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Introduction



KobayashiKobayashi--MaskawaMaskawa (KM) Model(KM) Model

K and M proposed…
For CP, quarks have to have 
three generations.

An irreducible complex 
phase in quark mixing 
matrix violates CP.
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CKM triangle and CKM triangle and φφ22
Why φ2 is important?

UT triangle closure = an important SM test.

Current constraints

Provided by CKM fitter
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Determination of Determination of ΔΔtt and and qqtagtag
B’s are boosted

Δt is measured from vertex positions

B’s are entangled
flavor of B1 at time t2 is determined by B2 decay



TimeTime--dependent CPV analysisdependent CPV analysis
The case of B0 π+π−
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Why Why BB ρπρπ??
B0 ππ, ρρ has discrete ambiguity

Only sin2φ2 is measured

B0 ρπ has a potential to solve the 
ambiguity.

In addition to sin2φ2, cos2φ2 is measured.

Ambiguity from QCD is dependent on mode
It is valuable to measure with various mode.
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How to identify How to identify ρρ±±: Dalitz plot: Dalitz plot

2
0

2
0 )(  ,)( ppspps +≡+≡ −−++

s+ (GeV2)

s −
 (

G
eV

2 )

 0  5  10  15  20  25

 0

 5

 10

 15

 20

 25

s+ (GeV2)

s −
 (

G
eV

2 )

 0  5  10  15  20  25

 0

 5

 10

 15

 20

 25

s+ (GeV2)

s −
 (

G
eV

2 )

 0  5  10  15  20  25

 0

 5

 10

 15

 20

 25

B0 ρ+π− B0 ρ−π+ B0 ρ0π0

Kinematical overlap Interference

f+ f− f0

ρ+π−

ρ−π+

ρ0π0
π+π−π0: the same final state

s+

s −



Dalitz plot dependent amplitudesDalitz plot dependent amplitudes
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TimeTime-- and Dalitzand Dalitz-- dependencedependence
Time-dependence in terms of A3π
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Experimental apparatus



KEKB acceleratorKEKB accelerator

Main ring

Lineac

Belle

1km

~700/fb until now
This analysis: 414/fb, 449MBB

(until last summer)



Belle DetectorBelle Detector

μ / KL detection
14/15 lyr. RPC+Fe

Central Drift Chamber
small cell +He/C2H6

CsI(Tl)
16X0

Aerogel Cherenkov cnt.
n=1.015~1.030

Si vtx. det.
3/4 lyr. DSSD

TOF conter

SC solenoid
1.5T

8 GeV e−

3.5 GeV e+



Belle CollaborationBelle Collaboration
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Analysis



Analysis procedureAnalysis procedure
Event selection
Vertexing & Flavor Tagging
Unbinned Maximum Likelihood Fit
φ2 extraction



Analysis procedureAnalysis procedure
Event selection
Vertexing & Flavor Tagging
Unbinned Maximum Likelihood Fit
φ2 extraction



Event selectionEvent selection
Event (B0 πππ) reconstruction

π0 reconstruction

PID (K/π separation)
Continuum suppression (event shape)
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Dalitz VetoDalitz Veto
Consider the radial excitations as 
“contamination”.
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Event ReconstructionEvent Reconstruction
971 ± 42  B0 π+π−π0

candidates
Efficiency ~10%
Purity ~30%

Other components
SCF (Incorrectly 
reconstructed signal) 
~5%
Continuum (qq) ~57%
Other B decay ~8%
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Analysis procedureAnalysis procedure
Event selection
Vertexing & Flavor Tagging
Unbinned Maximum Likelihood Fit
φ2 extraction



VertexingVertexing and Flavor Taggingand Flavor Tagging
B’s are boosted

Δt is measured from vertex positions

B’s are entangled
flavor of B1 at time t2 is determined by B2 decay



VertexingVertexing: Detector: Detector

3(SVD1)/4(SVD2) layers Double-sided Silicon Strip Detector
beam pipe r=1.5cm (SVD2)

1st layer r=2.0cm (SVD2)
~120k channels (SVD2)

Silicon Vertex Detector (SVD)



VertexingVertexing: Resolution: Resolution

)( tP Δ )()( tRtP Δ⊗Δ

Measured Δt is smeared by resolution
σz ~ 60μm (CP side)
σΔz ~120μm 

Smeared by
detector resolution



Flavor Tagging: AlgorithmFlavor Tagging: Algorithm
Likelihood composed of Tag side B information
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Flavor Tagging: CalibrationFlavor Tagging: Calibration
Wrong tag fraction is 
“measured” using B0-
B0 mixing.

Real amplitude of 
mixing is known to be 
unity.
Observed amplitude 
corresponds to 
dilution due to wrong 
tagging.

Effective tagging 
efficiency ~30%. B0-B0 mixing in each

tagging quality (r) region

Worst

Best

Control sample



Analysis procedureAnalysis procedure
Event selection
Vertexing & Flavor Tagging
Unbinned Maximum Likelihood Fit
φ2 extraction



UnbinnedUnbinned Maximum Likelihood fitMaximum Likelihood fit

Likelihood function L

Event-by-Event PDF P
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Signal PDFSignal PDF
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26(27) parameters to be fitted26(27) parameters to be fitted
Signal PDF is a 
product of Δt and 
Dalitz PDF
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QuasiQuasi--TwoTwo--Body ParametersBody Parameters
Using the information of non-interfering 
parameters alone.
Dominant systematic error is from potential 
B0 π+π−π0 (ρπ) BG.
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Fit result: Mass and Fit result: Mass and HelicityHelicity
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Fit result: Fit result: ΔΔtt distributiondistribution
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Direct CP violation: Direct CP violation: AA++−− and and AA−−++
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QuasiQuasi--TwoTwo--Body: Direct CPVBody: Direct CPV
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QuasiQuasi--TwoTwo--Body: BBody: B00 ρρ00ππ00

0

20

40

60

E
ve

nt
s/

ps

0

20

40

60

E
ve

nt
s/

ps

-0.5

0

0.5

-0.5

0

0.5

-8 -6 -4 -2 0 2 4 6 8
Δt (ps)

B
G

 s
ub

tr
ac

te
d 

as
ym

.

Δt distribution
of B0 ρ0π0

35.057.017.0

28.036.049.0)(

00

0000

±±+=

±±−=−

πρ

πρπρ

S

CA

First measurement

)sin(

)cos(
Asym.

00

00

tag

tag

tmSq

tmAq

ΔΔ⋅+

ΔΔ⋅
=

πρ

πρ

Δt (ps)



φ2 (α) extraction



Penguin pollutionPenguin pollution

B0
d

b– d
–

bt

–t
B0 –

Vtb V*
td

V*
tbVtd

Mixing diagram

+

Penguin diagram

B0

d

b–

t–
d–

u
u–

d π/ρ

ρ/π
Vtb V*

td

0+

φ2
B0

b–

d
u–
d–

π/ρ

ρ/πV*
ud

Vub

Tree diagram
d

u



Dalitz + Dalitz + IsospinIsospin AnalysisAnalysis
Uses both interfering and non-interfering 
parameters.
In particular, interfering parameters play 
important roles.
Primary systematic error

radial excitations (ρ’ and ρ’’)
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Dalitz + Isospin Analysis: ResultDalitz + Isospin Analysis: Result
Combined analysis of

Our result
Charged mode info.

As allowed region, we 
obtain:

0<φ2<5°
23°<φ2<34°
68°<φ2<95°
109°<φ2<180



Combined analysisCombined analysis
Gluon penguin contribution is mode 
dependent

Addition of B0 ππ, ρρ, ρπ
Decrease the uncertainty from penguin



WA (WA (BB ππππ, , ρρρρ) + our result) + our result
We obtain 83<φ2<95 (deg.) at 68.3%C.L.
Our measurement of B ρπ improves the 
constraint on φ2.
To solve the ambiguity, we need more data.



Comparison with Global fitComparison with Global fit

Global fit w/o direct measurement
φ2 = 100+5

−7 (deg.)

Averaged direct measurement
83 < φ2 < 95 (deg.)



ConclusionConclusion
B ρπ time-dependent Dalitz plot analysis

Potential capability of killing discrete ambiguity 
solution.
Very interesting, but a complex analysis.

We perform the analysis with 449M BB data 
collected at Belle/KEKB

Indication of direct CP violation
First measurement of Sρ0π0

Constraint on φ2
Our ρπ analysis: 68<φ2<95 (deg.)
Combined ππ, ρρ, and our ρπ: 83<φ2<95 (deg.)
Consistent with the expectation from other 
measurements.
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Accepted by PRL
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