3π(s+, s−)|2 =
∑

κ∈{+,−,0}

|fκ|2(|Aκ|2 ± |Aκ|2)

+ 2
∑

κ<σ∈{+,−,0}

(
Re[fκf∗

σ ] Re[AκAσ∗ ± AκAσ∗] − Im[fκf∗
σ ] Im[AκAσ∗ ± AκAσ∗]

)
, and

(2.162)

Im

(
q

p
A3π(s+, s−)A3π(s+, s−)∗

)
=

∑

κ∈{+,−,0}

|fκ|2Im[AκAκ∗]

+ 2
∑

κ<σ∈{+,−,0}

(
Re[fκf∗

σ ] Im[AκAσ∗ + AσAκ∗] + Im[fκf∗
σ ] Re[AκAσ∗ − AσAκ∗]

)
.

(2.163)

Here, the |fκ|2 and Re(Im)[fκf∗
σ ] are nine linear-independent functions in the Dalitz plot.

Since there are three types of distribution in ∆t direction, e−|∆t|/τB0 , e−|∆t|/τB0 cos(∆md∆t),
and e−|∆t|/τB0 sin(∆md∆t), we have 27 linear-independent functions in ∆t-Dalitz plot space
in total. Exploiting the information of both ∆t and Dalitz plot, therefore, we can measure
all of 27 coefficients of the independent functions, which are sufficient to determine all of the
amplitudes Aκ and Aκ except for overall phase and normalization, in principle.

Equations (2.141) and (2.153) are derived from the fact that each combination-sum of the
amplitudes connected by equality is written only by tree diagram contributions; we can write
the combination-sums as

A+ + A− + 2A0 =T Alle−iφ2 , and (2.164)

A+ + A− + 2A0 =T Alle+iφ2 . (2.165)

Thus, with all the amplitudes Aκ and Aκ determined by the time-dependent Dalitz plot anal-
ysis, we can determine the φ2 using the relation of

e2iφ2 =
A+ + A− + 2A0

A+ + A− + 2A0
, (2.166)

where the ratio in the right hand side can be determined without the unmeasured overall phase
and normalization. Note that here we have no discrete ambiguity related to φ2, which is an
advantage of this method compared to the isospin (pentagon) analysis of B → ρπ and the
analysis with other decay processes, B → ππ and B → ρρ.

Another advantage of this method, compared to the isospin (pentagon) analysis described
in the previous section, is the large number of observables. The model parameters here are 9,
calculated as

(6 complex amplitudes = 12 d.o.f.) + φ2

− (1 overall phase) − (1 overall normalization) − (1 isospin relation = 2 d.o.f.) = 9 ,
(2.167)

while the number of observables are 26:

(27 coefficients) − (1 overall normalization) = 26 . (2.168)

The number of observables are far larger than that of model parameters. This allows us to
determine the φ2 even in the situation where some of the observables cannot be measured with
good precisions due to the small branching fraction of B0 → ρ0π0.
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