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Motivation for B Factories

● 1964, Cronin, Fitch: Discovery of CP violation in K0 system,
small effect O(10-3)

➢ 1972, Kobayashi, Maskawa:

➔ CP violation possible, 
if there are 6 quark flavors

✔ 1974, Burton, Richter: Discovery of charm quark

✔ 1977, E288: Discovery of bottom quark

✔ 1995, CDF, D0: Discovery of top quark

➔ CP violation?
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(C)KM-Matrix

● Complex elements Vij

➔ 18 parameters

● Unitarity (VV† = 1) +
quark phases

➔ 4 free par.:
3 angles + 1 phase (CP)

Vtb

Vcb

Vub

Vts

Vcs

Vus

Vtd

Vcd

Vud

VCKM =

➔ Flavor changing coupling of W to quark pairs:

➔ CP violation determined by just one parameter
➔ Prediction of large CP violation in B0 system

➢ Experimental verification needed  B factories→
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Measurement of CP Violation

● Measurement of phase requires interference between
two diagrams

➢ Time dependent asymmetry measurement:
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Time Dependent CP Measurement

e- e+Y(4S)

B0
CP

B0
tag

K0
S

-

+

+

-

l+

-
s

-

K+

z

● e+e-  Y(4S)  B0B0 (50%)
 B+B- (50%)

● Continuum background

● Asymmetric beam 
energies ⇒ t = z / c

● Entanglement 
⇒ af(t)  af(t)
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KEK Site

Tsukuba

Tokyo

Mt. Fuji
Narita

e+

e– 
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KEKB Accelerator

8.0 GeV e-

3.5 GeV e+

Continuous injection

Luminosity
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Crab Cavities

● 22 mrad crossing angle between beams

● Rotate bunches to have 
head-on collisions
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KEKB Performance

➢ World record 
luminosity: 
2.1 x 1034 cm-2s-1 

 Twice design→
➢ 1 ab-1 of integrated 

luminosity 

Design
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World Record Luminosity

● Item

Lmax = 2.1 x 1034 cm-2s-1
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Physics Objective of Belle

535 x 106 BB

PRL 98,031802 (2007)  

B0

B0

✔ Confirmation of KM mechanism of CP in the Standard Model
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Baryon Asymmetry in the Universe

● Big bang: Equal amount of matter and antimatter
● Today: Only matter left

● Requirements (1967, Sakharov):

➢ Baryon number violation
➢ Departure from thermal equilibrium
➢ C and CP violation

✗ CP violation in the SM by many orders of magnitude
too small to generate observed asymmetry

➢ Need sources of CP violation beyond the SM
➔ Super B factory
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Time Dependent CP in b  qqs Decays→

Tendency
to lower

values than
in b  ccs→
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Direct CP in B  K→ π

Sum rule:

50 ab-1now
∆A(K0π0): 0.15

B0

vs.
B0

B-

vs.
B+

∆A(K0π0): 0.042
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Rare Decays: B  → 

● SM:

➔ Vub from other measurements → Measurement of fB

● Two Higgs doublet model:

➔ fB from lattice QCD  → H+ discovery or limit on H+ mass



LAPP Annecy Seminar 10.12.2010Thomas Kuhr Page 18

Full Reconstruction

Y(4S)
B-

tag

B+

e+

+




e




-

-

+

+

D0

K-

● Hundreds of exclusive decay modes  efficiency O(0.1%)→

➔ Type and momentum of other B known
➔ Remaining particles belong to other B
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B  → 

Signal = 
zero energy

Belle

2.6 

5
discovery

region
for 50 ab-1
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B  K→ 

-0.6

MC study:
5 observation
with 50 ab-1

Signature 
sensitive to 
light dark matter

● Theoretically clean mode

➔ SM: B(B+  K→ +) = (3.8 +1.2) x 10-6
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More Places to Look for New Physics

B  K→ (*)l+l- FB asymmetry

 Precision angle 
measurements

SM

 → Zero crossing with 5% 
    precision at 50 ab-1

 → Precision at 50 ab-1:
    ϕ2  1°, ≃ ϕ3 = 1.5° 
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Even More Places to Look for New Physics

1, 2, 3  @ 50 ab-1

Lepton flavor violation CP violation in D0 mixing

B(τ  → µγ) 90% CL upper limit [10-9]: 
45 (~0.5 ab-1)  5 (50 ab→ -1)

Precision of |q/p|: 
0.16 (~0.5 ab-1)  0.05 (50 ab→ -1)



LAPP Annecy Seminar 10.12.2010Thomas Kuhr Page 23

The Unexpected

?
X(3872)

Belle II experiment
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Physics at Super B Factory

A. G. Akeroyd et al. 
KEK-REPORT-2009-12, Feb 2010,
arXiv:1002.5012 [hep-ex] 
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Flavor Physics in the LHC Era

Altmannshofer, Buras, Gori, Paradis and Straub
Nucl.Phys.B830, 17-94, 2010

● Complementary to direct 
search for NP at LHC

● Partly complementary
to LHCb physics program

➔ “DNA test” of NP
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Aim For 50 ab-1

8 x 1035

cm-2 s-1
SuperKEKB      
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Accelerator Design: Nano Beam Scheme

x
* (cm) y

* (mm) y x (nm) Ibeam (A) L (cm-2 s-1)

KEKB w/ crab 120/120 5.9/5.9 0.13/0.09 18/24 1.6/1.2 2.11 x 1034

SuperKEKB 3.2/2.5 0.27/0.30 0.09/0.08 3.2/4.3 3.6/2.6 80 x 80 x 10103434

ξy ∝ √(βy*/εy)
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SuperKEKB Upgrade

e- 2.6 A

e+ 3.6 A

Belle IIBelle II

Replace short 
dipoles with long 
ones in LER

Redesign the lattices of HER and 
LER to squeeze the emitance.

New Superconducting /
permanent final focusing
quads near the IP

New damping ring

New IR

TiN coated beam pipe with 
antechambers

New low emmitance
electron source

Larger crossing angle
    2φ = 22 mrad → 83 mrad

Smaller asymmetry 
    3.5 / 8 GeV → 4 / 7 Gev

Modify RF system for 
higher beam currents

New positron target
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Projection of Luminosity

50 ab-1

in 2020

Shutdown
for Upgrade
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50 x
Belle
data

40 x
KEKB

8x1035 cm-2s-1

in 2018
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Background Estimates

Belle II detector
has to provide

equal or even better
performance

despite 10-20 times
higher background

Projected background level
in units of background level
in the Belle detector

innermost
detector

outermost
detector
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Belle II Detector

Belle II

Belle

➔ Higher background, higher event rate 



LAPP Annecy Seminar 10.12.2010Thomas Kuhr Page 34

Vertex Detectors

4 layer silicon
strip detector

Belle

2 layer DEPFET 
pixel detector

➔ Improved 
vertex 
resolution

● Larger radius
➔ Better KS 

efficiency
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Vertex Detectors

Improved 
impact

parameter 
resolution

Belle

Belle II
S(KS

0)

Improved 
KS acceptance 
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Drift Chamber

Belle
● Smaller cells
● Larger radius
➔ Better momentum

resolution

Drift 
Chamber
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Particle Identification

➔ Improved particle identification

Time of 
propagation

“Focusing”
RICH



LAPP Annecy Seminar 10.12.2010Thomas Kuhr Page 38

Particle Identification

Barrel PID (TOP): 
>99% kaon efficiency

at <0.5% pion fake prob.
for B  → 

Endcap PID (ARICH): 
96% kaon efficiency

at 1% pion fake prob.
at 4 GeV
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Calorimeter, KL and Muon Detection

● Wave form sampling
➔ Better signal to

background separation

Electromagnetic
Calorimeter

● Scintillators 
in end-caps

➔ Improved 
beam 
background 
tolerance

KL and µ
Detector
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Data Acquisition / High Level Trigger

➔ Designed for 
input rate 
of 30 kHz

● One challenge:
PXD event data
reduction
1 MB  ~200 kB→
(all other Belle II detectors 
 together ~100 kB)
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Estimated Data Rates

➔ High data rate is a challenge!

Experiment Event Size [kB] Rate [Hz] Rate [MB/s]

High rate scenario for Belle II DAQ:

Belle II 300 6,000 1,800

LCG TDR (2005):

ALICE (HI) 12,500 100 1,250

ALICE (pp) 1,000 100 100

ATLAS 1,600 200 320

CMS 1,500 150 225

LHCb 25 2,000 50
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Belle Computing: Centralized at KEK
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Considerations for Belle II Computing

● 50 times more data in ~10 years

➔ O(50) times more computing resources

 Can not expect KEK to provide all resources

 Have to enable all Belle II member institutes to contribute

➔ Distributed computing system 
based on grid services (gLite)

➢ Can benefit from existing 
LCG infrastructure

➢ Profit from experience of 
LHC experiments and their
well-established and matured solutions
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Belle II Computing Model

Raw Data Storage
and Processing

MC Production
and Ntuple 
Production

MC Production
(optional)

Ntuple
Analysis
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Cloud Computing

● Resource demands vary with time

● Fair-share can solve this issue only to some extent

➔ Cloud computing allows to buy resources on demand

➢ Well suited to absorb peaks in varying resource demand
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Belle MC Production on the Cloud

250 VMs with 8 cores

Data transfer
to grid sites

● Amazon Spot Instances 
 0.20 USD / 10k events→

● 170M events (3.6 TB) 
produced in 6 days
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Framework

● Inspired by frameworks of Belle (basf) + other experiments

✔ Used for simulation, reconstruction, analysis, and DAQ

✔ ROOT I/O 
as data format

✔ Software bus 
with dynamically 
loaded modules

✔ Python 
steering

✔ Parallel 
processing
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Technical Design Report

T. Abe et al. 
KEK-REPORT-2010-1, Oct 2010,
arXiv:1011.0352 [hep-ex]
(~470 pages) 

TDR published

TDR review in May:
The committee is very 
impressed by the TDR 

produced by the Belle II 
collaboration,

and does not have any major 
technical concern.
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Belle II Collaboration

➢ June 2004: Letter of Intent

➢ March 2008: First proto collaboration meeting

➢ December 2008: New collaboration founded

➔ ~350 members
55 institutes from 13 countries
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International Collaboration

You are welcome to join!
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Belle II Organization

Spokesperson:
P. Krizan

Project Manager:
M. YamauchiExecutive Board:

Chair: A. Aihara

Institutional Board:
Chair: L. Piilonen Speakers 

Committee:
Chair: Y. Sakai

Physics 
Coordinator:

B. Golob

Technical 
Coordinator:
Y. Ushiroda

Computing 
Coordinator:

T. Hara / T. Kuhr



LAPP Annecy Seminar 10.12.2010Thomas Kuhr Page 54

Funding
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Approval Process

✔ Review by MEXT (Ministry for Education, Culture, Sports,
Science and Technology) in July

✔ Positive decision by MEXT in August

● Approval by Ministry of Finance expected in December

● Approval by Diet expected in March 2011

● If approved by Diet:
SuperKEKB groundbreaking ceremony in April 2011
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KEKB and Belle Shutdown

✔ KEKB and Belle shutdown 
on June 30th 
to start upgrade
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KEKB Disassembly
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Belle Disassembly

file:///home/tkuhr/Desktop/takeout.flv
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Summary

✔ Belle/KEKB performed remarkably well 
and confirmed the KM theory

✗ But we know there has to be more CPV

➢ Still many places where NP can hide

➔ Need much more data to find or exclude this NP

✔ 50 ab-1 in 2020 possible with nano-beam 
scheme at SuperKEKB

✔ Belle II detector and computing system
are designed for conditions at
next generation B factory

➔ Looking forward to friendly competition 
with SuperB and LHCb http://belle2.kek.jp
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Backup
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Wolfenstein Parametrization

VCKM=
Vud V us Vub

Vcd V cs Vcb

V td V ts V tb


 =
1−2 /2  A3−i
− 1−2

/2 A2

A3
1−−i −A2 1 O4

 ≈ 0.22, A ≈ 0.82

 ≈ 0.22,  ≈ 0.34
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Unitarity Triangle

Graphical representation of unitarity condition:

● e.g. for j=1, k=3:

∑i
V ijV ik

∗
= jk

Vud Vub
∗
Vcd V cb

∗
V td V tb

∗
=0

V udV ub
∗

Vcd V cb
∗

V td V tb
∗

V cd Vcb
∗

SM ⇒
closed triangle1


1
=

3
=


2
=
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Interference

● Measurement of phase requires interference between
two diagrams

➢ Same final state only due to K0 mixing: 
➔ K0/K0  K0

S  +- CP(2)=+1 ⇒ CP(J/K0
S) =: f = -1 

➔ K0/K0  K0
L  3 CP(3)=-1 ⇒ CP(J/K0

L) =: f = +1
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Time Dependent Asymmetry

Mixing Decay Interference

SM: S = -f sin(21)

Decay to
CP eigenstate f

Decay
amplitude
Af
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B0 Reconstruction

In Y(4S) CMS:

e+ e-

B0

B0

Energy and
momentum

of B mesons
determined

by beam
energy

E*
beamE*

beam
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Integrated Luminosity



LAPP Annecy Seminar 10.12.2010Thomas Kuhr Page 68

Comparison KEKB/PEP-II

KEKB

PEP-II

Design
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Physics at Belle II
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Physics at Belle II
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Belle II Detector Components
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Comparison Belle II / LHCb
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