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歴史と背景

1956: T.D. Lee, C.N.  Yang (ノーベル賞1957)
弱い相互作用におけるパリティーの破れ

1957: C.S. Wu et al.
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1957: L. D. Landau
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1967: S. Weinberg (ノーベル賞1979)
1968: A. Salam (ノーベル賞1979)

1970: S.L.Glashow, J. Iliopoulos, L. Maiani
FCNCに基づくチャームクォークの予言

1964: J. W. Cronin, V. L. Fitch, ... (ノーベル賞1980)
中性K中間子崩壊におけるCPの破れ

KL � �+�� BR ' 2⇥ 10�3
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1964: F. Englert and R.Brout, P. Higgs (ノーベル賞2013)
ゲージ対称性の自発的破れとゲージボソン質量

electroweak theory

Higgs粒子
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1973: M. Kobayashi, T. Maskawa (ノーベル賞2008)
CPを破る6クォーク模型

1974: S.Ting, B. Richter (ノーベル賞1976)
J/Ψ (チャーム)の発見

1975: M. L. Perl (ノーベル賞1995) タウの発見
1977: L. M. Lederman ボトムの発見
1983: UA1, UA2 W, Zの発見

(C. Rubia, S. van der Meer,ノーベル賞1984)

1971: G. ’t Hooft (ノーベル賞1999)
ゲージ理論の繰り込み
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1994: CDF, D0 トップの発見
2002: Belle, BABAR

B中間子崩壊におけるCPの破れの確立

1987: ARGUS B0–B̄0 混合の発見
1989: CLEO b� u遷移の発見

2012: ATLAS, CMS ヒッグスボソンの発見

標準模型の確立
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The standard model of particle physics
Gauge group:

第 2章

Standard model of particle physics

2018年 11月 17日

2.1 Structure of the standard model (SM)

2.1.1 Gauge sector

Gauge group: SU(3)C × SU(2)L ×U(1)Y

LYM = −1

4
Ga

µνG
aµν − 1

4
W i

µνW
iµν − 1

4
BµνB

µν (2.1)

Gauge couplings: gs, g, g′

Note: e = g sin θw, tan θw := g′/g

2.1.2 Matter contents: fermions

lL eR qL uR dR G W B Φ

SU(3)C 1 1 3 3 3 8 1 1 0

SU(2)L 2 1 2 1 1 1 3 1 2

U(1)Y –1/2 –1 1/6 2/3 –1/3 0 0 0 1/2

lL :=

(
νL
eL

)
, qL :=

(
uL

dL

)
(2.2)

Q = T 3
L + Y (Y = 〈Q〉) (2.3)

1

three generations of fermions

Particle contents
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1
gauge bosons Higgsfermions

Spontaneous symmetry breaking

Lf = ψ̄i /Dψ, Dµ := ∂µ + igsT
a
CG

a
µ + igT i

LW
i
µ + ig′

Y

2
Bµ (2.4)

T a
C = λa/2 for quarks (Gell-Mann matrix). T i

L = τi/2 for doublets (Pauli matrix

for SU(2)L). (We will use σi for Lorentz transformation.)

2.1.3 Higgs sector

Higgs doublet with Y = 1/2 and its conjugate.

Φ :=

(
φ+

φ0

)
, Φ̃ := iτ2Φ

∗ =

(
φ0∗

−φ−
)

(iτ2 = ε) (2.5)

SU(2)L: Φ→ UΦ, Φ̃→ U Φ̃ (τ2τ ∗ = −τ τ2)
U(1)Y : Φ→ eiθΦ, Φ̃→ e−iθΦ̃

LH = |DµΦ|2 − V (Φ) , V (Φ) = λ(Φ†Φ− v2/2)2 (2.6)

Vacuum expectation value (VEV)

〈Φ〉 =
(

0
v/
√
2

)
, v = (

√
2GF )

1/2 = 246 GeV (2.7)

Spontaneous symmetry breaking (SSB)

SU(3)C × SU(2)L × U(1)Y −→ SU(3)C × U(1)em (2.8)

〈Φ〉 (2.9)

2.1.4 Yukawa sector

−LY = l̄Li y
e
ij eRj Φ+ q̄Li y

d
ij dRj Φ+ q̄Li y

u
ij uRj Φ̃+ h.c. (2.10)

yf (f = e, d, u): complex 3× 3 matrix

2.2 C, P and T transformations

2.2.1 CP transformation

The minimal representation of Lorentz group is a Weyl spinor. Here we introduce

a CP transformation as a discrete symmetry of a Weyl fermion.

2
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The minimal representation of Lorentz group is a Weyl spinor. Here we introduce

a CP transformation as a discrete symmetry of a Weyl fermion.

2

CP transformation

• Fermion kinetic term: Dµ = ∂µ + igT aW aµ

ψ̄γµ∂µψ
CP−→ −∂µψ̄γµψ = ψ̄γµ∂µψ

ψ̄γµT±,3ψ
CP−→ −ψ̄γµ(T∓,3)Tψ ⇐ (T±)T = T∓, (T 3)T = T 3

=⇒ LFK = ψ̄i/Dψ
CP−→ ψ̄i/Dψ : CP invariant

• Fermion mass term: diagonalized by unitary transformation

LFM = ψ̄Mψ
CP−→ ψ̄MTψ : CP invariant

(γ5 terms are eliminated by chiral transformations.)

• Scalar kinetic term

Dµφ
CP−→ (Dµφ)∗

LSK = (Dµφ)(Dµφ)∗ : CP invariant

• Scalar mass term: diagonalized by unitary transformation

LSM = φ∗M2φ
CP−→ φ∗(M2)Tφ : CP invariant

• Scalar self-interaction

Lφ = λijklφiφjφkφl + aijkφiφjφk + λ∗ijklφ
∗
iφ

∗
jφ

∗
kφ

∗
l + a∗ijkφ

∗
iφ

∗
jφ

∗
k (2.33)

CP−→ λijklφ
∗
iφ

∗
jφ

∗
kφ

∗
l + aijkφ

∗
iφ

∗
jφ

∗
k + λ∗ijklφiφjφkφl + a∗ijkφiφjφk (2.34)

Potentially CP violating, if λ’s and/or a’s have complex phases.

Rephasing of φ’s may remove all complex phases in λ’s and a’s.

• Yukawa interaction

LY = yijkψ̄iψjφk + y∗ijkψ̄jψiφ
∗
k (2.35)

CP−→ yijkψ̄jψiφ
∗
k + y∗ijkψ̄iψjφk (2.36)

Potentially CP violating, if y’s have complex phases.

Rephasing of ψ’s and φ’s may remove all complex phases in y’s.

2.3 Cabibbo-Kobayashi-Maskawa mixing and CP violation

2.3.1 Quark mixing

Gauge (weak) basis

Gauge interactions are diagonal among generations, Yukawa interactions are not.

Higgs VEV results in fermion mass matrices:

−LFM = ē′L Me e′R + d̄′L Md d′R + ū′
L Mu u′

R + h.c. (2.37)
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Quark mass and mixing
<latexit sha1_base64="3xYcq3/qoBG7SlpG4IeQz7nQiMg="></latexit>

�LY = l̄0Li y
e
ij e

0
Rj �+ q̄0Li y

d
ij d

0
Rj �+ q̄0Li y

u
ij u

0
Rj �̃+ h.c.

<latexit sha1_base64="HX/NrrSDnvtzzmWJW680ZwMTZxY="></latexit>

f 0 : gauge (weak) basis

Electroweak symmetry breaking

Lf = ψ̄i /Dψ, Dµ := ∂µ + igsT
a
CG

a
µ + igT i

LW
i
µ + ig′

Y

2
Bµ (2.4)

T a
C = λa/2 for quarks (Gell-Mann matrix). T i

L = τi/2 for doublets (Pauli matrix

for SU(2)L). (We will use σi for Lorentz transformation.)

2.1.3 Higgs sector

Higgs doublet with Y = 1/2 and its conjugate.

Φ :=

(
φ+

φ0

)
, Φ̃ := iτ2Φ

∗ =

(
φ0∗

−φ−
)

(iτ2 = ε) (2.5)

SU(2)L: Φ→ UΦ, Φ̃→ U Φ̃ (τ2τ ∗ = −τ τ2)
U(1)Y : Φ→ eiθΦ, Φ̃→ e−iθΦ̃

LH = |DµΦ|2 − V (Φ) , V (Φ) = λ(Φ†Φ− v2/2)2 (2.6)

Vacuum expectation value (VEV)

〈Φ〉 =
(

0
v/
√
2

)
, v = (

√
2GF )

1/2 = 246 GeV (2.7)

Spontaneous symmetry breaking (SSB)

SU(3)C × SU(2)L × U(1)Y −→ SU(3)C × U(1)em (2.8)

〈Φ〉 (2.9)

2.1.4 Yukawa sector

−LY = l̄Li y
e
ij eRj Φ+ q̄Li y

d
ij dRj Φ+ q̄Li y

u
ij uRj Φ̃+ h.c. (2.10)

yf (f = e, d, u): complex 3× 3 matrix

2.2 C, P and T transformations

2.2.1 CP transformation

The minimal representation of Lorentz group is a Weyl spinor. Here we introduce

a CP transformation as a discrete symmetry of a Weyl fermion.

2

• Fermion kinetic term: Dµ = ∂µ + igT aW aµ

ψ̄γµ∂µψ
CP−→ −∂µψ̄γµψ = ψ̄γµ∂µψ

ψ̄γµT±,3ψ
CP−→ −ψ̄γµ(T∓,3)Tψ ⇐ (T±)T = T∓, (T 3)T = T 3

=⇒ LFK = ψ̄i/Dψ
CP−→ ψ̄i/Dψ : CP invariant

• Fermion mass term: diagonalized by unitary transformation

LFM = ψ̄Mψ
CP−→ ψ̄MTψ : CP invariant

(γ5 terms are eliminated by chiral transformations.)

• Scalar kinetic term

Dµφ
CP−→ (Dµφ)∗

LSK = (Dµφ)(Dµφ)∗ : CP invariant

• Scalar mass term: diagonalized by unitary transformation

LSM = φ∗M2φ
CP−→ φ∗(M2)Tφ : CP invariant

• Scalar self-interaction

Lφ = λijklφiφjφkφl + aijkφiφjφk + λ∗ijklφ
∗
iφ

∗
jφ

∗
kφ

∗
l + a∗ijkφ

∗
iφ

∗
jφ

∗
k (2.33)

CP−→ λijklφ
∗
iφ

∗
jφ

∗
kφ

∗
l + aijkφ

∗
iφ

∗
jφ

∗
k + λ∗ijklφiφjφkφl + a∗ijkφiφjφk (2.34)

Potentially CP violating, if λ’s and/or a’s have complex phases.

Rephasing of φ’s may remove all complex phases in λ’s and a’s.

• Yukawa interaction

LY = yijkψ̄iψjφk + y∗ijkψ̄jψiφ
∗
k (2.35)

CP−→ yijkψ̄jψiφ
∗
k + y∗ijkψ̄iψjφk (2.36)

Potentially CP violating, if y’s have complex phases.

Rephasing of ψ’s and φ’s may remove all complex phases in y’s.

2.3 Cabibbo-Kobayashi-Maskawa mixing and CP violation

2.3.1 Quark mixing

Gauge (weak) basis

Gauge interactions are diagonal among generations, Yukawa interactions are not.

Higgs VEV results in fermion mass matrices:

−LFM = ē′L Me e′R + d̄′L Md d′R + ū′
L Mu u′

R + h.c. (2.37)
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Mf
ij :=

vp
2
yfij (f = e, d, u)fermion mass matrices:

Mass basis
<latexit sha1_base64="vH3gfjHK+aPSD8Sl4ck/AXp8yqk="></latexit>

f 0
L,R = Uf

L,RfL,R , Uf
L,R : 3⇥ 3 unitary (mixing) matrix

(f ′ denotes a fermion in the gauge basis.) Mf
ij :=

v√
2
yfij (f = e, d, u) not diagonal.

Mass basis

Diagonalize Mf . Then gauge interaction may not be diagonal.

Unitary transformation: f ′
L,R = Uf

L,RfL,R, U
f
L,R: NG ×NG unitary (mixing)

f̄ ′
LM

ff ′
R = f̄LD

ffR (2.38)

Biunitary transformation:

Ue†
L MeUe

R = De = diag.(me,mµ,mτ ) (2.39)

Ud†
L MdUd

R = Dd = diag.(md,ms,mt) (2.40)

Uu†
L MuUu

R = Du = diag.(mu,mc,mt) (2.41)

mf ’s are real and positive. Note that a complex matrix has a polar decomposition

form.

−LFM = ēL De eR + d̄L Dd dR + ūL Du uR + h.c. (2.42)

CKM mixing

Charged current interactions in the mass basis

Quark sector:

q′L =

(
u′
L

d′L

)
=

(
Uu
LuL

Ud
LdL

)
(2.43)

Uu
L #= Ud

L =⇒ noncommuting with τ1,2of SU(2)L

Quark charged current interaction becomes generation-changing. (Neutral current

remains flavor diagonal. See below.)

Lepton sector:

l′L =

(
ν′L
e′L

)
=

(
Uν
LνL

Ue
LeL

)
(2.44)

We can take Uν
L = Ue

L owing to the masslessness of neutrinos, so that commuting

with τ1,2of SU(2)L.

we thus obtain

−LCC =
g√
2
W+

µ (ū′
Lγ

µd′L + ν̄′Lγ
µe′L) + h.c. (2.45)

=
g√
2
W+

µ

(
ūLγ

µUu†
L Ud

LdL + ν̄Lγ
µeL

)
+ h.c. (2.46)
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Fermion mass hierarchy

物理談話会, 2002/1/11

クォーク、レプトンの質量の階層性

10−4 10−3 10−2 10−1 100 101 102

Quark and lepton masses (GeV)

1

2

3

G
en

er
at

io
n

leptons
down−type quarks
up−type quarks

Fermion mass hierarchy

e

µ

τ

d

s

b

u

c

t

e

µ

τ

d

s

b

u

c

t

e

µ

τ

d

s

b

u

c

t

proton W

January 9, 2002 Minoru TANAKA 3

ge
ne

ra
tio

n

mass [GeV]

No explanation 
in the SM



Minoru TANAKA
13

Cabibbo-Kobayashi-Maskawa (CKM) mixing

(f ′ denotes a fermion in the gauge basis.) Mf
ij :=

v√
2
yfij (f = e, d, u) not diagonal.

Mass basis

Diagonalize Mf . Then gauge interaction may not be diagonal.

Unitary transformation: f ′
L,R = Uf

L,RfL,R, U
f
L,R: NG ×NG unitary (mixing)

f̄ ′
LM

ff ′
R = f̄LD

ffR (2.38)

Biunitary transformation:

Ue†
L MeUe

R = De = diag.(me,mµ,mτ ) (2.39)

Ud†
L MdUd

R = Dd = diag.(md,ms,mt) (2.40)

Uu†
L MuUu

R = Du = diag.(mu,mc,mt) (2.41)

mf ’s are real and positive. Note that a complex matrix has a polar decomposition

form.

−LFM = ēL De eR + d̄L Dd dR + ūL Du uR + h.c. (2.42)

CKM mixing

Charged current interactions in the mass basis

Quark sector:

q′L =

(
u′
L

d′L

)
=

(
Uu
LuL

Ud
LdL

)
(2.43)

Uu
L #= Ud

L =⇒ noncommuting with τ1,2of SU(2)L

Quark charged current interaction becomes generation-changing. (Neutral current

remains flavor diagonal. See below.)

Lepton sector:

l′L =

(
ν′L
e′L

)
=

(
Uν
LνL

Ue
LeL

)
(2.44)

We can take Uν
L = Ue

L owing to the masslessness of neutrinos, so that commuting

with τ1,2of SU(2)L.

we thus obtain

−LCC =
g√
2
W+

µ (ū′
Lγ

µd′L + ν̄′Lγ
µe′L) + h.c. (2.45)

=
g√
2
W+

µ

(
ūLγ

µUu†
L Ud

LdL + ν̄Lγ
µeL

)
+ h.c. (2.46)
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)
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Lepton sector:
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(
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e′L

)
=

(
Uν
LνL

Ue
LeL

)
(2.44)

We can take Uν
L = Ue

L owing to the masslessness of neutrinos, so that commuting

with τ1,2of SU(2)L.

we thus obtain

−LCC =
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W+

µ (ū′
Lγ
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(f ′ denotes a fermion in the gauge basis.) Mf
ij :=

v√
2
yfij (f = e, d, u) not diagonal.

Mass basis

Diagonalize Mf . Then gauge interaction may not be diagonal.

Unitary transformation: f ′
L,R = Uf

L,RfL,R, U
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L,R: NG ×NG unitary (mixing)
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ffR (2.38)
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R = De = diag.(me,mµ,mτ ) (2.39)

Ud†
L MdUd

R = Dd = diag.(md,ms,mt) (2.40)

Uu†
L MuUu

R = Du = diag.(mu,mc,mt) (2.41)

mf ’s are real and positive. Note that a complex matrix has a polar decomposition

form.

−LFM = ēL De eR + d̄L Dd dR + ūL Du uR + h.c. (2.42)

CKM mixing

Charged current interactions in the mass basis

Quark sector:

q′L =

(
u′
L

d′L

)
=

(
Uu
LuL

Ud
LdL

)
(2.43)

Uu
L #= Ud

L =⇒ noncommuting with τ1,2 of SU(2)L

Quark charged current interaction becomes generation-changing. (Neutral current

remains flavor diagonal. See below.)

Lepton sector:

l′L =

(
ν′L
e′L

)
=

(
Uν
LνL

Ue
LeL

)
(2.44)

We can take Uν
L = Ue

L owing to the masslessness of neutrinos, so that commuting

with τ1,2of SU(2)L.

we thus obtain

−LCC =
g√
2
W+

µ (ū′
Lγ

µd′L + ν̄′Lγ
µe′L) + h.c. (2.45)

=
g√
2
W+

µ

(
ūLγ

µUu†
L Ud

LdL + ν̄Lγ
µeL

)
+ h.c. (2.46)
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Charged current interaction
gauge (weak) basis

mass basis
VCKM := Uu†

L Ud
L Cabibbo-Kobayashi-Maskawa (CKM) matrix (2.47)

2.3.2 Parameter counting

Number of physical parameters in VCKM

Brute force

Suppose NG generations. → VCKM = NG ×NG unitarity matrix

Number of real parameters in an NG ×NG unitarity matrix

= 2N2
G −NG − 2 · (1/2)NG(NG − 1) = N2

G.

NG ×NG unitary matrix N2
G real parameters

rephasing of the quark fields 2NG −1︸︷︷︸
overall

unphysical

O(N) rotation (mixing angles) NG(NG − 1)/2 physical

CP violating complex phases (NG − 1)(NG − 2)/2 physical
CP violation =⇒ NG ≥ 3

A possible answer to the question why 3 generations.

CP violation in Kaon decays → bottom and top

NG = 3 : 3 mixing angles and 1 phase in VCKM

Symmetry consideration

Quark sector:

If yd = yu = 0, we would have U(NG)3 flavor symmetry (qL, uR, dR unitary rota-

tions).

Turning on Yukawa couplings, U(NG)3 → U(1)B , 3N2
G − 1 broken generators (un-

physical).

y’s have 2 · 2N2
G real parameters.

Thus 2 · 2N2
G − (3N2

G − 1) = N2
G + 1 physical parameters remain.

They are 2NG quark masses and (NG − 1)2 CKM parameters.

(NG − 1)2 are NG(NG − 1)/2 mixing angles and (NG − 2)(NG − 1)/2 phases.

One may regard y’s as spurion fields that spuriously transform under U(NG)3.

10

VCKM := Uu†
L Ud

L Cabibbo-Kobayashi-Maskawa (CKM) matrix (2.47)

2.3.2 Parameter counting

Number of physical parameters in VCKM

Brute force

Suppose NG generations. → VCKM = NG ×NG unitarity matrix

Number of real parameters in an NG ×NG unitarity matrix

= 2N2
G −NG − 2 · (1/2)NG(NG − 1) = N2

G.

NG ×NG unitary matrix N2
G real parameters

rephasing of the quark fields 2NG −1︸︷︷︸
overall

unphysical

O(N) rotation (mixing angles) NG(NG − 1)/2 physical

CP violating complex phases (NG − 1)(NG − 2)/2 physical
CP violation =⇒ NG ≥ 3

A possible answer to the question why 3 generations.

CP violation in Kaon decays → bottom and top

NG = 3 : 3 mixing angles and 1 phase in VCKM

Symmetry consideration

Quark sector:

If yd = yu = 0, we would have U(NG)3 flavor symmetry (qL, uR, dR unitary rota-

tions).

Turning on Yukawa couplings, U(NG)3 → U(1)B , 3N2
G − 1 broken generators (un-

physical).

y’s have 2 · 2N2
G real parameters.

Thus 2 · 2N2
G − (3N2

G − 1) = N2
G + 1 physical parameters remain.

They are 2NG quark masses and (NG − 1)2 CKM parameters.

(NG − 1)2 are NG(NG − 1)/2 mixing angles and (NG − 2)(NG − 1)/2 phases.

One may regard y’s as spurion fields that spuriously transform under U(NG)3.

10



Minoru TANAKA
14

PDG parametrization
<latexit sha1_base64="gga0gNB69WmYpquMmdso5R6EPkc="></latexit>

VCKM =:

0

@
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1

A

=:

0

@
1 0 0
0 c23 s23
0 �s23 c23

1

A

0

@
c13 0 s13e�i�

0 1 0
�s13ei� 0 c13

1

A

0

@
c12 s12 0
�s12 c12 0
0 0 1

1

A

=

0

@
c12c13 s12c13 s13e�i�

�s12c23 � c12s23s13ei� c12c23 � s12s23s13ei� s23c13
s12s23 � c12c23s13ei� �c12s23 � s12c23s13ei� c23c13

1

A

<latexit sha1_base64="UgDZby5wK/m0SOmsHrlxaoAljX4="></latexit>

cij = cos ✓ij , sij = sin ✓ij , 0 < ✓ij < ⇡/2 , 0 < � < 2⇡
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Unitarity triangle
複素平面上の三角形

ユニタリティートライアングル

i �= j のとき,
3�

k=1

V �
kiVkj = 0

三角形の形や面積は, クォークの位相に依らない.

位相の再定義は, 三角形全体の回転に対応.
<latexit sha1_base64="LsuyYb7tnMA9BhnVt3Aoaq6vrR8="></latexit>

3X

k=1

ei'kV ⇤
kie

�i'ie�i'kVkje
i'j = ei('j�'i)

3X

k=1

V ⇤
kiVkj = 0
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B meson and unitarity triangle
V �

ubVud + V �
cbVcd + V �

tbVtd = 0

ρ̄

η̄

0 1
V ∗

cbVcd

V ∗

tbVtdV ∗

ubVud

φ3 φ1

φ2

1

In the PDG parametrization,

J = c12c23c
2
13s12s23s13 sin δ (2.54)

If one of θij vanishes, J = 0, namely no CP violation.

2.4 Unitarity triangle (UT)

The unitarity of VCKM implies

3∑

k=1

VkiV
∗
kj = 0 , i != j . (2.55)

One may interpret the above equation geometrically, namely, triangles in the complex

plane. The most interesting triangle, which is one the main subjects of B physics, is

VudV
∗
ub + VcdV

∗
cb + VtdV

∗
tb = 0 , (2.56)

or equivalently (assuming VcdV ∗
cb != 0)

−VudV ∗
ub

VcdV ∗
cb

− 1− VtdV ∗
tb

VcdV ∗
cb

= 0 . (2.57)

Let

ρ̄+ iη̄ := −VudV ∗
ub

VcdV ∗
cb

(2.58)

so that Eq. (2.57) represents the triangle with apices of (0, 0), (ρ̄, η̄) and (1, 0). The

lengths of the sides are given by

∣∣∣∣
VudV ∗

ub

VcdV ∗
cb

∣∣∣∣ ,
∣∣∣∣
VtdV ∗

tb

VcdV ∗
cb

∣∣∣∣ , (2.59)

and unity. The interior angles at the apices are defined as

φ3 := arg

(
−VudV ∗

ub

VcdV ∗
cb

)
, (0, 0) (2.60)

φ2 := arg

(
− VtdV ∗

tb

VudV ∗
ub

)
, (ρ̄, η̄) (2.61)

φ1 := arg

(
−VcdV ∗

cb

VtdV ∗
tb

)
, (1, 0) , (2.62)

12
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1

�mdB � Xul�
B � (⇤,⇥)l�

B � D�l�
B � Xcl�

B � ��

B � DK

B � J/�KS

Is the unitarity triangle closed?
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(a)

(b)

Figure 6.7: Constraints on the CKM unitarity triangle at (a) Belle (∼0.5 ab−1) and (b) Su-
perKEKB (50 ab−1).

combined and symmetrized.
Table 6.2 summarizes the theoretical parameters used in the fit. The parameters are mainly

given by the lattice QCD calculations. The current largest uncertainty is in the calculations
of fB and BB for the |Vtb|/|Vts| derivation from the measured ∆md and ∆ms. To reduce
the uncertainty, the calculations for Bs mesons are adopted and they are related to be Bd

parameters through a SU(3) correction factor ξ which is better known. We adopted S.Sharpe’s
predictions [17] for the uncertainties in these parameters for the fit.

The constraint on (ρ̄, η̄) using all these measurements for the SM case is shown in Figure 6.7.
The plots are shown for (a) current Belle (∼500 fb−1) and (b) 50 ab−1. Drastic improvements are
expected with the statistical power of the SuperKEKB. Table 6.3 shows the errors in determined
(ρ̄, η̄) for the cases of the current Belle (∼0.5 ab−1) and the SuperKEKB(50 ab−1). An O(1%)
determination of (ρ̄, η̄) apex becomes possible at SuperKEKB.

The effect of New Physics(NP) is expected to appear in the measurements where the loop
diagrams contribute. In the SuperKEKB measurements, possible NP effects are expected to
contribute, for example, to the Bd box diagram and influence the measurements of sin 2φ1 (b → c)
and ∆md. On the other hand, the measurements of φ3 by B → D(∗)K(∗) and |Vub| by B → Xulν
are governed by pure tree-level diagrams only and do not include the NP effect. The comparison

267

スーパーBファクトリー

50 ab�1

~1%

~10%

(a)

(b)
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Table 6.2 summarizes the theoretical parameters used in the fit. The parameters are mainly

given by the lattice QCD calculations. The current largest uncertainty is in the calculations
of fB and BB for the |Vtb|/|Vts| derivation from the measured ∆md and ∆ms. To reduce
the uncertainty, the calculations for Bs mesons are adopted and they are related to be Bd

parameters through a SU(3) correction factor ξ which is better known. We adopted S.Sharpe’s
predictions [17] for the uncertainties in these parameters for the fit.

The constraint on (ρ̄, η̄) using all these measurements for the SM case is shown in Figure 6.7.
The plots are shown for (a) current Belle (∼500 fb−1) and (b) 50 ab−1. Drastic improvements are
expected with the statistical power of the SuperKEKB. Table 6.3 shows the errors in determined
(ρ̄, η̄) for the cases of the current Belle (∼0.5 ab−1) and the SuperKEKB(50 ab−1). An O(1%)
determination of (ρ̄, η̄) apex becomes possible at SuperKEKB.

The effect of New Physics(NP) is expected to appear in the measurements where the loop
diagrams contribute. In the SuperKEKB measurements, possible NP effects are expected to
contribute, for example, to the Bd box diagram and influence the measurements of sin 2φ1 (b → c)
and ∆md. On the other hand, the measurements of φ3 by B → D(∗)K(∗) and |Vub| by B → Xulν
are governed by pure tree-level diagrams only and do not include the NP effect. The comparison
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Flavor changing neutral current (FCNC)

(f ′ denotes a fermion in the gauge basis.) Mf
ij :=

v√
2
yfij (f = e, d, u) not diagonal.

Mass basis

Diagonalize Mf . Then gauge interaction may not be diagonal.

Unitary transformation: f ′
L,R = Uf

L,RfL,R, U
f
L,R: NG ×NG unitary (mixing)

f̄ ′
LM

ff ′
R = f̄LD

ffR (2.38)

Biunitary transformation:

Ue†
L MeUe

R = De = diag.(me,mµ,mτ ) (2.39)

Ud†
L MdUd

R = Dd = diag.(md,ms,mt) (2.40)

Uu†
L MuUu

R = Du = diag.(mu,mc,mt) (2.41)

mf ’s are real and positive. Note that a complex matrix has a polar decomposition

form.

−LFM = ēL De eR + d̄L Dd dR + ūL Du uR + h.c. (2.42)

CKM mixing

Charged current interactions in the mass basis

Quark sector:

q′L =

(
u′
L

d′L

)
=

(
Uu
LuL

Ud
LdL

)
(2.43)

Uu
L #= Ud

L =⇒ noncommuting with τ1,2of SU(2)L

Quark charged current interaction becomes generation-changing. (Neutral current

remains flavor diagonal. See below.)

Lepton sector:

l′L =

(
ν′L
e′L

)
=

(
Uν
LνL

Ue
LeL

)
(2.44)

We can take Uν
L = Ue

L owing to the masslessness of neutrinos, so that commuting

with τ1,2of SU(2)L.

we thus obtain

−LCC =
g√
2
W+

µ (ū′
Lγ

µd′L + ν̄′Lγ
µe′L) + h.c. (2.45)

=
g√
2
W+

µ

(
ūLγ

µUu†
L Ud

LdL + ν̄Lγ
µeL

)
+ h.c. (2.46)

9
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<latexit sha1_base64="HzLgnfUhFCiKzN5uZZj9nh066wo="></latexit>

but, commuting with ⌧3

where the positive directions of angles are counter clockwise. We note that the shape

of the unitarity triangle is not changed by rephasing of quark fields. Such a rephasing

only rotates the triangle in the complex plane.

Determination of the lengths of the sides and the interior angles is one of the major

tasks in flavor physics.

We note that the areas of all the possible UT’s are the same as half of J . This

implies that the UT is vanishing (squeezed) if CP is conserved or vice versa.

2.5 Flavor Changing Neutral Current

Absence of tree-level FCNC in the SM is explained.

Unbroken gauge interaction

The coupling of the photon and the gluon to fermions are described by the covariant

derivatives, Lf =
∑

f f̄ i /Df , at the tree level. Fermions of same U(1)em and SU(3)C

representations (charges) have a universal coupling to the photon and the gluon.

Hence, a mixing among them does not cause FCNCs. We note that fermions of U(1)em

and SU(3)C different representations do not mix owing to the gauge invariance.

At loop level, we expect gauge invariant FCNC operators such as f̄ ′σµνfFµν .

Z

Since the Z boson is associated to the broken gauge symmetry, the above argument

does not apply. Its coupling to fermions is given by

−LNC = gzZµ

∑

f

f̄γµ(T 3
L −Q sin2 θw)f , (2.63)

where gz := g/ sin θw and sin2 θw := g′2/(g2 + g′2) " 0.239 at q2 = 0.

We observe that the couplings of fermions with the same T 3
L and Q are universal.

Hence a mixing among such fermions does not cause FCNCs. In the SM, the (left

or right) down-type quarks mix with each other, but they have the same T 3
L and

Q. Thus, no FCNC exists in the down quark sector (at the tree level). The same

argument applies to the up quark sector and the charged lepton sector.

A vector-like quark model:

Suppose that we have gauge singlet down-type fourth generation (color-triplet) quarks

13

No tree-level FCNC in the SM

FCNC’s are loop-induced and suppressed.
good for new physics search
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           mixing
<latexit sha1_base64="0oC0Awx4ZWnZhWKsE9Q+TjvrsJw="></latexit>

P 0–P̄ 0

Two-level quantum system, but they decay.
open quantum system cf. qubit

<latexit sha1_base64="bGm2a+h+lGX2kJ+Ut+i/PIQUjyc="></latexit>

P 0 = K0(s̄d), D0(ūc), B0(b̄d), B0
s (b̄s)

Charged current
changing flavor by one unit <latexit sha1_base64="q4p5Qvui0unRZl+HEfIJz6Ii0g8="></latexit>

�s,�c,�b = ±1
<latexit sha1_base64="r151mXaDTpFcPo6N0+qjxT0yMMk="></latexit>

P 0–P̄ 0 induced by the 2nd order perturbation
e.g.

<latexit sha1_base64="26u6KNeqEGLM4DHx0havCss1kho="></latexit>

K0
<latexit sha1_base64="FH1GPm7xz8FSmSPlvYuJWvvdmLM="></latexit>

K̄0

<latexit sha1_base64="zdyHWeouyUYMw+pctnjbKQo4Q4U="></latexit>⇡

<latexit sha1_base64="zdyHWeouyUYMw+pctnjbKQo4Q4U="></latexit>⇡
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HW 3 a†⇡a
†
⇡aK0 , a†⇡a

†
⇡aK̄0 , h.c.
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Equation of motion
State:

<latexit sha1_base64="DfgJAOxDzEgiNTUmDk6XnqP9kEQ="></latexit>

| (t)i =  P (t)|P 0i+  P̄ (t)|P̄ 0i
<latexit sha1_base64="b50Pv2VF/nfNXleE8l0CMLI+UL0="></latexit>

| P (t)|2 + | P̄ (t)|2 = 1

Schrödinger equation
<latexit sha1_base64="ByyJX1u3/eR6BCdU83IhXzcZddg="></latexit>

i
d

dt

✓
 P (t)

 P̄ (t)

◆
=

✓
M11 � i

2�11 M12 � i
2�12

M21 � i
2�21 M22 � i

2�22

◆✓
 P (t)

 P̄ (t)

◆

<latexit sha1_base64="8EY3EpSifjlEp8tB5nR9719K7PI="></latexit>

M ,� : 2⇥ 2 hermite matrices

CPT invariance: <latexit sha1_base64="dieKgYp0UYZbI3+A9GnAFPowXII="></latexit>

M11 = M22(=: M0) , �11 = �22(=: �0)
<latexit sha1_base64="STARU/wdzX9MvL+Elsu3MY9rsSU="></latexit>

M12 =
X

n

P
1

mP � En
hP 0

|HW |nihn|HW |P̄ 0
i

�12 =
X

n

2⇡�(mP � En)hP
0
|HW |nihn|HW |P̄ 0

i

<latexit sha1_base64="XJOuHv5JQt9OxcEpa5gsJ1lscHw="></latexit>

1

x± i"
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x
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CP transformation:
<latexit sha1_base64="KZ/y3A/VcAPB9ldWPUM9wNZMN/Q="></latexit>

CP |P 0i = �|P̄ 0i (in our phase convention)

CP invariance: <latexit sha1_base64="M3qHGkDHH2Yiy1W3495MPJqaDPk="></latexit>

M12 = M21 = M⇤
12(= real) ,�12 = �21 = �⇤

12(= real)

<latexit sha1_base64="Q0Yxsu8Zu6QpikyNLItaZirwhIg="></latexit>

[M,�] = M12�12

0

BB@

�⇤
12

�12
� M⇤

12

M12
0

0
M⇤
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M12
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�12
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CCANote:
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Physical states and temporal evolution

<latexit sha1_base64="LqsT7JLacVXt/vJMR48DLevN724="></latexit>

|PH,Li = p|P 0i± q|P̄ 0i

(Heavy, Light)Eigenvectors of
<latexit sha1_base64="oGq8bLBiReHlWrWwCWyrVYjRrJI="></latexit>

M � i

2
�
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q

p
=

q
(M12 � i

2�12)(M⇤
12 � i
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⇤
12)

M12 � i
2�12
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|p|2 + |q|2 = 1

Eigenvalues (mass and width)
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�m := mH �mL = 2Re

r
(M12 �

i

2
�12)(M⇤

12 �
i

2
�⇤
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CP limit: <latexit sha1_base64="ccKlKVVskLcElboVLIeKY0evKyQ="></latexit>

|q/p| = 1 , �m = 2|M12| , �� = �12 , hPL|PHi = 0

CP eigenstates
<latexit sha1_base64="xkQuh6Qgsj3LXiuGKr05dI6FSyA="></latexit>

|P±i = (|P 0i ⌥ |P̄ 0i)/
p
2

Temporal evolution
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P 0 at t = 0
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P̄ 0 at t = 0
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|P 0(t)i = g+(t)|P 0i+ q

p
g�(t)|P̄ 0i
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|P̄ 0(t)i = p

q
g�(t)|P 0i+ g+(t)|P̄ 0i
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g±(t) :=
1

2
[exp (�i�Ht)± exp (�i�Lt)]
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Real meson-antimeson systems
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Figure 10.1.2. Left: Illustration of mass and width differences of the eigenstates (one denoted by full (red) line and the other
by dashed (blue) line) for various neutral meson systems. Right: Probabilities for an initially produced neutral meson to be
found after the time t in a particle (full (blue) line) or an anti-particle state (dashed (red) line).

Eur. Phys. J. C (2014) 74:3026 Page 121 of 928 3026

mass & width oscillation
A.J. Bevan et al. “The Physics of the B factories”, EPJC74(2014)3026.
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Figure 10.1.2. Left: Illustration of mass and width differences of the eigenstates (one denoted by full (red) line and the other
by dashed (blue) line) for various neutral meson systems. Right: Probabilities for an initially produced neutral meson to be
found after the time t in a particle (full (blue) line) or an anti-particle state (dashed (red) line).

Eur. Phys. J. C (2014) 74:3026 Page 121 of 928 3026

mass & width oscillation
A.J. Bevan et al. “The Physics of the B factories”, EPJC74(2014)3026.
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123

122

Table 10.1.1. Values of the mixing parameters for the different neutral mesons. All numbers are approximate to illustrate the
relative sizes.

Meson M/MeV ∆m/MeV Γ/MeV ∆Γ/MeV

K0 497.6 3.48 × 10−12 3.68 × 10−12 7.34 × 10−12

D0 1864.9 9.45 × 10−12 1.6 × 10−9 2.57 × 10−11

Bd 5279.6 3.34 × 10−10 4.43 × 10−10 ∼ 0

Bs 5366.8 1.16 × 10−8 4.39 × 10−10 6.58 × 10−11

With the same assumption |Γ12| ! |M12|, it also fol-
lows from Eq. (10.1.3) that

(
q

p

)

d

= e−iφM12 , (10.1.19)

where φM12 is the complex phase of M12.

10.2 Time-dependent evolution

Neutral Bd mesons (from now on referred to as B0 mesons)
are produced via e+e− → Υ (4S) → B0B0 transitions at
BABAR and Belle. The wave function for the final state
B meson pair is prepared in an anti-symmetric coherent
P -wave (L = 1) state Ψ , where

Ψ =
1√
2

(
|B0〉|B0〉 − |B0〉|B0〉

)
. (10.2.1)

The Bd mesons remain in this coherent state, where there
is always exactly one B0 and one B0, until one of them
decays. When the first B meson decays, the wave func-
tion collapses and the remaining un-decayed B meson will
continue to propagate through space-time and oscillate be-
tween a B0 and B0 state, with a characteristic frequency
∆md, until it also decays. This assumes that the BB pair
is successfully described by quantum mechanics, despite
the macroscopic extent of the state; aspects of this as-
sumption can be tested at the B Factories, as discussed
in Section 17.5.3.

If one of the B mesons decays into a final state that can
be used to unambiguously determine the flavor of the B
at the time it decayed, we refer to that as a Btag. The set
of decay modes of interest as a Btag candidate are referred
to as flavor-specific final states. An example of a flavor-
specific decay is B0 → D(∗)−%+ν", where % = e, µ. The
CP -conjugate process has a %− in the final state, so the
charge of the final-state lepton is used to identify the flavor
of the Btag with a B0 (B0) tag originating from a decay
with a %+ (%−). Similarly, if the other B decays into a CP -
eigenstate or admixture thereof, we refer to that as the
BCP . Events with one Btag and one BCP are of interest in
the study of time-dependent CP violation. This sequence
is illustrated in Fig. 10.2.1 as seen from the laboratory
frame of reference: in this frame, the center-of-mass frame
is boosted forward in the direction of the electron (high
energy) beam. The B mesons are created almost at rest
in the center-of-mass frame.

Having identified the flavor of Btag, one can infer the
flavor of BCP at the instant the first B meson decays, and
the correlated wave function collapses, using the time evo-
lution of the B0B0 system. The detailed study of this sys-
tem leads to the measurement of so-called time-dependent
asymmetries.

The decay times of BCP and Btag in the center-of-mass
frame of reference can be labeled as t1 and t2, respectively,
and the time evolution of the B0B0 system is a function
of t1 + t2 and t1 − t2 in general. Assuming a negligible
difference between the decay rates of the mass eigenstates
(i.e. ∆Γd = 0), the BCP decay rate distribution for BCP

decaying into a CP eigenstate for a B0 (B0) tagged event is
given by f+ (f−), following from g± defined in Eq. (10.1.7)

f±(∆t) =
e−|∆t|/τB0

4τB0

[
1 ± 2Imλ

1 + |λ|2 sin(∆md∆t)

∓1 − |λ|2

1 + |λ|2 cos(∆md∆t)

]
,

(10.2.2)

where τB0 ≡ 1/Γd is the B0 meson lifetime and λ is given
in Eq. (10.1.10). The sign of sine and cosine terms indi-
cated in Eq. (10.2.2) is for a CP odd final state such as
J/ψK0

S . CP even final states, such as π+π− have the oppo-
site sign conventions for the sinusoidal terms. The proper
time difference t1 − t2 between the decay times of the two
B mesons is denoted by ∆t (see Section 6.5), and terms
involving t1 + t2 drop out. One can compute the time de-
pendence of neutral mesons decaying into flavor-specific
final states (so called Bflav events), where λ = 0. These
events are used to provide an experimental cross check of
the time-dependent measurement and input parameters
required to perform time-dependent fits to data (see Sec-
tion 10.6). Analysis of such decays enables one to measure
∆md, where the time dependence becomes

h±(∆t) =
e−|∆t|/τB0

4τB0
[1 ∓ cos(∆md∆t)] . (10.2.3)

It has been pointed out that, while the assumption ∆Γd =
0 is valid at the B Factories, improved constraints on this
will be required at future experiments in order to verify
if one can continue to use this approximation (Bevan, In-
guglia, and Meadows, 2011).

The coefficients of the sine and cosine terms in equa-
tion (10.2.2) are often referred to in terms of the param-
eters S and C by the BABAR experiment and in terms of
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       mixing in the standard model
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Time-dependent CP asymmetry
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Figure 17.6.7. Flavor-tagged ∆t distributions (a,c) and raw CP asymmetries (b,d) for the BABAR (left, (Aubert, 2009z)) and
Belle (right, (Adachi, 2012c)) measurements of sin 2φ1. The top two plots show the B → (cc̄)K0

S (ηf = −1) samples, and the
bottom two show the B → J/ψK0

L (ηf = +1) sample. The shaded regions for BABAR represent the fitted background, while the
Belle distributions are background subtracted. The two experiments adopt the opposite color code in ∆t distribution plots.
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Figure 17.6.9. Distributions of ∆E for B0 → J/ψπ0 samples
used in the Belle measurement (Lee, 2008) of φ1. The super-
imposed curves show the signal (solid line), B → J/ψX back-
ground (dot-dashed line), combinatorial background (dashed
line) and the sum of all the contributions (thick solid line).

(Eq. (9.4.1)), and cos θH , where θH is the angle between
the positively charged lepton and the B candidate mo-
menta in the J/ψ rest frame. In contrast, Belle achieves
continuum background rejection by applying a cut on the
ratio of zeroth to second Fox-Wolfram moments, R2 < 0.4.
Details on these background suppression techniques can
be found in Chapter 9.

The most recent results obtained by BABAR (Aubert,
2008i) and Belle (Lee, 2008) use 465 ×106 and 535 ×106

BB pairs, respectively, and are summarized in Table 17.6.3.
BABAR finds CP violation with 4.0σ significance, and Belle
finds 2.4σ significance. Both results, and their average, are
consistent with the value of S measured in b → ccs decays.
The obtained value of C is consistent with zero.

Table 17.6.3. The time-dependent CP asymmetry parameters
−ηfS and C for the decay B0 → J/ψπ0. The first quoted
uncertainty is statistical, and the second is systematic. The
averages are obtained by HFAG (Amhis et al., 2012).

Experiment −ηfS C
BABAR 1.23 ± 0.21 ± 0.04 −0.20 ± 0.19 ± 0.03
Belle 0.65 ± 0.21 ± 0.05 −0.08 ± 0.16 ± 0.05
Average 0.93 ± 0.15 −0.10 ± 0.13

17.6.4.2 B0 → D(∗)±D(∗)∓

The decay B0 → D(∗)±D(∗)∓ is dominated by a color-
favored tree-diagram in the SM. When neglecting the pen-
guin (loop) diagram, the mixing induced CP asymmetry
of B0 → D(∗)±D(∗)∓ is also determined by sin 2φ1. The
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◼︎Quark flavor mixing and CP violation in the SM
CKM matrix: 3 mixing angles and 1 phase, UT

◼︎Meson-antimeson mixing
Degenerate two-level open quantum system

◼︎CP violation in B decays
Time-dependent CP asymmetry <latexit sha1_base64="vlUhXYdqzBtnNWCvTJA60/6bJiE="></latexit>

Bd ! J/ KS

◼︎Subjects not explained
determination, HQET, EFT and renormalization,

<latexit sha1_base64="2Jdb/vHtBEjOsTvQd8bsEfKDE/Q="></latexit>

|Vij |,�2,3

rare decays, LFU, (c)LFV, neutrino physics, etc.


