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KEK

~800 m

~
1

.3
k
m

electron-positron collider with 3km circumference

KEK Tsukuba Campus

• TRISTAN (1986-1995)

✓ Highest energy accelerator at that time

• KEKB (1999-2010) : Belle experiment

• SuperKEKB (2018-) : Belle II experiment

Mt. Tsukuba

Today, I talk about 

Belle Experiment, 

(not Belle II).

Lecture 

last week.
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Belle Experiment

• Asymmetric e+-e− collider (3.5 GeV + 8 GeV).

• Linac + 3km ring

• Maximum current: 2.0A (e+) and 1.4A (e−).

• World highest luminosity at that time.

KEKB

• “B factory experiments”  

(produce large number of 

B mesons).

• Operation in 1999-2010.
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About CP Violation

CP Violation = difference between matter and anti-matter

• When the Universe was 

created by the Big Bang, 

the numbers of matters 

and anti-matters are the 

same.

• However, only matters 

exist in the present 

Universe.

✓ Almost no anti-

matters.

The main purpose of Belle experiment was the study of CP violation in B system.
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About CP Violation

At the birth of the Universe, the same 

number of particles and anti-particles 

existed. But now only particles exist. 

There is a difference in the property 

between particles and anti-particles

(= CP violation).

Explanation 1 Explanation 2 (for physicists)

CP Violation = difference in laws of physics 

between particles and anti-particles.

C: Charge conjugation

P: Parity

T: Time Reversal

Ｃ,Ｐ,Ｔ are the basic symmetry.

(= invariant laws under conversion)

• Discovery of the parity (P) violation 

(1957; C.S.Wu)

• It was considered that CP symmetry 

was conserved. However,

• Discovery of the CP violation in kaons 

(1964; Cronin, Fitch)

What is the origin of the CP violation?
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Kobayashi-Maskawa Theory

Kobayashi-Maskawa Theory (1973)

Complex phase in the quark mixing matrix

is the source of CPV in Weak Interaction

Cabibbo Kobayashi Maskawa (CKM) matrix

dj

uk

W−

Vkj

Weak Interaction

(charged current)• 3 generations (6 quarks) or more are necessary to 

have non-trivial complex phase in the matrix.

• Only 3 quarks (u, d, s) were known at that time.

• Later, c (1974), b (1977), t (1995) were discovered. 



Jul. 24, 2025
Belle II Experiment

Shohei Nishida (KEK) KEKSSP

7

Kobayashi-Maskawa Theory

Publication of Kobayashi-

Maskawa theory (1973): 6 

pages.

[M.Kobayashi, T.Maskawa,

Prog.Theor.Phys. 49 (1973) 652-657]
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CPV in B Mesons

Typical CPV in B system occurs through B0-B0 mixing

(Mixing-induced CP asymmetry).

Bigi, Carter, Sanda (1981)

B0

B0

fCP

• Lifetime of B0 is ~1.5 ps.

• B0, B0 have various decay modes, and there 

exists some modes to which both B0 and B0 can 

decay.

✓ Common CP eigenstate fCP

✓ Example: B → J/ KS

• In this case, CP violation appears as a decay 

time difference.

✓ Interference of the two amplitude.

(B0(t) → fCP) − (B0(t) → fCP)
ACP(t) =

= S sin(mt) + A cos(mt)

(B0(t) → fCP) + (B0(t) → fCP)
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CPV in B Mesons

(B0(t) → fCP) − (B0(t) → fCP)
ACP(t) =

= S sin(mt) + A cos(mt)

(B0(t) → fCP) + (B0(t) → fCP)

• The values of S, A depend on fCP .

• S = sin(21), A = 0 for B → J/ KS

An angle of the unitarity 

triangle.

Measure the 

asymmetry of 

the decay time.

S : mixing induced CPV

A (= − C): direct CPV

(for A=0)
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How to Measure t

Flavor-tag

(B0 or B0 ?)
eff ~30%

~ 200m

e− e+

t=0 z KS

J/
fCP

B0 B0

t ~ z/c

measure position instead of time

To measure CPV in B mesons, we need to see the decay time difference between

B0 → J/KS and B0 → J/KS .

• The branching ratio of B0 → J/KS is below 0.1%. Considering the efficiency of 

the detector, we need to produce ~108 B mesons.

→ Produce large number of B mesons : B factory

• B lifetime is 1.5 ×10−12 s (1.5 ps) : too short to measure directly.

→ Produce B mesons in flight (Lorentz-boost)

→ Asymmetric energy (=0.425 at Belle)
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How to Measure t

Flavor-tag

(B0 or B0 ?)
eff ~30%

~ 200m

e− e+

t=0 z
KS

J/

fCP

B0

B0

quantum entanglement : cannot tell which is B0.

One of the two B decays. At this moment, the flavor of 

the other B (whether the other B is B0 or B0) is 

determined.
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Reconstruction

ACP(t) = S sin(mt) + A cos(mt)

S = − sin(21),  A = 0

B0 → J/ KS etc. B0 → J/ KL

Nsig = 15560
CP odd

Nsig = 10040
CP even

772 M BB

Events in the 

signal region are 

used in the t fit 

(next page)

Golden mode: sin21 with B0 → J/K0
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Observation of CPV in B

First observation was reported in 2001 Summer.

…

…

(at the same time as BaBar experiment)
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CP Violation in B Meson System

Discovery of CP 

violation in B system by 

BaBar and Belle (2001)

Nobel Prize in Physics 

to Kobayashi and 

Maskawa (2008)

World’s most precise 

measurement

[PRL 108, 171802 (2012)] 

q = −1 q = +1

CP odd CP even

sin(21) = 0.667 ± 0.023 ± 0.012

A = 0.006 ± 0.016 ± 0.012 
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Unitarity Triangle

2003 2023

?

• Precise measurement of the Unitarity Triangle → Test of the SM

✓ “Over-constrain” the triangle.

✓ Still room of New Physics effects.

1 = 

2 = 

3 = 

• However, we still cannot explain why no anti-matter exists in the Universe

✓ The CP violation from KM theory is too small. 

• Another source of CP violation? New Physics?

✓ Toward Belle II, LHCb experiments
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Backup
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About CP Violation

Present

Big Bang

Particle
Anti-

particle

13.8 billion

years ago

Particle

At the Big bang happened 13.8 billion 

years ago, particles and anti-particles 

are equally created. But anti-matters 

disappeared for now.

A.SakharovSakharov Conditions

Three conditions to create matter 

dominant Universe.

1. Interactions out of thermal 

equilibrium

2. Baryon number violation

3. C violation and CP violation
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CKM Matrix

Wolfenstein parameterization

Large diagonal 

elements.
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Unitarity Triangle

VudVub* + VcdVcb* + VtdVtb* = 0

From the unitarity of the matrix:
ϕ1=β, ϕ2=α, ϕ3=γ

More 

correctly

• Triangles in the complex plane.

• Other triangles exist (but they are 

squashed)

• Non-zero ϕ1 or ϕ3

= Complex phase in the CKM matrix

= Strong support of KM mechanism
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