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BELLE Introduction
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where A, λ, ρ, η are Wolfenstein parameters
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BELLE Time-Dependent CP Violation Phenomenology

• Interference between different paths to a final state ⇒ time-dependent CP violation

• Consider B0/B̄0 decaying to a CP eigenstate

• Define λCP = q
p
Ā
A

– p, q from B0 − B̄0 mixing
– Standard Model : qp ∼ e−2φ1

• Simplest scenario:

–
∣

∣
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q
p

∣
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∣ = 1,
∣

∣

∣

Ā
A

∣

∣

∣ = 1 ⇒ SCP = Im(λCP )

• At B factories, measure ∆t from decay time of other B
(tagged as B0 (q = +1) or B̄0 (q = −1))
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BELLE How To Measure Time-Dependent CP Violation
(at an asymmetric energy B factory)

1. Collect a large sample of B − B̄ decays

2. Identify and select events containing relevant final state

3. Tag the flavour of the other B

4. Measure ∆t from ∆z = zCP − ztag ≈ (βγ)Υc∆t

5. Fit the sample
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BELLE Lots of Bs!

Results presented today use 140 fb−1 on Υ(4S)
∼
≡ 150 × 106 BB̄ pairs
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BELLE How To Measure Time-Dependent CP Violation

Illustrated using B̄0 → J/ψKS, B0 → D∗−µ+νµ
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BELLE Belle Detector

0 1 2 3 (m)

e- e+
8.0 GeV 3.5 GeV

SVD

CDC
CsI KLM TOF

ACC
150°


17°
EFC

• SVD 3 DSSD layers
σ ∼ 55 µm for 1 GeV/c @ 90◦

• CDC 50 layers
σp/p ∼ 0.35% @ 1 GeV/c

σπ(dE/dx) ∼ 7%

• TOF σt ∼ 95 ps

• ACC (n = 1.01 → 1.03)
K/π separation up to 3.5 GeV/c

• CsI σE/Eγ ∼ 1.8% @ 1 GeV
• KLM 14 RPC layers
• 1.5 T magnetic field
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BELLE The Golden Mode(s)

b→ cc̄s transitions are dominated by a single weak phase
measure sin (2φ1)

J/ψKS, etc.
3085 candidates

J/ψKL
2332 candidates
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BELLE Analysis Procedure

• Flavour tagging
– Use flavour specific, inclusive properties of decay products
– Include correlations in a multi-dimensional likelihood
– Assign q = ±1 & r ∈ 0,1

– Divide data in categories: 6 of r × 2 of q

• Vertexing
– Require SVD hits to obtain precise vertex
– Use run-dependent interaction point profile

• Fitting
– Use unbinned maximum likelihood fits
– Wrong tag fraction for each q,r bin
– Event-by-event signal probability based on ∆E, Mbc

– Event-by-event resolution function based on vertex errors
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BELLE sin (2φ1) Fit Result

PRELIMINARY

sin (2φ1) = 0.733 ± 0.057 ± 0.028
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BELLE ρ− η Constraint
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BELLE Time-Dependent CP Violation Phenomenology

• If more than weak phase contributes, A = A1 +A2, Ā = Ā1 + Ā2 ⇒
∣

∣
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∣ 6= 1

• Remember λCP = q
p
Ā
A

• SCP = 2 Im(λCP )
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BELLE J/ψπ0 Feynman diagrams

Contributions from tree and penguin amplitudes
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Penguin contains Vtd different phase
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BELLE J/ψπ0 Results

103 candidate events
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BELLE B → π+π− Analysis

Contributions from tree and penguin amplitudes

tree contains Vub

b u

u
W

dd

d

penguin contains Vtd

b W

t u

u

dd

g

d

• Small branching fraction (∼ 4 × 10−6)

• Large background from e+e− → qq̄ (q = u, d, s, c)

• Background from B → K+π−
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BELLE B → π+π− Candidates

Categorize candidates based on level of qq̄ background
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BELLE B → π+π− Fit Result

• 1529 candidates

• 372 ± 32 π+π− signal events

Sπ+π− = −1.00 ± 0.21 ± 0.07

Aπ+π− = +0.58 ± 0.15 ± 0.07

• Many cross-checks performed
– Kπ control sample

– qq̄ control sample

– Various subsamples

– Toy Monte Carlo studies

– Binned fit
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BELLE B → π+π− Significance

Feldman-Cousins Analysis
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BELLE Constraint on φ2

• Sπ+π− & Aπ+π− can be written as functions of φ1, φ2, P/T & δ

M. Gronau & J.L. Rosner, PRD 65, 093012 (2002)
• Using measured φ1, translate contraint on Sπ+π− & Aπ+π−

→ confidence volume in (φ2, P/T, δ) space

2.0σ Confidence Volume ( φ2 .vs. δ v.s. |P|/(|T|+|P|))
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BELLE Time-Dependent CP Violation Phenomenology

• Consider now B0/B̄0 decaying
to a non-CP eigenstate

• dominant and suppressed contributions

• Define ρ = q
p
Ās
Ad

, ρ̄ = p
q
As̄
Ād̄

• Simple scenario:
–
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BELLE B → D(∗)π Feynman Diagrams

dominant ∼ VcbVud
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BELLE B → D(∗)π Candidates

For B → D(∗)π

=(ρ) = (−1)L+1RD(∗)π sin(2φ1 + φ3 − δD(∗)π) =(ρ̄) = (−1)LRD(∗)π sin(2φ1 + φ3 + δD(∗)π)
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Data: best quality flavour tagging; Curves: Fit result for entire data
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BELLE B → D(∗)π Fit Result

2RD∗π sin(2φ1 + φ3 + δD∗π)=0.109±0.057±0.019
2RD∗π sin(2φ1 + φ3 − δD∗π) =0.011±0.057±0.019
2RDπ sin(2φ1 + φ3 + δDπ) =0.087±0.054±0.018
2RDπ sin(2φ1 + φ3 − δDπ) =0.037±0.052±0.018

Assume that δ
D(∗)π

= 0 or π:

|2RD∗π sin(2φ1 + φ3)|=0.060±0.040±0.019
|2RDπ sin(2φ1 + φ3)| =0.061±0.037±0.018

Much more data required to constrain sin(2φ1 + φ3)
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BELLE b→ sqq̄ Selection

• b→ sqq̄ contains same weak phase as b→ cc̄s

↪→ −ξsqq̄Ssqq̄ should also measure sin(2φ1)

• Ssqq̄ 6= Scc̄s can be caused by new physics in b→ s penguin

• B → φKS: CP odd
106 candidates

• B → K+K−KS: CP even
361 candidates
(φ contribution is vetoed)

• B → η′KS: CP odd
421 candidates
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BELLE b→ sqq̄ Fit Results

B → φKS
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BELLE b→ sqq̄ World Average
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BELLE Summary

• sin(2φ1) is the most constraining CP violation measurement

• CP violation in B → π+π− has been observed

• Evidence for direct CP violation in B decays

• Evidence for new physics in B → φKS

• Much more luminosity has been, is being, and will be accumulated
⇒ new and improved measurements are coming soon
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BELLE

BACKUP SLIDES
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BELLE Flavour Tagging Algorithm

Slow pion Kaon Lepton

Information on charged tracks

Lambda

Track-level 
look-up tables

Flavor information "q" and "r"

Event-level look-up table

q.r q.r(q.r)K/Λ

Select track
      with 
largest "r"

Calculate
combined "q.r"

Select track
      with 
largest "r"
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BELLE Flavour Tagging Performance

Mixing asymmetry:

OF − SF

OF + SF
∝ (1 − 2w) cos(∆m∆t)

Effective tagging efficiency ≈ 28.7%

Tim Gershon Les Rencontres de Physique de la Vallée d’Aoste March 4th 2004



BELLE sin(2φ1) Selection
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BELLE sin(2φ1) Sub-samples
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BELLE ρ− η Constraint With π+π− Result
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BELLE π+π− Systematics
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BELLE π+π− Monte Carlo Pseudo-Experiments

107 pseudo-experiments generated with:
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No. of eventes in the elipse       :  29355 ( 73.39 %)
No. of eventes out of the elipse   :  10645 ( 26.61 %)
No. of eventes in the boundary     :  17444 ( 43.61 %)
No. of eventes out of the boundary :  22556 ( 56.39 %)

P (Belle result) ∼ 27%
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BELLE K+K−KS CP composition

• CP of K+K−KS depends on angular momentum of K+K−

– spin-0 ⇒ CP = +1 eg. f0KS
– spin-1 ⇒ CP = −1 eg. φKS

• Determine CP = +1 fraction (α2) using isospin relation between three kaon final states

1

τB0

B
(

B0 → K+K−K0
)

=
1

τB+

B
(

B+ → K0K̄0K+
)

K0K̄0K+ = α
(

KSKSK
+ +KLKLK

+
)

+ βKSKLK
+

B
(

B+ → KSKSK
+

)

= B
(

B+ → KLKLK
+

)

α2 = 2 ×
B

(

B+ → KSKSK
+

)

B
(

B0 → K+K−K0
) ×

τB0

τB+

• Measure α2 = 1.03 ± 0.15 ± 0.05
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BELLE φKS Control Samples
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