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SM Lagrangian

3

る。1つずつ確認していこう。

SU(3)2 U(1)

(6.28) の右辺は各項 Tr
({

T a, T b
}
Y
)
= 1

2δ
abY となり、クォークのハイ

パーチャージの和に比例する。表 6.2を見ながらハイパーチャージの和を
求めると：

∑
Y = YQ × 2− (YuR + YdR) = 0 (6.29)

となり、このダイアグラムへの寄与は打ち消し合っていることが確認でき
る。ここで YQ の値を 2倍しているのは SU(2)二重項を構成する uL, dL

が同じハイパーチャージを持つからである。
SU(2)2 U(1)

SU(2)の生成子の扱いについては SU(3)の場合と同様だが、今回は左巻き
フェルミオンだけが寄与するのでそれを求めると

∑
Y = YQ × 3 + YL = 0 (6.30)

であり、それぞれの寄与が打ち消し合っている。
U(1)3

全てのクォーク、レプトンが寄与する。ハイパーチャージの三乗和
∑

Y 3

を求めると以下のように 0であることが分かる：
∑

Y 3 =
(
Y 3
Q × 3 + Y 3

L

)
× 2

−
{(

Y 3
uR

+ Y 3
dR

)
× 3 + Y 3

eR

}
= 0. (6.31)

以上のように素粒子標準模型では一般にカイラルなゲージ理論で生じるゲージ・
アノマリーが各フェルミオンの寄与によって相殺していることが確認できた。

6.4 標準模型のラグランジアン
標準模型のラグランジアンはゲージ場、フェルミオン、ヒッグス場の運動項

(Lkin)、湯川相互作用 (LYukawa)、ヒッグス場の自己相互作用によるスカラー
ポテンシャル (VHiggs)から構成される:

L = Lkin + LYukawa − VHiggs. (6.32)

運動項 Lkin は

Lkin = −1

4

8∑

a=1

Ga
µνG

aµν − 1

4

3∑

a=1

W a
µνW

aµν − 1

4
BµνB

µν

+ iψLγ
µDµψL + iψRγ

µDµψR + |Dµφ|2 (6.33)

で与えられる。ここで右辺の最初の 3項はそれぞれグルーオン、SU(2)L ゲー
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(Cφ∗)′ = U (Cφ∗) (6.68)

となる。したがって右巻き uクォークを含む湯川相互作用は (6.60)ではなく、

QuRφ
c (6.69)

という形でなくてはならない。結局、湯川相互作用のラグランジアンは

−LYukawa = fuQuRφ
c + fdQdRφ+ feLeRφ+ h.c. (6.70)

となる。ここで fu, fd, feは uクォーク、dクォーク、電子の湯川結合定数と呼
ばれる。またラグランジアンのエルミート性を保証するため、エルミート共役
の項 (h.c.) を加えておく必要がある。また右辺のマイナス符号は運動項に対す
る相互作用項の相対符号を表す (L = T − V )。

6.4.3 ヒッグスポテンシャル
最後にヒッグスポテンシャルについて述べておく。これまで紹介したゲージ
相互作用、湯川相互作用以外にゲージ不変性を満たす相互作用としてヒッグス
場の自己相互作用がある。ヒッグス場 φは SU(2)L 二重項なので、φ†φという
項はつねにゲージ対称性を満たす。ヒッグス場の自己相互作用のみで構成され
るポテンシャルをヒッグスポテンシャルといい、次式で与えられる：

V = µ2φ†φ+ λ(φ†φ)2 (µ2 < 0, λ > 0), (6.71)

ここで λ > 0はポテンシャル V が有限な最小値 (Vmin)を持つために必要な条
件である。ポテンシャル V の最小値は系のもっとも安定な状態（基底状態もし
くは真空という）に対応する。ヒッグスポテンシャルは φ†φ = |φ|2 と |φ|4 の
項からなるため、φの増大に伴って |φ|2 ≪ |φ|4 となり、第二項が支配的にな
る。もし λ < 0ならば φの値が大きな極限で V → −∞となり、Vmin が定ま
らず、系が不安定になる。
SU(2)L 二重項のスカラー場は次のように実数部分と虚数部分にわけられる：

φ = Re φ+ iIm φ. (6.72)

するとヒッグスポテンシャルの SU(2)L 不変性は

φ†φ = (Re φ)2 + (Im φ)2 (6.73)

で表される。λ > 0の下で µ2 > 0であれば Re φ = Im φ = 0で Vmin = 0

となる。しかし µ2 < 0の場合、極値を持つ条件 ∂V
∂φi

= 0からポテンシャルは
V = 0以外にも極値を持ち、最小値 Vmin は φ†φが

φ†φ = (Re φ)2 + (Im φ)2 = −µ2

2λ
(6.74)
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第 7 章
電弱対称性の自発的破れとその帰結

本章では自発的対称性の破れのアイデアをゲージ理論に適用したヒッグス機
構について解説する。素粒子標準模型では、弱い相互作用と電磁相互作用を統
一的に記述する SU(2)L ×U(1)Y 対称性（電弱対称性）が自発的に破れ、量子
電気力学のゲージ対称性 U(1)EM が残る。この対称性の破れがどのように実現
され、クォークやレプトン、ゲージ粒子等が質量を獲得するに至るのか、具体
的に追っていく。また電弱対称性の自発的破れを通して、素粒子標準模型の検
証および標準模型を越える素粒子模型の可能性をテストする方法についても紹
介する。

7.1 ゲージ対称性とゲージ場の質量
おさらいを兼ねて電磁相互作用するスカラー場の模型を考えよう。そのよう
な模型はスカラー QEDと呼ばれ、U(1)EM 不変なラグランジアン

L = −1

4
FµνF

µν + |Dµφ|2 − V (φ) (7.1)

で記述される。スカラー場 φ、電磁場 Aµ のゲージ変換は

φ→ eiαφ, Aµ → Aµ −
1

e
∂µα (7.2)

で与えられ、共変微分は Dµφ = (∂µ + ieAµ)φである。ポテンシャル V は理
論のくりこみ可能性を考慮し ∗1）

V = µ2φ∗φ+ λ(φ∗φ)2 (7.3)

で与えられる。µ2が負のとき、このポテンシャルはφが ⟨φ⟩ = v√
2
, v2 = −µ2/λ

で最小となり、自発的にゲージ対称性を破る。スカラー場 φを真空期待値 vと

*1） ラグランジアンを構成する項が、結合定数を除いて質量次元で 4 を超えないことを要
請する。
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Gauge boson mass
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W-boson

6

7.2 電弱対称性の自発的破れと素粒子の質量
前節までの電弱対称性の自発的破れの議論を踏まえ、ここでは素粒子標準模
型においてゲージボソンやフェルミオンがどのように質量を獲得するのか解説
する。すでに示したようにヒッグス場 φは一般に 4つの実数場と真空期待値

φ =

(
ρ+ iξ

1√
2
(v + h+ iη)

)
(7.20)

で表される。ここで ρ, ξ, ηは南部-ゴールドストーンボソンであり、Higgs機構
によってW±, Z ボソンに吸収される。hはヒッグスボソンである。以下、ゲー
ジボソンやフェルミオンが質量を獲得する過程ではヒッグス場の真空期待値だ
けが関係するので、

φ→
(

0
v√
2

)
(7.21)

とする。

7.2.1 ゲージボソン質量
ヒッグス場 φとゲージボソンの相互作用は運動項 |Dµφ|2 で与えられる。共
変微分 (6.53)よりW± ボソンの質量項は

Lmass =

∣∣∣∣∣i
g√
2

(
T+W+

µ + T−W−
µ

)
(

0
v√
2

)∣∣∣∣∣

2

=
g2

2

(
v√
2

)2

W+
µ Wµ−

= m2
WW+

µ Wµ− (7.22)

となり、W± ボソンの質量mW は

mW =
gv

2
(7.23)

となる。次に中性ゲージボソン (A,Z)についてみる。まず φの真空期待値が
入った成分は電荷ゼロの成分 ϕ0なので光子Aµとは相互作用しない。したがっ
て真空期待値は光子に質量を与えない。Z に関しては、ϕ0の弱アイソスピン第
3成分が I3 = − 1

2、電荷 Q = 0を考慮して

Lmass =

∣∣∣∣igZ(I3 −Q sin2 θW )Zµ
v√
2

∣∣∣∣
2

=

(
gZv

2
√
2

)2

ZµZ
µ

=
1

2
m2

ZZµZ
µ (7.24)

7.2 電弱対称性の自発的破れと素粒子の質量 157

7.2 電弱対称性の自発的破れと素粒子の質量

²
…�‡�p�w�?	��0	¶
Q�w�×
C�$
��•�w�^�æ�›�•�‡�Q�z�\�\�p�x
É�{� 
ª	j�Û

���t�S�M�o�®�”�´�Ø�¹�ï�•�Ñ�£�ç�Û�¦�ï�U�r�w�‘�O�t�í�”�›�«�˜�b�”�w�T�r
†

�b�”�{�b�p�t�Ô�`�h�‘�O�t�Î�¿�¬�µ	Ô ! �x�°
`�t 4 �m�w�î
:	Ô�q
��í�8�4�‹

! =

!
" + i#

1!
2
(v + h + i$)

"

(7.20)

�p
¯�^�•�”�{�\�\�p " , #, $ �x�Æ
æ-�°�”�ç�Å�µ�Ä�”�ï�Ø�¹�ï�p�K�“�z Higgs�;�Ï

�t�‘�l�o W ± , Z �Ø�¹�ï�t�u	)�^�•�”�{ h �x�Î�¿�¬�µ�Ø�¹�ï�p�K�”�{�Ž�<�z�®�”

�´�Ø�¹�ï�•�Ñ�£�ç�Û�¦�ï�U�í�”�›�«�˜�b�”�a���p�x�Î�¿�¬�µ	Ô�w
��í�8�4�‹�i

�Z�U�����b�”�w�p�z

! !

!
0
v!
2

"

(7.21)

�q�b�”�{

7.2.1 ゲージボソン質量
�Î�¿�¬�µ	Ô ! �q�®�”�´�Ø�¹�ï�w
ì�“�^�;�x�á�ˆ�ò |Dµ ! |2 �p�)�Q�’�•�”�{�ž

�!
•
ü (6.53) �‘�“ W ± �Ø�¹�ï�w�í�”�ò�x

L mass =

#
#
#
#
#
i

g
"

2

$
T+ W +

µ + T" W "
µ

%
!

0
v!
2

" #
#
#
#
#

2

=
g2

2

&
v

"
2

' 2

W +
µ W µ "

= m2
W W +

µ W µ " (7.22)

�q�s�“�z W ± �Ø�¹�ï�w�í�” mW �x

mW =
gv
2

(7.23)

�q�s�”�{�Í�t�¤
Q�®�”�´�Ø�¹�ï (A, Z ) �t�m�M�o�ˆ�”�{�‡�c ! �w
��í�8�4�‹�U

�Ö�l�h
R
ü�x�?�Y�¸�é�w
R
ü %0 �s�w�p�«�  Aµ �q�x
ì�“�^�;�`�s�M�{�`�h�U�l

�o
��í�8�4�‹�x�«� �t�í�”�›�)�Q�s�M�{ Z �t���`�o�x�z %0 �w	��ž� �¹�µ�Ð�ï�H

3 
R
ü�U I 3 = # 1
2 �z�?�Y Q = 0 �›�ß�€�`�o

L mass =

#
#
#
#igZ (I 3 # Q sin2 &W )Zµ

v
"

2

#
#
#
#

2

=
&

gZ v

2
"

2

' 2

Zµ Z µ

=
1
2

m2
Z Zµ Z µ (7.24)

7.2 �?	��0	¶
Q�w�×
C�$
��•�q
É�{� �w�í�” 157

W-boson mass
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Z-boson
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É�{� �w�í�”

前節までの電弱対称性の自発的破れの議論を踏まえ、ここでは素粒子標準模
型においてゲージボソンやフェルミオンがどのように質量を獲得するのか解説
する。すでに示したようにヒッグス場 φは一般に 4つの実数場と真空期待値

φ =

!
ρ + iξ

1!
2
(v + h + iη)

"

(7.20)

で表される。ここで ρ, ξ, ηは南部-ゴールドストーンボソンであり、Higgs機構
によってW ± , Z ボソンに吸収される。hはヒッグスボソンである。以下、ゲー
ジボソンやフェルミオンが質量を獲得する過程ではヒッグス場の真空期待値だ
けが関係するので、

φ !

!
0
v!
2

"

(7.21)

とする。

7.2.1 �®�”�´�Ø�¹�ï�í�”

ヒッグス場 φとゲージボソンの相互作用は運動項 |Dµφ|2 で与えられる。共
変微分 (6.53)よりW ± ボソンの質量項は

L mass =

#
#
#
#
#
i

g
"

2

$
T+ W +

µ + T" W "
µ

%
!

0
v!
2

" #
#
#
#
#

2

=
g2

2

&
v

"
2

' 2

W +
µ W µ "

= m2
W W +

µ W µ " (7.22)

となり、W ± ボソンの質量mW は

mW =
gv
2

(7.23)

となる。次に中性ゲージボソン (A, Z ) についてみる。まず φの真空期待値が
入った成分は電荷ゼロの成分 ϕ0なので光子 Aµ とは相互作用しない。したがっ
て真空期待値は光子に質量を与えない。Z に関しては、ϕ0の弱アイソスピン第
3成分が I 3 = # 1

2、電荷 Q = 0 を考慮して

L mass =

#
#
#
#igZ (I 3 # Q sin2 θW )Zµ

v
"

2

#
#
#
#

2

=
&

gZ v

2
"

2

' 2

Zµ Z µ

=
1
2

m2
Z Zµ Z µ (7.24)
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�q�s�“�z mZ �x

mZ =
gZ v

2
(7.25)

�p�)�Q�’�•�”�{

7.2.2 �Ñ�£�ç�Û�¦�ï�í�”

�Ñ�£�ç�Û�¦�ï�w�í�”�x�l
’
ì�“�^�; (6.70) �t�S�M�o�Î�¿�¬�µ	Ô ! �U
��í�8�4

�‹�›	��”�\�q�p�˜�’�•�”�{�‡�c�è�Ó�Ä�ï�w�í�”�›�_�‘�O�{

! L Yukawa = f eLeR ! + h .c.

= f e(" e eL )eR

!
0
v!
2

"

+ h .c.

= f e
v

"
2

eL eR + h .c. (7.26)

�q�s�”�w�p�z�?� �w�í�” me �x

me = f e
v

"
2

(7.27)

�p�)�Q�’�•�”�{ d �«�¥�”�«�w�í�”�x (" e, eL ) # (uL , dL ), eR # dR , f e # f d

�q�”�V�õ�Q�o

md = f d
v

"
2

(7.28)

�q�s�”�{�7�™�t u �«�¥�”�«�w�í�”�i�U�l
’
ì�“�^�;�w�å�¬�å�ï�´�ž�ï�x ! c =

i#2! " �›�ß�€�b�”�q ($+ " = $# )

! L Yukawa = f u QuR ! c + h .c.

= f u (uL dL )uR

!
$0"

! $#

"

(7.29)

�q�s�”�{
��í�8�4�‹ v �x�î
:�s�w�p u �«�¥�”�«�w�í�”�ò mu �x

! L Yukawa = f u uL uR
v

"
2

+ h .c. (7.30)

�‘�“

mu = f u
v

"
2

(7.31)
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��í�8�4
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�\�\�‡�p�x�Ñ�£�ç�Û�¦�ï�w
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H
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gZ =
g

cos! W

Z-boson mass

(vector)2-(scalar)2
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W, Z boson mass

9

�q�s�“�z mZ �x

mZ =
gZ v

2
(7.25)
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7.2.2 �Ñ�£�ç�Û�¦�ï�í�”
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��í�8�4

�‹�›	��”�\�q�p�˜�’�•�”�{�‡�c�è�Ó�Ä�ï�w�í�”�›�_�‘�O�{

! L Yukawa = f eLeR ! + h .c.

= f e(" e eL )eR

!
0
v!
2

"

+ h .c.

= f e
v

"
2

eL eR + h .c. (7.26)

�q�s�”�w�p�z�?� �w�í�” me �x

me = f e
v

"
2

(7.27)

�p�)�Q�’�•�”�{ d �«�¥�”�«�w�í�”�x (" e, eL ) # (uL , dL ), eR # dR , f e # f d

�q�”�V�õ�Q�o

md = f d
v

"
2

(7.28)

�q�s�”�{�7�™�t u �«�¥�”�«�w�í�”�i�U�l
’
ì�“�^�;�w�å�¬�å�ï�´�ž�ï�x ! c =

i#2! " �›�ß�€�b�”�q ($+ " = $# )

! L Yukawa = f u QuR ! c + h .c.

= f u (uL dL )uR

!
$0"

! $#

"

(7.29)

�q�s�”�{
��í�8�4�‹ v �x�î
:�s�w�p u �«�¥�”�«�w�í�”�ò mu �x

! L Yukawa = f u uL uR
v

"
2

+ h .c. (7.30)

�‘�“

mu = f u
v

"
2

(7.31)
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H
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Z-boson mass

7.2 電弱対称性の自発的破れと素粒子の質量

²
…�‡�p�w�?	��0	¶
Q�w�×
C�$
��•�w�^�æ�›�•�‡�Q�z�\�\�p�x
É�{� 
ª	j�Û

���t�S�M�o�®�”�´�Ø�¹�ï�•�Ñ�£�ç�Û�¦�ï�U�r�w�‘�O�t�í�”�›�«�˜�b�”�w�T�r
†

�b�”�{�b�p�t�Ô�`�h�‘�O�t�Î�¿�¬�µ	Ô ! �x�°
`�t 4 �m�w�î
:	Ô�q
��í�8�4�‹

! =

!
" + i#

1!
2
(v + h + i$)

"

(7.20)

�p
¯�^�•�”�{�\�\�p " , #, $ �x�Æ
æ-�°�”�ç�Å�µ�Ä�”�ï�Ø�¹�ï�p�K�“�z Higgs�;�Ï

�t�‘�l�o W ± , Z �Ø�¹�ï�t�u	)�^�•�”�{ h �x�Î�¿�¬�µ�Ø�¹�ï�p�K�”�{�Ž�<�z�®�”

�´�Ø�¹�ï�•�Ñ�£�ç�Û�¦�ï�U�í�”�›�«�˜�b�”�a���p�x�Î�¿�¬�µ	Ô�w
��í�8�4�‹�i
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!
0
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2

"

(7.21)

�q�b�”�{

7.2.1 ゲージボソン質量
�Î�¿�¬�µ	Ô ! �q�®�”�´�Ø�¹�ï�w
ì�“�^�;�x�á�ˆ�ò |Dµ ! |2 �p�)�Q�’�•�”�{�ž

�!
•
ü (6.53) �‘�“ W ± �Ø�¹�ï�w�í�”�ò�x

L mass =

#
#
#
#
#
i

g
"

2

$
T+ W +

µ + T" W "
µ

%
!

0
v!
2

" #
#
#
#
#

2

=
g2

2

&
v

"
2

' 2

W +
µ W µ "

= m2
W W +

µ W µ " (7.22)

�q�s�“�z W ± �Ø�¹�ï�w�í�” mW �x

mW =
gv
2

(7.23)

�q�s�”�{�Í�t�¤
Q�®�”�´�Ø�¹�ï (A, Z ) �t�m�M�o�ˆ�”�{�‡�c ! �w
��í�8�4�‹�U

�Ö�l�h
R
ü�x�?�Y�¸�é�w
R
ü %0 �s�w�p�«�  Aµ �q�x
ì�“�^�;�`�s�M�{�`�h�U�l
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��í�8�4�‹�x�«� �t�í�”�›�)�Q�s�M�{ Z �t���`�o�x�z %0 �w	��ž� �¹�µ�Ð�ï�H

3 
R
ü�U I 3 = # 1
2 �z�?�Y Q = 0 �›�ß�€�`�o

L mass =

#
#
#
#igZ (I 3 # Q sin2 &W )Zµ

v
"

2

#
#
#
#

2

=
&

gZ v

2
"

2

' 2

Zµ Z µ

=
1
2

m2
Z Zµ Z µ (7.24)
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W-boson mass

gZ =
g

cos! W

7.3 �®�”�´�Ø�¹�ï�w�í�”�q ! �Í�å�Ý�”�»

�Ü (7.23), (7.25) �p�)�Q�’�•�” W ± , Z �Ø�¹�ï�w�í�”�x gz = g
cos ! W

�t�«�™�b

�”�q

! !
m2

W

m2
Z cos2 "W

= 1 (7.38)

�›�¬�h�b�\�q�U�˜�T�”�{�‡�h�™�t	\�‚�”�‘�O�t�z�î�g�Ã�”�»�T�’
‡	×�t�‘�M
^

�S�p ! = 1 �q�ˆ�s�d�”�\�q�U�Œ�’�•�o�M�”�{�\�w
…�p�x�\�w�����Ü (7.38) �U
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Q�w�<�p�w�Î�¿�¬�µ	Ô�w
¯�q�w
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�q�›	º�p�b�”�{

�\�•�‡�p�Î�¿�¬�µ	Ô�x SU(2)L " U(1)Y �w�‹�q�p�ž� �¹�µ�Ð�ï�Ë	O�ò (I =
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`�$�s�����Ü�›�{�Š�o�ˆ�‘�O�{

W ± �Ø�¹�ï�w�í�”�ò�x
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!
!
!i

g
$

2

"
T+ W +
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!
!
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!

2

=
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2

"
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%#&2W +
µ W ! µ

= m2
W W +

µ W ! µ (7.39)

�p�)�Q�’�•�”�{�\�\�p %#&�x�Î�¿�¬�µ	Ô # �w
��í�8�4�‹�p�K�“�z SU(2) �w�Ë	O

�ò�w	Ô�ù %#&= (0 v/
$

2)T �p�K�l�h�¢ T �x�8�”�›�K�’�˜�b�£�{�\�\�p T+ , T !

�x SU(2) �w
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R�  Ta (a = 1 , 2) �w
¢���A�ù�p���[�^�•�”�U�z
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"
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%
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%
(7.40)

�q	{�V�s�S�b�\�q�U�p�V�”�{�M�‡ Ta �x	��ž� �¹�µ�Ð�ï���‰� �p�K�“�z (Ta)2 �q
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I (I + 1) ' Y 2'
%#&2 (7.41)
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"
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%#&Zµ

!
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=
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Z

2
Zµ Z µ (7.42)

�s�w�p I 3 = Y �‘�“
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Higgs場のSU(2)xU(1)表現を制限
(I, Y )

exp.data ! exp = 1 .00037± 0.00023 [PDG]
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Z-boson massW-boson mass

7.3 �®�”�´�Ø�¹�ï�w�í�”�q ! �Í�å�Ý�”�»

�Ü (7.23), (7.25) �p�)�Q�’�•�” W ± , Z �Ø�¹�ï�w�í�”�x gz = g
cos ! W

�t�«�™�b
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! !
m2
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m2
Z cos2 "W

= 1 (7.38)
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表現 (I, Y)の異なる複数のヒッグス場があると
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(ex) triplet Higgs I ! = 1 , Y ! = 0 , ± 1
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v!/v ! 1required for ! ! 1

＊SU(2)7重項 (I=3), Y=2はOK  Hisano, Tsumura (2013) 



[34]

Custodial symmetry
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7.4 �Î�¿�¬�µ�Ù�Â�ï�³�ß�ç�q�§�µ�Ä�Ã�Ÿ�ž�ç�0	¶
Q

ヒッグスポテンシャル

V = µ|φ|2 + λ|φ|4 (7.49)

を構成するヒッグス場 φが SU(2)L 二重項であるとしよう。ヒッグス場 φは複
素場なので実数場としての自由度は 4であり、例えば次のように表される：

φ =
1√
2

(
φ1 + iφ2

φ3 + iφ4

)
(7.50)

ヒッグスポテンシャルは |φ|2 のみで構成されるので、

|φ|2 =
1

2

(
φ21 + φ22 + φ23 + φ24

)
(7.51)

を不変とする O(4)対称性を持つことがわかる。
ヒッグスポテンシャル V を次のようにヒッグス場 φと φc = iσ2φ! からなる

(2× 2)行列 ! で表してみよう：

! ≡ 1√
2
(φc, φ) =

1√
2

(
φ0! φ+

−φ" φ0

)
(7.52)

すると

Tr
(
φ  φ

)
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4∑

i=1

φ2i (7.53)

となり、ヒッグスポテンシャルは

V = µ2Tr
(
!   !

)
+ λ

{
Tr
(
!   !

)}2
(7.54)

　　となる。このポテンシャルは ! に対する次の変換に対して不変である：

! → U ! V   (7.55)

つまり、

Tr
(
!   !

)
→ Tr

(
V !   U   · U ! V   ) = Tr

(
!   !

)
(7.56)

である。ここで行列の積のトレースの公式Tr(ABC) = Tr(CAB) = Tr(BCA)

を使った。図 7.2に示したように、U による変換は ! を構成する弱アイソス
ピンの上向き、下向き成分間（φ0! と −φ" の間、および φ+ と φ0 の間）の混
合に対応し、V による変換は φ0! と φ+ の間、そして −φ" と φ0 の間の混合
に対応する。つまり U による変換はゲージ変換 SU(2)L と見なしても差し支
えない。一方で V による変換の方は標準模型に対応するゲージ変換が存在し
ないのでグローバルな変換である。このようにヒッグスポテンシャルは 2つの
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次の変換の下で不変
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Higgs potential
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次の変換の下で不変 global SU(2)L � SU(2)R

Higgs potential

Higgs potentialのみが持つ対称性
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$ 7.2 �Î�¿�¬�µ�Ë	O�ò�w�æ�»
¯�Ô (7.52) �q�â�Ç�»�æ�æ�» U, V �t�‘�”
R
ü�w�Ö�•

�8�Q

SU(2) �!�õ (U, V) �›�‰�Ì�t�ª�`�o�‹
Æ�!�p�K�“�z�\�w�‘�O�s�0	¶
Q�›�G�Á�$�s

SU(2)L ! SU(2)R �0	¶
Q�q�z�•�{


ª	j�Û���w�å�¬�å�ï�´�ž�ï�w�°
æ�p�K�”�z�Î�¿�¬�µ�Ù�Â�ï�³�ß�ç�i�Z�t�«�è

�`�h	Ô�ù�z SU(2)L ! SU(2)R �0	¶
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	Ô�w�á�ˆ�ò�p�x�\�w�‘�O�s�0	¶
Q�x���O�b�”�i�–�O�T�{�‡�c ! �t�0�b�”�ž�!
•


ü Dµ ! �x�Í�w�‘�O�t�)�Q�’�•�”�•

Dµ ! = ! µ ! + igW a
µ Ta! " igY Bµ !

" 3

2
(7.57)

�\�\�p SU(2)L �w
\
R� �› Ta �q�`�h�{�È�%�H 3 �ò�w
Ö�ø�q�z ! �q " 3/ 2 �w	q

	‚�t�«�™�b�”�\�q�{�\�•�x ! �w�¤�w # �t�x�Ë� �Í�”�½�ß�”�´ Y = 1 / 2 �U�z #c

�t�x Y = " 1/ 2 �U�»�T�”�‘�O�t�b�”�h�Š�p�K�”�{�\�w�ž�!
•
ü�›�;�M�”�q�Î�¿

�¬�µ	Ô�w�á�ˆ�ò�å�¬�å�ï�´�ž�ï�x

L kin = Tr |Dµ ! |2 (7.58)

�q�s�”�{

�\�w�å�¬�å�ï�´�ž�ï�w�0	¶
Q�›�Ð�‚�o�ˆ�‘�O�{�Ü (7.55) �w�!�õ�z ! # U! V   �z

�t�S�M�o U �› SU(2)L �®�”�´�!�õ�q�ˆ�s�b�s�’
ª	j�Û���w SU(2)L �®�”�´�0	¶


Q�‘�“ Dµ ! �x ! # U! �t�0�`�o

Dµ ! # U(Dµ ! ) (7.59)

�q�!�õ�b�”�w�p�z (7.58) �x
Æ�!�p�K�”�{�m�W�t ! # ! V   �w�!�õ�›�Ð�‚�‘�O�{

�\�•�x�¬�é�”�Ì�ç�s�!�õ�s�w�p�ž�!
•
ü�x

Dµ ! #
!
! µ + igW a

µ Ta"
! V   " igY Bµ ! V   " 3

2
(7.60)

�q�s�”�{ Dµ ! # (Dµ ! )V   �q�s�•�y�å�¬�å�ï�´�ž�ï (7.58) �x SU(2)R �!�õ�t

�0�`�o�‹
Æ�!�t�s�”�U�z V   ! 3

2 = ! 3
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�h�¬�é�”�Ì�ç SU(2)L ! SU(2)R �0	¶
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Q

�x gY # 0 �w�Ã�v�›	��l�h�q�V�t
î�Æ�b�”�\�q�U�˜�T�l�h�{

�`�y�’�X�w�� gY = 0 �q�S�M�o�z�Î�¿�¬�µ	Ô�U
��í�8�4�‹�›�Ë�l�h�q�V�t�Î�¿
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この対称性は運動項では破れている

Dµ ! ! (Dµ ! )V  ! ! ! V  

! ! U! Dµ ! ! U(Dµ ! ) OK

となればよいのだが…

! =
v2

4 + ! N
v2

4 + ! D
, (3.46)
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2

!
I !(I ! + 1) ! Y !2"

, ! D = v!2Y !2 (3.47)
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'
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•


ü Dµ ! �x�Í�w�‘�O�t�)�Q�’�•�”�•

Dµ ! = ! µ ! + igW a
µ Ta! " igY Bµ !
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(7.57)
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•
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(7.60)
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Æ�!�p�x�s�M�{�m�‡�“�Î�¿�¬�µ�Ù�Â�ï�³�ß�ç�U�Ë�l�o�M
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hyperchargeで破れている
gY ! 0で対称性復活



[34]

Custodial symmetry

14

（とりあえずg_Yは無視して）ヒッグス場がv.e.v.を持つと

W ± W ± Z Z
t

b

t, b
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�q�s�“�z U, V �q�M�O 2 �m�w� �q�s SU(2) �!�õ�w�<�p�w�0	¶
Q�U
��•�z�°�m�w

SU(2) �!�õ�t���b�”�0	¶
Q (�\�•�› SU(2)V �q
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SU(2)L # SU(2)R $ SU(2)V . (7.62)

�\�w�’�l�h�¬�é�”�Ì�ç�s SU(2)V �0	¶
Q�›�§�µ�Ä�Ã�Ÿ�ž�ç�0	¶
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symmetry) �q�z�•�{�Î�¿�¬�µ	Ô�U
��í�8�4�‹�›	��l�o SU(2)L # SU(2)R �U
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�•�h�A�L�z SU(2)L �®�”�´�Ø�¹�ï W a (a = 1 , 2, 3) �x�í�”�›�Ë�m�\�q�t�s�”�{�`

�T�` Custodial SU(2)V �0	¶
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�x SU(2)L �U
��•�h�K�q�‹ SU(2)V �~	O�ò�q�`�o�ž�è�w�í�”�›�Ë�m�\�q�U�-	Â
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�x�u�•�”�{�f�w�E�˜�“�t Z �w�í�”�t cos! W �›�»�Z�h�‹�w�U W ± �w�í�”�t�s�`

�X�s�” (" = 1) �{
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�q�s�“�z U, V �q�M�O 2 �m�w� �q�s SU(2) �!�õ�w�<�p�w�0	¶
Q�U
��•�z�°�m�w

SU(2) �!�õ�t���b�”�0	¶
Q (�\�•�› SU(2)V �q
¯�b ) �i�Z�U�’�”�•

SU(2)L # SU(2)R $ SU(2)V . (7.62)

�\�w�’�l�h�¬�é�”�Ì�ç�s SU(2)V �0	¶
Q�›�§�µ�Ä�Ã�Ÿ�ž�ç�0	¶
Q (Custodial

symmetry) �q�z�•�{�Î�¿�¬�µ	Ô�U
��í�8�4�‹�›	��l�o SU(2)L # SU(2)R �U
�

�•�h�A�L�z SU(2)L �®�”�´�Ø�¹�ï W a (a = 1 , 2, 3) �x�í�”�›�Ë�m�\�q�t�s�”�{�`

�T�` Custodial SU(2)V �0	¶
Q�U�’�l�o�M�”�h�Š�t�z Ò�®�”�´	Ô ÓW 1, W 2, W 3

�x SU(2)L �U
��•�h�K�q�‹ SU(2)V �~	O�ò�q�`�o�ž�è�w�í�”�›�Ë�m�\�q�U�-	Â

�^�•�”�{

�á�ˆ�ò�w�^�æ�p�ˆ�h�‘�O�t�z�§�µ�Ä�Ã�Ÿ�ž�ç�0	¶
Q�x U(1)Y �®�”�´�A�ù��
:

�U gY %= 0 �w�q�V�t
��’�•�”�{�f�w�h�Š W 1, W 2, W 3 �x�‰�a�í�”�›�Ë�m�\�q�U

�s�M�{�m�‡�“ U(1)Y �Ë� �Í�”�½�ß�”�´�U�s�Z�•�y�§�µ�Ä�Ã�Ÿ�ž�ç�0	¶
Q�t�‘�l

�o W ± �q Z �w�í�”�x�s�`�X�s�”�w�i�U�z�Ë� �Í�”�½�ß�”�´�w�h�Š�t�f�w����

�x�u�•�”�{�f�w�E�˜�“�t Z �w�í�”�t cos! W �›�»�Z�h�‹�w�U W ± �w�í�”�t�s�`

�X�s�” (" = 1) �{


ª	j�Û���w�å�¬�å�ï�´�ž�ï�p�Î�¿�¬�µ	Ô�U�����b�”�w�x�Î�¿�¬�µ	Ô�w�á�ˆ�ò�z

�Î�¿�¬�µ�Ù�Â�ï�³�ß�ç�Ž�Ž�t�l
’
ì�“�^�;�ò�U�K�”�{�Ì�’�T�t�l
’
ì�“�^�;�w

�å�¬�å�ï�´�ž�ï�p�x�§�µ�Ä�Ã�Ÿ�ž�ç�0	¶
Q�x
R�“�q�l�o�M�s�M�w�p�z " �Í�å�Ý�”

�»�x�l
’
ì�“�^�;�t�‘�”�”� �4
Y�t�‘�l�o�‹
��’�•�”�{�l
’
ì�“�^�;�w�G�V�^

�x�Ñ�£�ç�Û�¦�ï�í�”�w�G�V�^�t
z�«�b�”�h�Š�z�H 3 
H�E�w�«�¥�”�« (t, b) �t�‘

�”�/�)�U " = 1 �›�G�V�X
��”�{ " �t�0�b�”�”� �4
Y�› " " = " & 1 �q
¯�b�q


$ 7.3 �w�Ñ�•� �ï�Ú�ï�~�¼� �ž�¬�å�Ü�w�-�‰�‘�“

" " =
3GF

8#2
'

2

#
m2

t + m2
b & 2

m2
t m2

b

m2
t & m2

b
ln

m2
t

m2
b

$
(7.63)

�U�˜�’�•�”�{�\�\�p GF �x�Ñ�£�ç�Û�A�ù��
:�z mt , mb �x�f�•�g�•�Ä�¿�Ó�S�‘�|

164 �H 7 	· �?	��0	¶
Q�w�×
C�$
��•�q�f�w�<�A

Custodial symmetry
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Thus the Higgs vacuum expectation value breaks the global symmetry in the pattern

SU(2)L ! SU(2)R " SU(2)L + R . (63)

This is called Òcustodial symmetry;Ó actually, some authors refer to SU(2)R by this name
[6], while others reserve it forSU(2)L + R [7].

SinceSU(2) is a three-dimensional group, the number of broken generators is 3+3# 3 = 3.
These give rise to three massless Goldstone bosons, which are then eaten by the Higgs
mechanism to provide the mass of theW + , W ! , and Z bosons,

M 2
W =

1
4

g2v2

M 2
Z =

1
4

(g2 + g"2)v2 . (64)

Thus
M 2

W

M 2
Z

=
g2

g2 + g"2
= cos2 ! W (65)

or

" =
M 2

W

M 2
Z cos2 ! W

= 1 (66)

at tree level.

Exercise 3.3 - Show thatW A
µ transforms as a triplet under globalSU(2)L and a singlet under

SU(2)R, and hence as a triplet under the unbrokenSU(2)L + R.

Thus, in the limit g" " 0, W + , W! , Z form a triplet of an unbroken global symmetry. This
explains whyMW = MZ in the g" " 0 limit.

Custodial symmetry also helps us understand properties of the theory beyond tree level.
Due to the unbrokenSU(2)L + R in the g" " 0 limit, radiative corrections to the " parameter
in Eq. (66) due to gauge and Higgs bosons must be proportionalto g"2. For example, the
leading correction to the" parameter from loops of Higgs bosons (Fig. 2) in theMS scheme
is

ö" $ 1 #
11GF M 2

Z sin2 ! W

24
%

2#2
ln

m2
h

M 2
Z

. (67)

This correction vanishes in the limitg" " 0 (sin2 ! W " 0). The custodial symmetry protects
the tree-level relation" = 1 from radiative corrections, and hence itÕs name. This leading

h
h

+

Figure 2: Virtual Higgs-boson loops contribute to theW and Z masses.
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[34]

Custodial symmetry
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Figure 3: Virtual top-quark loops contribute to the W and Z masses.

correction, proportional to lnmh, allows us to bound the Higgs-boson mass from precision
electroweak measurements.

Custodial symmetry also helps us understand radiative corrections due to massive fermions,
as shown in Fig. 3. The leading correction due to loops of top and bottom quarks is [8]

ö! ! 1 +
3GF

8" 2
"

2

!

m2
t + m2

b # 2
m2

t m2
b

m2
t # m2

b
ln

m2
t

m2
b

"

. (68)

Exercise 3.4 - Show that this correction vanishes in the limit mt = mb.

Exercise 3.5 - Show that thet, b Yukawa couplings have a custodial symmetry in the limit
mt = mb.

This leading correction, proportional to the square of the fermion mass, allowed us to predict
the top-quark mass from precision electroweak measurements before it was discovered.

Thus we see that custodial symmetry is vital to our understanding of the electroweak
sector. However, the physical Higgs boson itself is not really necessary. As long as the
electroweak-symmetry-breaking mechanism possesses custodial symmetry, the ! parameter
equals unity at tree level and is protected from large radiative corrections.

LetÕs develop an e! ective Þeld theory of electroweak symmetry breaking that makes
custodial symmetry manifest [9]. A simple way to do this is toreplace the matrix Þeld"
with another matrix Þeld, # , which contains the Goldstone bosons," i (which are eaten by
the weak vector bosons), but does not contain a physical Higgs boson:

" $
v
2

# # = ei ! á"
v . (69)

The Lagrangian for electroweak symmetry breaking (EWSB) isthe analogue of Eq. (51),

L EW SB =
v2

4
Tr ( Dµ# )  D µ# . (70)

The Goldstone-boson matrix Þeld# transforms under custodial symmetry as

SU(2)L : # $ L#

SU(2)R : # $ # R 

SU(2)L + R : # $ L# L  .
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Charged current interaction
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W +

d

u

current eigenstate

mass eigenstate

L = !
g

"
2

uL ! µ dL W +
µ + h.c.

L = !
g

"
2

u(m)
L ! µ

!
Uu 

L Ud
L

"
d(m)

L W +
µ + h.c.

VCKM ! Uu 
L Ud

L

Cabibbo-Kobayashi-Maskawa matrix
(3x3) unitary matrix

# of parameters=3 angles+1 (CP) phase 
(after removing unphysical d.o.f.)
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Unitarity triangle
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VCKM ! Uu 
L Ud

L [VCKM ]ij
[up]

[down]

unitarity condition
VCKM V  

CKM = 1
!

i = u,c.t

Vid V !
ib = 0

Vud V !
ub + VcdV !

cb + Vtd V !
tb = 0

12. CKM quark-mixing matrix 9

12.3. Phases of CKM elements

As can be seen from Fig. 12.1, the angles of the unitarity triangle are

! = " 1 = arg
!

!
VcdV !

cb
VtdV !

tb

"
,

# = " 2 = arg
!

!
VtdV !

tb
VudV !

ub

"
,

$ = " 3 = arg
!

!
VudV !

ub
VcdV !

cb

"
. (12.16)

SinceCP violation involves phases of CKM elements, many measurements of CP-violating
observables can be used to constrain these angles and the ø%, ø& parameters.

12.3.1. ! and ! " :

The measurement of CP violation in K 0ÐK 0 mixing, |' | = (2 .233± 0.015) "
10# 3 [82], provides important information about the CKM matrix. The phase of
' is determined by long-distance physics, ' = 1

2 ei ! ! sin " " arg(! M 12/ ! 12), where
" " = arctan |2" mK / "! K | # 43.5$. The SM prediction can be written as

' = ( " ei ! !
G2

F m2
W mK

12
$

2) 2" mK
f 2

K
#BK

$
&tt S(xt ) Im[( VtsV !

td )2]

+ 2 &ctS(xc, xt ) Im( VcsV !
cdVts V !

td ) + &cc xc Im[( VcsV !
cd)2]

%
, (12.17)

where ( " # 0.94 ± 0.02 [83] includes the e#ects of " s = 1 operators and " " %= ) / 4
(see also Ref. [84]). The displayed terms are the short-distance " s = 2 contribution to
ImM 12 in the usual phase convention,S is an Inami-Lim function [85], xq = m2

q/m 2
W ,

and &ij are perturbative QCD corrections. The constraint from ' in the ø%, ø& plane
is bounded by approximate hyperbolas. Lattice QCD determined the bag parameter
#BK = 0 .766± 0.010 [14], and the main uncertainties now come from (Vts V !

td )2, which is
approximately * (|Vcb|4) & * (A4), the &ij coe$ cients, and estimates of( " .

The measurement of 6 Re(' "/ ' ) = 1 ! |&00/ &+ # |2, where each&ij = ' ) i ) j |H| K L ( /
' ) i ) j |H| K S( violates CP, provides a qualitative test of the CKM mechanism, and
strong constraints on many new physics scenarios. Its nonzero value, Re(' "/ ' ) =
(1.67± 0.23) " 10# 3 [82], demonstrated the existence of directCP violation, a prediction
of the KM ansatz. While Re(' "/ ' ) ) Im( VtdV !

ts ), this quantity cannot easily be used to
extract CKM parameters, because the electromagnetic penguin contributions tend to
cancel the gluonic penguins for largemt [86], thus enhancing hadronic uncertainties.
Most SM estimates [87Ð90] agree with the observed value, indicating that ø& is positive.
Progress in lattice QCD [91] may eventually yield a precise SM prediction.
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2 12. CKM quark-mixing matrix

Figure 12.1: Sketch of the unitarity triangle.

VCKM =

!

"
1 ! ! 2/ 2 ! A! 3(" ! i#)

! ! 1 ! ! 2/ 2 A! 2

A! 3(1 ! " ! i#) ! A! 2 1

#

$ + O(! 4) . (12.5)

The CKM matrix elements are fundamental parameters of the SM, so their precise
determination is important. The unitarity of the CKM matrix imposes

%
i VijV ∗

ik = $jk
and

%
j VijV ∗

kj = $ik. The six vanishing combinations can be represented as triangles
in a complex plane, of which those obtained by taking scalar products of neighboring
rows or columns are nearly degenerate. The areas of all triangles are the same, half of
the Jarlskog invariant, J [7], which is a phase-convention-independent measure ofCP
violation, deÞned by Im

&
VijVklV ∗

il V
∗
kj

'
= J

%
m,n %ikm%jln.

The most commonly used unitarity triangle arises from

Vud V ∗
ub + Vcd V ∗

cb + Vtd V ∗
tb = 0 , (12.6)

by dividing each side by the best-known one,VcdV ∗
cb (see Fig. 1). Its vertices are

exactly (0, 0), (1, 0), and, due to the deÞnition in Eq. (12.4), (ø" , ø#). An important goal
of ßavor physics is to overconstrain the CKM elements, and many measurements can
be conveniently displayed and compared in the ø" , ø# plane. While the Lagrangian in
Eq. (12.1) is renormalized, and the CKM matrix has a well known scale dependence
above the weak scale [8], belowµ = mW the CKM elements can be treated as constants,
with all µ-dependence contained in the running of quark masses and higher-dimension
operators.

Unless explicitly stated otherwise, we describe all measurements assuming the SM,
to extract magnitudes and phases of CKM elements in Sec. 12.2and 12.3. Processes
dominated by loop-level contributions in the SM are particularly sensitive to new physics.
We give the global Þt results for the CKM elements in Sec. 12.4,and discuss some
implications for beyond standard model physics in Sec. 12.5.
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12. CKM quark-mixing matrix 15

!

!

"

"

dm#
K$

K$

sm# & dm#

ubV

%sin 2

(excl. at CL > 0.95)
 < 0%sol. w/ cos 2

excluded at C
L > 0.95

"

%!

&
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-1.0

-0.5

0.0

0.5
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1.5
excluded area has CL > 0.95

Figure 12.2: Constraints on the ø! , ø" plane. The shaded areas have 95% CL.

ø! = 0 .124+0 .019
! 0.018 , ø" = 0 .356± 0.011. (12.26)

These values are obtained using the method of Refs. [6,104].Using the prescription
of Refs. [111,128] gives# = 0 .22496± 0.00048, A = 0 .823± 0.013, ø! = 0 .141± 0.019,
ø" = 0 .349± 0.012 [129]. The Þt results for the magnitudes of all nine CKM elements are

VCKM =

!

"
0.97434+0 .00011

! 0.00012 0.22506± 0.00050 0.00357± 0.00015
0.22492± 0.00050 0.97351± 0.00013 0.0411± 0.0013
0.00875+0 .00032

! 0.00033 0.0403± 0.0013 0.99915± 0.00005

#

$ , (12.27)

and the Jarlskog invariant is J = (3 .04+0 .21
! 0.20) ! 10! 5.

Figure 12.2 illustrates the constraints on the ø! , ø" plane from various measurements
and the global Þt result. The shaded 95% CL regions all overlapconsistently around the
global Þt region.
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FCNC

23

W +

d

u

flavor off-diagonal int. in charged current

L = !
g

"
2

uL ! µ VCKM dL W +
µ + h.c.

neutral current?
for example L = ( gL uL ! µ uL + gR uR ! µ uR ) Zµ

no flavor changing neutral current (FCNC) at tree level
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FCNC at 1-loop
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b ! s!

b s

u, c, t

W ±

!

Vib V !
is

loop part=f(m_i)

amp. !
!

i = u,c,t

Vib V !
is F

"
m2

i

m2
W

#

VubV !
us + VcbV !

cs + Vtb V !
ts = 0

unitarity

example

VubV !
us = ! (VcbV !

cs + Vtb V !
ts )

クォーク質量が縮退する極限で消える
amp. !

!

i = u,c,t

VcbV !
cs(Fc " Fu ) + Vtb V !

ts (Ft " Fu )
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Status of the SM
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Global fit (@Zpole)

26

Measurement Posterior Prediction Pull

! s (M Z ) 0.1180± 0.0010 0.1180± 0.0009 0.1184± 0.0028 -0.1

! ! (5)
had (M Z ) 0.02750± 0.00033 0.02743± 0.00025 0.02734± 0.00037 0.3

M Z [GeV] 91.1875± 0.0021 91.1880± 0.0021 91.198 ± 0.010 -1.0
mt [GeV] 173.1 ± 0.6 ± 0.5 173.43 ± 0.74 176.1 ± 2.2 -1.3
mH [GeV] 125.09 ± 0.24 125.09 ± 0.24 100.6 ± 23.6 1.0

M W [GeV] 80.379 ± 0.012 80.3643± 0.0058 80.3597± 0.0067 1.4
" W [GeV] 2.085 ± 0.042 2.08873± 0.00059 2.08873± 0.00059 -0.1
sin2 " lept

e! (Qhad
FB ) 0.2324± 0.0012 0.231454± 0.000084 0.231449± 0.000085 0.8

P pol
! = A " 0.1465± 0.0033 0.14756± 0.00066 0.14761± 0.00067 -0.3

" Z [GeV] 2.4952± 0.0023 2.49424± 0.00056 2.49412± 0.00059 0.5
#0

h [nb] 41.540 ± 0.037 41.4898± 0.0050 41.4904± 0.0053 1.3
R0

" 20.767 ± 0.025 20.7492± 0.0060 20.7482± 0.0064 0.7
A 0,"

FB 0.0171± 0.0010 0.01633± 0.00015 0.01630± 0.00015 0.8
A " (SLD) 0 .1513± 0.0021 0.14756± 0.00066 0.14774± 0.00074 1.6
R0

b 0.21629± 0.00066 0.215795± 0.000027 0.215793± 0.000027 0.7
R0

c 0.1721± 0.0030 0.172228± 0.000020 0.172229± 0.000021 -0.05
A 0,b

FB 0.0992± 0.0016 0.10345± 0.00047 0.10358± 0.00052 -2.6
A 0,c

FB 0.0707± 0.0035 0.07394± 0.00036 0.07404± 0.00040 -0.9
A b 0.923 ± 0.020 0.934787± 0.000054 0.934802± 0.000061 -0.6
A c 0.670 ± 0.027 0.66813± 0.00029 0.66821± 0.00032 0.1
sin2 " lept

e! (Tev/LHC) 0 .23166± 0.00032 0.231454± 0.000084 0.231438± 0.000087 0.7

Table 1: Experimental measurement, posterior, prediction, and pull for the 5 input parameters (! s(M Z ),
! ! (5)

had (M Z ), M Z , mt , mH ), and for the main EWPO considered in the SM Þt. The values in the column
Prediction are determined without using the experimental information for the corresponding observable.

in the output of the ST Þt (U = 0) can be observed at the 10% level. The role of each of the updated
measurements in this small changes is summarized in Figure 1.

A model-independent description of indirect e" ects of NP (consistent with the SM symmetries and
spectrum at low energies) is provided by the SM E" ective Field Theory (SMEFT). The Lagrangian of
the SMEFT extends the SM with higher-dimensional operators encoding the low-energy e" ects of the NP
upon integrating out the high-energy degrees of freedom [8],

L E! = L SM +
!

d

1
# d! 4 L d = L SM + L 5 +

!

i

ci

# 2 O(6)
i + á á á. (1)

The expansion in Eq. (1) has been truncated at the dimension-6 level, which parameterizes the leading
order NP e" ects in most observables in the electroweak sector. We use the basis of Ref. [9], where we refer
the reader for the deÞnitions of the dimension-6 interactions. The results of the global Þt to EWPO are
summarized in Figure 2. The left panel shows the bounds on the Wilson coe$ cients, ci / # 2, from a Þt
including all the independent operators entering in the EWPO, compared to the bounds derived assuming
that only one operator is present at a time.3 (See also [10] for related work.) The results indicate the presence
of a signiÞcant correlation between the contributions from di" erent operators. Hence, saturating the actual
95% probability limits would require a signiÞcant Þne tuning in the high energy theory in order to reproduce
the observed correlations. In cases where such alignment is not present in the ultraviolet completion, the
limits obtained turning on only one operator at a time may provide a more realistic order-of-magnitude
estimate of the actual constraints on the NP interaction scale (see right panel of Figure 2).

3While there are 10 operators in [9] that enter in EWPO, the Þt can only constrain 8 combinations. In our case, we take
this into account by performing a small change of basis that trades the operators O# W B and O# D with 2 interactions that do
not enter in EWPO (but correct Higgs observables).

2

Blas et at., arXiv:1710.05402

no deviation
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Global fit (non-Zpole)

27

PDG [2016]

anomaly?

28 10. Electroweak model and constraints on new physics

10.6. Global Þt results

In this section we present the results of global Þts to the experimental data discussed
in Sec. 10.3ÐSec. 10.5. For earlier analyses see Refs. [10,117,218]

Table 10.4: Principal non-Z pole observables, compared with the SM best Þt
predictions. The Þrst M W and ! W values are from the Tevatron [219,220] and
the second ones from LEP 2 [173]. The value ofmt di" ers from the one in the
Particle Listings since it includes recent preliminary results. The world averages
for g! e

V,A are dominated by the CHARM II [86] results, g! e
V = ! 0.035± 0.017 and

g! e
A = ! 0.503± 0.017. The errors are the total (experimental plus theoretical)

uncertainties. The ! " value is the ! lifetime world average computed by combining
the direct measurements with values derived from the leptonic branching ratios [45];
in this case, the theory uncertainty is included in the SM prediction. In all other
SM predictions, the uncertainty is from M Z , M H , mt , mb, mc, !" (M Z ), and " s,
and their correlations have been accounted for. The column denoted Pull gives the
standard deviations.

Quantity Value Standard Model Pull

mt [GeV] 173.34± 0.81 173.76± 0.76 ! 0.5
M W [GeV] 80.387± 0.016 80.361± 0.006 1.6

80.376± 0.033 0.4
! W [GeV] 2.046± 0.049 2.089± 0.001 ! 0.9

2.195± 0.083 1.3
M H [GeV] 125.09± 0.24 125.11± 0.24 0.0
##W ! 0.03± 0.20 ! 0.02± 0.02 0.0
#" Z ! 0.27± 0.31 0.00± 0.03 ! 0.9
g! e

V ! 0.040± 0.015 ! 0.0397± 0.0002 0.0
g! e

A ! 0.507± 0.014 ! 0.5064 0.0
QW (e) ! 0.0403± 0.0053 ! 0.0473± 0.0003 1.3
QW (p) 0.064± 0.012 0.0708± 0.0003 ! 0.6
QW (Cs) ! 72.62± 0.43 ! 73.25± 0.02 1.5
QW (Tl) ! 116.4 ± 3.6 ! 116.91± 0.02 0.1
!s2

Z (eDIS) 0.2299± 0.0043 0.23129± 0.00005 ! 0.3
! " [fs] 290.88± 0.35 289.85± 2.12 0.4
1
2(gµ ! 2 ! $

%) (4511.18± 0.78) " 10! 9 (4507.89± 0.08) " 10! 9 4.2

The values for mt [48], M W [173,219], ! W [173,220], M H and the ratios of Higgs
branching fractions [184] discussed in Sec. 10.4.5,$-lepton scattering [83Ð88], the weak
charges of the electron [121], the proton [126], cesium [129,130] and thallium [131],
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Fate of the SM

SMは実験データとほぼ無矛盾 

内包する理論的問題？ 
かつてはヒッグス粒子質量の量子補正が二次発散することから「fine-tuning」問
題というのがあった。 

1ループ補正でヒッグス質量がGUTスケールの質量を持ってしまうことから、この
発散をキャンセルする超対称性粒子がいるはず、と多くが期待していたが（略）

29
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Fate of the SM
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Higgs potential V = µ2�†� + �(�†�)2

Higgs boson mass m2
h = 2 ! v2

quartic coupling is required to be positive for 
vacuum stability
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Fate of the SM
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Higgs potential V = µ2�†� + �(�†�)2

scale dependence of the quartic coupling  
! renormalization group equation (RGE)

d!
dt

= ( Higgs) + ( gauge) ! (top) + á á á

! @high E ! positive? (stable vacua)  
                      or negative? (unstable vacua)



[34]

Fate of the SM

32

at the TeV scale, the Higgs boson mass is allowed to be in the range

50 GeV <∼ MH <∼ 800 GeV (1.181)

while, requiring the SM to be valid up to the Grand Unification scale, ΛGUT ∼ 1016 GeV,

the Higgs boson mass should lie in the range

130 GeV <∼ MH <∼ 180 GeV (1.182)

Figure 1.19: The triviality (upper) bound and the vacuum stability (lower) bound on the
Higgs boson mass as a function of the New Physics or cutÐo! scale Λ for a top quark mass
mt = 175 ± 6 GeV and ! s(MZ) = 0.118 ± 0.002; the allowed region lies between the bands
and the colored/shaded bands illustrate the impact of various uncertainties. From Ref. [136].

1.4.3 The ÞneÐtuning constraint

Finally, a last theoretical constraint comes from the fine–tuning problem originating from

the radiative corrections to the Higgs boson mass. The Feynman diagrams contributing to

the one–loop radiative corrections are depicted in Fig. 1.20 and involve Higgs boson, massive

gauge boson and fermion loops.
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Figure 3: Left : SM phase diagram in terms of Higgs and top pole masses. The plane is
divided into regions of absolute stability, meta-stability, instability of the SM vacuum, and non-
perturbativity of the Higgs quartic coupling. The top Yukawa coupling becomes non-perturbative
for Mt > 230 GeV. The dotted contour-lines show the instability scale! I in GeV assuming
! 3(MZ ) = 0 .1184. Right : Zoom in the region of the preferred experimental range ofMh and Mt

(the grey areas denote the allowed region at 1, 2, and 3" ). The three boundary lines correspond
to 1-" variations of ! 3(MZ ) = 0 .1184± 0.0007, and the grading of the colours indicates the size
of the theoretical error.

The quantity #e! can be extracted from the e" ective potential at two loops [112] and is explicitly
given in appendixC.

4.3 The SM phase diagram in terms of Higgs and top masses

The two most important parameters that determine the various EW phases of the SM are the
Higgs and top-quark masses. In Þg.3 we update the phase diagram given in ref. [4] with our
improved calculation of the evolution of the Higgs quartic coupling. The regions of stability,
metastability, and instability of the EW vacuum are shown both for a broad range ofMh and
Mt , and after zooming into the region corresponding to the measured values. The uncertainty
from ! 3 and from theoretical errors are indicated by the dashed lines and the colour shading
along the borders. Also shown are contour lines of the instability scale! I .

As previously noticed in ref. [4], the measured values ofMh and Mt appear to be rather
special, in the sense that they place the SM vacuum in a near-critical condition, at the border
between stability and metastability. In the neighbourhood of the measured values ofMh and
Mt , the stability condition is well approximated by

Mh > 129.6 GeV + 2.0(Mt ! 173.34 GeV)! 0.5 GeV
! 3(MZ ) ! 0.1184

0.0007
± 0.3 GeV . (64)

The quoted uncertainty comes only from higher order perturbative corrections. Other non-
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LHCで見つかったヒッグス質量の値から察するに、どうも
meta-stableという中途半端なところにいるらしい
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Summary

What’s Next? 

beyond the SM 
many possibilities 
see many talks in this WS
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