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Of course going there...

What is on the moon?

But you can study a 
lot from here before

And may be finding 
something new?

We see far beyond
the direct reach...

Instruments can be
improved and



Plan of the lecture today
•  Early History
•  Standard Model Flavour Framework
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Start with Isospin (Heisenberg)...

→ p and n are the doublets under SU(2)
similarly π+, π0 and π  are the triplets under O(3)

p and n (or π+, π0 and π ) are identical when switching off 
alectromagnetic interactions
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Start with Isospin (Heisenberg)...

→ p and n are the doublets under SU(2)
similarly π+, π0 and π  are the triplets under O(3)

“Strangeness” played a role in establishing 
the concept of flavour quantum numbers
(Gell-Mann 56, Nishijima 55)

Reflecting on the discovery of long living particles (1947)
selection rule based on a quantum number which is 

conserved in strong and electromagnetic interactions
not conserved in weak interactions
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Start with Isospin (Heisenberg)...

→ p and n are the doublets under SU(2)
similarly π+, π0 and π  are the triplets under O(3)

“Strangeness” played a role in establishing 
the concept of flavour quantum numbers
(Gell-Mann 56, Nishijima 55)

“quark” in early 1960’s
(Gell-Mann, Ne’eman, Han-Nambu, Nishijima, Sakata, Zweig, etc.)

SU(3) flavour symmetry: (u, d, s)

Reflecting on the particle zoo, in particular the hyperons
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Start with Isospin (Heisenberg)...

→ p and n are the doublets under SU(2)
similarly π+, π0 and π  are the triplets under O(3)

“Strangeness” played a role in establishing 
the concept of flavour quantum numbers
(Gell-Mann 56, Nishijima 55)

“quark” in early 1960’s
(Gell-Mann, Ne’eman, Han-Nambu, Nishijima, Sakata, Zweig, etc.)

SU(3) flavour symmetry: (u, d, s)

→Ω  (sss) prediction, 
discovered in 1964, Barmes et al. 



Early History

CERN-Fermilab HCP Summer School  8-17 June 2011, CERN Flavour Physics, T. Nakada 13

Start with Isospin (Heisenberg)...

→ p and n are the doublets under SU(2)
similarly π+, π0 and π  are the triplets under O(3)

“Strangeness” played a role in establishing 
the concept of flavour quantum numbers
(Gell-Mann 56, Nishijima 55)

“quark” in early 1960’s
(Gell-Mann, Ne’eman, Han-Nambu, Nishijima, Sakata, Zweig, etc.)

SU(3) flavour symmetry: (u, d, s)

My private reflection
Colour was needed for the constituent quark model: 
Δ++(Q=+2, Spin 3/2 baron) = (u , u , u ). 
We know now: the spin of baryon is little given by the valence quark
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Particle (K0)-antiparticle (K0) mixing:

K0  π+π   K0
K1 =

K0 + K0

√2
K2 =

K0  K0

√2

under C symmetry, K1 and K2

two very different lifetimes

Why?
(later C  discovered  change to CP conservation)
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cloud chamber exposure at BNL

lifetime measurement for 
3-body decays (πμν, πeν, π+π π0)
>10 9 sec  

lifetime for π+π  decay already 
known to be ~10 10 sec

Phys Rev Lett. 1956

Early History
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Establish two particle states: short-living, KS, decays into 2π
and long-living, KL, decays into 3π, πlν: Κ0 Κ0 mixing
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Early History
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Cabibbo theory (Phys. Rev. Lett. 1963)

Why ΔS=1 decay process is suppressed?
 e.g. Γ(K μν)<<Γ(π μν) after correcting the phase space

Weak interaction charged current (ΔQ=1) 
Jμ = cosθ × jμ(ΔS=0) + sinθ × jμ(ΔS=1)
θ: Cabibbo angle

(unitary through  cos2θ  + sin2θ = 1) 
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Cabibbo theory (Phys. Rev. Let. 1963)

KL →

p+  = pπ+ + pπ
θ = angle between pKL and p+

KL
θ

m (π+π ) < mK

m (π+π ) = mK

m (π+π ) > mK

CP violating K0
L→π+π  decays: 1964, J.H. Christenson et al. 
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Cabibbo theory (Phys. Rev. Let. 1963)

CP violating K0
L→π+π  decays: 1964, J.H. Christenson et al. 

This was beyond the comprehension of that time and 
no relation between the flavour considered:
e.g. Superweak model (Phys. Rev. Let. 1964)  

K0 K0Super
weakK0 K0ππ

πππ +
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Glashow–Iliopoulos–Maiani mechanism (Phys Rev D 1970)

Why ΔmK is so small and KL μ+μ- very suppressed?
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Glashow–Iliopoulos–Maiani mechanism (Phys Rev D 1970)

Why ΔmK is so small and KL μ+μ- very suppressed?

u
d′

c
s′

νe
e

νμ
μ

Having 4th quark already considered in ~1964 (even with the name “charm”)
(Gell-Mann, Tarjanne and Teplitz, Hara, Bjørken and Glashow, )

νμ discovered in 1962, Lederman, Schwartz and Steinberger,

d′ = d cosθ + s sinθ 
s′ = d sinθ + s cosθ
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Glashow–Iliopoulos–Maiani mechanism (Phys Rev D 1970)

Why ΔmK is so small and KL μ+μ- very suppressed?

u
d′

c
s′

νe
e

νμ
μ

d′ = d cosθ + s sinθ 
s′ = d sinθ + s cosθ
s
d

μ+

μ-

Br(K0 μ+μ-) = F(mc,…)

W+

W- νμ

s
d

W+

W-c d
s

u cu

ΔmK = G(mc,…) 

cu s
d

u c
u c

d
sW+ W-

if mc = mu, sinθ cosθ  sinθ cosθ = 0

Having 4th quark already considered in ~1964 (even with the name “charm”)
(Gell-Mann, Tarjanne and Teplitz, Hara, Bjørken and Glashow, )

νμ discovered in 1962, Lederman, Schwartz and Steinberger,
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Glashow–Iliopoulos–Maiani mechanism (Phys Rev D 1970)

Why ΔmK is so small and KL μ+μ- very suppressed?

Estimation of mc ~ 1.5 GeV (Gaillard and Lee, Phys Rev D 1974)

KL μ+μ  suppressed
KL γγ not suppressed
ΔmK = mL  mS experimentally measured  

d′ = d cosθ + s sinθ 
s′ = d sinθ + s cosθ
s
d

μ+

μ-

Br(K0 μ+μ-) = F(mc,…)

W+

W- νμ

s
d

W+

W-c d
s

u cu

ΔmK = G(mc,…) 

cu s
d

u c
u c

d
sW+ W-
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Glashow–Iliopoulos–Maiani mechanism (Phys Rev D 1970)

Why ΔmK is so small and KL μ+μ- very suppressed?

Estimation of mc ~ 1.5 GeV (Gaillard and Lee, Phys Rev D 1974)

Charm discovery with hadron and e+e- machines
Aubert et al. and Augustin et al., 1974
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Glashow–Iliopoulos–Maiani mechanism (Phys Rev D 1970)

Why ΔmK is so small and KL μ+μ- very suppressed?

Estimation of mc ~ 1.5 GeV (Gaillard and Lee, Phys Rev D 1974)

Charm discovery with hadron and e+e- machines
Aubert et al. and Augustin et al., 1974

Emulsion exposed in a JAL Jet cargo plane
One event of X → π0 + one charged hadron

hypo. π0πcharged  π0p
τ(s) 2.2×10 14 3.6×10 14

m(GeV) 1.78 2.95

Observation of D→Kπ0 decay in 1971?
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Glashow–Iliopoulos–Maiani mechanism (Phys Rev D 1970)

Why ΔmK is so small and KL μ+μ- very suppressed?

Estimation of mc ~ 1.5 GeV (Gaillard and Lee, Phys Rev D 1974)

Charm discovery with hadron and e+e- machines
Aubert et al. and Augustin et al., 1974

Third quark family (Kobayashi and Maskawa, Prog. Theor. Phys. 1973)

naturally introduces 
CP violation
in weak interactions 
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Glashow–Iliopoulos–Maiani mechanism (Phys Rev D 1970)

Why ΔmK is so small and KL μ+μ- very suppressed?

Estimation of mc ~ 1.5 GeV (Gaillard and Lee, Phys Rev D 1974)

Charm discovery with hadron and e+e- machines
Aubert et al. and Augustin et al., 1974

Third quark family (Kobayashi and Maskawa, Prog. Theor. Phys. 1973) 

Flavour framework of the Standard Model established
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Glashow–Iliopoulos–Maiani mechanism (Phys Rev D 1970)

Why ΔmK is so small and KL μ+μ- very suppressed?

Estimation of mc ~ 1.5 GeV (Gaillard and Lee, Phys Rev D 1974)

Charm discovery with hadron and e+e- machines
Aubert et al. and Augustin et al., 1974

Third quark family (Kobayashi and Maskawa, Prog. Theor. Phys. 1973) 

Flavour framework of the Standard Model established

And b quark discovered in 1977
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p(400 GeV) + Cu or Pt → ϒ(→μ+ μ ) + X

E288 experiment @ FNAL, S. Herb et al. in 1977

(bb) bound states;ϒ(1S), ϒ(2S), ϒ(3S)



Flavour Physics, T. Nakada

Early History

CERN-Fermilab HCP Summer School  8-17 June 2011, CERN 29

Glashow–Iliopoulos–Maiani mechanism (Phys Rev D 1970)

Why ΔmK is so small and KL μ+μ- very suppressed?

Estimation of mc ~ 1.5 GeV (Gaillard and Lee, Phys Rev D 1974)

Charm discovery with hadron and e+e- machines
Aubert et al. and Augustin et al., 1974

Third quark family (Kobayashi and Maskawa, Prog. Theor. Phys. 1973) 

Flavour framework of the Standard Model established

And b quark discovered in 1977 (Herb et al., Phys. Rev. Lett. 1977)
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flavour eigenstatetates masseigenstates
-non-diagonal mass matrix -diagonal mass matrix
-strong and EM interactions -weak interactions
-flavour conservation -flavour changing
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flavour eigenstatetates masseigenstates
-non-diagonal mass matrix -diagonal mass matrix
-strong and EM interactions -weak interactions
-flavour conservation -flavour changing

uL, cL, tL

dL, sL, bL

uL, cL, tL W W+

+

dL, sL, bL

Vud, Vus, Vub , … Vud , Vus , …

L ∝ Vij Ui γμ(1 γ5) Dj Wμ
† + Vij  Di γμ(1 γ5) Uj Wμ
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flavour eigenstatetates masseigenstates
-non-diagonal mass matrix -diagonal mass matrix
-strong and EM interactions -weak interactions
-flavour conservation -flavour changing

uL, cL, tL

dL, sL, bL

uL, cL, tL W W+

+

dL, sL, bL

Vud, Vus, Vub , … Vud , Vus , …

CP conjugation

LCP ∝ Vij Di γμ(1 γ5) Uj Wμ + Vij  Ui γμ(1 γ5) Dj Wμ
† 

L ∝ Vij Ui γμ(1 γ5) Dj Wμ
† + Vij  Di γμ(1 γ5) Uj Wμ
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flavour eigenstatetates masseigenstates
-non-diagonal mass matrix -diagonal mass matrix
-strong and EM interactions -weak interactions
-flavour conservation -flavour changing

uL, cL, tL

dL, sL, bL

uL, cL, tL W W+

+

dL, sL, bL

Vud, Vus, Vub , … Vud , Vus , …

CP conjugation

LCP ∝ Vij Di γμ(1 γ5) Uj Wμ + Vij  Ui γμ(1 γ5) Dj Wμ
† 

L ∝ Vij Ui γμ(1 γ5) Dj Wμ
† + Vij  Di γμ(1 γ5) Uj Wμ

If Vij  = Vij → L = LCP: i.e. CP conservation
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flavour eigenstatetates masseigenstates
-non-diagonal mass matrix -diagonal mass matrix
-strong and EM interactions -weak interactions
-flavour conservation -flavour changing

VCKM =
Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

⎛ 

⎝ 

⎜ 
⎜ 

⎞

⎠

⎟
⎟ VCKM

† ×VCKM =1

VCKM: generally called 
CKM (mass mixing) matrix
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flavour eigenstatetates masseigenstates
-non-diagonal mass matrix -diagonal mass matrix
-strong and EM interactions -weak interactions
-flavour conservation -flavour changing

≈

1−
λ2

2
~ λ ?

~ −λ 1−
λ2

2
?

? ? ?

⎛ 

⎝ 

⎜ 
⎜ 
⎜ 
⎜ 
⎜ 
⎜ ⎜ 

⎞ 

⎠ 

⎟ 
⎟ 
⎟ 
⎟ 
⎟ 
⎟ ⎟ 

VCKM =
Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

⎛ 

⎝ 

⎜ 
⎜ 

⎞

⎠

⎟
⎟

λ = sin θCabibbo ≈ 0.22

VCKM
† ×VCKM =1

Pre KM, VCKM was 2×2
With 2×2 unitary matrix, one angle (1-2 rotation)

Can you show this explicitly 
by using the arbitrary quark 
phases and unitarity?

VCKM: generally called 
CKM (mass mixing) matrix
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flavour eigenstatetates masseigenstates
-non-diagonal mass matrix -diagonal mass matrix
-strong and EM interactions -weak interactions
-flavour conservation -flavour changing

≈

1−
λ2

2
~ λ ?

~ −λ 1−
λ2

2
?

? ? ?

⎛ 

⎝ 

⎜ 
⎜ 
⎜ 
⎜ 
⎜ 
⎜ ⎜ 

⎞ 

⎠ 

⎟ 
⎟ 
⎟ 
⎟ 
⎟ 
⎟ ⎟ 

VCKM =
Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

⎛ 

⎝ 

⎜ 
⎜ 

⎞

⎠

⎟
⎟

λ = sin θCabibbo ≈ 0.22

VCKM
† ×VCKM =1

Pre KM, VCKM was 2×2
With 2×2 unitary matrix, one angle (1-2 rotation)
With 3×3 matrix, three angles (1-2, 2-3, 1-3 rotations) and one phase

 with three families, some of Vij’s are intrinsically complex

VCKM: generally called 
CKM (mass mixing) matrix
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flavour eigenstatetates masseigenstates
-non-diagonal mass matrix -diagonal mass matrix
-strong and EM interactions -weak interactions
-flavour conservation -flavour changing

VCKM =
Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

⎛ 

⎝ 

⎜ 
⎜ 

⎞

⎠

⎟
⎟

λ = sin θCabibbo ≈ 0.22

≈

1−
λ2

2
λ Aλ3 ρ − iη( )

−λ − iA2λ5η 1−
λ2

2
Aλ2

Aλ3 1− ˆ ρ − i ˆ η ( ) −Aλ2 − iAλ4η 1

⎛ 

⎝ 

⎜ 
⎜ 
⎜ 
⎜ 
⎜ 
⎜ 

⎞

⎠

⎟
⎟
⎟
⎟
⎟
⎟

ˆ ρ = ρ 1−
λ2

2

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ ,  ˆ η = ρ 1−

η2

2

⎛ 

⎝ 
⎜ 

⎞

⎠
⎟

λ, A, ρ, η: Wolfenstein’s parameterization
Approximation with expansions in λ 

NB Α ≠ 0, ρ ≠ 0, η ≠ 0 for CP violation
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flavour eigenstatetates masseigenstates
-non-diagonal mass matrix -diagonal mass matrix
-strong and EM interactions -weak interactions
-flavour conservation -flavour changing

VCKM =
Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

⎛ 

⎝ 

⎜ 
⎜ 

⎞

⎠

⎟
⎟

λ = sin θCabibbo ≈ 0.22

≈

1−
λ2

2
λ Aλ3 ρ − iη( )

−λ − iA2λ5η 1−
λ2

2
Aλ2

Aλ3 1− ˆ ρ − i ˆ η ( ) −Aλ2 − iAλ4η 1

⎛ 

⎝ 

⎜ 
⎜ 
⎜ 
⎜ 
⎜ 
⎜ 

⎞

⎠

⎟
⎟
⎟
⎟
⎟
⎟

ˆ ρ = ρ 1−
λ2

2

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ ,  ˆ η = ρ 1−

η2

2

⎛ 

⎝ 
⎜ 

⎞

⎠
⎟JADE Physics Letters B 1983

τ<1.4×10 12 s (95% CL)
Theoretical predictions e.g. V. Barger et al.
0.8×10 14<τ<1.4×10 13 sec, J. Phys. G 5, L147 (1979)
i.e. general prejudice was |Vcb| ≈ |Vus|



Standard Model Flavour Framework

CERN-Fermilab HCP Summer School  8-17 June 2011, CERN Flavour Physics, T. Nakada 39

μ

e

l in b

l in c

h in b

MAC
Phys. Rev. Lett. 51, (1983) 1022
Lifetime of Particles Containing b Quarks
[1.8±0.6(stat.)±0.4(syst.)]×10 12 sec.

Mark II
Phys. Rev. Lett. 51, (1983) 1316
Measurement of the Lifetime 
of Bottom Hadrons
τb=(12.0+4.5

-3.6±3.0)×10 13 sec 
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flavour eigenstatetates masseigenstates
-non-diagonal mass matrix -diagonal mass matrix
-strong and EM interactions -weak interactions
-flavour conservation -flavour changing

VCKM =
Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

⎛ 

⎝ 

⎜ 
⎜ 

⎞

⎠

⎟
⎟

λ = sin θCabibbo ≈ 0.22

≈

1−
λ2

2
λ Aλ3 ρ − iη( )

−λ − iA2λ5η 1−
λ2

2
Aλ2

Aλ3 1− ˆ ρ − i ˆ η ( ) −Aλ2 − iAλ4η 1

⎛ 

⎝ 

⎜ 
⎜ 
⎜ 
⎜ 
⎜ 
⎜ 

⎞

⎠

⎟
⎟
⎟
⎟
⎟
⎟

ˆ ρ = ρ 1−
λ2

2

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ ,  ˆ η =η 1−

λ2

2

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

discovery of large b lifetime, i.e. small |Vcb|
MAC: Phys. Rev. Lett. 51, (1983) 1022
Mark II: Phys. Rev. Lett. 51, (1983) 1316 τB ~10 12 sec, |Vcb|~0.05, 

i.e. << sinθCabibbo ~0.2
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flavour eigenstatetates masseigenstates
-non-diagonal mass matrix -diagonal mass matrix
-strong and EM interactions -weak interactions
-flavour conservation -flavour changing

VCKM =
Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

⎛ 

⎝ 

⎜ 
⎜ 

⎞

⎠

⎟
⎟

λ = sin θCabibbo ≈ 0.22

≈

1−
λ2

2
λ Aλ3 ρ − iη( )

−λ − iA2λ5η 1−
λ2

2
Aλ2

Aλ3 1− ˆ ρ − i ˆ η ( ) −Aλ2 − iAλ4η 1

⎛ 

⎝ 

⎜ 
⎜ 
⎜ 
⎜ 
⎜ 
⎜ 

⎞

⎠

⎟
⎟
⎟
⎟
⎟
⎟

Α ≈ 0.8 ˆ ρ = ρ 1−
λ2

2

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ ,  ˆ η =η 1−

λ2

2

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 
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flavour eigenstatetates masseigenstates
-non-diagonal mass matrix -diagonal mass matrix
-strong and EM interactions -weak interactions
-flavour conservation -flavour changing

VCKM =
Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

⎛ 

⎝ 

⎜ 
⎜ 

⎞

⎠

⎟
⎟

λ = sin θCabibbo ≈ 0.22

≈

1−
λ2

2
λ Aλ3 ρ − iη( )

−λ − iA2λ5η 1−
λ2

2
Aλ2

Aλ3 1− ˆ ρ − i ˆ η ( ) −Aλ2 − iAλ4η 1

⎛ 

⎝ 

⎜ 
⎜ 
⎜ 
⎜ 
⎜ 
⎜ 

⎞

⎠

⎟
⎟
⎟
⎟
⎟
⎟

Α ≈ 0.8

Observation of b  ulν decays: |Vub| ≠ 0

(cf. like θ13 in ν now) 

ˆ ρ = ρ 1−
λ2

2

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ ,  ˆ η =η 1−

λ2

2

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 
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flavour eigenstatetates masseigenstates
-non-diagonal mass matrix -diagonal mass matrix
-strong and EM interactions -weak interactions
-flavour conservation -flavour changing

VCKM =
Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

⎛ 

⎝ 

⎜ 
⎜ 

⎞

⎠

⎟
⎟

λ = sin θCabibbo ≈ 0.22

≈

1−
λ2

2
λ Aλ3 ρ − iη( )

−λ − iA2λ5η 1−
λ2

2
Aλ2

Aλ3 1− ˆ ρ − i ˆ η ( ) −Aλ2 − iAλ4η 1

⎛ 

⎝ 

⎜ 
⎜ 
⎜ 
⎜ 
⎜ 
⎜ 

⎞

⎠

⎟
⎟
⎟
⎟
⎟
⎟

Α ≈ 0.8

Observation of b  ulν decays: |Vub| ≠ 0
 |pl| = 2.4 - 2.6 GeV/c in the B rest frame

= 76 ± 18 ± 8 in 2.4-2.6 GeV/c CLEO 1990

= 49  (18.2 ± 3.3)background ARGUS 1990

ARGUS

b clν

• data

|Vub| is very small ≈ 0.005
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flavour eigenstatetates masseigenstates
-non-diagonal mass matrix -diagonal mass matrix
-strong and EM interactions -weak interactions
-flavour conservation -flavour changing

VCKM =
Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

⎛ 

⎝ 

⎜ 
⎜ 

⎞

⎠

⎟
⎟

λ = sin θCabibbo ≈ 0.22

≈

1−
λ2

2
λ Aλ3 ρ − iη( )

−λ − iA2λ5η 1−
λ2

2
Aλ2

Aλ3 1− ˆ ρ − i ˆ η ( ) −Aλ2 − iAλ4η 1

⎛ 

⎝ 

⎜ 
⎜ 
⎜ 
⎜ 
⎜ 
⎜ 

⎞

⎠

⎟
⎟
⎟
⎟
⎟
⎟

Α ≈ 0.8

ρ2 + η2 ≈ 0.3

ˆ ρ = ρ 1−
λ2

2

⎛ 

⎝ 
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⎞ 

⎠ 
⎟ ,  ˆ η =η 1−

λ2
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⎝ 
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flavour eigenstatetates masseigenstates
-non-diagonal mass matrix -diagonal mass matrix
-strong and EM interactions -weak interactions
-flavour conservation -flavour changing

VCKM =
Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

⎛ 

⎝ 

⎜ 
⎜ 

⎞

⎠

⎟
⎟

λ = sin θCabibbo ≈ 0.22

≈

1−
λ2

2
λ Aλ3 ρ − iη( )

−λ − iA2λ5η 1−
λ2

2
Aλ2

Aλ3 1− ˆ ρ − i ˆ η ( ) −Aλ2 − iAλ4η 1

⎛ 

⎝ 

⎜ 
⎜ 
⎜ 
⎜ 
⎜ 
⎜ 

⎞

⎠

⎟
⎟
⎟
⎟
⎟
⎟

Α ≈ 0.8

ρ2 + η2 ≈ 0.3

Observation of B0-B0 oscillations: |Vtd|  ≠  0

ˆ ρ = ρ 1−
λ2

2

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ ,  ˆ η =η 1−

λ2

2

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
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Δm(Bd) ~ 100 × Δm(K0)

ARGUS, 1987
ϒ(4S) → Bd

0Bd
0 

→ Bd
0Bd

0 or Bd
0Bd

0

 → + + or 
24.8±7.6±3.8 

Phys. Lett. B 192 (1987) 245
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Δm(Bd) ~ 100 × Δm(K0)

ARGUS, 1987
ϒ(4S) → Bd

0Bd
0 

→ Bd
0Bd

0 or Bd
0Bd

0

 → + + or 
24.8±7.6±3.8 

Phys. Lett. B 192 (1987) 245 b
d

W+

W-c
d
b

u

ΔmB = G(|VtdVtb|, mt,…) 

b
d

u c t
u c t

d
bW+ W-

t ct u

mt > 50 GeV/c2
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Δm(Bd) ~ 100 × Δm(K0)

ARGUS, 1987
ϒ(4S) → Bd

0Bd
0 

→ Bd
0Bd

0 or Bd
0Bd

0

 → + + or 
24.8±7.6±3.8 

Phys. Lett. B 192 (1987) 245

mt > 50 GeV/c2

UA1, 1984

Phys. Lett. 147B (1984) 493

pp→W++X 
 →W+→ t b

→blν

jet

jet

W

t

mt = 30~50 GeV/c2



Standard Model Flavour Framework

CERN-Fermilab HCP Summer School  8-17 June 2011, CERN Flavour Physics, T. Nakada 49

Δm(Bd) ~ 100 × Δm(K0)

ARGUS, 1987
ϒ(4S) → Bd

0Bd
0 

→ Bd
0Bd

0 or Bd
0Bd

0

 → + + or 
24.8±7.6±3.8 

Phys. Lett. B 192 (1987) 245

mt > 50 GeV/c2

LEP 
electroweak fit 
150~210 GeV/c2

1995
CDF 
175±8±10 GeV/c2

D0
199      ±22 GeV/c2+19

-21
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flavour eigenstatetates masseigenstates
-non-diagonal mass matrix -diagonal mass matrix
-strong and EM interactions -weak interactions
-flavour conservation -flavour changing

VCKM =
Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

⎛ 

⎝ 

⎜ 
⎜ 

⎞

⎠

⎟
⎟

λ = sin θCabibbo ≈ 0.22

≈

1−
λ2

2
λ Aλ3 ρ − iη( )

−λ − iA2λ5η 1−
λ2

2
Aλ2

Aλ3 1− ˆ ρ − i ˆ η ( ) −Aλ2 − iAλ4η 1

⎛ 

⎝ 

⎜ 
⎜ 
⎜ 
⎜ 
⎜ 
⎜ 

⎞

⎠

⎟
⎟
⎟
⎟
⎟
⎟

Α ≈ 0.8

ρ2 + η2 ≈ 0.3

(1  ρ)2 + η2 ≈ 0.9^^

ˆ ρ = ρ 1−
λ2

2

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ ,  ˆ η =η 1−

λ2

2
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⎝ 
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⎠ 
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flavour eigenstatetates masseigenstates
-non-diagonal mass matrix -diagonal mass matrix
-strong and EM interactions -weak interactions
-flavour conservation -flavour changing

VCKM =
Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

⎛ 

⎝ 

⎜ 
⎜ 

⎞

⎠

⎟
⎟

λ = sin θCabibbo ≈ 0.22

≈

1−
λ2

2
λ Aλ3 ρ − iη( )

−λ − iA2λ5η 1−
λ2

2
Aλ2

Aλ3 1− ˆ ρ − i ˆ η ( ) −Aλ2 − iAλ4η 1

⎛ 

⎝ 

⎜ 
⎜ 
⎜ 
⎜ 
⎜ 
⎜ 

⎞

⎠

⎟
⎟
⎟
⎟
⎟
⎟

Α ≈ 0.8

ρ2 + η2 ≈ 0.3

(1  ρ)2 + η2 ≈ 0.9^^

It shows clearly η ≠ 0, i.e. CPV!

ˆ ρ = ρ 1−
λ2

2

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ ,  ˆ η =η 1−

λ2

2

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
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flavour eigenstatetates masseigenstates
-non-diagonal mass matrix -diagonal mass matrix
-strong and EM interactions -weak interactions
-flavour conservation -flavour changing

VCKM =
Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

⎛ 

⎝ 

⎜ 
⎜ 

⎞

⎠

⎟
⎟

λ = sin θCabibbo ≈ 0.22

≈

1−
λ2

2
λ Aλ3 ρ − iη( )

−λ − iA2λ5η 1−
λ2

2
Aλ2

Aλ3 1− ˆ ρ − i ˆ η ( ) −Aλ2 − iAλ4η 1

⎛ 

⎝ 

⎜ 
⎜ 
⎜ 
⎜ 
⎜ 
⎜ 

⎞

⎠

⎟
⎟
⎟
⎟
⎟
⎟

Α ≈ 0.8

ρ2 + η2 ≈ 0.3

(1  ρ)2 + η2 ≈ 0.9^^

b sγ decays and Bs
0-Bs

0 oscillations for |Vts|

ˆ ρ = ρ 1−
λ2

2

⎛ 

⎝ 
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⎟ ,  ˆ η =η 1−

λ2

2
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⎝ 
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⎠ 
⎟ 


