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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
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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, i.e. nuclear forces
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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)

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

conserved in strong and electromagnetic interactions
but 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)

Responding to 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. 
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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)

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 given little 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



Flavour Physics, T. Nakada

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

This seemed to have triggered the idea of 
ν-ν mixing (not the ν flavour mixing) 
by Pontecorvo in 1957
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Cabibbo theory (Phys. Rev. Let. 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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Early History
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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)
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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 (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|
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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

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ ,  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

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
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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

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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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

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

My private reflection:
With Δmd and εK (CPV in K-K oscillation), CPV in Bd J/ψKS could be 
predicted without mt mass, which was still unknown at that time. 
Uncertainty was due to hadronic parameters: Bdfd

2/BK.  
This provided a benchmark L for B-factories under consideration.
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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

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ ,  ˆ η =η 1−

λ2

2

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 
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quark decay 
decay (ΔF = 1) and oscillation amplitudes (ΔF = 2) 

b c
c
s

W+ V A
b c+W ( cs)
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quark decay to hadron decay 
decay (ΔF = 1) and oscillation amplitudes (ΔF = 2) 

b c
c
s

W+ V A

d d

quarks have to form 
hadrons

starts from a b-d 
bound state

gluon exchanges (QCD)B J/ψKS
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Theoretical tool to describe the decay amplitude for M F

A M → F( ) = F Heffective
weak decay M =

GF
2

ξCKM
i Ci μ( ) FQi μ( )M

i
∑

decay (ΔF = 1) and oscillation amplitudes (ΔF = 2) 

b c
c
s

W+ V A

d d

quarks have to form 
hadrons

starts from a b-d 
bound state

gluon exchanges (QCD)B J/ψKS

Qi: quark operators
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decay (ΔF = 1) and oscillation amplitudes (ΔF = 2) 
lowest order weak interactions (ΔF = 1)  

b c
c
s

W V A

No QCD
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(ci bi)V A (sj cj)V A

decay (ΔF = 1) and oscillation amplitudes (ΔF = 2) 
lowest order weak interactions (ΔF = 1)  



c
s

More on Weak Decays

Ecole de Gif 2012, 17-21 September 2012, Orsay, France Flavour Physics, T. Nakada 63

b c
c
s

b c

g

W+ V A

Switching on QCD
b c

c
s

W+

c
c
s

decay (ΔF = 1) and oscillation amplitudes (ΔF = 2) 
lowest order weak interactions (ΔF = 1)  
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(ci bi)V A (sj cj)V A (ci bi)V A (sj cj)V A

(cj bi)V A (si cj)V A
No-QCD tree diagram

+ one gluon = 
tree diagrams with two  
different colour structures

decay (ΔF = 1) and oscillation amplitudes (ΔF = 2) 
lowest order weak interactions (ΔF = 1)  



c
s

s
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b c
c
s

b

c
c

b c

b

c
c

g

W+

W+

g
V A

V A

V

Switching on QCD
b c

c
s

W+

c
c
s

gluon penguins

u, c, t

u, c, t

decay (ΔF = 1) and oscillation amplitudes (ΔF = 2) 
lowest order weak interactions (ΔF = 1)  
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(ci bi)V A (sj cj)V A (ci bi)V A (sj cj)V A

(cj bi)V A (si cj)V A

(si bi)V A (cj cj)V

(sj bi)V A (ci cj)V

No QCD tree diagram

+ one gluon = 
tree diagrams with two  
different colour structures

+ gluon penguins with two 
different colour structure
(gluon = V)

decay (ΔF = 1) and oscillation amplitudes (ΔF = 2) 
lowest order weak interactions (ΔF = 1)  
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(ci bi)V A (sj cj)V A

(cj bi)V A (si cj)V A

(si bi)V A (cj cj)V A

(sj bi)V A (ci cj)V A

(si bi)V A (cj cj)V+A

(sj bi)V A (ci cj)V+A

No QCD tree diagram

+ one gluon
tree diagrams with two  
different colour structures

+ gluon penguins with two 
different colour structure
(gluon = V) 

 split to (V A) + (V+A)
(needed for the Q2 evolution) 

(ci bi)V A (sj cj)V A

decay (ΔF = 1) and oscillation amplitudes (ΔF = 2) 
lowest order weak interactions (ΔF = 1)  
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(ci bi)V A (sj cj)V A

(cj bi)V A (si cj)V A

(si bi)V A (cj cj)V A

(sj bi)V A (ci cj)V A

(si bi)V A (cj cj)V+A

(sj bi)V A (ci cj)V+A

No QCD tree diagram

+ one gluon
tree diagrams with two  
different colour structures

+ gluon penguins with two 
different colour structure
(gluon = V)

 split to (V A) + (V+A)
(needed for the Q2 evolution)  

Q1  

Q2  (ci bi)V A (sj cj)V A

Q3  

Q5  

Q4  

Q6  

operators

decay (ΔF = 1) and oscillation amplitudes (ΔF = 2) 
lowest order weak interactions (ΔF = 1)  
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c
c

c
c

W

Z0
gvV gAA

γ

the second order electroweak interactions (ΔF = 1)  

V

b s

c
c

b s

c
c

electroweak penguins

Z0 γ

u, c, t

u, c, t

qj(si bi)V A (cj cj)V A

qj´(si bi)V A (cj cj)V+A

Q7  

Q9  

qj and qj´ are appropriate 
electroweak coupling constants

decay (ΔF = 1) and oscillation amplitudes (ΔF = 2) 



b s

b s
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c
c

c
c

W

Z0
gvV gAA

γ
V

b s

c
c

b s

c
c

electroweak penguins + QCD

Z0 γ

u, c, t

u, c, t

qj and qj´ are appropriate 
electroweak coupling constants

qj(si bi)V A (cj cj)V A

qj´(si bi)V A (cj cj)V+A

Q7  

Q9  

qj(si bi)V A (cj cj)V A

qj´(si bi)V A (cj cj)V+A

Q8  

Q10  

+ one gluon 

decay (ΔF = 1) and oscillation amplitudes (ΔF = 2) 
the second order electroweak interactions (ΔF = 1)  
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c
c

c
c

W

Z0
gvV gAA

γ
V

b s

c
c

b s

c
c

b s

c
c

Box diagrams

b s

c
c

Z0 γ

u, c, t

u, c, t

u, c, t

u, c, t

also the second order electroweak interactions, ΔF = 2  
decay (ΔF = 1) and oscillation amplitudes (ΔF = 2) 
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Theoretical tool to describe the decay amplitude for M F

A M → F( ) = F Heffective
weak decay M =

GF
2

ξCKM
i Ci μ( ) FQi μ( )M

i
∑

GF: Fermi constant, 

Qi(μ): Local four-fermion operators evaluated at energy scale μ 
calculable in perturbation 

Ci(μ): Coupling constants for Qi(μ) at energy scale μ 
i.e. Wilson coefficient, calculable in perturbation 

<F|Qi(μ)|M>: Hadronic matrix element
long distance effect

ξiCKM: Combination of the CKM elements
the ultimate interest for Flavour Physics
extraction of the CKM matrix, search for new physics

decay (ΔF = 1) and oscillation amplitudes (ΔF = 2) 
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Theoretical tool to describe the decay amplitude for M F

A M → F( ) = F Heffective
weak decay M =

GF
2

ξCKM
i Ci μ( ) FQi μ( )M

i
∑

- Comparing the full and effective theory at μ = mW
 Ci(μ= mW) 

- Scale Ci down to μ ≈ 1 GeV (K), mc (D), mb (B)

Uij not diagonal  mixing of the operators in the evolution

- Evaluate <F|Qi(μ)|M> (hadronic matrix element)
with non perturbative methods at μ 
lattice, HQET, QCD sum rule, etc.  

major source of uncertainties

Ci μ( ) =Uij μ,  μ = mW( )C j μ = mW( )

decay (ΔF = 1) and oscillation amplitudes (ΔF = 2) 
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Theoretical tool to describe the decay amplitude for M F

A M → F( ) = F Heffective
weak decay M =

GF
2

ξCKM
i Ci μ( ) FQi μ( )M

i
∑

- Evaluate <F|Qi(μ)|M> (hadronic matrix element)

decay (ΔF = 1) and oscillation amplitudes (ΔF = 2) 

e
ν

W

u
b One decay constant fB

W

u
b

u
c

e
ν

Form factors f (q2): 
functions of momentum transfer 
B hadrons
depend on the hadrons

Many theoretical models: ultimately the lattice QCD
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Can be extract from decay widths generated by 
the tree, penguin, and box processes

examples of semileptonic and leptonic decays

d, s, b

u, c, t
l   ν

d, s, b

d, s, b
l   l

Γ  |VUD| 

VUD
U = u,  c,  t
D = d,  s,  b{

 |∑UVUDVUD´  f(mU)| 

d, s, b

l   l

u, c, t



Current Status of VCKM

Ecole de Gif 2012, 17-21 September 2012, Orsay, France Flavour Physics, T. Nakada 77

VCKM = 
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

First 2×2 sub-matrix: four |Vij| are measured by  
nucleus, pion, kaon and charm hadron decays
It is “almost” unitary with one single parameter
λ (  sin θCabibbo) = |Vus| = 0.2246 ± 0.0012 (PDG 2012)

1 λ Vub

λ 1 Vcb

Vtd Vts Vtb

VCKM ≈ 
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|Vcb| and |Vub| measured by semileptonic Bu and Bd decays 

1 λ Vub

λ 1 Vcb

Vtd Vts Vtb

VCKM ≈ 

|Vcb| ={                                                           2.0σ discrepancy

|Vub| ={                                                            3.1σ discrepancy

(41.9 ± 0.7)×10 3 inclusive decays
(39.6 ± 0.9)×10 3 exclusive decays
 -errors limited theoretically-

(4.41 ± 0.22)×10 3 inclusive decays
(3.23 ± 0.31)×10 3 exclusive decays
 -errors very limited theoretically-

exclusives systematically smaller than exclusives…?

(PDG 2012)

(PDG 2012)
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1 λ Vub

λ 1 Vcb

Vtd Vts Vtb

VCKM ≈ 

|Vcb| and |Vub| measured by semileptonic Bu and Bd decays
arg Vcb = 0 by a phase convention
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1 λ Vub

λ 1 Vcb

Vtd Vts Vtb

VCKM ≈ 

|Vcb| and |Vub| measured by semileptonic Bu and Bd decays
arg Vcb = 0 by a phase convention
arg Vub by CP violation in B DK  
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VcbVus

u u

b c

u
s

B       

K

two decay diagrams producing identical final states
arg Vub  so called angle “γ” 
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VcbVus Vcd Vus

u u

b c

u
s

u

d
u

s
K+

πB       

K

two decay diagrams producing identical final states
arg Vub  so called angle “γ” 
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VcbVus Vcd Vus

u u

b c

u
s

u

d
u

s
K+

πB       

K

u u

b u
c
s

K

B       VubVcs

two decay diagrams producing identical final states
arg Vub  so called angle “γ” 
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VcbVus Vcd Vus

u u

b c

u
s

u

d
u

s
K+

πB       

K

u u

b u
c
s

u
s

u
d

K+

πK

B       VubVcs Vud Vcs

two decay diagrams producing identical final states
arg Vub  so called angle “γ” 
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VcbVus Vcd Vus

u u

b c

u
s

u

d
u

s
K+

πB       

K

u u

b u
c
s

u
s

u
d

K+

πK

B       VubVcs Vud Vcs

interfere
 CPV

F(argVub)       

two decay diagrams producing identical final states
arg Vub  so called angle “γ” 

Br (B [K+π ]D-mass K ) ≠ Br (B+ [K π+]D-mass K+)
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VcbVus Vcd Vus

u u

b c

u
s

u

d
u

s
K+

πB       

K

u u

b u
c
s

u
s

u
d

K+

πK

B       VubVcs Vud Vcs

interfere
 CPV

F(argVub)       

two decay diagrams producing identical final states
arg Vub  so called angle “γ” 

Br (B [K+π ]D-mass K ) ≠ Br (B+ [K π+]D-mass K+) 
and also
Br (B [K π+]D-mass K ) ≠ Br (B+ [K+π ]D-mass K+)

What kind of 
diagrams?
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VcbVus Vcd Vus

u u

b c

u
s

u

d
u

s
K+

πB       

K

u u

b u
c
s

u
s

u
d

K+

πK

B       VubVcs Vud Vcs

interfere
 CPV

F(argVub)       

two decay diagrams producing identical final states
arg Vub  so called angle “γ” 

Br (B [K+K ]D-mass K ) ≠ Br (B+ [K+K ]D-mass K+)

Br (B [π+π ]D-mass K ) ≠ Br (B+ [π+π ]D-mass K+)

What kind of diagrams?
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VcbVus Vcd Vus

u u

b c

u
s

u

d
u

s
K+

πB       

K

u u

b u
c
s

u
s

u
d

K+

πK

B       VubVcs Vud Vcs

interfere
 CPV

F(argVub)       

two decay diagrams producing identical final states
arg Vub  so called angle “γ” 

Br (B [KSπ+π ]D-mass K ) ≠ Br (B+ [KSπ+π ]D-mass K+)

What kind of diagrams?
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B0 B0 b → c+cs: VcbVcs
 ∝ eι0

J/ψ KS

d d

b c
c
sB0      

J/ψ

K0→KS
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B0

B0M12 ∝ e2iargVtd b → c+cs: Vcb  Vcs
 ∝ eι0

J/ψ KS

d d

b c
c
sB0      

J/ψ

K0→KS

db

tt

W+

bd W
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B0

B0M12 ∝ e2iargVtd

B0

b → c+cs: Vcb  Vcs
 ∝ eι0

b → c+cs: VcbVcs
 ∝ eι0

J/ψ KS

two processes interfere  CPV  sin 2argVtd
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BELLE: Phys. Rev. Lett. 87, 091802 (2001)BABAR:  Phys. Rev. Lett. 87, 091801 (2001)

B0
t = 0 J/ψKS(t)

B0
t = 0 J/ψKS(t)

Time dependent 
CP asymmetries
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two processes interfere  CPV  sin 2argVtd

0.679 ± 0.020 (HFAG 2012)



Current Status of VCKM

Ecole de Gif 2012, 17-21 September 2012, Orsay, France Flavour Physics, T. Nakada 94

Bs
0 Bs

0 b → c+cs: VcbVcs
 ∝ eι0

J/ψφ

s s

b c
c
sBs

0      
J/ψ

φ
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Bs
0

Bs
0M12 ∝ e2iargVtd

or e2iargVts

b → c+cs: Vcb  Vcs
 ∝ eι0

J/ψ KS or J/ψφ

s s

b c
c
sBs

0      
J/ψ

φ

sb

tt

W+

bs W
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Bs
0

Bs
0M12 ∝ e2iargVts

Bs
0

b → c+cs: Vcb  Vcs
 ∝ eι0

b → c+cs: VcbVcs
 ∝ eι0

J/ψφ

two processes interfere  CPV  sin 2argVts 
not yet well measured
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two processes interfere  CPV  sin 2argVts 
0.044             (HFAG 2012)

+ 0.090
 0.085
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≈
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⎠ 
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ˆ η =η 1−
λ2

2

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

A from |Vcb|, ρ and η from 

|Vub| and arg Vub

|Vtb| and arg Vtb
|Vub| and |Vtb|
|Vtd| and arg Vub

many solutions
i.e. 
consistency 
can be checked



•  BABAR completed in 2008 and Belle completed in 2010
~1.2 ab 1 data, i.e. ~1.3×109 BB

•  CDF and D0 completed in 2011, ~20 fb 1 data
•  LHCb running, 7 TeV in 1010+2011 (1 fb 1), 8 TeV in 2012 

Current Status of VCKM
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•  To look for New Physics, extraction of (λ, A, ρ, η) 
with the processes totally dominated by the SM 

 tree decays
–  λ and A are already from the tree decay modes
–  (ρ, η) from the tree decays: 

|Vub/Vcb| from the semileptonic decays
arg Vub from B DK  (interference between b c and b u)

Current Status of VCKM
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B±  “D” K±, with “D”  K+π  and K π+ 

with “D”  K+Κ  or π+π   
with “D”  KSπ+π  Dalitz plot

B0  “D” K*0 and “D” K*0 with “D” decays

Time dependent CP asymmetries 
of Bs(t=0) Ds

±K  vs CP conjugated state

BABAR
Belle
LHCb

LHCb



•  To look for New Physics, extraction of (λ, A, ρ, η) 
with the processes totally dominated by the SM 

 tree decays
–  λ and A are already from the tree decay modes
–  (ρ, η) from the tree decays: 

|Vub/Vcb| from the semileptonic decays
arg Vub from B DK  (interference between b c and b u)
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B±  “D” K±, with “D”  K+π  and K π+ 

with “D”  K+Κ  or π+π   
with “D”  KSπ+π  Dalitz plot

B0  “D” K*0 and “D” K*0 with “D” decays

Time dependent CP asymmetries 
of Bs(t=0) Ds

±K  vs CP conjugated state

BABAR
Belle
LHCb

LHCb

Can you demonstrate these?



•  To look for New Physics, extraction of (λ, A, ρ, η) 
with the processes totally dominated by the SM 

 tree decays
–  λ and A are already from the tree decay modes
–  (ρ, η) from the tree decays: 

|Vub/Vcb| from the semileptonic decays
arg Vub from B DK

•  Should be compared with (ρ, η) from the loop 
processes: 
–  |Vtd| from Δmd and argVtd from CPV in Bd J/ψKS 
–  Combination of εK with |Vtd| or CPV in Bd J/ψKS

Current Status of VCKM
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•  To look for New Physics, extraction of (λ, A, ρ, η) 
with the processes totally dominated by the SM 

 tree decays
–  λ and A are already from the tree decay modes
–  (ρ, η) from the tree decays: 

|Vub/Vcb| from the semileptonic decays
arg Vub from B DK

•  Should be compared with (ρ, η) from the loop 
processes: 
–  |Vtd| from Δmd and argVtd from CPV in Bd J/ψKS 
–  Combination of εK with |Vtd| or CPV in Bd J/ψKS
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•  To look for New Physics, extraction of (λ, A, ρ, η) 
with the processes totally dominated by the SM 

 tree decays
–  λ and A are already from the tree decay modes
–  (ρ, η) from the tree decays: 

|Vub/Vcb| from the semileptonic decays
arg Vub from B DK

•  Should be compared with (ρ, η) from the loop 
processes: 
–  |Vtd| from Δmd and argVtd from CPV in Bd J/ψKS 
–  Combination of εK with |Vtd| or CPV in Bd J/ψKS

•  Further improvement with the LHCb data expected

Current Status of VCKM
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•  No sign of new physics in B μ+μ  
Now results dominated by the LHC experiments

95% CL upper limit

Current Status of VCKM
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Plan of Lectures
•  Direct-search versus Indirect-search
•  Early History
•  Standard Model Flavour Framework
•  More of Weak Decay
•  Current Status of VCKM
•  Any Sign of New Physics
•  Closer Look
•  Epilogue
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Any Sign of New Physics?
•  There exist solid observations for physics beyond the 

Standard Model
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Any Sign of New Physics?
•  There exist solid observations for physics beyond the 

Standard Model
Neutrino oscillations in the SM, mν = 0 by definition
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S-KAMIOKANDE



Any Sign of New Physics?
•  There exist solid observations for physics beyond the 

Standard Model
Neutrino oscillations
Dark matter no candidate particle in the SM 
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Bullet Galaxy Clusters
S-KAMIOKANDE



Any Sign of New Physics?
•  There exist solid observations for physics beyond the 

Standard Model
Neutrino oscillations
Dark matter
NB / Nγ=10 10 the SM CPV not sufficient 
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Bullet Galaxy Clusters
S-KAMIOKANDE

The Horn Antenna
Bell Telephone Laboratory



Any Sign of New Physics?
•  There exist solid observations for physics beyond the 

Standard Model
Neutrino oscillations
Dark matter
NB / Nγ=10 10 

•  And the SM includes no gravity, has too many parameters, 
requires some fine tunings, etc.  
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Bullet Galaxy Clusters
S-KAMIOKANDE

The Horn Antenna
Bell Telephone Laboratory



Any Sign of New Physics?
•  There exist solid observations for physics beyond the 

Standard Model
Neutrino oscillations
Dark matter
NB / Nγ=10 10 

•  And the SM includes no gravity, has too many parameters, 
requires some fine tunings, etc. However, we do not know 
whether the energy scale for new physics accessible to us… 
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Bullet Galaxy Clusters
S-KAMIOKANDE

The Horn Antenna
Bell Telephone Laboratory
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In general, new physics can enter in the loop diagrams as 
virtual states

u, c, t, w
V A

new 
particles
S, P, …

s d
b d, s

s d
b d, s

amplitude: A = ASM + ANP

ASM ANP
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•  Early History
•  Standard Model Flavour Framework
•  More of Weak Decay
•  Current Status of VCKM
•  Any Sign of New Physics
•  Closer Look
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Closer Look
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In general, new physics can enter in the loop diagrams as 
virtual states

u, c, t, w
V A

new 
particles
S, P, …

s d
b d, s

s d
b d, s

|A|: rare decays (ΔF=1), Δm (ΔF=2)
arg A: CP violation

amplitude: A = ASM + ANP

ASM ANP
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In general, new physics can enter in the loop diagrams as 
virtual states

u, c, t, w
V A

new 
particles
S, P, …

s d
b d, s

s d
b d, s

|A|: rare decays (ΔF=1), Δm (ΔF=2)
arg A: CP violation
Lorentz structure of A: “photon” polarization via 
   final state angular distribution or mixing-decay CP violation

amplitude: A = ASM + ANP

ASM ANP
γ, Ζ0 γ, Ζ0
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In general, new physics can enter in the loop diagrams as 
virtual states

u, c, t, w
V A

new 
particles
S, P, …

s d
b d, s

s d
b d, s

|A|: rare decays (ΔF=1), Δm (ΔF=2)
arg A: CP violation
Lorentz structure of A: “photon” polarization via 
   final state angular distribution or mixing-decay CP violation
If coupling ≈ O(weak), already m(NP) > O(100TeV)

 Minimal Flavour Violation (same origin for all FSB)?
Should be still visible in the Br. and Lorentz structure

amplitude: A = ASM + ANP

ASM ANP
γ, Ζ0 γ, Ζ0
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•  If one looks closer, any hint of discrepancies?
–  “sin 2β” extracted from CPV in Bd J/ψKS somewhat small
–  |Vub| extracted from B τν decays larger than |Vub| extracted from 

the semileptonic decays.

CPV in Bd J/ψKS

semileptonic

B τν 
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•  If one looks closer, any hint of discrepancies?
–  “sin 2β” extracted from CPV in Bd J/ψKS somewhat small
–  |Vub| extracted from B τν decays larger than |Vub| extracted from 

the semileptonic decays.

•  This could be due to 
1.  Problem with extracting |Vub/Vcb| due to the hadronic uncertainties
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•  If one looks closer, any hint of discrepancies?
–  “sin 2β” extracted from CPV in Bd J/ψKS somewhat small
–  |Vub| extracted from B τν decays larger than |Vub| extracted from 

the semileptonic decays.

•  This could be due to 
1.  Problem with extracting |Vub/Vcb| due to the hadronic uncertainties

OR
2.  New Physics in B0-B0 oscillations and charged Higgs in B τν

b
d

W+

W-c d
b

u

b
d

u c t
u c t

d
bW+ W-

t cu t

+ new
particles

b
u

ν
τW+

b
u

ν
τH+
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|Vcb| and |Vub|
Errors are dominated by the theoretical uncertainties in
the strong interaction for the semleptonic decays.

can be reduced by studying the decay kinematics,
e.g. lepton momentum, hadronic-mass distribution, etc.

with higher statistics in a clean environment 
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|Vcb| and |Vub|
Errors are dominated by the theoretical uncertainties in
the strong interaction for the semleptonic decays.

can be reduced by studying the decay kinematics,
e.g. lepton momentum, hadronic-mass distribution, etc.

with higher statistics in a clean environment 
Case for Super B Factories:
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|Vcb| and |Vub|
Errors are dominated by the theoretical uncertainties in
the strong interaction for the semleptonic decays.

can be reduced by studying the decay kinematics,
e.g. lepton momentum, hadronic-mass distribution, etc.

with higher statistics in a clean environment 
Case for Super B Factories:

|Vub| from B± τ±ν error still statistics limited.
Recent Belle: (1.14±0.23)×10 4, only 1.3σ away from SM

Another case Super B Factories
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|Vcb| and |Vub|
Errors are dominated by the theoretical uncertainties in
the strong interaction for the semleptonic decays.

can be reduced by studying the decay kinematics,
e.g. lepton momentum, hadronic-mass distribution, etc.

with higher statistics in a clean environment 
Case for Super B Factories:

|Vub| from B± τ±ν error still statistics limited.
Recent Belle: (1.14±0.23)×10 4, only 1.3σ away from SM

Another case Super B Factories

Br(B D( )τν) by BABAR: larger than SM by ~3.4σ, 
also due to charged Higgs? (but only complicated ones)
Looking forward to the Belle analysis



Closer Look
•  CPV in the Bs system: used to be “almost” 

untouched territory: 
Started with CDF and D0
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Closer Look
•  CPV in the Bd-Bd and Bs-Bs oscillations: SM small

D0 measures  possibly large CPV for Bs
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Closer Look
•  CPV in the Bd-Bd and Bs-Bs oscillations: SM small

D0 measures  possibly large CPV for Bs

Not confirmed by
by LHCb 1 fb 1 data

Much more data 
in future
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Closer Look
•  Lorentz structure of electroweak penguin current 

with B K 0μ+μ  decays:
example: AFS of the muon pairs v.s. m2(μ+μ )
BABAR+BELLE+CDF: inconclusive
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Closer Look
•  Lorentz structure of electroweak penguin current 

with B K 0μ+μ  decays:
example: AFS of the muon pairs v.s. m2(μ+μ )
BABAR+BELLE+CDF: inconclusive
LHCb (1 fb 1) good agreement with SM
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Closer Look
•  Up-type quarks: D-meson system:

D-D mixing observed, SM prediction difficult

Ecole de Gif 2012, 17-21 September 2012, Orsay, France Flavour Physics, T. Nakada 130

x = Δm/Γ
y = ΔΓ/Γ
No mixing: x = y = 0



Closer Look
•  Up-type quarks: D-meson system:

D-D mixing observed, SM prediction difficult
CPV in D-D oscillations not seen, small in SM
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No CPV in oscillations
|p/q|=1
arg(p/q) = 0



Closer Look
•  Up-type quarks: D-meson system:

D-D mixing observed, SM prediction difficult
CPV in D-D oscillations not seen, small in SM
CPV in the decay amplitudes: ??? 
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Closer Look
•  Up-type quarks: D-meson system:

D-D mixing observed, SM prediction difficult
CPV in D-D oscillations not seen, small in SM
CPV in the decay amplitudes: ??? 
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ΔACP = ACP(K+K )  ACP(π+π )
LHCb 0.82 ± 0.24 (0.62 fb 1)
CDF 0.62 ± 0.23
Belle 0.87 ± 0.41

SM expectation was O(10 3)
could be stretched to ~5×10 3 ?



Closer Look
•  Up-type quarks: D-meson system:

D-D mixing observed, SM prediction difficult
CPV in D-D oscillations not seen, small in SM
CPV in the decay amplitudes: ??? 
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More data with LHCb will be interesting
c.f. very clean tagged D signal



And Bigger Picture
•  Kaon physics K+ π+νν, K0

L π0νν
testing of MFV

•  Charged lepton flavour violation search
SUSY?

•  And even more fundamental…
Quark-lepton flavour unification?
Origin of flavour structure?
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•  Early History
•  Standard Model Flavour Framework
•  More of Weak Decay
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Epilogue
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Synergy between the direct and indirect search
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Synergy between the direct and indirect search
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By the middle of 2012… end of 2017

ATLAS
CMS

high pT physics

LHCb
flavour physics

Particle Physics

Only SM

BSM

☺
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By the middle of 2012… end of 2017

ATLAS
CMS

high pT physics

LHCb
flavour physics

Particle Physics

Only SM

BSM Only SM

BSM

BSM

BSM

☺ ☺ ☺
Oh, no more space left…
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In any case, 

Exciting time is ahead of us all. 


