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DEPFETKEKB/SuperKEKB
Collider

Upgrade: KEKB ⇒ SuperKEKB
Belle ⇒ Belle II

e−e+

∼ 3km
Colliding
bunches

KEK = kō eneruḡı kasokuki kenkyū kikō
high energy collider research organization

At: Tsukuba, Ibaraki Prefecture, Japan1
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DEPFETBelle/Belle II
Experiment

KEKB/Belle SuperKEKB/Belle II
operation 1999 – 2010 2018 – 2025

e−/e+ beam E 8/3.5 GeV 7/4 GeV
e−/e+ beam I 1.2/1.6 A 2.6/3.6 A
Inst. Lumi. L 2.11 · 1034cm−2s−1 8 · 1035cm−2s−1∫

L · dt 1023 fb−1 (772 · 106 B B pairs) 50 ab−1
2
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Nano Beam Scheme
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Superconducting Magnet
homogeneous field of 1.5 T

Time of Propagation counter
with 20 mm quartz bars
MCP-PMT readout

Aerogel RICH
Proximity focusing RICH with silica
aerogel

Central Drift Chamber
proportional wire drift chamber
15000 sense wires in 58 layers

Silicon Vertex Detector
4 layer double sided strips
20− 50 ns shaping time

Pixel Vertex Detector
2 layer pixel detector (8MP)
DEPFET technology

Electromagnetic Calorimeter
8000 CsI Crystals, 16 X0
PMT/APD readout

K0
L /µ Detector (outside)

RPC Plates and plastic
scintillators with SiPM readout
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Our Contributions

PXD development:
Sensor design, prod. and testing

⇒ Analysis of testbeam data
Mechanical design, final assembly
Cooling system (IBBelle)

Software development:
Belle II framework development
PXD and SVD simulation

⇒ w/o machine background
Tracking, Vertexing and
Flavor Tagging
Neural z-vertex trigger

Machine commissioning:
Design, prod. and operation
of CLAWS detector

Belle CP-Analysis:
B0 → π+π−, π−K +, K−K +

ρρ, ωK 0
S

Belle II sensitivity studies:
B0 → J/ψK 0

S , π0π0
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CP-Violation in the SM

Why CP-Violation? ⇒ Matter-Antimatter-Asymm. in the
universe larger than in SM. Sakharov’s 2nd cond.: C-V, CP-V.

Why in the B0-system? ⇒ largest CP-V. within the SM.

CP-V. in the SM ⇒ Weak Interaction ⇒ VCKM d′

s′

b′

 =

 Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

 d
s
b


Params: 3 Real, 1 Im.: λ= sin θC ≈ 0.2, A, ρ, η

VCKM =

 1− 1
2λ

2 λ Aλ3(ρ− iη)
−λ 1− 1

2λ
2 Aλ2

Aλ3(1− ρ− iη)] −Aλ2 1

+O(λ4)

⇒ LYuk ∝ igWµJccµ ⇒ Jccµ
CP−−→ Jcc ′µ 6= Jccµ

Unitarity:
∑
k V
∗
kiVkj = 0 ⇒ VudV

∗
ub + VcdV

∗
cb + VtdV

∗
tb = 0

O(λ3) O(λ3) O(λ3)6
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CKM-Triangle
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Measurement of φ1

|B〉 |B̄〉6=
|B〉
|B̄〉

|f〉
|f̄〉

|fCP 〉|B〉

|B̄〉

6=

SCPACP

ACP J/ψK0
S = 0

SCP J/ψK0
S = sin(2φ1)

W−

d

b

d

s

c

cVcb

V ∗
csB0

J/ψ

K0
S

ACP φK0
S = 0

SCP φK0
S = sin(2φ1)

W−

g

d

b

d

s

s

s

Vcb

u,c,t

V ∗
cs

B0

φ

K0
S
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DEPFETTime-dep. CP-Analysis
at B-Factories

9.46

σ
(e

+
e−

→
H
a
d
ro
n
s)

[n
b
]

Υ(1S)

e+e− Center-of-Mass Energy [GeV]

Υ(2S)

Υ(3S)

Υ(4S)

continuum background

9.44 10.00 10.02 10.34 10.37 10.54 10.58 10.62
0

5

10

15

20

25 Υ(4S) above BB prod. threshold
Υ(4S)→ BB > 96 %
Γ(B+B−)
Γ(B0 B0 ) ∼ 1.06

⇒ B-Factory

∆z

Υ(4S)

e− e+
BCP

Btag

J/ψ

µ+
µ−

`− K−

π−

π+
K 0

S

Boost

〈∆z〉Belle ∼ 200 µm
〈∆z〉Belle II ∼ 130 µm

⇒ ∆t = ∆z
〈βγ〉c since B0B0 at rest in Υ(4S) frame

PSig(∆t, q) = e
−|∆t|/τB0

4τB0
[1 + q (ACP cos(∆m∆t) + SCP sin(∆m∆t))]

qB0 ,B0 = 1,−1
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DEPFETDEPFET
Pixel Vertex Detector

gaten

clearn

gaten+1

clearn+1

mounting hole

SwitcherBDCD-B
(analog readout)

DHP
(digital 
processing)

250 px
76

8 
px

�exible interconnect
(polyimide/copper)

di�erential data 
transmission (≈ 1.6 Gb/s)

conductive layers 
(Al/Al/Cu)

2 mm / 420 μm
rigid frame

75 μm
active area
thickness

active area

(     pixel center)

ground

power

(32 channels
gate/clear)

44
.8

 m
m

12.5 mm

Inst. Lumi.: LBelle II ∼ 40 · LBelle

⇒ Background ↑↑↑
Closest to IP

⇒ Occupancy (∼ r−2) ↑↑↑
〈βγ〉Belle II < 〈βγ〉Belle

⇒ smaller ∆z

⇒ Pixel Detector needed !
⇒ DEPFET Technology most suited

DEPleted Field Effect Transistor10
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Why B0 → π0π0 ?

I

R

φ2

φ3 φ1

Unitarity Triangle

Extraction of φ2 is possible through:

Isospin analysis of B → ππ (Isospin triangle).

Isospin analysis of B → ρρ (Isospin triangle).

Dalitz plot and Isospin analysis of B → ρπ (Isospin pentagon).
Less Isospin breaking but lower experimental precision.
Very complicated! (Not considered for Belle II sensitivity)

11
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DEPFETExtraction of φ2 angle
from B → ππ

Penguin and tree diagrams
contribute.
At tree level: ACP = 0
SCP = sin(2φ2)
At penguin level: ACP 6= 0
SCP =

√
1−ACP sin(2φeff

2 )
⇒ φeff

2 = φ2 −∆φ2

Extr. ∆φ2 through isospin
analysis:
A+− = A(B → π+π−)

1 1√
2A

+− +A00 = A+0

2 1√
2Ā

+− + Ā00 = Ā−0

Pure Tree: A+0 = Ā−0

b

d

d

u

u

d

*
ubV

udV

+W

b

d

d
u

u
d

g

+W

tbV
*
tdV

t

1√
2 Ā+−

Ā00

1√
2 A+−

A00

A+0 = Ā−0

2∆φ2

∆φ2

w

Isospin

I = 0, 2

I = 0
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DEPFETExtraction of φ2
from B → ππ

Isospin analysis: xtheo contains 6 fit parameters including ∆φ2 and φ2.
The parameters are fitted using xdata

xdata =



B(B0 → π+π−)
B(B0 → π0π0)
B(B+→ π+π0)
ACP(B0 → π+π−)
SCP(B0 → π+π−)
ACP(B0 → π0π0)
SCP(B0 → π0π0)



X
X
X
X
X
X
?

Minimizing

χ2 = −2 log

exp
(

1
2 (xdata − xtheo)T Σ−1 (xdata − xtheo)

)
√

(2π)n det Σ


⇒ 8 fold ambiguity in φ2 w/out SCP(B0 → π0π0) ⇒ Sensitivity?13
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DEPFETVertex of γ-Conversions
in B0 → π0π0

x / cm

3− 2− 1− 0 1 2 3

y 
/ c

m

3−

2−

1−

0

1

2

3
Pipe

PXD 1

PXD 2

 

γ → e+e−

Υ(4S)→ B0
1B0

2 →
B1 → generic
B2 → π0π0

π0
γγ → γγ (B = 98.82%)

π0
dal → e+e−γ (B = 1.17%)

NBelle II =

LBelle II · B(Υ(4S)→ B0B0)
· 2 · B(B0 → π0π0) ∼

50ab−1 · 1.1nb · 0.49
· 2 · 1.91 · 10−6

∼ 100k events.

π0
dal: 2 %

π0
c: 3 %

14
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Generated Asymmetry

PSig(∆t, q) = e
−|∆t|/τB0

4τB0
[1 + q (ACP cos(∆m∆t) + SCP sin(∆m∆t))]

t / ps∆
10− 5− 0 5 10

E
ve

nt
s 

/ (
 0

.2
2 

ps
 )

0

100

200

300

400

500

600

700

310×

ACP π
0π0 = 0.44 (PDG)

SCP π
0π0 =

√
1−ACP 2 sin 2 · (α−∆α∗) ≈ 0.78 ∗hep-ex/0703039

B0
tag (q = +1)

B0
tag (q = −1)
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B0 Reconstruction

1 B0
4γ → π0

γγπ
0
γγ

2 B0
dal → π0

dal(→ e+e−γ)π0
γγ

3 B0
c → π0

c(→ γ(→ e+e−)γ)π0
γγ

Reconstruction of π0s:

γ Selection: Eγ > 50 MeV (Barrel)
Eγ > 100 MeV (Front)
Eγ > 150 MeV (Back)

e± Selection: d0 < 0.25 cm
At least one PXD hit (e+ or e−)
mπ0 ∈ [105, 165] MeV ∼ ±2.5 · σmπ0

| cos(θhelicity)| < 0.95

htemp
Entries 141598

Mean 0.1331

Std Dev 0.0112

/ ndf 2χ 844.5 / 85

Constant 18.1±5351 

Mean 0.0000±0.1332 

Sigma 0.00002±0.01091 
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DEPFETB0 Vertex
Reconstruction

Vertex Reconstruction with
iptube constrain.
If conversion in beam pipe
and e± with PXD hits

⇒ π0
c and π0

dal kinematically
indistinguishable.

τπ0 ∼ 0.9 as ∼= 0.1 nm

⇒ π0 Vertex =̂ B0 Vertex.

Check with MC truth.

x

z
BS B0

γ

γ
γ

e−

e+

γc → e+e−

x

z
BS B0

e−

e+

γ

γ
γ

π0
dal → e+e−γ

∆t = (~rCP−~rtag)·~̂β
〈βγ〉c17
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CP

∆t Resolution

Reconstructed as B0
dal → π0

γγ π
0

dal

↪→ e+ e− γ

 / psgent∆ - rect∆
6− 4− 2− 0 2 4 6

E
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Conversion case
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(54% of Events)

 / psgent∆ - rect∆
6− 4− 2− 0 2 4 6

E
ve

nt
s 

/ (
 0

.1
2 

ps
 )

0

500

1000

1500

2000

2500

3000

3500   0.01 ps±    

 =-0.01
t ∆

µ

  0.03 ps±    
 = 1.41t ∆σ
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(46% of Events)
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Flavor Tagger with ∆t
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q · r
εEff(Belle II MC5) = 35.8%

εEff(Belle) = 29%

MC Flavor

19



Active Pixel Detector

DEPFET

Toy MC Projections

B0 → π0(→ e+e−γ)π0(→ γγ)
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DEPFETACP and SCP Pulls and
Statistical Uncertainties

B0 → π0(→ e+e−γ)π0(→ γγ)

)CPApull(
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DEPFETToy MC and ACP Pull
and Uncertainty

B0 → π0(→ γγ)π0(→ γγ)
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Result of Isospin analysis

1 ab−1 and 50 ab−1

)° (
2

φ
0 30 60 90 120 150 180

1 
- 

C
L

0

0.2

0.4

0.6

0.8

1

w/out and with Sπ0π0

)° (
2

φ
0 30 60 90 120 150 180

1 
- 

C
L

0

0.2

0.4

0.6

0.8

1

Value 0.8 ab−1 50 ab−1
aBπ+π− [10-6] 5.04 ±0.21± 0.18 ±0.03± 0.08
bBπ0π0 [10-6] 1.31 ±0.19± 0.18 ±0.04± 0.04
aBπ+π0 [10-6] 5.86 ±0.26± 0.38 ±0.03± 0.09
cAπ+π− 0.33 ±0.06± 0.03 ±0.01± 0.03
cSπ+π− -0.64 ±0.08± 0.03 ±0.01± 0.01
bAπ0π0 0.14 ±0.36± 0.12 ±0.05± 0.01
Sπ0π0 0.83 ±0.30± 0.03

Comparison diff. Sπ0π0

)° (
2

φ
0 30 60 90 120 150 180

1 
- 

C
L

0

0.2

0.4

0.6

0.8

1 0π0πS   

  0.83

  0.40

 -0.61

 -0.94
a PRD 87 031103
b Belle Draft
c PRD 88 092003
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DEPFETExtraction of φ2
from B → ρρ

Isospin analysis for dominant ρ polarization ρL (CP even). ⇒

xdata =



fL, ρ+ρ− · B(B0 → ρ+ρ−)
fL, ρ0ρ0 · B(B0 → ρ0ρ0)
fL, ρ+ρ0 · B(B+→ ρ+ρ0)
ACP(B0 → ρ+ρ−)
SCP(B0 → ρ+ρ−)
ACP(B0 → ρ0ρ0)
SCP(B0 → ρ0ρ0)



X
X
X
X
X
X
X
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Result of Isospin analysis

1 ab−1 and 50 ab−1

)° (
2

φ
0 30 60 90 120 150 180

1 
- 

C
L

0

0.2

0.4

0.6

0.8

1

w/out and with Sρ0ρ0

)° (
2

φ

1 
- 

C
L

0

0.2

0.4

0.6

0.8

1

85 90 95 100

Belle Value 0.8 ab−1 50 ab−1

afL, ρ+ρ− 0.988 ±0.012± 0.023 ±0.002± 0.003
bfL, ρ0ρ0 0.21 ±0.20± 0.15 ±0.03± 0.02

aBρ+ρ− [10-6] 28.3 ±1.5± 1.5 ±0.19± 0.4
bBρ0ρ0 [10-6] 1.02 ±0.30± 0.15 ±0.04± 0.02
aCρ+ρ− 0.00 ±0.10± 0.06 ±0.01± 0.01
aSρ+ρ− −0.13 ±0.15± 0.05 ±0.02± 0.01

Belle Value 0.08 ab−1 50 ab−1

cfL, ρ+ρ0 0.95 ±0.11± 0.02 ±0.004± 0.003
cBρ+ρ0 [10-6] 31.7 ±7.1± 5.3 ±0.3± 0.5

BaBar Value 0.5 ab−1 50 ab−1

dCρ0ρ0 0.2 ±0.8± 0.3 ±0.08± 0.01
dSρ0ρ0 0.3 ±0.7± 0.2 ±0.07± 0.01

For compatibility Sρ0ρ0 = -0.14
a PRD 93 032010
b PRD 89 072008
c PR Lett 91 221801
d PRD 78 07110425
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Analysis
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w/out and with Sπ0π0 and Sρ0ρ0

For compatibility Sπ0π0 = 0.75
Sρ0ρ0 = -0.14
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Active Pixel Detector

DEPFET

Summary and Outlook

Machine commissioning started! Begin of data taking planned
for 2018! Strong contribution from our institute!

Search at next generation B-Factory SuperKEKB
complementary to LHC.

∫
L · dt = 50 ab−1 ⇒ ??

⇒ Expected sensitivities:

∆φ2(ππ) ≈ 4◦, ∆φ2(ρρ) ≈ 0.7◦ and ∆φ2(ππ, ρρ) ≈ 0.6◦.
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Active Pixel Detector

DEPFET

Tagging Variables

Categories Discriminating input variables
Electron p∗, p∗t , p, pt, Le, Mrecoil, p

∗
miss, cos θ∗miss, E

W
90 , χ

2

Int. Electron p∗, p∗t , p, pt, Le, Mrecoil, p
∗
miss, cos θ∗miss, E

W
90 , χ

2

Muon p∗, p∗t , p, pt, Lµ, Mrecoil, p
∗
miss, cos θ∗miss, E

W
90 , χ

2

Int. Muon p∗, p∗t , p, pt, Lµ, Mrecoil, p
∗
miss, cos θ∗miss, E

W
90 , χ

2

KinLepton p∗, p∗t , p, pt, Lµ, Le, Mrecoil, p
∗
miss, cos θ∗miss, E

W
90 , χ

2

Int. KinLepton p∗, p∗t , p, pt, Lµ, Le, Mrecoil, p
∗
miss, cos θ∗miss, E

W
90 , χ

2

Kaon p∗, p∗t , pt, LK , cos θ, nK0
S
,
∑

pt, |x|, χ2

KaonPion yKaon, ySlowPion, cos θK,π, qK · qπ, LK
SlowPion p∗, p∗t , p, pt, Lπ, LK , Le, cos θ, cos θThrust, χ

2

MaximumP∗ p∗, p∗t , p, pt, cos θThrust, d0
FSC p∗Slow, p

∗
Fast, LK , cos θThrustSlow, cos θThrustFast, cos θSlowFast, qSlow · qFast

FastPion p∗, p∗t , p, pt, Lπ, LK , Le, cos θ, cos θThrust, χ
2

Lambda p∗Λ, pΛ, p
∗
proton, pproton, qΛ, MΛ, nK0

S
, cos θxΛ,pΛ , |xΛ|, σzzΛ , χ2

Λ

Optimized for CPU: 76 Calculations instead of 242
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Active Pixel Detector

DEPFET

Flavor Tagger Output

B0_deltae
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Active Pixel Detector

DEPFETe+, e− Track
Reconstruction

e+, e−
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Active Pixel Detector

DEPFETEvents with
γ-Conversions

a) If there is an event with
γ-conversions

⇒ How Many?

-ConversionsγNumber of 

1 1.5 2 2.5 3 3.5 4

%

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

 

2.77%

0.58%
0.08% 0.01%

b) How many Events have at least
one γ-conversion?

Vertex in Events %
Beam Pipe 2.00 %
1st. PXD Layer 0.60 %
2nd. PXD Layer 0.50 %
Total inside PXD 3.10 %

c) ... and at least one γ-conversion
or one π0 → e+e−γ decay?

π0 → e+e−γ 2.00 %
Total π0 ∪ γ 5.05 %

Requirement: All converted γ in accept. and not converted in ECL
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Active Pixel Detector

DEPFET

Final Selection

mbc =
√
E∗beam

2 − pB0

> 5.26 GeV/c2

∆E = E∗beam − EB0

∈ [−0.3, 0.2] GeV

Continuum Suppr.
yFBDT > 0.976

⇒ Maximizes nsig√
nsig+nbkg

Flavor Dilution
r > 0.1

Multiplicity . 1.01
⇒ Ranking according to

Dilution
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Cut on yContSuppr
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Cut on ymax
ContSuppr = 0.976

B0_deltae
0.4− 0.2− 0 0.2 0.4B0_FBDT_qrCombined 1−0.5−00.51

0

5

10

15

20

25

30

35

B0_FBDT_qrCombined:B0_deltae
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Active Pixel Detector

DEPFET

Two Options

Option 1: B0
dal candidates have priority.

Candidate nsig
ndal
nsig

[%]
nc
nsig

[%]
ncombin

nsig+ncomb
[%] FoM [%]

B0
dal 274 54 46 1.1 7.0

B0
c 46 28 72 3.3 3.6

Option 2: B0
c candidates have priority.

Candidate nsig
ndal
nsig

[%]
nc
nsig

[%]
ncombin

nsig+ncomb
[%] FoM [%]

B0
dal 90 47 53 1.3 3.6

B0
c 160 50 50 1.5 6.6

FoM = nsig√
nsig + ncombin + ncont + nBB
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Active Pixel Detector

DEPFET

∆t Resolution

Option1: B0
dal Candidates

 / psgent∆ - rect∆
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Active Pixel Detector

DEPFET

zsig Resolution

Option1: B0
dal Candidates

 / cmgen
sigz - rec
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Active Pixel Detector

DEPFET

ztag Resolution

Option1: B0
dal Candidates

 / cmgen
tagz - rec
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Active Pixel Detector

DEPFETB0
CP

Vertex Resolution

Reconstructed as B0
dal → π0

γγ π
0

dal

↪→ e+ e− γ
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Dalitz and
Conversion case
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Active Pixel Detector

DEPFETB0
tag

Vertex Resolution
Tag Side: Tracks which remain from

reco. side. BCP
Algorithm: RAVE’s Adaptive Vertex Fit

Track weighting according
to proximity to other tracks
and spatial constraint.
Various instances.

x

zBS

B0

D+

Class. acc. mother:
BX, DX, K 0

S 7
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Active Pixel Detector

DEPFETPull and Uncertainties
on Signal Yields

B0 → π0(→ e+e−γ)π0(→ γγ)
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Active Pixel Detector

DEPFETSystematic
Uncertainties

ACP(B0 → π0π0)

Source Bellea 50 1
ab [%]

Flavor Taggingb 0.034 0.0034
BB Bkg. Param. 0.06 0.008
Cont. Bkg. Param 0.08 0.010
Fit Bias 0.02 0.003
Total 0.12 0.01

a Belle Draft M. Sevior
b BaBar PRD 87 052009

B(B0 → π0π0)

Source Bellea [%] 50 1
ab [%]

Signal Sel. 1.5 0.19
Cont. Bkg. Param 11.0 1.39
Off-res Cont. Bkg. 3.0 0.38
∆E and mbc 4.0 0.51
π0 det. eff. 4.4 0.56
BB Bkg. Param. 5 0.60
Luminosity 1.4 1.40
Rec. Conv. Ph. 1.0 0
Timing Cut 0.5 0.06
Fit Bias 1.0 0.13
Total 14.0 2.25
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Active Pixel Detector

DEPFETFlavor Tagger
Categories

Categories Targets
Electron e−
Intermediate Electron e+

Muon µ−

Intermediate Muon µ+

KinLepton e−
Intermediate KinLepton `+

Kaon K−
KaonPion K−, π+

SlowPion π+

FastPion π−

MaximumP `−, π−
FSC `−, π+

Lambda Λ
Total= 13

B0

D∗+
D0

ν`
`−

π+

K−

π+

B0

D+

π−

ν̀
`+

K 0

B0

Λ+
c Λ

X−

π+
p
π−41



Active Pixel Detector

DEPFET

Tagging Variables
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Active Pixel Detector

DEPFET

Output
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Active Pixel Detector

DEPFET

Procedure
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Active Pixel Detector

DEPFETFlavor Tagger
Output

TMVA FBDT
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Active Pixel Detector

DEPFETFlavor Tagger
Validation (B2BII)

rel9 with converted Belle MC
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Active Pixel Detector

DEPFETFlavor Tagger
Validation (B2BII)

rel9 with converted Belle Data
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Splot performed with
converted Belle data using
mbc as discriminating
variable.
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Active Pixel Detector

DEPFETFlavor Tagger
Validation

Belle Data distribution weighted with splot output variable
(signal component).
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Nice overlap of converted Belle MC and data ,.

εEff ≈ 31% on converted Belle MC (Belle ∼ 29%) ,.

Optimized also for CPU time ,.

εEff on Belle II MC is software release (tracking) dependent /.48



Active Pixel Detector

DEPFET

Efficiency Calculation
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Binning ⇒ correction
with real data!
Efficiency:

εEff =
∑
i εi · 〈ri〉2

rMC = 1− 2 · wMC

Calibration: rMC linear to
rOutput
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Active Pixel Detector

DEPFETSystematic
Uncertainties

B(B0 → π+π−)

Source Bellea [%] 50 1
ab [%]

Signal PDF 0.50 0.06
BB Bkg. Param. 1.77 0.22
Tracking 0.70 0.09
Luminosity 1.37 1.37
Kpi PID 1.72 0.22
Ratio Cut 0.24 0.03
MC Statistics 0.15 0.02
Feed-accross 1.50 0.19
PHOTOS 0.80 0.80
Total 3.42 1.63

B(B+→ π+π0)

Source Bellea [%] 50 1
ab [%]

Signal PDF 0.73 0.09
BB Bkg. Param. 4.53 0.57
Tracking 0.70 0.09
Luminosity 1.37 1.37
Kpi PID 0.86 0.11
Ratio Cut 0.92 0.12
MC Statistics 0.17 0.02
Feed-accross 1.19 0.15
π0 det. eff. 4.00 0.51
Total 6.52 1.59

a Belle PRD 87 031103

50

Belle
Belle


Active Pixel Detector

DEPFETSystematic
Uncertainties

ACP(B0 → π+π−)
Source Belle

a[10−2] 50 1
ab [%]

Track Helix 0 0
∆t Sel. 0.01 0.001
Missalign. 0.40 0.051
∆z Bias 0.50 0.063
IP Profile 0.13 0.016
Flavor Tagging 0.40 0.051
md and τ 0.12 0.015
Fit Bias 0.54 0.068
Tag-Side Int. 3.18 3.18
Btag Track Sel. 0.30 0.038
Vertex Sel. 0.37 0.047
MC Shape 0.15 0.019
∆t Res. 0.83 0.415
Bkg. Shape 0.15 0.019
Bkg. NP. S. 0.37 0.047
Total 3.48 3.21

SCP(B0 → π+π−)
Source Belle

a[10−2] 50 1
ab [%]

Track Helix 0.01 0.001
∆t Sel. 0.03 0.004
Missalign. 0.20 0.025
∆z Bias 0.40 0.051
IP Profile 1.19 0.151
Flavor Tagging 0.31 0.039
md and τ 0.09 0.011
Fit Bias 0.86 0.109
Tag-Side Int. 0.17 0.170
Btag Track Sel. 0.33 0.042
Vertex Sel. 0.23 0.029
MC Shape 0.19 0.024
∆t Res. 2.02 1.010
Bkg. Shape 0.28 0.035
Bkg. NP. S. 0.57 0.072
Total 2.68 1.05

a Belle PRD 88 09200351

Belle
Belle


Active Pixel Detector

DEPFETTime-dependent
CP-Analysis

|B〉 |B̄〉6=
|B〉
|B̄〉

|f〉
|f̄〉

|fCP 〉|B〉

|B̄〉

6=

SCPACP

For B → ππ: tree and penguin
diags. contribute!

i: ACP = 0
SCP = sin(2α)

i+ f: ACP 6= 0
SCP =

√
1−ACP sin(2αeff)

⇒ αeff = α−∆α
I

R

α
γ β

CKM-Triangle

b

d

d

u

u

d

*
ubV

udV

+W

b

d

d
u

u
d

g

+W

tbV
*
tdV

t

Isospin

I = 0, 2

I = 0
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Active Pixel Detector

DEPFETExtraction of φ2
from B → ππ

I

R

φ2
φ3 φ1

Unitarity Triangle

φ2 = φeff
2 −∆φ2

⇒ Extr. φ2 through isospin analysis:
1 A+0 = 1√

2A
+− +A00

2 Ā−0 = 1√
2Ā

+− + Ā00

1√
2 Ā

+−

Ā00

1√
2 A

+−
A00

A+0 = Ā−0
2∆φ2

∆φ2

w

PhysRevLett.65.3381

Parametrization in hep-ph/0406263

|A00|2 = 1
2 |A

+−|2 + |A+0|2 −
√

2|A+−||A+0| cos
(
φ2 − δ

)
|Ā00|2 = 1

2 |Ā
+−|2+|A+0|2−

√
2|Ā+−||A+0| cos

(
φ2+δ−2φeff

2

)
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Active Pixel Detector

DEPFETIsospin Analysis Fit
with Sπ0π0

Theoretical predictions xtheo:

B+− = 1
2
(
A2

+− + Ā2
+−
)

B00 = 1
2
(
A2

00 + Ā2
00
)

B+0 =
τB+

τB0
A2

+0

A+− = A+−

S+− =
√

1−A2
+− sin

(
2 · φeff

2
)

A00 = Ā2
00 −A2

00

Ā2
00 +A2

00

S00 = 1
Ā2

00 +A2
00

(
2A2

+0 sin (2φ2) +A+−Ā+− sin
(
2φeff

2
)

+
√

2A+0
(
A+− sin (φ2 + δ)− Ā+− sin

(
φ2 − δ + 2φeff

2
)))
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Active Pixel Detector

DEPFETExtraction of φ2
from B → ρρ

Larger branching fractions (factor ∼ 6 for B+− and B+0)

Larger reconstruction efficiencies (factor ∼ 2− 4)

⇒ Most precise measurement of φ2:
Only 2 fold ambiguity even w/out S00 due to large difference
between B00 and B+− (B+0).
Smaller penguin contribution (less isospin breaking)

But: Much more complicated analyses than for B → ππ.
Difficult background modelling.
Non trivial correlations between discriminating variables.

⇒ Extrapolation of uncertainties.
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