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歴史
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6クォーク模型

1974: S.Ting, B. Richter (ノーベル賞1976)
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1994: CDF, D0
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B中間子崩壊におけるCPの破れの確立
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タウの発見
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ボトムの発見
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CP
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PARITY
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空間反転: xµ = (t,x) −→ xµ = (t,−x)

ψ =
(

ξ
η

)
Dirac field: (chiral representation)

γ5 =
(
−1 0
0 1

)
, γ0 =

(
0 1
1 0

)
, γi =

(
0 σi

−σi 0

)

Chirality = γ5の固有値
γ5ψL = −ψL, γ5ψR = ψR

ψL : 左巻き, ψR : 右巻き
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左巻きと右巻きは独立な自由度.

ψL =
1− γ5

2
ψ =

(
ξ
0

)
, ψR =

1 + γ5

2
ψ

(
0
η

)

ψ(t,x) P−→ γ0ψ(t,−x)

ψL −→ γ0ψR

ψ̄1Lγµψ2L −→ ψ̄1Rγµψ2R

Vµ −→ V µ
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CHARGE CONJUGATION

荷電共役:  粒子⇔反粒子

左巻きと右巻きも入れ換える.

ψ(t,x) C−→ −iγ2[ψ†(t,x)]T

ψL −→ −iγ2[ψ†
R]T

ψ̄1Lγµψ2L −→ −ψ̄2Rγµψ1R

Vµ −→ −V †
µ
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CP

11

左巻き(右巻き)だけで閉じる.

カイラルな理論
P, Cは破れている.
CPは保存していてもよい.

ψ(t,x) CP−→ −iγ0γ2[ψ†(t,−x)]T

ψL −→ −iγ0γ2[ψ†
L]T

ψ̄1Lγµψ2L −→ −ψ̄2Lγµψ1L

Vµ −→ −V †µ
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物質と反物質
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セミレプトニック崩壊におけるCPの破れKL

AL =
Γ(KL → π−"+νL)− Γ(KL → π+"−ν̄L)
Γ(KL → π−"+νL) + Γ(KL → π+"−ν̄L)

数の少ない荷電レプトン(!−)を物質と”定義”.

Citation: C. Amsler et al. (Particle Data Group), PL B667, 1 (2008) (URL: http://pdg.lbl.gov)

Quadratic parametrization assuming µ-e universality

λ′+(K0
µ3) = λ′+(K0

e3) = (2.40 ± 0.12) × 10−2 (S = 1.2)

λ′′+(K0
µ3) = λ′′+(K0

e3) = (0.20 ± 0.05)×10−2 (S = 1.2)

λ0(K
0
µ3) = (1.16 ± 0.09) × 10−2 (S = 1.2)

Pole parametrization assuming µ-e universality

Mµ
V (K0

µ3) = M e
V (K0

e3) = 878 ± 6 MeV (S = 1.1)

Mµ
S (K0

µ3) = 1252 ± 90 MeV (S = 2.6)

K0
e3

∣∣fS/f+
∣∣ = (1.5+1.4

−1.6) × 10−2

K0
e3

∣∣fT /f+
∣∣ = (5+4

−5) × 10−2

K0
µ3

∣∣fT /f+
∣∣ = (12 ± 12) × 10−2

KL → "+ "−γ, KL → "+ "− "′+ "′−: αK∗ = −0.205 ±
0.022 (S = 1.8)

K0
L → "+ "−γ, K0

L → "+ "− "′+ "′−: αDIP = −1.69 ±
0.08 (S = 1.7)

KL → π+π− e+ e−: a1/a2 = −0.737 ± 0.014 GeV2

KL → π02γ: aV = −0.54 ± 0.12 (S = 2.8)

CP-violation parametersCP-violation parametersCP-violation parametersCP-violation parameters [ee]

AL = (0.332 ± 0.006)%∣∣η00
∣∣ = (2.222 ± 0.012) × 10−3 (S = 1.7)

∣∣η+−
∣∣ = (2.233 ± 0.012) × 10−3 (S = 1.7)

∣∣ε
∣∣ = (2.229 ± 0.012) × 10−3 (S = 1.7)

∣∣η00/η+−
∣∣ = 0.9951 ± 0.0008 [hh] (S = 1.6)

Re(ε′/ε) = (1.65 ± 0.26) × 10−3 [hh] (S = 1.6)

Assuming CPT

φ+− = (43.51 ± 0.05)◦ (S = 1.1)

φ00 = (43.52 ± 0.05)◦ (S = 1.1)

φε=φSW = (43.51 ± 0.05)◦ (S = 1.1)
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実験値: 

s̄

d

ν

"̄

ū

d
KL ∼ p

∣∣K0
〉

+ q
∣∣K̄0

〉
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小林•益川 理論
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標準模型
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SU(3)C × SU(2)L × U(1)Y
〈Φ〉−→ SU(3)C × U(1)EM

Q = T3 + Y

G W B lLi eRi qLi uRi dRi Φ
SU(3)C 8 1 1 1 1 3 3 3 0
SU(2)L 1 3 1 2 1 2 1 1 2
U(1)Y 0 0 0 –1/2 –1 1/6 2/3 –1/3 1/2

i = 1, 2, 3, · · ·世代

lLi =
(

νLi

"Li

)
, qLi =

(
uLi

dLi

)
, Φ =

(
φ+

φ0

)
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荷電カレント相互作用
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ゲージ相互作用の固有状態 d′
L , u′

L

LCC =
g2√
2
W+

µ ū′Liγ
µd′Li +

g2√
2
W−

µ d̄′Liγ
µu′Li

質量の固有状態 dL , uL

LCC =
g2√
2
W+

µ ūLγµV dL +
g2√
2
W−

µ d̄LγµV †uL

V ≡ U†
uUd Cabibbo-Kobayashi-Maskawa 行列

Ud,u ユニタリー行列
d′

L = Ud dL , u′
L = Uu uL
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CPの破れ
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LCC =
g2√
2
Vij W+

µ ūLiγ
µdLj +

g2√
2
V ∗

ij W−
µ d̄Ljγ

µuLi

CP変換

LCP
CC =

g2√
2
Vij W−

µ d̄Ljγ
µuLi +

g2√
2
V ∗

ij W+
µ ūLiγ

µdLj

Vijの複素位相
クォークの位相の定義に依存.

CPの破れ Vij != V ∗
ij
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CKM行列のユニタリティー
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複素平面上の三角形
ユニタリティートライアングル

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.
3∑

k=1

eiθkV ∗
kie

−iθie−iθkVkje
iθj = ei(θj−θi)

3∑

k=1

V ∗
kiVkj = 0

i != j のとき,
3∑

k=1

V ∗
kiVkj = 0
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三角形がつぶれない

Vij実数でない が存在
(クォークの位相に依らず)

がCPを破るLCC

三角形の面積 ~ CPの破れの大きさ
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N世代理論

19

N=2はダメ.

N角形がつぶれない CPの破れ

N≥3ならOK.

クォークは６種類以上.

小林•益川の発見. ノーベル賞(2008)

(N − 1)(N − 2)/2物理的複素位相の数

19



CKM行列の構造

20

VCKM =




Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb





=




c12c13 s12c13 s13e−iδ13

−s12c23 − c12s23s13eiδ13 c12c23 − s12s23s13eiδ13 s23c13

s12s23 − c12c23s13eiδ13 −c12s23 − s12c23s13eiδ13 c23c13





cij = cos θij , sij = sin θij

PDG parameterization
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Wolfenstein parametrization

実験: 1! |Vus|! |Vcb|! |Vub|

s12 = λ ! 0.22, s23 = λ2A, s13e
−iδ13 = λ3A(ρ− iη)




1− λ2

2 λ λ3A(ρ− iη)
−λ 1− λ2

2 λ2A
λ3A(1− ρ− iη) −λ2A 1



 + O(λ4)
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Bの物理
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B中間子の基本的性質

23

質量: mB ∼ 5.3 GeV
寿命:

(mb ∼ 4.2 GeV)
τB ∼ 1.6 ps

SU(3) 3重項(B+, B0
d, B0

s ) = (b̄u, b̄d, b̄s)

(B−, B̄0
d, B̄0

s ) = (ūb, d̄b, s̄b)

崩壊様式:

u

b̄

f1

f̄2

annihilation

d, s

b̄

c, u

c̄, ū

spectator exchange
q

b̄

q

f1

f̄2

c̄, ū
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B中間子とUT
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V ∗
ubVud + V ∗

cbVcd + V ∗
tbVtd = 0

ρ̄ = ρ(1− λ2/2 + · · · )
η̄ = η(1− λ2/2 + · · · )

ρ̄

η̄

0 1
V ∗

cbVcd

V ∗

tbVtdV ∗

ubVud

φ3 φ1

φ2

1

24
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1

∆mdB → Xulν
B → (ρ,π)lν

B → D∗lν
B → Xclν

B → ππ

B → DK

B → J/ψKS
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             混合
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box diagram

topの寄与が支配的
M12(Bd) ∝ (VtbV

∗
td)

2

M12(Bs) ∝ (VtbV
∗
ts)

2

B0–B̄0
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質量差
∆mq ! 2|M12(Bq)| (q = d, s)

0 0.5 1 1.5 2 2.5 3

t/!

0

0.2

0.4

0.6

0.8

1

D
ec

ay
 r

at
e

B
0
(t) !!> l

+
X

B
0
(t) !!> l

"
X

Flavor specific decay

#m/!=2
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ξ = 1.23± 0.02± 0.03 lattice QCD

∆md

∆ms
=

∣∣∣∣
Vtd

Vts

∣∣∣∣
2

ξ2 ξ : SU(3)の破れ

∣∣∣∣
Vtd

Vts

∣∣∣∣ = 0.209± 0.001± 0.006

∆ms = 17.77± 0.10± 0.07 ps−1
∆md = 0.507± 0.005 ps−1実験値:
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CP非対称性

29

Γ(B0(t)→ f) ∝ 1 + |λf |2 + (1− |λf |2) cos∆m t

+ 2 Imλf sin∆m t

Γ(B̄0(t)→ f) ∝ 1 + |λf |2 − (1− |λf |2) cos∆m t

− 2 Imλf sin∆m t

λf =
q

p

〈f |B̄0〉
〈f |B0〉 # M∗

12

|M12|
〈f |B̄0〉
〈f |B0〉

Af =
Γ(B̄0(t)→ f)− Γ(B0(t)→ f)
Γ(B̄0(t)→ f) + Γ(B0(t)→ f)

= Sf sin∆m t− Cf cos∆m t
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30

Cf =
1− |λf |2

1 + |λf |2

Mixing induced CPV Sf = − 2 Imλf

1 + |λf |2

B0

B̄0

f

Direct CPV

B f
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(CP odd)f = J/ψ KS

SJ/ψKS
= sin 2φ1 CJ/ψKS

= 0

sin 2φ1 = 0.681± 0.025
実験値

λJ/ψKS
=

M∗
12

|M12| =
V ∗

tbVtd

VtbV ∗
td

= e−2iφ1
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まとめ
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✦ CPの破れ ~ 複素位相

3世代で1つの複素位相
✦ 小林•益川理論

ユニタリティートライアングル
✦ Bの物理

UTの辺, 角度
B0–B̄0混合
(Rare decays, penguin diagram)

(QCD, HQET)
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14 11. CKM quark-mixing matrix
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Figure 11.2: Constraints on the ρ̄, η̄ plane. The shaded areas have 95% CL.

These values are obtained using the method of Refs. [5,89], and the prescription of
Refs. [98,115] gives similar results [116]. The fit results for the magnitudes of all nine
CKM elements are

VCKM =




0.97419 ± 0.00022 0.2257 ± 0.0010 0.00359 ± 0.00016
0.2256 ± 0.0010 0.97334 ± 0.00023 0.0415+0.0010

−0.0011

0.00874+0.00026
−0.00037 0.0407 ± 0.0010 0.999133+0.000044

−0.000043



 , (11.27)

and the Jarlskog invariant is J = (3.05+0.19
−0.20) × 10−5.

Fig. 11.2 illustrates the constraints on the ρ̄, η̄ plane from various measurements and
the global fit result. The shaded 95% CL regions all overlap consistently around the
global fit region, though the consistency of |Vub/Vcb| and sin 2β is not very good.
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