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Introduction

LHC 実験において Higgs 粒子と思われる粒子が
発見されました。

このことが標準模型を越える物理にどんな意味を
もっているのかについて考えてみたいと思います。
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Quantum Field Theory in a Minute

Particle = Field → ψe, ψp,…
Interactions → Polynomials in “L”

ex) Four Fermi Interaction

L = (GF/√2)  ψ̅e γμ(1-γ5)ψ νψ̅p γμ(1-gγ5) ψn 

ν e

pn Scattering Amplitude

M ~ GFE2

{
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Quantum Field Theory in a Minute

Particle = Field → ψe, ψp,…
Interactions → Polynomials in “L”

因に理論の人が普段やっていること：

どんな粒子(＝場)が存在してどんな相互作用を持っているのか
ということのルールを決める

{

実験結果と照らし合わせて矛盾してないかチェックする

矛盾してなかったらどうやって実験、観測からチェック
するかを考えてみる。
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フェルミ型相互作用から標準模型へ
 Four Fermi Interaction

L = (GF/√2)  ψ̅e γμ(1-γ5)ψ νψ̅p γμ(1-gγ5) ψn 

種々のβ崩壊(Fermi遷移、Gamow-Teller 遷移)を定量
的に記述するのに成功！

ν

e

p
n

β崩壊でのエネルギー非保存？をニュートリノで解決す
るパウリのアイデアを実現
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フェルミ型相互作用から標準模型へ
 Four Fermi Interaction

L = (Gμ/√2) ψ̅e γρ(1-γ5)ψ ν1 ψ̅μ γρ(1-γ5) ψ ν2

ν

e

p
n

ちょっと変更するとμ粒子の崩壊も記述！

ν̅1
e

ν2
μ

しかも GF  ≃ Gμ  !

Beyond Four Fermi Theory?
→ 普遍的な相互作用？何か理由が？
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フェルミ型相互作用から標準模型へ
 Four Fermi Interaction の欠点１
繰り込み可能理論でない

一般にループを持つ散乱振幅(電子の自己エネルギー
など)は発散する。

ν
e ν

e
M ~ GF2 E2  x ∞2

e
ν

ν e

ν

e

M ~ GF4 E4  x ∞4
e

ν

(ループを持つダイアグラムは高エネルギーの情報を無限に
取り込んでしまう)
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フェルミ型相互作用から標準模型へ
 Four Fermi Interaction の欠点１

発散する相互作用の数が模型で与えた相互作用の数
より少なければ吸収出来る→繰り込み可能。

一般にループを持つ散乱振幅(電子の自己エネルギー
など)は発散する。

繰り込み可能理論でない

cf.) 繰り込み可能理論とは？
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フェルミ型相互作用から標準模型へ
 Four Fermi Interaction の欠点１

繰り込み可能理論でない

QEDの場合 : 与えられたパラメータ

運動項 電磁相互作用

cf.) 繰り込み可能理論とは？
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cf.) 繰り込み可能理論とは？

フェルミ型相互作用から標準模型へ
 Four Fermi Interaction の欠点１

繰り込み可能理論でない

2点振幅 ３点振幅

QEDの場合 : 発散する振幅

発散は元の相互作用の基準点をずらせば吸収出来る 
→ 繰り込み可能！
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フェルミ型相互作用から標準模型へ
 Four Fermi Interaction の欠点１

繰り込み可能理論でない

Four Fermi Theory の場合

ν
e ν

e

e
ν

ν e

ν

e

e

ν

ν e
νe

で吸収可能元の

吸収不可能→繰り込み不可能

もしくは Six, Eight … Fermi Theory?
… 無限個のパラメーターが必要?

Beyond Four Fermi Theory?
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フェルミ型相互作用から標準模型へ
 Four Fermi Interaction の欠点 2

摂動論だと散乱確率１を越えてしまう 
(Unitarity limit を越えてしまう)

ν e

pn Scattering Amplitude

M ~ GFE2

Unitarity limit : M < 1

E > GF -1/2 ≃300GeV での記述が破綻している…

Beyond Four Fermi Theory?
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フェルミ型相互作用から標準模型へ
ここまでのまとめ

Four Fermi Interaction
β崩壊を含む弱い力を記述するのに成功！
ミューオンの崩壊も記述！

Beyond Four Fermi Interaction ?

なぜ結合定数が普遍的か？ (GF  ≃ Gμ  ?)

繰り込み可能でないのでより高エネルギー
での理論を定めないと予言力が無い
散乱振幅が高エネルギーで 1 を越えてしまう
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標準模型

ゲージ理論 = ゲージ対称性を持つ理論

SU(N)対称性：
例) φ = (φ1, φ2, …,φN)T 

φ → φ’ = U x  (φ1, φ2, …,φN)T 
U : N x N complex matrix with det[U]=1.

この操作の下で理論 = ラグランジアンが不変

φ†φ φφ○ ×
→対称性は相互作用を決めるのに重要！

標準模型 ＝ SU(3) x SU(2) x U(1) ゲージ理論
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SU(N)ゲージ対称性：

U が時空各点で独立＝局所的対称性

標準模型

ゲージ理論 = ゲージ対称性を持つ理論

例) φ = (φ1, φ2, …,φN)T 
φ → φ’ = U x  (φ1, φ2, …,φN)T 

標準模型 ＝ SU(3) x SU(2) x U(1) ゲージ理論

この操作の下で理論 = ラグランジアンが不変

φ†φ φφ○ ×
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SU(N)ゲージ対称性：

標準模型

∂μφ → ∂μφ’ = U x ∂μφ + ∂μU x φ

局所対称性は微分(=別の時空点の比較)と相性が悪い

∂μφ†∂μφ

ゲージ理論 = ゲージ対称性を持つ理論

×

例) φ = (φ1, φ2, …,φN)T 
φ → φ’ = U x  (φ1, φ2, …,φN)T 

標準模型 ＝ SU(3) x SU(2) x U(1) ゲージ理論

U が時空各点で独立＝局所的対称性
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SU(N)ゲージ対称性：

標準模型

Dμφ = (∂μ +igAμ)φ → Dμφ’ = U x Dμφ
代わりにゲージ場Aμを導入し共変微分を使う！

Dμφ†Dμφ

ゲージ理論 = ゲージ対称性を持つ理論

Aμ → Aμ’ = UAμU-1 + ig-1∂μUxU-1

U が時空各点で独立＝局所的対称性

例) φ = (φ1, φ2, …,φN)T 
φ → φ’ = U x  (φ1, φ2, …,φN)T 

○

標準模型 ＝ SU(3) x SU(2) x U(1) ゲージ理論
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SU(N)ゲージ対称性：

標準模型

ゲージ理論 = ゲージ対称性を持つ理論

U が時空各点で独立＝局所的対称性

例) φ = (φ1, φ2, …,φN)T 
φ → φ’ = U x  (φ1, φ2, …,φN)T 

→ ゲージボゾン(スピン１)の存在が不可欠

ゲージ対称性は相互作用を決めるだけでなく粒子の存
在も予言する！

標準模型 ＝ SU(3) x SU(2) x U(1) ゲージ理論
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標準模型 ＝ SU(3) x SU(2) x U(1) ゲージ理論

qL
1,2 ,3 =

uL
1,2 ,3

dL
1,2 ,3

!

"
#

$

%
&

UR
1,2 ,3

DR
1,2 ,3

lL =
νL

eL
!
"
#

$
%
&

ER

SU(3) SU(2) U(1)

3 2 1/6

3*

3*
-
-

-2/3
1/3

- 2 -1/2

- - 1

標準模型 ＝ SU(3) x SU(2) x U(1) ゲージ理論

gluon (SU(3))
Z, W boson + photon (SU(2)xU(1))

x３世代

ク
ォ
ー
ク

レ
プ
ト
ン

標準模型

フェルミオン

ゲージボゾン {
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グルーオン
クォーク

クォーク

クォーク

クォーク

Z, W boson 
photon 

レプトン

レプトン

標準模型
ゲージ理論での相互作用 = “電流” + ゲージボゾン

力の強さはそれぞれのゲージ群ごとに独立の結合定数に
比例 ( gs > g2 > g1 )

“強い力” 

 “弱い力” “電磁気力”
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※ゲージボゾンの相互作用は普遍的！

標準模型

クォーク

クォーク

Z, W boson 
photon 

Z, W boson 
photon 

レプトン

レプトン

同じ結合定数！
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標準模型
ゲージ相互作用の普遍性から Four Fermi interaction 
の普遍性を説明できる！

Z, W boson

Four Fermi 理論は Z, W bosonが重くて動かない状況で
の有効理論として得られる

Four Fermi Interaction

GF ≃ Gμ ≃ √2 g22/8mW2 ! 
(力の強さが Z, W boson の質量２に反比例)
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標準模型

標準模型は QED と同様繰り込み可能！

→ それ自身で予言力を持っている！

Monday, February 18, 13



　　

標準模型
標準模型は Unitarity Limit を越えない！

反応のエネルギーを上げて行くと Z, W boson が動き
出して散乱振幅の増加を抑える

M ~ GFE2 M ~ GF mW2 ~ g22

Z, W の質量が GF -1/2 ≃300GeV 以内に存在すれば問題ない

E2 >> mW2

実際1983年 W(80GeV), Z(92GeV) boson が発見された！
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標準模型
ここまでのまとめ

標準模型
ゲージ理論で記述

Four Fermi interaction は Z, W bosonが重くて
動かない状況での有効理論として得られる
→普遍性を説明出来る

繰り込み可能なので self contained

Unitarity limit を越えない！

Four Fermi Theory の欠点を克服！
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…というのは実は正しくない

ゲージ理論で出てくるゲージボゾン(スピン１) は
質量を持てない！

例 : Photon は質量を持たない

この理論は U(1) ゲージ対称性

Aμ → Aμ’ = Aμ + ∂μλ

L = -  Fμν Fμν / 4 ,    ( Fμν =∂μAν - ∂νAμ )

∂μ ( ∂μAν - ∂νAμ ) = 0,         ∂μ Aμ  = 0

を持つ！

Higgs Mechanism
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ゲージ理論で出てくるゲージボゾン(スピン１) は
質量を持てない！

例 : 質量を持つスピン１粒子

U(1) ゲージ対称性

Aμ → Aμ’ = Aμ + ∂μλ

L = -  Fμν Fμν / 4 + m2Aμ Aμ /2, 

∂μ ( ∂μAν - ∂νAμ ) = - m2Aν ,   ∂μ Aμ  = 0

を持たない！

…というのは実は正しくない
Higgs Mechanism
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ゲージ理論で出てくるゲージボゾン(スピン１) は
質量を持てない！

ゲージ対称性を持っていると W,Z boson は質量を
持たないので Four Fermi Theory を再現出来な
い…

→ Higgs Mechanism!

どうやってゲージボゾンに質量を与えるのか？

Higgs Mechanism
…というのは実は正しくない
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Higgs Mechanism
Higgs Mechanism = ゲージ対称性の自発的破れ
理論が対称性を持っていても(つまりラグランジアンが不変でも)
真空がその対称性を破ることがある → 対称性の自発的破れ

真空とは？
各理論においてエネルギー最低の状態を真空という
真空は理論が与えられた後に決定される！

(同じ物質場からなる模型でも真空が異なると粒子描像が異なる！)

cf.  L = ∂Φ∂Φ - V[Φ]

Φ

ここが真空

V[Φ]
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Higgs Mechanism

Φ

V[Φ]

V[Φ]= (Φ2 - v2 )2

v

Φ   ⇔ - Φ 対称性の破れ

自発的対称性の破れの例

complex Φ plane

V[Φ]

V[Φ]= (|Φ|2 - v2 )2

Φ’ = eiα Φ 対称性の破れ

理論(=ポテンシャル)自体は対称性を持っていても真空の
まわりでは対称性が見えない！→自発的に破れている！
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Higgs Mechanism
特にゲージ対称性が自発的に破れた場合 
                                       → ゲージボゾンが質量を持つ！

complex Φ plane

V[Φ]

V[Φ]= (|Φ|2 - v2 )2

Φ’ = eiα Φ 対称性の破れ

U(1) ゲージ理論の例

真空 : <Φ> = v

L = DμΦ†DμΦ に代入すると

L = g2v2AμAμ として質量が出て
くる！(m = gv)
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Higgs Mechanism
特にゲージ対称性が自発的に破れた場合 
                                       → ゲージボゾンが質量を持つ！

complex Φ plane

V[Φ]

V[Φ]= (|Φ|2 - v2 )2

Φ’ = eiα Φ 対称性の破れ

U(1) ゲージ理論の例

真空 : <Φ> = v

<Φ> <Φ>

Aμ Aμ

→
Aμ Aμ

m2

2点相互作用＝質量が生じる
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標準模型
ここまでのまとめ

標準模型
ゲージ理論で記述

ゲージ対称性があるとゲージボゾンは質量を持てない

→ Higgs Mechanism!

ゲージ対称性が自発的に破れると質量が生じる！
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Higgs 粒子
自発的対称性の破れはスカラー場(＝ Higgs 場)の凝縮で起こる

　　

complex Φ plane

V[Φ]

V[Φ]= λ(|Φ|2 - v2 )2/4
その真空期待値の周りのゆらぎ
      　　　　　= Higgs 粒子！

Φ(x) = ( v + h(x)/√2 ) ei θ(x)

h(x)

θ(x)

V[Φ] → λ2v2 h2   : Higgs 粒子は質量を持つ！
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Higgs 粒子
自発的対称性の破れはスカラー場(＝ Higgs 場)の凝縮で起こる

g = 0
Aμ  :  massless (2自由度)

θ  :  massless (1自由度)

h  :  massive (1自由度)

}{Φ
Aμ  :  massive (3自由度)

h  :  massive (1自由度)

g ≠ 0

ゲージボゾン(質量0、横波 = 2自由度)は Higgs 場の位相方向を
吸収することで質量を持つ(スピン１= 3自由度)
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Higgs 粒子
標準模型：SU(2) x U(1) の場合は少し複雑だが基本は同じ

Higgs場は SU(2)  ２重項で U(1) charge 1/2 を持つ

V[H] = λ (H†H - v2)2 / 4H= h1
h2

!
"
#

$
%
&

<H>= 0
v
!
"
#
$
%
&

真空期待値

によって SU(2) x U(1) は U(1)QED に自発的に破れる

U(1)QED chargeは

QQED = QU(1) + T3        ( T3 ∈ SU(2))
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Higgs 粒子
標準模型：SU(2) x U(1) の場合は少し複雑だが基本は同じ

| DμH |2 =

Bμ : U(1) ゲージボゾン,  Wμ1,2,3 : SU(2) ゲージボゾン

Wμ±  = (Wμ1 ± i Wμ2)/√2

∂μ−
i
2

g1Bμ+g2Wμ3

g2Wμ1 + ig2Wμ2
#

$
%

g2Wμ1 − ig2Wμ2

g1Bμ−g2Wμ3
&

'
(
h1
h2

#
$
%

&
'
(

2

Zμ  = (cosθW Wμ3 - sinθW Bμ){massive : 

[ sinθW = g1 / (g12+g22)1/2 ]
mW2 = g22v2/2,      mZ2 = (g22+g12)v2/2 = mW2/cos2θW

massless :           Aμ  = (sinθW Wμ3 - cosθW Bμ) 
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Higgs 粒子
標準模型：SU(2) x U(1) の場合は少し複雑だが基本は同じ

H= G1+ iG2

v+h / √ 2+ iG0

"

#
$

%

&
'

Higgs 粒子

Higgs ２重項のスカラー４自由度のうち
３つは Z, Wボゾンに吸収される！

標準模型ではスピン０の質量を持った粒子の存在が
予言される！

V[H]= λ(|H|2 - v2 )2/4 → mh2 = λ v2
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Higgs 粒子
ここまでのまとめ

標準模型
ゲージ理論で記述

ゲージ対称性があるとゲージボゾンは質量を持てない

→ Higgs Mechanism!

ゲージ対称性が自発的に破れると質量が生じる！

ヒッグス粒子は対称性が自発的に破れるのに必要な
場の生き残り！

Monday, February 18, 13



　　

標準模型のパラメータ

L =  -  Fμν Fμν / 4  -  Wμν Wμν / 4  - Gμν Gμν /4
         　　　+ | DμH |2  - λ(|H|2 - v2 )2/2 + L Fermion

標準模型のラグランジアン

(フェルミオンは後まわし)

パラメータ： gs , g2 , g1 , v, λ 
         + フェルミオンの湯川相互作用

これらを決めれば全ての現象を予言可能！

Monday, February 18, 13



　　

標準模型のパラメータ
標準模型：SU(2) x U(1) セクター

[ sinθW = g1 / (g12+g22)1/2 ]
mZ2 = (g22+g12)v2/2

U(1)QED 結合定数 e= g1g2

g12 +g2
2
=g2 sinθW

GF/√2 = g22/8mW2 = 1/4v2 

Fermi constant の測定値 GF ≃ 1.17x10-5GeV-2 から
Higgs の真空期待値が v ≃ 174GeV が得られる！

Fermi constant

Z-boson 質量

e, mZ の測定値から g1 ≃ 0.36, g2 ≃ 0.65 が得られる！

( LEPの jet event の精密測定から gS ≃ 1.18 )
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標準模型のパラメータ
フェルミオンセクターを除いた５パラメータのうち
４個は分かった！

gs , g2 , g1 , v, λ 

残った λ はどうやって決めるのか？

Higgs の質量が分かると λ が決まる！

mh2 = λ v2

H
v

V[H]= λ(|H|2 - v2 )2/4 

mh2

LHCで観測された観測されたボゾンが
Higgs粒子であるとすると

 λ ≃ (125GeV/174GeV)2 ≃ 0.5 !
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標準模型のパラメータ
λ は標準模型を越える物理への重要なヒントを与える！

H

H† H

H†

λ は Higgs 場の4点相互作用の係数

もし Higgs が素粒子ではなく何らかの強い相互作用の結果生
じた複合粒子であった場合…

λ

H

H† H

H†
λ は大きい(≃ 4π)ことが期待される！

(もちろん例外もあるが)
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標準模型のパラメータ
λ は標準模型を越える物理への重要なヒントを与える！

H

H† H

H†

λ は Higgs 場の4点相互作用の係数

もし Higgs が素粒子ではなく何らかの強い相互作用の結果生
じた複合粒子であった場合…

λ

H

H† H

H† mh ≃ 125GeV (λ ≃ 0.5) は Higgs が
複合粒子ではないことを示唆している！
これは衝撃的！ (工夫の余地はあるが)
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標準模型のパラメータ
λ は標準模型を越える物理への重要なヒントを与える！

場の理論のパラメータはエネルギースケールによって変化する。
= 繰り込み群の下での変化

dλ
dlnE / E0

=
1

16π2 (12λ2 +12λyt2 −12yt4 + ...)

( yt ≃0.95 は Higgs-Top quark 相互作用)

の項は λ を高エネルギーで大きくする

の項は λ を高エネルギーで小さくする
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標準模型のパラメータ
λ は標準模型を越える物理への重要なヒントを与える！

dλ
dlnE / E0

=
1

16π2 (12λ2 +12λyt2 −12yt4 + ...)

λが大きすぎるとどんどん大きくなっていってしまい、
あるエネルギースケールで記述が破綻する

標準模型を越える理論の存在を示唆する!?
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標準模型のパラメータ
λ は標準模型を越える物理への重要なヒントを与える！

dλ
dlnE / E0

=
1

16π2 (12λ2 +12λyt2 −12yt4 + ...)

λが小さすぎるとどんどん小さくなってそのうち負になってし
まい、別の真空が現れる！我々の真空が不安定になり得る。

やはり標準模型を越える理論の存在を
示唆する!?
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標準模型のパラメータ
λ は標準模型を越える物理への重要なヒントを与える！
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Figure 2: The scale Λ at which the two-loop RGEs drive the quartic SM Higgs coupling
non-perturbative, and the scale Λ at which the RGEs create an instability in the electroweak
vacuum (λ < 0). The width of the bands indicates the errors induced by the uncertainties
in mt and αS (added quadratically). The perturbativity upper bound (sometimes referred to
as ‘triviality’ bound) is given for λ = π (lower bold line [blue]) and λ = 2π (upper bold line
[blue]). Their difference indicates the size of the theoretical uncertainty in this bound. The
absolute vacuum stability bound is displayed by the light shaded [green] band, while the less
restrictive finite-temperature and zero-temperature metastability bounds are medium [blue]
and dark shaded [red], respectively. The theoretical uncertainties in these bounds have been
ignored in the plot, but are shown in Fig. 3 (right panel). The grey hatched areas indicate
the LEP [ 1] and Tevatron [ 2] exclusion domains.

mation were not included. On the other hand, the Tevatron data, although able to narrow

down the region of the ‘survival’ scenario, have no significant impact on the relative likeli-

hoods of the ‘collapse’, ‘metastable’ and ‘survival’ scenarios, neither of which can be excluded

at the present time.

We also consider the prospects for gathering more information about the fate of the SM

in the near future. The Tevatron search for the SM Higgs boson will extend its sensitivity

to both higher and lower MH , and then the LHC will enter the game. It is anticipated that

the LHC has the sensitivity to extend the Tevatron exclusion down to 127 GeV or less with

1 fb−1 of well-understood data at 14 TeV centre-of-mass energy [ 9]. This would decrease

the relative likelihood of the ‘survival’ scenario, but not sufficiently to exclude it with any

significance. On the other hand, discovery of a Higgs boson weighing 120 GeV or less would

3

相互作用が発散

mh ≃ 125GeV

mh ≃ 125GeV (λ ≃ 0.5) はプランクスケール(~1018GeV)以下に
別な真空があるが真空が崩壊しないギリギリ？

標準模型を越える物理の存在の確たる証拠にはならない…
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ここまでのまとめ
理論のパラメータは gs , g2 , g1 , v, λ + フェルミオンの湯川
相互作用だけ

gs , g2 , g1 , v, はすでに測定から分かっている。

Higgs の４点相互作用 λ は Higgs の質量から決められる

Higgs の質量が 125GeV 程度なら Higgs は内部構造を持た
ない素粒子である可能性が大! → 新物理に強い制限！！

Higgs の質量が 125GeV 程度なら λ は高エネルギー領域で
も特に悪い振る舞いをしない 
                　　　　　→ 新物理の積極的な示唆はない…

標準模型のパラメータ
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Higgs 粒子の相互作用
ウィークゲージボゾンとの相互作用

L =  | DμH |2  →
 L =  (∂μh)2/2 + (mW2Wμ+Wμ- + mZ2ZμZμ/2 ) (1 + h/√2v )2

Wμ

Wμ

Zμ

Zμ

hh

√2mW2/v √2mZ2/v

h

3mh2/√2v

h

h

結合定数が2乗質量に比例する！
→ Higgs が質量の起源であることの現れ！
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フェルミオンとの相互作用

L Fermion =   ψ†iσμDμ ψ - yUHQLU̅R - yDH†QLD̅R - yLH†LLE̅R 

yU,D,E  : 3x3 行列の係数

<H>= 0
v
!
"
#
$
%
& によってフェルミオンも質量を持つ！

L Fermion  → - mf f L f ̅R (1+ h/√2 v) h

f ̅R

f L

mf  = yf v

mf  /√2v

結合定数が質量に比例する！

Higgs 粒子の相互作用
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top

　　

　　

gluon, photon との相互作用
Higgs 粒子の相互作用

gluon も photon も Higgs から質量を貰わない
→ Higgs との相互作用は間接的で弱い！

αS

3π 2v
+ ...

α
π 2v

47
18

+ ...

相互作用自体は弱いが LHC での Higgs search において非常に重要！

αS~0.12

α~1/128
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ここまでのまとめ

Higgs 粒子は Higgs Mechanism で質量を与えた粒子たちと
は質量(もしくはその２乗)に比例した強さで相互作用する。

(重い Z,W boson, top quark とは割と強く相互作用する。)

Higgs Mechanism で質量を貰わない gluon, photon は輻射
補正を通じた弱い相互作用をする。

Higgs はこれらの相互作用を通して生成されたり崩壊したり
する。

Higgs 粒子の相互作用
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Higgs Search @ LHC

LHC では gluon fusion による生成断面積が一番大きい！
( proton の中身が gluon でいっぱいになっている！)

Dresden, July 2008 8

Production:

WW fusion

Higgs-strahlung Associated production

The LHC protons are mainly gluons at this energy

 [GeV] HM
80 100 200 300 400 1000

 H
+X

) [
pb

]  
  

→
(p

p 
σ

-210

-110

1

10

210
= 8 TeVs

LH
C

 H
IG

G
S 

XS
 W

G
 2

01
2

 H (NNLO+NNLL QCD + NLO EW)

→pp 

 qqH (NNLO QCD + NLO EW)

→pp 

 WH (NNLO QCD + NLO EW)

→
pp 

 ZH (NNLO QCD +NLO EW)

→
pp 

 ttH (NLO QCD)

→
pp 

生成断面積

Monday, February 18, 13



　　

Higgs Search @ LHC
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Fig. 6. Partial widths for the prominent decay modes of a heavy Higgs boson.
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Figure 2.25: The SM Higgs boson decay branching ratios as a function of MH .

Figure 2.26: The SM Higgs boson total decay width as a function of MH .

112

作られた Higgs はすぐに崩壊！

mh=120-130GeV では主に bb̅ や WW に崩壊
Higgs の発見には主に γγ や WW への
崩壊モードも重要！

h
b̅,W,Z...

b,W,Z...
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Higgs Search @ LHC
LHC では Higgs 生成以外のプロセスが山の様に有る！

LHC では強い相互作用で quark, gluon が
無数に生成されてジェットになる 

シグナルに特徴的なトポロジーや終状態に
レプトンを含む様なシグナル過程に注目す
ることで巨大なバックグラウンドを落とす
必要がある!
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Higgs Search @ LHC
1. H → γγ

Signal : two high energetic photons

Main Background : 

Two photons from quarks
(irreducible)

→Two photon の不変質量を使って落とす

Fake photons (jet), photons in jets
(reducible)

→ jet と photon を区別する努力

γ

γ

q

q

（崩壊モードとしてはマイナーだが photon は見やすい)
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Higgs Search @ LHC
1. H → γγ

h
γ

γ
mγγ2 =(p1+p2)2

Two photon invariant mass 分布にHiggs のピークが見つかった！
(125GeV(127?) 付近に Higgs が無いことが 6σで棄却された！)
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Higgs Search @ LHC
2. H → ZZ

Signal : H → Z + Z →l+l- + l+l-

Main Background : 

Two Z bosons from quarks
(irreducible)

→ 4 lepton の不変質量を使って落とす

Z

Z

q

q

（ Z の崩壊モードとしてはマイナーだが荷電レプトンは見やすい ! )

Leptons from heavy flavor, fake 
electron, photon conversion...
(irreducible)
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Higgs Search @ LHC
2. H → ZZ

　　
Four lepton invariant mass 分布にHiggs のピークが見つかった！

(125GeV(123GeV?) 付近に Higgs が無いことが 4σ で棄却された！)
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Higgs Search @ LHC
3. H → WW

Signal : H → W + W →l+ν + l-ν

Main Background : 

Two W bosons from quarks
(irreducible)

W

W

q

q

Two high energetic leptons + missing ET

Top pair production, W + jets, Z + jets
(reducible)
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Higgs Search @ LHC
3. H → WW

　　MT 分布に excess (2.8σ)がみつかっている!
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Higgs Search @ LHC

H → bb̅ はまだ (崩壊としてはメインだがバックグラウンドが大変）
H → ττ ̅ は出始めている

H → WW  2.8σ excess

H → γγ peak at 125(127?)GeV (6σ)

H → ZZ(4lepton) peak at 125(123?)GeV (4σ)

Higgs 粒子と思われる粒子が発見された！！
(モード毎の質量が合っていない？)
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3.3 Is the Higgs Standard Model-like, or not?

There is much interest now in parsing the deviations from the Higgs boson produc-
tion and decay rates predicted by the Standard Model. These rates are determined
by a combination of Higgs properties, as I will discuss in a moment. A measurement
of the rate for production of the Higgs boson at the LHC gives the relative signal
strength µ, defined by

µ = � · BR/(� · BR)|SM , (5)

where � is the Higgs production cross section in the measurement under consideration
and BR is the branching ratio of the Higgs into the final state observed in the analysis.
Here and below, SM denotes the Standard Model prediction. The production cross
section will in general be a combination of the Gluon Fusion, Vector Boson Fusion,
and other elementary cross sections, as defined by the particular set of cuts used in
the measurement.

The ATLAS and CMS experiments and the Tevatron experiments have presented
values of µ for a variety of final states and cross section tags. These are shown in
Fig. 2. The fact that the central value of µ is close to 2 in several channels, in
particular, in the LHC �� signal and µ in several channels, in particular, for the LHC
�� signals and the Tevatron bb signal, has excited much interest. However, we are
still at an early stage in the study of the Higgs, and these large signals are consistent
with the expected size of fluctuations.

The analysis of µ deviations is very much fun for theorists. There are many
interesting model-building solutions that give order 1 modifications of the Higgs boson
signal strengths. These typically involve new particles with masses of the order of
200 GeV or below [30]. A nontrivial part of the game is to suggest new particles
that are not excluded by the LHC experiments. Possible new particles influencing
the Higgs rates include new bosons from an extended Higgs sector [31,32], new color-
singlet matter particles such as the tau slepton [33], or new colored particles such as
light top squarks that are stealthy at the LHC [34]. Strong interactions in the Higgs
sector can also influence the Higgs signal strengths; a compositeness scale close to
1 TeV is required for a large e↵ect [35,36]. Carena gave examples of many of these
scenarios in her talk at the workshop [37].

There are many groups now that fit the measured signal strengths to look for
insight. Some of these fits were reviewed at the workshop by Espinosa [38]. At the
moment, fits to the current measurements tend to be 2-parameter fits under specific
model hypotheses. They give insight if the particular scheme assumed for modifying
the Standard Model is correct.

It is important to realize, though, that analyses of the Higgs properties in terms
of a small number of parameters bring in assumptions that might well be incorrect.
It is easy to construct models that tweak individual Higgs couplings away from their

7

おおむね標準模型と良い一致を示している (μ=1)!
(もちろん CP, Spin といった性質、結合の強さの詳細
はこれからの課題)

Higgs Search @ LHC
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Higgs Search @ LHC

Figure 4: Estimates of the accuracy that can be achieved in Higgs coupling measurements
using a model-independent fit to LHC and ILC measurements, from [43]. The estimates are
shown as a fraction of the predicted Standard Model value for the Higgs coupling constants.
The indicated horizontal lines represent 5% deviations. For the invisible Higgs decay, the
quantity plotted is the square root of the branching fraction. The programs shown include
(left to right for each entry) LHC at 14 TeV and 300 fb�1, ILC at 250 GeV and 250 fb�1,
ILC at 500 GeV and 500 fb�1, ILC at 1000 GeV and 1000 fb�1.

17

おまけ

LHC : 10-20%程度まで結合定数が分かる！
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ここまでのまとめ
Higgs 粒子と思われる粒子が発見された！

各モードとも標準模型とおおむね合っている！

Higgs Search @ LHC

CP 変換性や Spin などの基本的な性質はこれから

Higgs の結合定数の詳細もこれから

→こられが Higgs 粒子のものとは違ったら大騒ぎ！

→多少のずれは標準模型を越える模型の影響かもしれない
→非常に Welcome！

→それはそれで面白そう！

→大きくずれたらそもそも Higgs ではないかもしれない
→それも楽しそう！
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PART II
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標準模型の先にあるもの

以降は発見された Higgs 粒子と思われる粒子は Higgs 粒
子だと思い込みます

mh2 = λ v2

 λ ≃ (125GeV/174GeV)2 ≃ 0.5 !

H

H† H

H†

λ

H

H† H

H† H

H† H

H†

複合 Higgs 模型 素粒子 Higgs 模型○×
Monday, February 18, 13



標準模型の先にあるもの
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Figure 2: The scale Λ at which the two-loop RGEs drive the quartic SM Higgs coupling
non-perturbative, and the scale Λ at which the RGEs create an instability in the electroweak
vacuum (λ < 0). The width of the bands indicates the errors induced by the uncertainties
in mt and αS (added quadratically). The perturbativity upper bound (sometimes referred to
as ‘triviality’ bound) is given for λ = π (lower bold line [blue]) and λ = 2π (upper bold line
[blue]). Their difference indicates the size of the theoretical uncertainty in this bound. The
absolute vacuum stability bound is displayed by the light shaded [green] band, while the less
restrictive finite-temperature and zero-temperature metastability bounds are medium [blue]
and dark shaded [red], respectively. The theoretical uncertainties in these bounds have been
ignored in the plot, but are shown in Fig. 3 (right panel). The grey hatched areas indicate
the LEP [ 1] and Tevatron [ 2] exclusion domains.

mation were not included. On the other hand, the Tevatron data, although able to narrow

down the region of the ‘survival’ scenario, have no significant impact on the relative likeli-

hoods of the ‘collapse’, ‘metastable’ and ‘survival’ scenarios, neither of which can be excluded

at the present time.

We also consider the prospects for gathering more information about the fate of the SM

in the near future. The Tevatron search for the SM Higgs boson will extend its sensitivity

to both higher and lower MH , and then the LHC will enter the game. It is anticipated that

the LHC has the sensitivity to extend the Tevatron exclusion down to 127 GeV or less with

1 fb−1 of well-understood data at 14 TeV centre-of-mass energy [ 9]. This would decrease

the relative likelihood of the ‘survival’ scenario, but not sufficiently to exclude it with any

significance. On the other hand, discovery of a Higgs boson weighing 120 GeV or less would

3

相互作用が発散

mh ≃ 125GeV

mh ≃ 125GeV (λ ≃ 0.5) は高エネルギーでの Higgs ポテンシャル
の振る舞いも問題無い…

ひょっとして標準模型が最終理論か？
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High energy physics へのモチベーション

1. Gravity

標準模型の先にあるもの

graviton

M ~ E2/MPL2

(MPL = (8πGN)-1/2 ≃ 2.1x1018GeV)

重力は E > MPLで unitarity limit を越える！
E > MPL までには New Physics が登場するはず
                                      → String Theory?
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2. Unification

qL
1,2 ,3 =

uL
1,2 ,3

dL
1,2 ,3

!

"
#

$

%
&

UR
1,2 ,3

DR
1,2 ,3

lL =
νL

eL
!
"
#

$
%
&

ER

SU(3) SU(2) U(1)

3 2 1/6

3*

3*
-
-

-2/3
1/3

- 2 -1/2

- - 1

標準模型の先にあるもの標準模型の先にあるもの

標準模型のフェルミオン

わりと乱雑

High energy physics へのモチベーション
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2. Unification

標準模型の先にあるもの標準模型の先にあるもの

SU(3) x SU(2) x U(1) を SU(5) に埋め込むと…

DR
1

DR
2

DR
3

LL1

LL2

!

"

#
#
#
#
##

$

%

&
&
&
&
&&

フェルミオンたちはたった２種類にまとまる!

ψ(5*) = ψ(10) =

0 UR
3 −UR

2 UL
1 DL

1

−UR
3 0 UR

1 UL
2 DL

2

UR
2 −UR

1 0 UL
3 DL

3

−UL
1 −UL

2 −UL
3 0 ER

−DL
1 −DL

2 −DL
3 −ER 0

"

#

$
$
$
$
$
$
$

%

&

'
'
'
'
'
'
'

偶然とは思えない！
[これだと原子=陽子+電子が完全に中性であること
がゲージ相互作用の普遍性から簡単に理解出来る！]

High energy physics へのモチベーション
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2. Unification

標準模型の先にあるもの標準模型の先にあるもの

高エネルギー領域に外挿すると3つのゲージ結合定数が
近づいて行く！→ 1014-17GeV に統一理論？

High energy physics へのモチベーション
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L Fermion =   - yLH†LLE̅R 

<H>= 0
v
!
"
#
$
%
&

によって質量を持てるのは charged 
lepton のみ！

ml  = yL v (l = e, μ, τ)

3. Neutrino Mass

標準模型の先にあるもの

Neutrino 振動 → Neutrino は質量を持つ (mν~10-(3-1)eV)！

標準模型は Neutrino の質量を持つ様に拡張されなければ
ならない！

High energy physics へのモチベーション
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L Fermion =   - yLH†LLE̅R  - yν H LLN̅R 

<H>= 0
v
!
"
#
$
%
&

によって Neutrino も質量を持てる様
になる！

mL  = yL v (l = e, μ, τ)

3. Neutrino Mass

標準模型の先にあるもの

Neutrino 質量 = Dirac Type の質量

アイデア１：右巻きNeutrino N̅R の導入

mν  = yν v (l = νe , νμ , νν)

(何故 yν ≪ yL なのかは謎...)

High energy physics へのモチベーション

Monday, February 18, 13



　　

L Fermion =   - yLH†LLE̅R  - (H LL)(H LL) / Λ

<H>= 0
v
!
"
#
$
%
&

によって Neutrino も質量を持てる様
になる！

mL  = yL v (l = e, μ, τ)

3. Neutrino Mass

標準模型の先にあるもの

Neutrino 質量 = Majorana Type の質量

アイデア１：高次数相互作用の導入(seesaw-mechanism)！

mν  = v2/Λ (l = νe , νμ , νν)

Λ~ 1015GeV であれば Neutrino は質量 (mν~10-(3-1)eV)
を説明出来る！→そのエネルギースケールに新物理！

High energy physics へのモチベーション

(Dirac type と Majorana type は neutrinoless double beta decay で実験的に区別出来る)
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標準模型の先にあるもの

4. 暗黒物質、暗黒エネルギー

近年の宇宙観測から、宇宙は標準模型にない物質で占められている
ことが明らかになって来た！　→　標準模型を越えた物理がある！

23% Dark Matter

4% Standard 
Model

particles

Energy of the Universe

73% Dark Energy
銀河の回転曲線

宇宙背景放射のゆらぎの観測

重力レンズ

宇宙の大規模構造形成
　　　　シミュレーション

High energy physics へのモチベーション
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標準模型の先にあるもの

近年の宇宙観測から、宇宙は標準模型にない物質で占められている
ことが明らかになって来た！　→　標準模型を越えた物理がある！

23% Dark Matter

4% Standard 
Model

particles

Energy of the Universe

73% Dark Energy

暗黒物質の候補

電荷を持たない安定粒子
WIMP (超対称模型など)
アクシオン (strong CPの解)
その他いろいろ

原始ブラックホール
  (もうかなり制限されている)

暗黒エネルギーはもっと謎！

→ 暗黒セクターは標準模型を越えた物理を示唆している！

High energy physics へのモチベーション

4. 暗黒物質、暗黒エネルギー
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標準模型の先にあるもの

5. インフレーション
High energy physics へのモチベーション

宇宙の平坦性問題

通常の宇宙 (ω = 0, 1/3 )だとすると宇宙はある時刻に少し
曲がっていると相対的にどんどん曲がって行く！

宇宙の曲率半径 K-1/2 は宇宙膨張係数 a に比例

一方観測から今の宇宙は曲がっていない！ 
　　　　　→ 過去にはもっともっと平坦な宇宙だった！
　　　　　→ なんで？ = 平坦性問題

宇宙の見渡せる大きさ H-1 は宇宙膨張 a3(1+ω)/2 で
大きくなる (p=ωρ の物質が支配的の時期)
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標準模型の先にあるもの
High energy physics へのモチベーション

宇宙の平坦性問題

宇宙を ω = -1 の物質が支配していた時期が過去にあれば
むしろ曲がっていた宇宙を平坦に出来る！

 ω = -1 の物質 = インフラトン ∉ 標準模型！
( Higgs 場をインフラトンに使うアイデアもあるが)

5. インフレーション

宇宙の曲率半径 K-1/2 は宇宙膨張係数 a に比例
宇宙の見渡せる大きさ H-1 は宇宙膨張 a-3(1+ω)/2 で
大きくなる (p=ωρ の物質が支配的の時期)
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標準模型の先にあるもの

5. インフレーション
High energy physics へのモチベーション

宇宙のホライズン問題

通常の宇宙 (ω = 0, 1/3 )だとすると“新たに”見渡せる様になる
半径は常に過去に見渡せた半径より大きい！

宇宙の晴れ上がりの時期(T~3000K) の時期に見渡せた半
径は現在 70Mpc 程度まで引き延ばされている
これは現在見渡せる半径 3000Mpc よりずっと小さい!

宇宙のある時期に見渡せる大きさ H-1 (∝ a3(1+ω)/2 )は
その後膨張係数 a に比例して広がって行く！

一方で宇宙背景放射は一様 → 何故？= ホライズン問題！
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標準模型の先にあるもの

5. インフレーション
High energy physics へのモチベーション

宇宙のホライズン問題

通常の宇宙 (ω = 0, 1/3 )だとすると“新たに”見渡せる様になる
半径は常に過去に見渡せた半径より大きい！

宇宙のある時期に見渡せる大きさ H-1 (∝ a3(1+ω)/2 )は
その後膨張係数 a に比例して広がって行く！

宇宙を ω = -1 の物質が支配していた時期 “新たに”見渡せる
様になる半径は実は過去に見渡せていたことに出来る！

インフレーションで解決できる！

インフラトンの揺らぎから生じる背景放射の揺らぎも観測と良く
合っている！
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標準模型の先にあるもの

6. バリオン非対称性
High energy physics へのモチベーション

現在の宇宙は物質ばかりで反物質は残っていない！
(nB - nB ̅) / nγ  ~ 10-9

宇宙の初期では nγ ~ nB

(nB - nB ̅) / nB  ~ 10-9

宇宙の初期で僅かに非対称性が生成！

インフレーションがあると粒子はいったん薄まってしまう！
　　　　　    → バリオン対称な宇宙から非対称性を生成！
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標準模型の先にあるもの

6. バリオン非対称性
High energy physics へのモチベーション

バリオン対称な宇宙から非対称性を生成する条件

サハロフ３条件

バリオン対称性を破る相互作用

C, CP 対称性を破る相互作用

これらの対称性を破る相互作用が宇宙膨張よりゆっくり

標準模型ではバリオン数が保存する!
　　　　　　　              → 新物理の存在を示唆！
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標準模型の先にあるもの
標準模型をこえる物理の候補たち

1018GeV

Quantum 
Gravity?Grand

Uni3cation?
1014-17GeV

10~16GeV
In4ation?

log E

10~15GeV
Neutrino?

~ ~

~ ~~102GeV

Standard 
Model

Dark Matter
(WIMP)?
102-5GeV

Dark Matter
(axion)?
109-12GeV

これら以外にもまだ考えていない新しい物理の可能性も！
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標準模型のスケールの起源 = 階層性問題！

標準模型の先にあるもの
標準模型とは異なる構造の理論が非常に高いエネルギー
スケールに存在することは強く期待されている！

何故標準模型のエネルギースケールは 102GeV なのか？
重力が強くなるスケールや統一理論のスケールより何故こんなに
小さいのか？

この問いの根底には“小さいことには理由があるはず”という
考え方

例) パイオンの質量 140MeV ≪ ハドロンの一般的質量 O(1)GeV

小ささは SU(2) カイラル対称性の自発的破れと陽な破れの
組み合わせで説明出来る (by Y.Nambu)！
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階層性問題
標準模型の先にあるもの

どんなパラメータが小さくなれるか？

あるパラメータを 0 にしたときにラグランジアンがある対称性
を持つようなパラメータは小さくなっても良い。

例) 電子の質量は標準模型のスケールに比べて小さい
電子の質量を０にすると右巻きと左巻きの電子それぞれ
で数が保存する様になる → カイラル対称性が生じる！　

例) パイオンの質量 140MeV ≪ ハドロンの一般的質量 O(1)GeV

パイオンの質量を０にすると右巻きと左巻きのクォークの
数が保存する様になる → カイラル対称性が生じる！

対称性で守られたパラメータは小さくても良い！
(０に意味がある)
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W̃+ W̃ 0

W+

W̃+ W̃+

γ/Z

W̃ 0 W̃±

W∓

Figure 1: One-loop diagrams contributing to the functions Σ(1)
M,K in Eq. (5).

scheme in the SM at the Z-boson mass scale, mW,Z the physical W and Z boson

masses, mχ̃0 the physical neutral wino mass. It should be noted that the one-loop

relations are precise enough for the two-loop estimation of the wino mass splitting,

since the leading mass splitting starts at the one-loop level.

The top quark and the higgs boson appear only at the two-loop calculation of

the mass splitting. Thus, the MS variables m̂t and m̂h may be replaced with their

physical masses mt and mh at this level of precision. As for the top quark mass,

however, we use the MS top mass at the one-loop level for m̂t.4 As we will see, the

Q dependence of the mass splitting at the two-loop level comes mainly from those

of the top mass m̂t. We set, on the other hand, m̂h = mh since the running of the

higgs mass does not cause significant effects on the splitting.

Once we obtain the input parameters, α̂, m̂W , and m̂Z from Eqs. (6)-(8), we

can calculate ĝ, ĝ′ using tree level relations. In deriving the one-loop relations in

Eqs. (6)-(9), we also obtain the counter-terms to subtract ultra-violet (UV) diver-

gences. These counter terms play important roles to calculate Σ(2)
K,M , as will be

discussed later.

2.1.3 The mass splitting at one-loop level

The one-loop result of the mass splitting between neural and charged winos is well

known [25]–[27] and used in many literatures. The loop diagrams of the winos and

gauge bosons shown in Fig. 1 lead to the functions Σ(1)
K,M . With the use of the

formula in Eq. (5) and the self-energies Σ(1)
K,M given in the appendixB, the mass

splitting δm = mχ̃± −mχ̃0 at the one-loop level is given by

δm = −M̂2Σ
(1)
K,±(M̂

2
2 )− Σ(1)

M,±(M̂
2
2 ) + M̂2Σ

(1)
K,0(M̂

2
2 ) + Σ(1)

M,0(M̂
2
2 )

= (ĝ2M̂2/8π
2)[f(m̂2

W/M̂2
2 )− ĉ2W f(m̂2

Z/M̂
2
2 )], (10)

4The finite renormalization effect connecting between m̂t (MS mass) and mt (pole mass) is the

same as those in the SM, because the scalar top quarks are heavy and decoupled.

5

　　

階層性問題
標準模型の先にあるもの

なんでそう考えるか？
→ 全てのパラメータは輻射補正を受ける！

対称性で守られたパラメータは輻射補正もそのパラメータに
比例する → 輻射補正を受けても大きさはさほど変わらない

X X
me me

me                        + 

小さいインプットで小さい値を持てる！

3α
2πme log

ΛCUT

me

フェルミオンの質量
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階層性問題
標準模型の先にあるもの

なんでそう考えるか？
→ 全てのパラメータは輻射補正を受ける！

対称性で守られていないパラメータは大きな輻射補正を
受けてしまう！

X
m2

m2                        - 

小さいインプットでも大きくなってしまう！

スカラー場の質量2

yt2

8π2ΛCUT
2
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階層性問題
標準模型の先にあるもの

標準模型のスケール v は対称性で守られているか？

V[H]= λ(|H|2 - v2 )2/4 
→ 特に守られていない…

(v → 0 の極限でも特に新しい対称性はない)

例えば Unification scale での理論を考え、最終的に標準模型
の v2 となるパラメータを小さく与えても輻射補正で大きく
なってしまう…

v2tot     =      v2input    +     O(Muni3cation2)

O(Muni3cation2) O(1002GeV2)
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階層性問題
標準模型の先にあるもの

標準模型のスケール v は対称性で守られているか？

v2tot     =  O(1002GeV2)  を実現するには Unification scale での
理論において v2 となるパラメータを大きく与えて輻射補正と
丁度相殺させて実現する必要がある!

v2tot     =      v2input    +     O(Muni3cation2)

O(Muni3cation2)O(1002GeV2)

→ なんだか納得がいかない…(=標準模型の微調整問題)

V[H]= λ(|H|2 - v2 )2/4 
→ 特に守られていない…

(v → 0 の極限でも特に新しい対称性はない)
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標準模型の先にあるもの
階層性問題の解決案？
ヒント：

フェルミオンの質量 = 対称性で守られる
スカラー場の質量2   = 対称性で守られない

解決案１：

Higgs 場がフェルミオンの束縛状態として現れる様にする

Higgs { f

f ̅
(さらなる利点として強い力によってエネルギースケールを
パラメータとしてインプットしなくても勝手にでてくる
: Technicolor 模型など)

新しい強い力
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標準模型の先にあるもの
階層性問題の解決案？
ヒント：

フェルミオンの質量 = 対称性で守られる
スカラー場の質量2   = 対称性で守られない

解決案１：

Higgs 場がフェルミオンの束縛状態として現れる様にする

Higgs { f

f ̅
新しい強い力

H

H† H

H† 一般には４点相互作用が強くなり
Higgs は 125GeV よりもっと重い

→ 工夫が必要 (Little Higgs 模型など)
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標準模型の先にあるもの
階層性問題の解決案？
ヒント：

フェルミオンの質量 = 対称性で守られる
スカラー場の質量2   = 対称性で守られない

解決案１：

Higgs 場がフェルミオンの束縛状態として現れる様にする

Higgs { f

f ̅
新しい強い力

ただし標準模型のクォーク、レプトンとくっ
つけるのが難しい…(小さくなりがち)H

q

q ̅
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標準模型の先にあるもの
階層性問題の解決案？
ヒント：

フェルミオンの質量 = 対称性で守られる
スカラー場の質量2   = 対称性で守られない

解決案2：

スカラー場にフェルミオン場のカイラル対称性を与えられ
るようにする！
超対称性の導入！

スカラー場 フェルミオン場
対称性

カイラル対称性

スカラー場の質量2もカイラル対称性で守られる！
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標準模型の先にあるもの
階層性問題の解決案？
ヒント：

フェルミオンの質量 = 対称性で守られる
スカラー場の質量2   = 対称性で守られない

解決案2：

Higgs 場に内部構造を与えずに素粒子のまま模型を拡張！

小さい４点相互作用と矛盾しない

クォーク、レプトンとの相互作用もそのまま残る！

Monday, February 18, 13



　　

標準模型の先にあるもの
階層性問題の解決案？
ヒント：

フェルミオンの質量 = 対称性で守られる
スカラー場の質量2   = 対称性で守られない

解決案 3：

思い切って MPL や MUni3cation を下げてやる

→ 種々の余剰次元模型

ただしクォーク、レプトンとの相互作用は難しい場合
が多い
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標準模型の先にあるもの
ここまでのまとめ

標準模型を越える物理への示唆は沢山ある

それらを考えるとなぜ標準模型のエネルギースケールが
それらの物理のスケールよりも遥かに小さいのか謎！

標準模型ではこの問題に答えるのは難しい…

標準模型は O(100)GeV よりも割とすぐ上のエネルギー
スケールで変更される可能性が高い！

今のところ LHC でそれらの物理の兆候はないがなんら
かのヒントが得られることに期待！
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PART III
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超対称模型

Standard Model Superparticles

supersymmetry

Supersymmetric Standard Model

same properties
except for spin!

u c t

d s b

e ! "

# # #

$

ｇ

Z

We ! "

H

u c t

d s b

e ! "

# # #

$

ｇ

Z

We ! "

H

~ ~ ~ ~

~ ~ ~ ~

~ ~ ~ ~

~ ~ ~ ~

~

超対称模型ではこれまで議論した標準模型の粒子
それぞれに超対称対を導入する
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超対称模型

たったそれだけでゲージ結合定数の一致が非常に良くなる！！

→ 偶然とは思いにくい…
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超対称模型
Quark, Lepton, Higgs, Gauge boson を超対称多重項に
拡張する！

Q = ( q,  q,  F )

squark quark F-term

~

Wα = ( λα,  Fμν,  D )

例) quark

q q~
squark

fermion boson

gaugino
gauge
boson D-term

λαFμν

gauge
boson

gaugino

boson fermion
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超対称模型

UR

DR

ER

QL

LL

Hu

Hd

SU(3) SU(2) U(1)
3
3
3
1
1
1
1

2

2

1
1

1
2
2

1/6
-2/3
1/3
-1/2
1
1/2
-1/2

Quark, Lepton, Higgs, Gauge boson を超対称多重項に
拡張する！

x3-generations

Higgs は２つ必要！

W = yuHuQLŪR + ydHdQD̄R + yeHdLLĒR

U(1)-SU(2) anomaly cancelation

相互作用は Superpotential に
解析関数になるように書く！

全ての相互作用は超対称対性と無矛盾に簡単に拡張出来る！
超対称模型の Higgs は素粒子のままであることの利点！
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超対称模型
Quark, Lepton, Higgs, Gauge boson を
超対称多重項に拡張する！

tL t†R

H0
u

(a)

t̃L t†R

H̃0
u

(b)

tL t̃∗R

H̃0
u

(c)

Figure 5.1: The top-quark Yukawa coupling (a) and its “supersymmetrizations” (b), (c), all of
strength yt.

space. All of the gauge [SU(3)C color and SU(2)L weak isospin] and family indices in eq. (5.1) are
suppressed. The “µ term”, as it is traditionally called, can be written out as µ(Hu)α(Hd)βεαβ, where
εαβ is used to tie together SU(2)L weak isospin indices α,β = 1, 2 in a gauge-invariant way. Likewise,
the term uyuQHu can be written out as uia (yu)i

j Qjαa (Hu)βεαβ, where i = 1, 2, 3 is a family index,
and a = 1, 2, 3 is a color index which is lowered (raised) in the 3 (3) representation of SU(3)C .

The µ term in eq. (5.1) is the supersymmetric version of the Higgs boson mass in the Standard
Model. It is unique, because terms H∗

uHu or H∗
dHd are forbidden in the superpotential, which must be

analytic in the chiral superfields (or equivalently in the scalar fields) treated as complex variables, as
shown in section 3.2. We can also see from the form of eq. (5.1) why both Hu and Hd are needed in order
to give Yukawa couplings, and thus masses, to all of the quarks and leptons. Since the superpotential
must be analytic, the uQHu Yukawa terms cannot be replaced by something like uQH∗

d . Similarly,
the dQHd and eLHd terms cannot be replaced by something like dQH∗

u and eLH∗
u. The analogous

Yukawa couplings would be allowed in a general non-supersymmetric two Higgs doublet model, but are
forbidden by the structure of supersymmetry. So we need both Hu and Hd, even without invoking the
argument based on anomaly cancellation mentioned in the Introduction.

The Yukawa matrices determine the current masses and CKM mixing angles of the ordinary quarks
and leptons, after the neutral scalar components of Hu and Hd get VEVs. Since the top quark, bottom
quark and tau lepton are the heaviest fermions in the Standard Model, it is often useful to make an
approximation that only the (3, 3) family components of each of yu, yd and ye are important:

yu ≈




0 0 0
0 0 0
0 0 yt



 , yd ≈




0 0 0
0 0 0
0 0 yb



 , ye ≈




0 0 0
0 0 0
0 0 yτ



 . (5.2)

In this limit, only the third family and Higgs fields contribute to the MSSM superpotential. It is
instructive to write the superpotential in terms of the separate SU(2)L weak isospin components
[Q3 = (t b), L3 = (ντ τ), Hu = (H+

u H0
u), Hd = (H0

d H−
d ), u3 = t, d3 = b, e3 = τ ], so:

WMSSM ≈ yt(ttH
0
u − tbH+

u ) − yb(btH
−
d − bbH0

d) − yτ (τντH
−
d − ττH0

d)

+µ(H+
u H−

d − H0
uH0

d). (5.3)

The minus signs inside the parentheses appear because of the antisymmetry of the εαβ symbol used to
tie up the SU(2)L indices. The other minus signs in eq. (5.1) were chosen so that the terms ytttH0

u,
ybbbH0

d , and yτττH0
d , which will become the top, bottom and tau masses when H0

u and H0
d get VEVs,

each have overall positive signs in eq. (5.3).
Since the Yukawa interactions yijk in a general supersymmetric theory must be completely sym-

metric under interchange of i, j, k, we know that yu, yd and ye imply not only Higgs-quark-quark and
Higgs-lepton-lepton couplings as in the Standard Model, but also squark-Higgsino-quark and slepton-
Higgsino-lepton interactions. To illustrate this, Figures 5.1a,b,c show some of the interactions involving
the top-quark Yukawa coupling yt. Figure 5.1a is the Standard Model-like coupling of the top quark
to the neutral complex scalar Higgs boson, which follows from the first term in eq. (5.3). For variety,

31

超対称理論に拡張された Yukawa interaction の例

超対称性のため３つの相互作用の結合定数は同じ！
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超対称模型
Quark, Lepton, Higgs, Gauge boson を
超対称多重項に拡張する！

超対称理論に拡張された gauge interaction の例

超対称性のため３つの相互作用の結合定数は同じ！

j k

i

(a)

j k

i

(b)

i j

(c)

i j

(d)

ij

(e)

Figure 3.2: Supersymmetric dimensionful couplings: (a) (scalar)3 interaction vertex M∗
inyjkn and (b)

the conjugate interaction M iny∗jkn, (c) fermion mass term M ij and (d) conjugate fermion mass term

M∗
ij , and (e) scalar squared-mass term M∗

ikM
kj.

(a) (b) (c) (d) (e)

(f) (g) (h) (i)

Figure 3.3: Supersymmetric gauge interaction vertices.

tion of Figure 3.1c is exactly of the special type needed to cancel the quadratic divergences in quantum
corrections to scalar masses, as discussed in the Introduction [compare Figure 1.1, and eq. (1.11)].

Figure 3.2 shows the only interactions corresponding to renormalizable and supersymmetric vertices
with coupling dimensions of [mass] and [mass]2. First, there are (scalar)3 couplings in Figure 3.2a,b,
which are entirely determined by the superpotential mass parameters M ij and Yukawa couplings yijk,
as indicated by the second and third terms in eq. (3.50). The propagators of the fermions and scalars
in the theory are constructed in the usual way using the fermion mass M ij and scalar squared mass
M∗

ikM
kj. The fermion mass terms M ij and Mij each lead to a chirality-changing insertion in the

fermion propagator; note the directions of the arrows in Figure 3.2c,d. There is no such arrow-reversal
for a scalar propagator in a theory with exact supersymmetry; as depicted in Figure 3.2e, if one treats
the scalar squared-mass term as an insertion in the propagator, the arrow direction is preserved.

Figure 3.3 shows the gauge interactions in a supersymmetric theory. Figures 3.3a,b,c occur only
when the gauge group is non-Abelian, for example for SU(3)C color and SU(2)L weak isospin in the
MSSM. Figures 3.3a and 3.3b are the interactions of gauge bosons, which derive from the first term
in eq. (3.57). In the MSSM these are exactly the same as the well-known QCD gluon and electroweak
gauge boson vertices of the Standard Model. (We do not show the interactions of ghost fields, which
are necessary only for consistent loop amplitudes.) Figures 3.3c,d,e,f are just the standard interactions
between gauge bosons and fermion and scalar fields that must occur in any gauge theory because of the
form of the covariant derivative; they come from eqs. (3.59) and (3.65)-(3.67) inserted in the kinetic
part of the Lagrangian. Figure 3.3c shows the coupling of a gaugino to a gauge boson; the gaugino line
in a Feynman diagram is traditionally drawn as a solid fermion line superimposed on a wavy line. In
Figure 3.3g we have the coupling of a gaugino to a chiral fermion and a complex scalar [the first term
in the second line of eq. (3.72)]. One can think of this as the “supersymmetrization” of Figure 3.3e or
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超対称模型

top Higgs W, Z, γ

Figure 5.2: The most significant quadratically divergent contributions to the Higgs mass in the Standard
Model.

The latter equation exposes the hierarchy problem. To keep the physical mass of the ⇤l field in the
e⇥ective theory m�2 finite as M ⌃ ⌥, the renormalized mass parameter m of the light field has to be
fine-tuned within a relative accuracy of m�2/M2, see (5.11). The renormalized parameters m and M
have to finely tuned to make the two terms in this equation cancel. This need for fine-tuning is clearly
undesirable.

Essentially, not much changes in this situation when we consider the Standard Model. We will consider
the Standard Model as an e⇥ective field theory of some high-energy theory, with new very heavy gauge,
fermion and/or scalar fields. Ignoring the interactions with gauge and fermion fields, the Higgs boson is
simply described by a ⇤4 theory. It can fulfill the role of the light field ⇤l in the above derivation. The
heavy field can be anything with a mass M ⇧ v, the electroweak symmetry breaking scale. We arrive
immediately at (5.11), and conclude that the Standard Model, considered as an e⇥ective theory, also
su⇥ers from a hierarchy problem. However, in the Standard Model we have also gauge fields and fermions,
each of which gives rise to another term proportional to a heavy mass-squared in (5.11). Of course one
can now argue that these contributions are opposite in sign and cancel each other, thereby resolving the
need of fine-tuning the Higgs mass parameter to its coupling. But, in order for this cancellation to be
natural, we need a symmetry relating the various gauge, fermion, and scalar field couplings, a symmetry
that is simply absent in the minimal version of the Standard Model. Thus the hierarchy problem remains.

5.4 Cut-o� arguments and new physics

At high energies, heavy particles from a not yet fully known high-energy theory might well contribute to
various processes. Therefore, assume that the Standard Model is valid up to some scale �, say � = 10
TeV. At higher energies we do not know how to compute loop diagrams, thus we will cut such loops
o⇥ at �. The hierarchy problem arises because the contributions to the Higgs mass are quadratically
divergent. The most important contributions are the one-loop diagrams involving the top quark, the
SU(2)⇥U(1) gauge bosons, and the Higgs boson itself, see Figure 5.2. The contributions are, for � = 10
TeV (Schmaltz, 2003),

top loop � 3
8⇥2

�2
t �

2 ⇤ �(2 TeV)2, (5.12)

gauge loop
1

16⇥2
g2�2 ⇤ (0.7 TeV)2, (5.13)

Higgs loop
1

16⇥2
�2�2 ⇤ (0.5 TeV)2. (5.14)

The total Higgs mass at one-loop order is then approximately

m2
H = m2

tree � [100� 10� 5](200 GeV)2. (5.15)

If the Higgs mass is two be only a few hundred GeV, a fine tuning of about one part in 100 among
the tree-level parameters is required, see Figure 5.3. Thus we see again a manifestation of the hierarchy
problem. If we want the Standard Model to be valid up to � = 100 TeV, the fine-tuning required is much
greater, about one part in 10000; if on the other hand we expect new physics to take over at around
� = 1 TeV, the need for fine-tuning disappears completely.

We now turn the argument around. Suppose we find a fine-tuning of at most 1 part in 10 acceptable.
Up to what scale can we expect the Standard Model to be valid? The largest contribution should be no
more than about 10 times the Higgs mass, and we find a cut-o⇥ � ⌅ 2 TeV. At this scale we expect to find
new particles, whose presence is dictated by some symmetry, that naturally cancel the contribution from
the top quark. Since the gauge- and Higgs loop contributions are smaller, the new particles cancelling
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Figure 5.2: The most significant quadratically divergent contributions to the Higgs mass in the Standard
Model.
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have to finely tuned to make the two terms in this equation cancel. This need for fine-tuning is clearly
undesirable.
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the Standard Model as an e⇥ective field theory of some high-energy theory, with new very heavy gauge,
fermion and/or scalar fields. Ignoring the interactions with gauge and fermion fields, the Higgs boson is
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su⇥ers from a hierarchy problem. However, in the Standard Model we have also gauge fields and fermions,
each of which gives rise to another term proportional to a heavy mass-squared in (5.11). Of course one
can now argue that these contributions are opposite in sign and cancel each other, thereby resolving the
need of fine-tuning the Higgs mass parameter to its coupling. But, in order for this cancellation to be
natural, we need a symmetry relating the various gauge, fermion, and scalar field couplings, a symmetry
that is simply absent in the minimal version of the Standard Model. Thus the hierarchy problem remains.

5.4 Cut-o� arguments and new physics

At high energies, heavy particles from a not yet fully known high-energy theory might well contribute to
various processes. Therefore, assume that the Standard Model is valid up to some scale �, say � = 10
TeV. At higher energies we do not know how to compute loop diagrams, thus we will cut such loops
o⇥ at �. The hierarchy problem arises because the contributions to the Higgs mass are quadratically
divergent. The most important contributions are the one-loop diagrams involving the top quark, the
SU(2)⇥U(1) gauge bosons, and the Higgs boson itself, see Figure 5.2. The contributions are, for � = 10
TeV (Schmaltz, 2003),
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The total Higgs mass at one-loop order is then approximately

m2
H = m2

tree � [100� 10� 5](200 GeV)2. (5.15)

If the Higgs mass is two be only a few hundred GeV, a fine tuning of about one part in 100 among
the tree-level parameters is required, see Figure 5.3. Thus we see again a manifestation of the hierarchy
problem. If we want the Standard Model to be valid up to � = 100 TeV, the fine-tuning required is much
greater, about one part in 10000; if on the other hand we expect new physics to take over at around
� = 1 TeV, the need for fine-tuning disappears completely.

We now turn the argument around. Suppose we find a fine-tuning of at most 1 part in 10 acceptable.
Up to what scale can we expect the Standard Model to be valid? The largest contribution should be no
more than about 10 times the Higgs mass, and we find a cut-o⇥ � ⌅ 2 TeV. At this scale we expect to find
new particles, whose presence is dictated by some symmetry, that naturally cancel the contribution from
the top quark. Since the gauge- and Higgs loop contributions are smaller, the new particles cancelling
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SUSY cancel

stop

超対称性の拡張によってスカラーの質量がカイラル対称性
で守られる！

実際に輻射補正がキャンセルしてくれる！

(超対称粒子の質量が標準模型のスケールから大きくはずれる
とキャンセルが悪くなり微調整問題が生じるので注意)
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スカラーが増えたせいで余計な相互作用が書けてしまう

WRPV = αQLLLD̄R + βLLLLĒR + δD̄RD̄RŪR + µ′LLHu

ΔL = 1

ΔB = 1

d

u
u

s, b~ ~ L

Q
u

P これらは早すぎる陽子崩壊を予言

p→ eπ, νπ, eK,νK,...

Rp = (−)3(B−L)+F

これらの相互作用は R-parity を導入すれば簡単に禁止できる！
( ~ a discrete subgroup of L and B symmetry )

R[標準模型の粒子] = +1
R[超対称対] = -1

超対称模型
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超対称模型

LSP : Lightest supersymmetric particle (Rp= -1) 

LSP は R-parity を持つ超対称模型では安定！
暗黒物質の候補！

ex)

一番軽いニュートラリーノ (Zino, Bino, 2 neutral Higgsino)

LSP の候補

Gravitino (graviton の超対称対)

どれが LSP になるかは超対称性の破れ方による

R-parity 導入のボーナス
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このようにして簡単に超対称模型(MSSM)が作れる！

超対称模型

最大の予言 = Higgs ４点相互作用の大きさがゲージ結合定数
で決まる！

H

H† H

H†

gauge boson の
スカラーパートナー

λ= (g12+g22)/2 cos22β

H

H† H

H†

mhiggs = λ1/2 v  ~ mZ cos2β  

[ 標準模型では自由なパラメータ ]

Higgs の質量が予言されてしまう！

(cosβ は２Higgs の
期待値の比)

→ 軽すぎる？

D
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もちろんこのままでは現実的ではない！

このままでは標準模型の粒子とその超対称対の質量が同じ
なぜ?

超対称対だけが重くなっている様にしたい

超対称模型

→ 超対称性の自発的破れを考える

→　そんなものは見つかっていない！

(実は超対称対が重くなると先ほどの Higgs も少し重くなる
       　　→ Higgs の質量は超対称粒子の質量のプローブ！)
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超対称模型
{Qα, Qα } =  2 σαα Pμ

μ† ..SUSY 代数:

H = (Q1 Q1+ Q1 Q1+ Q2 Q2+ Q2 Q2) / 4. . . .† † † †

< 0 | H | 0 > = ( |Q1| 0 >| + |Q2| 0 >|  )/22 2

SUSYを保つ真空 : vacuum energy = 0

[超対称性は時空の対称性！]

(  Q1| 0 > = 0 )

SUSYを自発的に破る真空 : vacuum energy > 0 (  Q1| 0 > ≠ 0 )

0 Φ

unbroken SUSY

0 Φ

broken SUSY

真空でエネルギーが 0 より大きくなる模型を作れば良い！
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超対称模型
ただし MSSM に現れる超対称粒子で超対称性を自発的に
破ってはダメ！
(実際にMSSMの場で破れ起こすこと自体も難しいが…)
MSSMの場で超対称性を破ると SU(3) x SU(2) x U(1) ゲージ
対称性を同時に破って上手く行かない！

超対称性を破るセクター = Hidden セクターが必要！

Supersymmetry 
Breaking Sector MSSM

相互作用

(MSSM のスペクトルは Hidden sector の構造よりもそれを繋
ぐ相互作用の種類に強く依存する。)

Monday, February 18, 13



超対称模型
ここまでのまとめ

標準模型の粒子に超対称対を導入する

標準模型の相互作用は簡単に超対称に拡張出来る

不要で有害な相互作用は R-parity (≃ B-L parity) で禁止
→ R-parity のおかげで暗黒物質の候補が出来る！

Higgs の４点相互作用はゲージ結合定数で与えられる！

超対称性は Hidden セクターで自発的に破れている
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超対称模型のスペクトル
超対称性の破れが伝わった後生じる破れの項 = soft terms

Lsoft = −1
2

(
M3g̃g̃ + M2W̃W̃ + M1B̃B̃

)

−
(
auHuQ̃L

˜̄UR + adHdQ̃L
˜̄DR + aeHdL̃L

˜̄ER

)
+ c.c.

−m2
Q|Q̃L|2 − m2

Ū |
˜̄UR|2 − m2

D̄| ˜̄DR|2 − m2
L|L̃L|2 − m2

Ē |
˜̄ER|2

−m2
Hu

|Hu|2 − m2
Hd

|Hd|2 − (BµHHuHd + c.c.)

超対称性が階層性問題の解であるためには soft term の大きさ
は(程度問題ではあるが)100GeV-1TeV をそれほど大きく超え
ないと期待される

M1,2,3, au,d,e, mQ,U,D,E,L,Hu,Hd , B = O(102−3) GeV
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gluino mass ~ M3

crude MSSM スペクトル
squark masses ~ MQ,Ū,D̄

[for large a-terms, LR-mixing]slepton masses ~ ML,Ē

neutralino (B̃, W̃ 0, H̃0
d , H̃0

u)

quark mass gets significant one-loop corrections in the large tan β limit.104 One can obtain a
slightly stronger upper bound on tanβ in models where m2

Hu
= m2

Hd
at the input scale, by

requiring that yb does not significantly exceed yt. [Otherwise, Xb would be larger than Xt

in eqs. (7.18) and (7.19), so one would find m2
Hd

< m2
Hu

at the electroweak scale, and the

minimum of the potential would have to be at 〈H0
d〉 > 〈H0

u〉 which would be a contradiction
with the supposition that tan β is large.] In the following, we will see that the parameter
tan β has an important effect on the masses and mixings of the MSSM sparticles.

7.3 Neutralinos and charginos

The higgsinos and electroweak gauginos mix with each other because of the effects of elec-
troweak symmetry breaking. The neutral higgsinos (H̃0

u and H̃0
d) and the neutral gauginos

(B̃, W̃ 0) combine to form four neutral mass eigenstates called neutralinos. The charged
higgsinos (H̃+

u and H̃−
d ) and winos (W̃+ and W̃−) mix to form two mass eigenstates with

charge ±1 called charginos. We will denote †† the neutralino and chargino mass eigenstates
by Ñi (i = 1, 2, 3, 4) and C̃±

i (i = 1, 2). By convention, these are labelled in ascending order,
so that m

Ñ1
< m

Ñ2
< m

Ñ3
< m

Ñ4
and m

C̃1
< m

C̃2
. The lightest neutralino, Ñ1, is usually

assumed to be the LSP, unless there is a lighter gravitino or unless R-parity is not conserved,
because it is the only MSSM particle which can make a good cold dark matter candidate.
In this subsection, we will describe the mass spectrum and mixing of the neutralinos and
charginos in the MSSM.

In the gauge-eigenstate basis ψ0 = (B̃, W̃ 0, H̃0
d , H̃0

u), the neutralino mass terms in the
lagrangian are

L ⊃ −
1

2
(ψ0)TM

Ñ
ψ0 + c.c. (7.45)

where

M
Ñ

=





M1 0 −cβ sW mZ sβ sW mZ

0 M2 cβ cW mZ −sβ cW mZ

−cβ sW mZ cβ cW mZ 0 −µ
sβ sW mZ −sβ cW mZ −µ 0



 . (7.46)

Here we have introduced abbreviations sβ = sinβ, cβ = cos β, sW = sin θW , and cW =
cos θW . The entries M1 and M2 in this matrix come directly from the MSSM soft Lagrangian
[see eq. (5.11)] while the entries −µ are the supersymmetric higgsino mass terms [see
eq. (5.4)]. The terms proportional to mZ are the result of Higgs-higgsino-gaugino couplings
[see eq. (3.72) and Fig. 5g], with the Higgs scalars getting their VEVs [eqs. (7.29),(7.30)].
The mass matrix M

Ñ
can be diagonalized by a unitary matrix N with Ñi = Nijψ0

j , so that

M
diag

Ñ
= N∗M

Ñ
N−1 (7.47)

has positive real entries m
Ñ1

, m
Ñ2

, m
Ñ3

, m
Ñ4

on the diagonal. These are the absolute values

of the eigenvalues of M
Ñ

, or equivalently the square roots of the eigenvalues of M
†

Ñ
M

Ñ
.

The indices (i, j) on Nij are (mass, gauge) eigenstate labels. The mass eigenvalues and the
mixing matrix Nij can be given in closed form in terms of the parameters M1, M2, µ and
tan β, but the results are very complicated and not very illuminating.

††Other common notations use χ̃0
i or Z̃i for neutralinos, and χ̃±

i or W̃±
i for charginos.
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chargino (W̃+(W̃−), H̃+
u (H̃−

d ))

The chargino spectrum can be analyzed in a similar way. In the gauge-eigenstate basis
ψ± = (W̃+, H̃+

u , W̃−, H̃−
d ), the chargino mass terms in the lagrangian are

L ⊃ −
1

2
(ψ±)TM

C̃
ψ± + c.c. (7.54)

where, in 2 × 2 block form,

M
C̃

=
(

0 XT

X 0

)
; X =

(
M2

√
2sβ mW√

2cβ mW µ

)
. (7.55)

The mass eigenstates are related to the gauge eigenstates by two unitary 2×2 matrices U

and V according to

(
C̃+

1
C̃+

2

)
= V

(
W̃+

H̃+
u

)
;

(
C̃−

1
C̃−

2

)
= U

(
W̃−

H̃−
d

)
. (7.56)

Note that there are different mixing matrices for the positively charged states and for the
negatively charged states. They are to be chosen so that

U∗XV−1 =
(

m
C̃1

0
0 m

C̃2

)
. (7.57)

Because these are only 2×2 matrices, it is not hard to solve for the masses explicitly:

m2
C̃1

,m2
C̃2

=
1

2

[
(|M2|2 + |µ|2 + 2m2

W )

∓
√

(|M2|2 + |µ|2 + 2m2
W )2 − 4|µM2 − m2

W sin 2β|2
]
. (7.58)

It should be noted that these are the (doubly degenerate) eigenvalues of the 4 × 4 matrix

M
†

C̃
M

C̃
, or equivalently the eigenvalues of X†X, but they are not the squares of the eigen-

values of X. In the limit of eq. (7.49) with real M2 and µ, one finds that the charginos mass
eigenstates consist of a wino-like C̃±

1 and and a higgsino-like C̃±
2 , with masses

m
C̃1

= M2 −
m2

W (M2 + µ sin 2β)

µ2 − M2
2

+ . . . (7.59)

m
C̃2

= |µ| +
m2

W (|µ| + εM2 sin 2β)

µ2 − M2
2

+ . . . . (7.60)

Here again the labeling assumes M2 < |µ|, and ε is the sign of µ. Amusingly, the lighter
chargino C̃1 is nearly degenerate with the second lightest neutralino Ñ2 in this limit, but this
is not an exact result. Their higgsino-like colleagues Ñ3, Ñ4 and C̃2 have masses of order |µ|.
The case of M1 ≈ 0.5M2 ' |µ| is not uncommonly found in viable models following from
the boundary conditions in section 6, and it has been elevated to the status of a benchmark
scenario in many phenomenological studies. However it cannot be overemphasized that such
expectations are not mandatory.

In practice, the masses and mixing angles for the neutralinos and charginos are best
computed numerically. The corresponding Feynman rules may be inferred in terms of N,
U and V from the MSSM lagrangian as discussed above; they are collected in Refs.19,96
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MC̃

(sW = sin θW , cW = cos θW ) (sβ = sinβ, cβ = cos β, tan β = 〈Hu〉 / 〈Hd〉)

超対称模型のスペクトル
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超対称模型のスペクトル

Supersymmetry 
Breaking Sector MSSM

Physics
@Gravity Scale

破れの伝わりの例 : mSUGRA 

最も単純なスペクトル

m2
scalar = m2

0, au,d,e = yy,d,e × A0mgaugino = m1/2,

at the Planck scale.

(本当は Gravity mediation でも soft masses がユニバーサルになっ
ている理由は全くないので FCNC 問題がある)

m0 は gravitino mass m3/2 と同程度
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Supersymmetry 
Breaking Sector MSSM

MSSM gauge
interactions

破れの伝わりの例 : Gauge Mediation 

m2
scalar = 2

(αa

4π

)2
CaΛ2

SUSYmgaugino =
αa

4π
ΛSUSY

ΛSUSY =
F

M
F : SUSY parameter M : Messenger scale

at the Messenger scale.

Messenger 場を導入して Hidden セクターでの超対称性の破れを 
MSSM に伝える

(主に gravitino が LSPになる)

超対称模型のスペクトル
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超対称模型のスペクトル

これらの soft mass は高いエネルギースケールの物理で伝えられたもの

実際の質量はさらにそれを繰り込み群でスケールさせたもの

Planck scale
Messenger scale

SUSY effects
are mediated

Physical Spectrum

Weak scale
~TeV

Renormalization
scale

繰り込み群
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超対称模型のスペクトル
Gaugino Masses

gaugino 質量の繰り込み群方程式

each supersymmetric parameter are proportional to the parameter itself. This is actually a
consequence of a general and powerful result known as the supersymmetric nonrenormaliza-
tion theorem.94 This theorem implies that the logarithmically divergent contributions to a
given process can always be written in the form of a wave-function renormalization, without
any vertex renormalization.‡ It is true for any supersymmetric theory, not just the MSSM,
and holds to all orders in perturbation theory. It can be proved most easily using superfield
techniques. In particular, it means that once we have a theory which can explain why µ
is of order 102 or 103 GeV at tree-level, we do not have to worry about µ being infected
(made very large) by radiative corrections involving the masses of some very heavy unknown
particles; all such RG corrections to µ will be directly proportional to µ itself.

The one-loop RG equations for the three gaugino mass parameters in the MSSM are
determined by the same quantities bMSSM

a which appear in the gauge coupling RG eqs. (5.17):

d

dt
Ma =

1

8π2
bag

2
aMa (ba = 33/5, 1,−3) (7.5)

for a = 1, 2, 3. It is therefore easy to show that the three ratios Ma/g2
a are each constant

(RG-scale independent) up to small two-loop corrections. In minimal supergravity models,
we can therefore write

Ma(Q) =
g2
a(Q)

g2
a(Q0)

m1/2 (a = 1, 2, 3) (7.6)

at any RG scale Q < Q0, where Q0 is the input scale which is presumably nearly equal to
MP . Since the gauge couplings are observed to unify at MU ∼ 0.01MP , one expects § that
g2
1(Q0) ≈ g2

2(Q0) ≈ g2
3(Q0). Therefore, one finds that

M1

g2
1

=
M2

g2
2

=
M3

g2
3

(7.7)

at any RG scale, up to small two-loop effects and possibly larger threshold effects near MU

and MP . The common value in eq. (7.7) is also equal to m1/2/g
2
U in minimal supergravity

models, where gU is the unified gauge coupling at the input scale where m1/2 is the common
gaugino mass. Interestingly, eq. (7.7) is also the solution to the one-loop RG equations in
the case of the gauge-mediated boundary conditions eq. (6.40) applied at the messenger
mass scale. This is true even though there is no such thing as a unified gaugino mass m1/2

in the gauge-mediated case, because of the fact that the gaugino masses are proportional
to the g2

a times a constant. So eq. (7.7) is theoretically well-motivated (but certainly not
inevitable) in both frameworks. The prediction eq. (7.7) is particularly useful since the
gauge couplings g2

1 , g2
2 , and g2

3 are already quite well known at the electroweak scale from
experiment. Therefore they can be extrapolated up to at least MU , assuming that the
apparent unification of gauge couplings is not a fake. The gaugino mass parameters feed
into the RG equations for all of the other soft terms, as we will see.

Next we consider the 1-loop RG equations for the analytic soft parameters au, ad, ae.
In models obeying eq. (5.15), these matrices start off proportional to the corresponding
‡Actually, there is vertex renormalization in the field theory in which auxiliary fields have been integrated
out, but the sum of divergent contributions for a given process always has the form of wave-function renor-
malization. See Ref.23 for a discussion of this point.
§In a GUT model, it is automatic that the gauge couplings and gaugino masses are unified at all scales
Q > MU and in particular at Q ≈ MP , because in the unified theory the gauginos all live in the same
representation of the unified gauge group. In many superstring models, this is also known to be a good
approximation.
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each supersymmetric parameter are proportional to the parameter itself. This is actually a
consequence of a general and powerful result known as the supersymmetric nonrenormaliza-
tion theorem.94 This theorem implies that the logarithmically divergent contributions to a
given process can always be written in the form of a wave-function renormalization, without
any vertex renormalization.‡ It is true for any supersymmetric theory, not just the MSSM,
and holds to all orders in perturbation theory. It can be proved most easily using superfield
techniques. In particular, it means that once we have a theory which can explain why µ
is of order 102 or 103 GeV at tree-level, we do not have to worry about µ being infected
(made very large) by radiative corrections involving the masses of some very heavy unknown
particles; all such RG corrections to µ will be directly proportional to µ itself.

The one-loop RG equations for the three gaugino mass parameters in the MSSM are
determined by the same quantities bMSSM

a which appear in the gauge coupling RG eqs. (5.17):

d

dt
Ma =

1

8π2
bag

2
aMa (ba = 33/5, 1,−3) (7.5)

for a = 1, 2, 3. It is therefore easy to show that the three ratios Ma/g2
a are each constant

(RG-scale independent) up to small two-loop corrections. In minimal supergravity models,
we can therefore write

Ma(Q) =
g2
a(Q)

g2
a(Q0)

m1/2 (a = 1, 2, 3) (7.6)

at any RG scale Q < Q0, where Q0 is the input scale which is presumably nearly equal to
MP . Since the gauge couplings are observed to unify at MU ∼ 0.01MP , one expects § that
g2
1(Q0) ≈ g2

2(Q0) ≈ g2
3(Q0). Therefore, one finds that

M1

g2
1

=
M2

g2
2

=
M3

g2
3

(7.7)
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experiment. Therefore they can be extrapolated up to at least MU , assuming that the
apparent unification of gauge couplings is not a fake. The gaugino mass parameters feed
into the RG equations for all of the other soft terms, as we will see.

Next we consider the 1-loop RG equations for the analytic soft parameters au, ad, ae.
In models obeying eq. (5.15), these matrices start off proportional to the corresponding
‡Actually, there is vertex renormalization in the field theory in which auxiliary fields have been integrated
out, but the sum of divergent contributions for a given process always has the form of wave-function renor-
malization. See Ref.23 for a discussion of this point.
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This ensures that only the squarks and sleptons of the third family can have large (scalar)3

couplings. Finally, one can avoid disastrously large CP-violating effects with the assumption
that the soft parameters do not introduce new complex phases. This is automatic for m2

Hu

and m2
Hd

, and for m2
Q, m2

u etc. if eq. (5.14) is assumed; if they were not real numbers, the
lagrangian would not be real. One can also fix µ in the superpotential and b in eq. (5.11)
to be real, by an appropriate phase rotation of Hu and Hd. If one then assumes that

arg(M1), arg(M2), arg(M3), arg(Au0), arg(Ad0), arg(Ae0) = 0 or π, (5.16)

then the only CP-violating phase in the theory will be the ordinary CKM phase found in the
ordinary Yukawa couplings. Together, the conditions eqs. (5.14)-(5.16) make up a rather
weak version of what is often called the assumption of soft-breaking universality.

The soft-breaking universality relations eqs. (5.14)-(5.16) (or stronger versions of them)
are presumed to be the result of some specific model for the origin of supersymmetry break-
ing, even though there is considerable disagreement among theorists as to what the specific
model should actually be. In any case, they are indicative of an underlying simplicity or
symmetry of the lagrangian at some very high energy scale Q0, which we will call the “input
scale”. If we use this lagrangian to compute masses and cross-sections and decay rates for
experiments at ordinary energies near the electroweak scale, the results will involve large
logarithms of order ln(Q0/mZ) coming from loop diagrams. As is usual in quantum field the-
ory, the large logarithms can be conveniently resummed using renormalization group (RG)
equations, by treating the couplings and masses appearing in the lagrangian as “running”
parameters. Therefore, eqs. (5.14)-(5.16) should be interpreted as boundary conditions on
the running soft parameters at the RG scale Q0 which is very far removed from direct ex-
perimental probes. We must then RG-evolve all of the soft parameters, the superpotential
parameters, and the gauge couplings down to the electroweak scale or comparable scales
where humans perform experiments.

At the electroweak scale, eqs. (5.14) and (5.15) will no longer hold. However, RG cor-
rections due to gauge interactions will respect eqs. (5.14) and (5.15), while RG corrections
due to Yukawa interactions are quite small except for couplings involving the top squarks
(stops) and possibly the bottom squarks (sbottoms) and tau sleptons (staus). In particu-
lar, the (scalar)3 couplings should be quite negligible for the squarks and sleptons of the
first two families. Furthermore, RG evolution does not introduce new CP-violating phases.
Therefore, if universality can be arranged to hold at the input scale, supersymmetric con-
tributions to FCNC and CP-violating observables can be acceptably small in comparison to
present limits (although quite possibly measurable in future experiments).

One good reason to be optimistic that such a program can succeed is the celebrated
apparent unification of gauge couplings in the MSSM. 58 The 1-loop RG equations for the
Standard Model gauge couplings g1, g2, g3 are given by

d

dt
ga =

1

16π2
bag

3
a ⇒

d

dt
α−1

a = −
ba

2π
(a = 1, 2, 3) (5.17)

where t = ln(Q/Q0) with Q the RG scale. In the Standard Model, bSM
a = (41/10, −19/6,

−7), while in the MSSM one finds instead bMSSM
a = (33/5, 1, −3). The latter set of coef-

ficients are larger because of the virtual effects of the extra MSSM particles in loops. The
normalization for g1 here is chosen to agree with the canonical covariant derivative for grand
unification of the gauge group SU(3)C × SU(2)L × U(1)Y into SU(5) or SO(10). Thus in
terms of the conventional electroweak gauge couplings g and g′ with e = g sin θW = g′ cos θW ,

39

(             )

at any RG scale

M1 : M2 : M3 = 0.5 : 1 : 3.5 at the TeV range

この gaugino の質量比はユニバーサル gaugino mass の
重要な帰結！ [Realized in both the mSUGRA and gauge mediation]

この質量比を実験的に確認できれば統一理論の存在の重要な
ヒントになる。
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超対称模型のスペクトル
squark/slepton Masses 

(第1,2世代)

for the first and second family squark and slepton squared masses can be written as ‖

16π2 d

dt
m2

φ = −
∑

a=1,2,3

8g2
aCφ

a |Ma|2 (7.14)

for each scalar φ, where the
∑

a is over the three gauge groups U(1)Y , SU(2)L and SU(3)C ;
Ma are the corresponding running gaugino mass parameters which are known from eq. (7.7);
and the constants Cφ

a are the same quadratic Casimir invariants which appeared in eqs. (6.43)-
(6.45). An important feature of eq. (7.14) is that the right-hand sides are strictly negative,
so that the scalar (mass)2 parameters grow as they are RG-evolved from the input scale
down to the electroweak scale. Even if the scalars have zero or very small masses at the
input scale, as in the “no-scale” boundary condition limit m2

0 = 0, they will obtain large
positive squared masses at the electroweak scale, thanks to the effects of the gaugino masses.

The RG equations for the (mass)2 parameters of the Higgs scalars and third family
squarks and sleptons get the same gauge contributions as in eq. (7.14), but they also have
contributions due to the large Yukawa (yt,b,τ ) and soft (at,b,τ ) couplings. At one-loop order,
these only appear in three combinations:

Xt = 2|yt|2(m2
Hu

+ m2
Q3

+ m2
u3

) + 2|at|2, (7.15)

Xb = 2|yb|2(m2
Hd

+ m2
Q3

+ m2
d3

) + 2|ab|2, (7.16)

Xτ = 2|yτ |2(m2
Hd

+ m2
L3

+ m2
e3

) + 2|aτ |2. (7.17)

In terms of these quantities, the RG equations for the soft Higgs (mass)2 parameters m2
Hu

and m2
Hd

are

16π2 d

dt
m2

Hu
= 3Xt − 6g2

2 |M2|2 −
6

5
g2
1 |M1|2, (7.18)

16π2 d

dt
m2

Hd
= 3Xb + Xτ − 6g2

2 |M2|2 −
6

5
g2
1 |M1|2. (7.19)

Note that Xt, Xb, and Xτ are positive, so their effect is always to decrease the Higgs masses
as one evolves the RG equations downward from the input scale to the electroweak scale.
Since yt is the largest of the Yukawa couplings because of the experimental fact that the
top quark is heavy, Xt is typically expected to be larger than Xb and Xτ . This can cause
the RG-evolved m2

Hu
to run negative near the electroweak scale, helping to destabilize the

point Hu = 0 and so provoking a Higgs VEV which is just what we want.∗∗ Thus a large
top Yukawa coupling favors the breakdown of the electroweak symmetry breaking because
it induces negative radiative corrections to the Higgs (mass)2.

The third family squark and slepton (mass)2 parameters also get contributions which
depend on Xt, Xb and Xτ . Their RG equations are given by

16π2 d

dt
m2

Q3
= Xt + Xb −

32

3
g2
3 |M3|2 − 6g2

2 |M2|2 −
2

15
g2
1 |M1|2 (7.20)

‖There are also terms in the scalar (mass)2 RG equations which are proportional to Tr[Y m2] (the sum of the
weak hypercharge times the soft (mass)2 for all scalars in the theory). However, these contributions vanish
in both the cases of minimal supergravity and gauge-mediated boundary conditions for the soft terms, as
one can see by explicitly calculating Tr[Y m2] in each case. If Tr[Y m2] is zero at the input scale, then it will
remain zero under RG evolution. Therefore we neglect such terms in our discussion, although they can have
an important effect in more general situations.
∗∗One should think of “m2

Hu
” as a parameter unto itself, and not as the square of some mythical real number

mHu
. Thus there is nothing strange about having m2

Hu
< 0. However, strictly speaking m2

Hu
< 0 is neither

necessary nor sufficient for electroweak symmetry breaking; see section 7.2.
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スカラーの質量は gaugino の質量の効果で
低エネルギーで重くなる。

low 

messenger 

scale

b.c. 

depends 

on SU(5) 

rep.

gauge-

mediation

universal b.c.

(“mSUGRA”)
low 

messenger 

scale

b.c. 

depends 

on SU(5) 
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gauge-

mediation

universal b.c.

(“mSUGRA”)

[borrowed from M.Peskin’s lecture]

gluino mass effect

典型的に Squark は Slepton より重い
典型的に Squark 同士は Slepton 同士よりも縮退して
いる( gluino 質量の効果 )
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Sparticle production at LHC7 for mq̃ ∼ mg̃
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• 9 × 10−5 fb−1 × 5 × 104 fb ∼ 4 events!

Howie Baer, University of Colorado, July 9, 2010 14

Sparticle Production at LHC7 for mq̃ = 2mg̃
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超対称模型@LHC
超対称粒子の生成断面積 @ LHC

主に gluino と squark が生成！

the neutralino NLSP case, the decay !̃ → !G̃ can be either fast or very slow, depending on the scale of
supersymmetry breaking.

If
√
〈F 〉 is larger than roughly 103 TeV (or the gravitino is heavier than a keV or so), then the

NLSP is so long-lived that it will usually escape a typical collider detector. If Ñ1 is the NLSP, then,
it might as well be the LSP from the point of view of collider physics. However, the decay of Ñ1 into
the gravitino is still important for cosmology, since an unstable Ñ1 is clearly not a good dark matter
candidate while the gravitino LSP conceivably could be. On the other hand, if the NLSP is a long-
lived charged slepton, then one can see its tracks (or possibly decay kinks) inside a collider detector
[144]. The presence of a massive charged NLSP can be established by measuring an anomalously long
time-of-flight or high ionization rate for a track in the detector.

9 Experimental signals for supersymmetry

So far, the experimental study of supersymmetry has unfortunately been confined to setting limits.
As we have already remarked in section 5.4, there can be indirect signals for supersymmetry from
processes that are rare or forbidden in the Standard Model but have contributions from sparticle loops.
These include µ → eγ, b → sγ, neutral meson mixing, electric dipole moments for the neutron and the
electron, etc. There are also virtual sparticle effects on Standard Model predictions like Rb (the fraction
of hadronic Z decays with bb pairs) [220] and the anomalous magnetic moment of the muon [221], which
already exclude some otherwise viable models. Extensions of the MSSM (GUT and otherwise) can quite
easily predict proton decay and neutron-antineutron oscillations at low but observable rates, even if
R-parity is exactly conserved. However, it would be impossible to ascribe a positive result for any
of these processes to supersymmetry in an unambiguous way. There is no substitute for the direct
detection of sparticles and verification of their quantum numbers and interactions. In this section we
will give an incomplete and qualitative review of some of the possible signals for direct detection of
supersymmetry. The reader is encouraged to consult references below for reviews that cover the subject
more systematically.

9.1 Signals at hadron colliders

The effort to discovery supersymmetry should come to fruition at hadron colliders operating in the
present and near future. At this writing, the CDF and D∅ detectors at the Fermilab Tevatron pp collider
with

√
s = 1.96 TeV are looking for evidence of sparticles and Higgs bosons. Within the next few years,

the CERN Large Hadron Collider (LHC) will continue the search at
√

s = 14 TeV. If supersymmetry
is the solution to the hierarchy problem discussed in the Introduction, then the Tevatron may [222],
and the LHC almost certainly will [223]-[227], find direct evidence for it.

At hadron colliders, sparticles can be produced in pairs from parton collisions of electroweak
strength:

qq → C̃+
i C̃−

j , ÑiÑj , ud → C̃+
i Ñj, du → C̃−

i Ñj, (9.1)

qq → !̃+
i !̃−j , ν̃!ν̃

∗
! ud → !̃+

L ν̃! du → !̃−L ν̃∗
! , (9.2)

as shown in fig. 9.1, and reactions of QCD strength:

gg → g̃g̃, q̃iq̃
∗
j , (9.3)

gq → g̃q̃i, (9.4)

qq → g̃g̃, q̃iq̃
∗
j , (9.5)

qq → q̃iq̃j, (9.6)

88
TeV 以下だと10fb
       → もう見つかってても良い筈

8TeV だと3倍程度 cross section が上がる
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どうやって SUSY を探すか？

LSPの種類による
Neutralino LSP (e.g. mSUGRA), 生成された squark, gluino が最終的に
Neutralino LSP へと崩壊して missing ET となる。

SUSY events : n jets + m leptons + missing ET

ex)

The LSP escapes the detector and 
results in the missing ET.
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超対称模型@LHC
gravitino LSP (e.g. gauge mediation) の場合, 次に軽い超対称粒子
(NLSP)が比較的超寿命になる。

d/βγNLSP ∼ 6m ×
( mχ0

100 GeV

)−5 ( m3/2

1 keV

)2

Decay length of the NLSP (decaying into gravitino)

Prompt decaying NLSP (light gravitino)

SUSY events : 

n jets + m leptons + missing ET (gravitino)
(n>0,m>0)

Escaping neutralino NLSP

SUSY events : 

n jets + m leptons + missing ET (neutralino)
(n>0,m>0)

Escaping charged NLSP
SUSY events : n jets + m leptons + new charged tracks

+ photons
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超対称模型@LHC
標準模型からの background events

SUSY events : n jets + m leptons + missing ET

QCD multi-jets (ET>100GeV)  ~1μb
[Suppressed by large missing ET]

W/Z + jets ~ 10nb [ W→τν, lν,  Z→νν ]

SUSY events can win with larger ET, more jets
Top pair + jets ~ 800pb

SUSY events : n jets + m leptons + new charged tracks

Collect slow tracks to distinguish the charged tracks from the 
muon tracks.
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超対称模型@LHC
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Figure 7: A simplified MSSM scenario with only strong production of gluinos and first- and second-
generation squarks, with direct decays to jets and neutralinos. Exclusion limits are obtained by using the
signal region with the best expected sensitivity at each point. The blue dashed lines show the expected
limits at 95% CL, with the light (yellow) bands indicating the 1� experimental uncertainties. Observed
limits are indicated by medium (maroon) curves, where the solid contour represents the nominal limit,
and the dotted lines are obtained by varying the cross section by the theoretical scale and PDF uncertain-
ties. Previous results from ATLAS [17] are represented by the shaded (light blue) area. Results at 7 TeV
are valid for squark or gluino masses below 2000 GeV, the mass range studied for that analysis.

set to 0.96 times the mass of the gluino.
In the CMSSM/MSUGRA case, the limit on m1/2 is above 340 GeV at high m0 and reaches 710 GeV

for low values of m0. Equal mass light-flavor squarks and gluinos are excluded below 1500 GeV in
this scenario. The same limit of 1500 GeV for equal mass of light-flavor squarks and gluinos is found
for the simplified MSSM scenario shown in Fig. 7. In the simplified model cases of Fig. 8 (a) and (c),
when the lightest neutralino is massless the limit on the gluino mass (case (a)) is 1100 GeV, and that
on the light-flavor squark mass (case (c)) is 630 GeV. Mass limits for the direct production of light-
flavor squarks (case (c)) hardly improve with respect to the 7 TeV data analysis because of increased
background predictions and uncertainties at 8 TeV in the low me↵ and low jet multiplicity channels used
to provide exclusions for these models.

8 Summary

This note reports a search for new physics in final states containing high-pT jets, missing transverse
momentum and no electrons or muons, based on a 5.8 fb�1dataset recorded by the ATLAS experiment at
the LHC in 2012. Good agreement is seen between the numbers of events observed in the data and the
numbers of events expected from SM processes.

The results are interpreted both in terms of MSUGRA/CMSSM models with tan � = 10, A0 = 0 and
µ > 0, and in terms of simplified models with only light-flavor squarks, or gluinos, or both, together
with a neutralino LSP, with the other SUSY particles decoupled. In the MSUGRA/CMSSM models,
values of m1/2 < 350 GeV are excluded at the 95% confidence level for all values of m0, and m1/2 < 740
GeV for low m0. Equal mass squarks and gluinos are excluded below 1500 GeV in this scenario. When
the neutralino is massless, gluino masses below 1100 GeV are excluded at the 95% confidence level in
a simplified model with only gluinos and the lightest neutralino. For a simplified model involving the
strong production of squarks of the first two generations, with decays to a massless neutralino, squark
masses below 630 GeV are excluded.

12

ATLASの結果
ATLASによる 
0-lepton + jets + missing ET

gluino mass > 1.2TeV
95% exclusion limit

[mgluino ≪ msquark]

gluino mass > 1.4TeV
[mgluino = msquark]

元々期待していた領域の多くが exclude された…
標準模型の微調整問題からの要求を厳しく設定しすぎ？
もっと複雑なスペクトル？(stop だけ軽いとか？)
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超対称模型@LHC
ここまでのまとめ

超対称対スペクトルの一般的傾向として colored は比較的重い

gluino, squark の対生成 (← R-parity )のカスケード崩
壊をさがす

いまのところ兆候無し…

標準模型の微調整問題からの要求を厳しく設定しすぎ？
もっと重くてもまだ意味がある？
もっと複雑なスペクトル？(stop だけ軽いとか？)

実は SUSY 直接検出の否定的結果以上に Higgs 質量から超対
称模型に強い制限 → Next Topic!
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Higgs in the MSSM
MSSM では Higgs ４点相互作用の大きさがゲージ結合定数で決まる！

H

H† H

H†

gauge boson の
スカラーパートナー

λ= (g12+g22)/2 cos22β

H

H† H

H†

mhiggs = λ1/2 v  ~ mZ cos2β  

Higgs の質量が予言されてしまう！

(cosβ は２Higgs の
期待値の比)

→ 125GeV よりずっと軽い！

ただしこれは超対称性が厳密な場合の予言

D
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Higgs in the MSSM
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Figure 3: Left) The contour plot of the lightest Higgs boson mass for mgluino ⌅ 2.1 TeV,
tan� = 10, Nmess = 1 and mt = 173.3 GeV. The figure shows that the lightest Higgs mass is
maximized at y⇥t ⌅ 0.98. The blank region is mainly excluded because of tachyonic stop masses.
Right) A plot of the upper bound on the lightest Higgs boson mass for a given gluino mass. The
blue band corresponds to the optimal choice, i.e. y⇥t = 0.98 and x ⌅ 10�1.4. We also show the
upper bound for conventional models of gauge mediation, i.e. y⇥t = 0 (yellow band). The upper
and the lower boundary of the each band corresponds to the upper and the lower limits of the
current world average top mass, mt = 173.3± 1.1 GeV [17].

3.1 The heavy lightest Higgs region

As we have shown in the previous section, an interesting feature of Type-II gauge media-

tion is the relatively large stop A-terms which are generated at the one-loop level. With

a relatively large A-term, the lightest Higgs boson mass, which receives important SUSY

breaking corrections via the top-stop loop diagrams [15], is pushed up to

m2
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Here, mZ and mt are the masses of the Z-boson and top quark, respectively, and tan �

is the ratio of the two vacuum expectation values of the Higgs doublets.11 The above

expression for the Higgs mass is maximized for an A-term of order At ⌅
⇧

6 ⇥ mt̃. By

11In the above expression, we have neglected the stop mixing from the µ-term since it is suppressed for
tan� & 10.
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Tree-level quartic term: One-loop log enhanced:

-
One-loop finite:

[’91 Okada, Yamaguchi, Yanagida]

λ =
1
4
(g2

1 + g2
2) cos2 2β

2

125GeV 付近は実現出来るか？

超対称性が実際には破れているため、４点相互作用が輻射補正を受
けて Higgs の質量が上がる！
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Figure 1: The Higgs mass in low-energy super-
symmetry for large tan� ⇡ 20. The shaded re-
gion in the (Xt,mS) plane corresponds to the
observed value of mh. Higher-order corrections
and the uncertainty in the top mass amount to
an error of a few GeV in mh.

Figure 2: The white region is the range in the
(m

˜t1
,m

˜t2
) plane allowed by the mh constraint,

while shaded regions are excluded. The full,
dashed, and dotted lines correspond to fixed val-
ues of �t, satisfying the mh constraint with
|Xt| >

p
6 (blue) or |Xt| <

p
6 (black).

2 The light-stop window

2.1 Constraints from the Higgs mass and decay rates

The leading part of the supersymmetric prediction for the mass of the lightest Higgs boson

is

m2

h = m2

Z cos2 � +
3y2tm

2

t
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log
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S
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t

!

+X2
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1� X2
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12

!#

+ · · · (1)

where Xt = (At + µ cot �)/mS, m2

S = m
˜t1m˜t2 is the average stop mass, yt = mt/v is the

top-quark Yukawa coupling, and v ⇡ 174 GeV is the Higgs vev. In fig. 1 we show the region

of the (Xt,mS) plane compatible with the observed Higgs mass (for tan � � 1), including

also the leading two-loop corrections to the Higgs mass not shown in eq. (1). The lightest

average stop mass that can lead to the observed Higgs mass is obtained for

mS ⇡ 500 GeV and X2

t ⇡ 6 . (2)

We focus on such configuration, the so-called “maximal mixing” case, since it reduces the

fine-tuning in electroweak symmetry breaking and can lead to observable signals.

3

tan ⇤ ⇥ 10
NMess ⇥ 1

mgluino ⇥ 2.1TeV

119G
eV

120G
eV

121G
eV

122G
eV

123G
eV

124G
eV

125G
eV

126G
eV

0.0 0.2 0.4 0.6 0.8 1.0 1.2
�5

�4

�3

�2

�1

yt '

Lo
g 1
0�F⇤M

2 ⇥

yt '⇥ 0

yt '⇥ 0.98

x ⇥ 10�1.4

tan ⇤ ⇥ 10
NMess ⇥ 1

1000 1500 2000
110

115

120

125

130

mgluino�GeV

m
h0
�GeV

Figure 3: Left) The contour plot of the lightest Higgs boson mass for mgluino ⌅ 2.1 TeV,
tan� = 10, Nmess = 1 and mt = 173.3 GeV. The figure shows that the lightest Higgs mass is
maximized at y⇥t ⌅ 0.98. The blank region is mainly excluded because of tachyonic stop masses.
Right) A plot of the upper bound on the lightest Higgs boson mass for a given gluino mass. The
blue band corresponds to the optimal choice, i.e. y⇥t = 0.98 and x ⌅ 10�1.4. We also show the
upper bound for conventional models of gauge mediation, i.e. y⇥t = 0 (yellow band). The upper
and the lower boundary of the each band corresponds to the upper and the lower limits of the
current world average top mass, mt = 173.3± 1.1 GeV [17].

3.1 The heavy lightest Higgs region

As we have shown in the previous section, an interesting feature of Type-II gauge media-

tion is the relatively large stop A-terms which are generated at the one-loop level. With

a relatively large A-term, the lightest Higgs boson mass, which receives important SUSY

breaking corrections via the top-stop loop diagrams [15], is pushed up to
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Here, mZ and mt are the masses of the Z-boson and top quark, respectively, and tan �

is the ratio of the two vacuum expectation values of the Higgs doublets.11 The above

expression for the Higgs mass is maximized for an A-term of order At ⌅
⇧

6 ⇥ mt̃. By

11In the above expression, we have neglected the stop mixing from the µ-term since it is suppressed for
tan� & 10.

10
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Higgs in the MSSM
Heavy Stop シナリオ

Large Stop mixing シナリオ

125GeV を実現するには mstop = O(10)TeV 以上！
これで微調整問題が解決されたと言えるか？という点を
除いてはシンプルな可能性

125GeV を mstop ≲ 1TeV でも可能！
微調整問題の解としては上のシナリオよりまし？
ただしこれを実現する模型はなかなか困難
→ LHC の light stop search に期待がかかる！
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Higgs in the MSSM
もちろん MSSM を色々に拡張して比較的軽い SUSY particle 
を残しつつ125GeVを実現する模型も可能！

NMSSM = MSSM + singlet field S 
W = λSHH

という新たな項をいれて Higgs の４点相互作用を強くする。

New gauge interaction
Higgs に新しいゲージ相互作用を導入してそれで持ち上げる

Higgs に複合粒子を少しまぜて重くする

…などなど
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ここまでのまとめ

実は Higgs 質量 125GeV という結果の方が超対称模型に
とってシリアスな条件を突きつけている

最もシンプルにはこれは squark の質量が 10TeV より
重いことを示唆している。

特殊なパラメータ領域ではまだ軽い stop と 125GeV

Higgs は同時に成り立つ

いろいろな拡張も考えられている！

→ やはり SUSY search @ LHC は重要！

Higgs in the MSSM
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重い sfermion 模型
125GeV Higgs mass は最も単純に考えると sfermion (stop) の質量
が O(10-100)TeV 程度にあることを示唆している。

SUSY-FCNC/CP 問題は大分良くなる

もちろん LHC で SUSY が未発見なことと
も矛盾しない

mh<115.5GeV

mh>127GeV

120GeV
125GeV

130GeV

135GeV

10 102 103 104
1

10

MSUSYêTeV

ta
nb

[’12, MI, Matsumoto,Yanagida (μH=O(Msusy))] 

( gluino mass > 1TeV  for Msusy ≫ TeV )

Gauginos obtain masses automatically through anomaly mediation and hig-

gsino threshold corrections, suppressed compared to the other superpartners by

factors of order 10−3−10−2 [12, 13, 14]. No new assumptions or model building

is required to obtain these masses.

There is only one potentially serious difficulty faced by this scenario: It may

be out of reach of currently planned experimental efforts. Indeed, CP violation in

K0−K̄0 mixing constrains the 1−2 elements of the left and right down squark mass

matrices as follows [6]:

√
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where m̃A = O(m3/2) is the average of the first and second generation squark masses

of type A. The naive limit on the sfermion mass scale is thus roughly a few thousand

TeV, i.e. m3/2 ! O(103)TeV. Remembering that the anomaly mediated gaugino

masses are of order 10−3−10−2m3/2, this leads to gauginos with masses which might

be expected to be larger than ∼ TeV, and detection of superpartners at the LHC will

be challenging. This issue is exacerbated by the fact that the correct thermal relic

abundance of wino dark matter is obtained for wino masses of about 2.7TeV [15].

Note that for such large wino masses, dark matter direct and indirect detection will

unfortunately be out of reach for the foreseeable future.

In spite of this somewhat pessimistic argument, there are good reasons to be

hopeful. As will be discussed in detail later in this paper, detection of the wino and

gluino at the LHC require roughly mwino "1TeV and mgluino " 2TeV respectively.

There is thus some tension here with the bounds on these masses suggested by K0−
K̄0 mixing, but this tension is clearly very mild. Even minor order 1 suppressions

of the off-diagonal down squark mass matrix elements, or mildly suppressed CP

violating phases, etc, would be sufficient to allow LHC discovery of at least one of

these superpartners.1

1It is also worth noting that if the squarks and quarks share in any flavor symmetries, then this

would also generically lead to suppressions in K0− K̄0 mixing, and lower the allowed superparticle

masses.

3

[’96 Gabbiani, Gabrielli, Masiero, Silvestrini]

→ 実はこのシナリオはそれほど悪くない
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微調整問題は少し厳しい
mSUSY = O(10-100)TeV から O(100)GeV を出すには O(10-4-10-6) 精
度の微調整

これでも標準模型で必要な O(10-28-10-32) 精度の微調整よりはまし…

でもやはり O(10-100)TeV から O(100)GeV が出て来るには理由が欲しい?
現時点では答えをもっていません
そもそも微調整問題を回避する要求がどの程度厳しいのかは不明

(微調整問題は Four Fermi Theory が 300GeV で破綻すると
いった Unitarity Limit を越えてしまう問題とは違い、理論の
破綻を意味してはいない…)

重い sfermion 模型
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Sfermion の質量が O(10-100)TeV 重い場合、非常にシンプルで宇宙論
とも矛盾しない模型が構築可能 (Pure Gravity Mediation model)

暗黒物質の良い候補を含む
宇宙論 の gravitino problem が無い！

宇宙論 の Polonyi/Moduli problem が無い
gaugino search を通して LHC でチェックできる

とりあえず O(10-100)TeV と O(100)GeV の間の微調整を受け入れてみる
とどういう模型が浮かび上がってくるか？

宇宙観測を通じてもチェックできる
‘06 MI, Moroi, Yanagida,  ‘11 MI, Yanagida, ‘12 MI, Matsumoto, Yanagida
’12 Bhatthacherjee, Feldstein, MI, Matsumoto, Yanagida, ’12 MI, Kamada, Matsumoto

近いアイデアはいろんな人たちによって議論されていて結構人気があるシナリオ
(cf. ‘12  “Simply Unnatural Supersymmetry” Arkani-Hamed et.al.) 

重い sfermion 模型
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MSSM sector

SUSY sector R sector
No singlets! 

100TeV

10TeV

1TeV

100GeV

sfermions
Heavy Higgs bosons
Higgsino

Gluino

Bino

Wino

Higgs boson

Tree-level mediation

Anomaly mediation
Anomaly mediation

+
Higgsino threshold

}

３つのセクターがあってそれらが 
Gravity scale の 物理でつながって
いる ( = Gravity Mediation )

微
調
整
す
る

Pure Gravity Mediation model 

(discrete R)

Hidden Sector には完全に中性な
場は存在しない

This model has common features with PeV-SUSY, Split-SUSY, G2-MSSM, Spread SUSY, the 
model with strong moduli stabilization etc...

重い sfermion 模型
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Conventional な Gravity Mediation とはどうちがうのか？
mgaugino = mscalar = O(m3/2) in conventional Gravity Mediation

実はこのような gaugino mass を出すには Hidden Sector に完全に中性な 
SUSY breaking field (=Polonyi Field) の存在を仮定する必要がある！

W = c/MPL Z WaWa + ...                   
               →  mgaugino = c m3/2 + ...

さらに、完全に中性な SUSY breaking field (=Polonyi Field) は超寿命
をもって宇宙論に悪影響を及ぼす → Polonyi 問題！！

[Z : SUSY breaking field]

というわけで conventional な Gravity Mediation はある意味純粋な 
Gravity Mediation ではない！

重い sfermion 模型
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Polonyi field が無い Gravity Mediation 模型を考える

sfermion mass は conventional Gravity Mediation 同様 m3/2 程度
gaugino mass は出てこない？

実は輻射補正から Gaugino mass が出てくる (anomaly mediation)

m
wino
=
g
2
2

16�2
m
3/2

m
gluino
= -
3g
3
2

16�2
m
3/2

m
bino
=
33
5

g
1
2

16�2
m
3/2

at the sfermion mass sale, i.e. m3/2.

各係数はゲージ結合定数の繰り込み群の係数であたえられる
　　　　　　　　　　　　　　　　　→ 予言力がある！

mgaugino = O(10-3-10-2) x m3/2

m3/2 = O(10-100)TeV → mgaugino = O(1) TeV

[‘92 Dine, MacIntire, ’99 Randall, Sundram, ‘99 Giudice, Luty, Murayama, Rattazzi]

sfermion mass の 100分の１程度！

重い sfermion 模型
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Higgsino ( = fermionic Higgs) や Heavy Higgs の質量は？
→ Higgsino の質量は模型による

ここでは最も簡単に出す方法を取る

K = c HuHd + c’/MPL2 X†X HuHd + h.c. + ...

charged SUSY breaking fields

μH = c m3/2 ,   BμH = c m3/22 + c’ m3/22 .

R-charge of HuHd = 0

この模型では Higgsino, Heavy Higgs ともに sfermion 同様
に m3/2 = O(100)TeV 程度になっている！

重い sfermion 模型

…その結果
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Gaugino mass への輻射補正その２ (Higgsino threshold effects)

4.1 Soft Parameters in Gauge Mediation Model

In this section, we present the soft parameters which are generated through loop dia-
grams in which messenger particles circulate. Here, we consider the messenger sector
which consists of pairs of (Φi, Φ̄i) which transform as vector-like representations of
the MSSM gauge group. Then, the supersymmetry breaking is transmitted to the
messenger sector through the coupling with spurions Xi as in Eq. (4.2),3

Xi = Mi + Fiθ
2, (4.3)

W = XiΦiΦ̄i. (4.4)

This implies that the fermionic components of messengers have Dirac masses equal to
Mi. On the contrary, the mass squared matrices of the messenger scalars are given by

(
|Mi|2 Fi

F ∗
i |Mi|2

)

, (4.5)

which eigenvalues are given by |Mi|2 ± |F i|. Then, through the ordinary gauge inter-
actions, the supersymmetry breaking in this spectrum is communicated to the MSSM
sector.

λλ

φ φ φ φ φ φ φ φ

φ φφ φφ φφ φ

Φ

Φ

Φ

Φ

Φ
Φ
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Φ Φ Φ

Figure 4.1: Contributions to the gaugino masses and the scalar masses squared in
gauge mediated supersymmetry breaking models. Here λ (wavy and sold line) denotes
gauginos, φ (dashed line) sfermions or higgs bosons, and Φ (solid or dashed line) the
messenger particles, respectively. Ordinary gauge bosons are denoted by wavy lines.

3In general, we can consider more complicated couplings XijΦiΦ̄j which can not be always diago-
nalized. In such cases, the following results may be changed [73].
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Higgsino からの Gauge Mediation!

この効果は anomaly mediated gaugino mass と同程度になりうる！

tanβ = O(1),  μH , B , mA = O(m3/2)

これらの寄与は LHC での gaugino search の重要なパラメータ
となる！

[‘99 Giudice, Luty, Murayama, Rattazzi, ’99 Gherghetta, Giudice, Wells]   

重い sfermion 模型

Monday, February 18, 13



MSSM sector

SUSY sector R sector
No singlets! 

100TeV

10TeV

1TeV

100GeV

sfermions
Heavy Higgs bosons
Higgsino

Gluino

Bino

Wino

Higgs boson

Tree-level mediation

Anomaly mediation
Anomaly mediation

+
Gauge mediation

}

３つのセクターがあってそれらが 
Gravity scale の 物理でつながって
いる ( = Gravity Mediation )

Pure Gravity Mediation model 

(discrete R)

Hidden Sector には完全に中性な
場は存在しない

This model has common features with PeV-SUSY, Split-SUSY, G2-MSSM, Spread SUSY, the 
model with strong moduli stabilization etc...

重い sfermion 模型
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Figure 3: (Left) The ratios of the wino and bino masses with and without the Higgsino

contributions for given values of L. We have used a phase convention that m
3/2 is real

and positive. The red lines show the |L| dependences for given phases of L, while the blue

lines show the arg[L] dependences for given values of |L|. (The dashed blue lines show the

values of |L| in between the ones for the two solid lines.). In the gray shaded region for

|L/m
3/2| & 3, the wino is no more the LSP. (Right) The L dependences of the gaugino

masses for m
3/2 = M

SUSY

= 50TeV for L > 0 (arg[L] = 0) and L < 0 (arg[L] = ⇡).

Higgsino contributions for given values of L (left panel). The figure shows that the

wino mass can be about twice as heavy as the anomaly mediated contribution for

|L/m
3/2| ' 1 which is expected in the pure gravity mediation model. It should be

noted that the wino becomes no more the LSP where the Higgsino threshold contri-

bution dominates. In such cases, the relic density of dark matter easily exceed the

observed one due to the highly suppressed annihilation cross section of the bino for

O(100)GeV. Fortunately, however, the figure shows that the bino becomes LSP only

for |L/m
3/2| > 3 which is less likely in the pure gravity mediation model. Therefore,

in the pure gravity mediation model, the LSP is mostly wino-like, although the wino

mass obtains a comparable contribution from the Higgsino threshold e↵ects.7

In Fig. 4, we show the contour plot of the wino mass. In the figure, the blue shaded

region shows the current experimental constraints on the wino mass m
wino

� 88GeV

7 In general, a relative phase between L and m3/2 is a free parameter, and hence, the three

gauginos have di↵erent phases. Such gaugino phases, however, do not cause serious CP-problems,

since the Higgsinos as well as the sfermions are expected to be very heavy in the pure gravity

mediation model. Interestingly, the relative phase of O(1) may lead to the visible electron electric

dipole moment of de/e ⇠ 10�30 cm [22] for the µ-term in the tens to hundreds TeV range, which

can be reached in future experiments [26].
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Gaugino Masses:
Gluino

Bino

Wino

L/m3/2

mgluino = 2.5x10-2m3/2

mwino = 3.0x10-3( m3/2 + L )

mbino = 9.6x10-3( m3/2 + L/11 )

for m3/2 =O(100)TeV.

同じ Wino mass に対して gluino 
mass が AMSB より軽くなれる

殆どの領域で Neutral Wino が LSP

[’12, MI, Matsumoto,Yanagida (μH=O(Msusy)] 

AM
SB

重い sfermion 模型
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Figure 2: Ratio of yield with the non-perturbative effect to that in the perturbative cal-

culation (left figure). Wino-like neutralino mass is fixed 2.8 TeV. Thermal relic abundance

of the dark matter in the current universe as a function of wino-like neutralino mass (right

figure). Allowed regions by the WMAP at 1(2) σ levels are also shown as the dark (light)

shaded area.

and 2 σ are also shown as shaded areas in this figure. We found that the mass in the

wino-like neutralino dark matter consistent with the observation is shifted by 600

GeV due to the non-perturbative effect and the wino-like neutralino mass consistent

with WMAP results turns out to be 2.7 TeV ! m ! 3.0 TeV.

4 Summary and discussion

In this letter, we have pointed out the thermal relic abundance of dark matter, which

is SU(2)L non-singlet and has a much larger mass than that of the weak gauge bosons,

can be strongly reduced by the non-perturbative effect. We have investigated the

non-perturbative effect on the relic abundance of wino-like neutralino as an example.

Compared with the perturbative result, this effect reduces the abundance by about

50% and increases the mass of the wino-like neutralino dark matter consistent with

the observation by about 600 GeV. As a result, the thermal relic abundance of

the wino-like neutralino dark matter is consistent with observed abundances when

2.7 TeV ! m ! 3.0 TeV.

The non-perturbative effect can change relic abundances of other dark matter

candidates with SU(2)L charge and heavy mass, such as higgsino-like neutralino. The
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Therefore, the wino which is lighter than 2.7TeV can be the dominant component of the

dark matter for an appropriate reheating temperature.

Fig. 3 shows the required reheating temperature of universe as a function of the wino

mass for the consistent dark matter density. The color bands correspond to the 1� error

of the observed dark matter density, ⌦h2 = 0.1126± 0.0036 [29]. It is remarkable that the

required reheating temperature is consistent with the lower bound on TR for the successful

thermal leptogenesis, TR & 109.5GeV [12].

Now, let us interrelate the wino dark matter density and the lightest Higgs boson mass.

As we have discussed, the lightest Higgs boson mass is determined for given M
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=

O(m
3/2) and tan �. The wino mass is, on the other hand, is given by,
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ΩDMh2 ~0.1

Wino は W-boson への大きな対消滅断面積を持っている

熱浴に残った量で暗黒物質を説明するには結構重くないとダメ 
　　　　　　　　　　　　　　　　　　　　　　→ mwino = 2.7 TeV.

でもこれだと LHC では何も見えない…

[’07 Hisano, Matsumoto, Nagai, Saito, Senarmi]
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Figure 2: Ratio of yield with the non-perturbative effect to that in the perturbative cal-

culation (left figure). Wino-like neutralino mass is fixed 2.8 TeV. Thermal relic abundance

of the dark matter in the current universe as a function of wino-like neutralino mass (right

figure). Allowed regions by the WMAP at 1(2) σ levels are also shown as the dark (light)

shaded area.
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50% and increases the mass of the wino-like neutralino dark matter consistent with

the observation by about 600 GeV. As a result, the thermal relic abundance of

the wino-like neutralino dark matter is consistent with observed abundances when

2.7 TeV ! m ! 3.0 TeV.

The non-perturbative effect can change relic abundances of other dark matter

candidates with SU(2)L charge and heavy mass, such as higgsino-like neutralino. The
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SUSY

=

O(m
3/2) and tan �. The wino mass is, on the other hand, is given by,
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もっと軽い wino も gravitino の崩壊から作られれば暗黒物質の量を説明出来る！
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さらにバリオン非対称性の起源がレプトジェネシスの場合 (TR >109GeV) むし
ろ 1TeV 以下であることが予言される！

[’99 Gherghetta, Giudice, Wells, ’99 Moroi, Randall ]
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Wino Dark Matter Search (indirect detections, χχ→WW)
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Projection

暗黒物質は Dwarf galaxy 内でWに対消滅し最終的
にガンマ線を出す → 今のところ兆候無し

mwino > 300-500GeV

銀河内の対消滅による反陽子宇宙線への寄与
　　　　→ 今のところ兆候無し

mwino > 210-700GeV

AMS-02 (anti-proton detector) は 1TeV 程度の Wino まで見えそう
(但し反陽子宇宙線の伝搬模型に大きな不定性あり) 

excluded at 2σ

mwino > 300GeV → mgluino > 2.5TeV (AMSB), 
                             mgluino > 800GeV (L=2m3/2 in PGM)

重い sfermion 模型

Conservative に見て 300GeV 以下が排除されている！
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Wino Dark Matter Search (direct detections, χN→χN )

Wino と Nucleus の相互作用は Higgsino が重い
(μH =O(10-100) TeV)と非常に小さい。

Wino と Nucleon の相互作用は one-loop level の
プロセスがきいて O(10-47)cm2。 
(これは現在の制限の二桁下)
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COUPP (2012)
SIMPLE (2012)

ZEPLIN-III (2012)
CRESST-II (2012)

XENON100 (2012)
observed limit (90% CL)

Expected limit of this run: 

 expectedσ 2 ±
 expectedσ 1 ±

FIG. 3: New result on spin-independent WIMP-nucleon scat-
tering from XENON100: The expected sensitivity of this run
is shown by the green/yellow band (1�/2�) and the result-
ing exclusion limit (90% CL) in blue. For comparison, other
experimental results are also shown [19–22], together with
the regions (1�/2�) preferred by supersymmetric (CMSSM)
models [18].

the benchmark region fluctuates to 2 events is 26.4% and
confirms this conclusion.

A 90% confidence level exclusion limit for spin-
independent WIMP-nucleon cross sections �� is calcu-
lated, assuming an isothermal WIMP halo with a lo-
cal density of ⇢� = 0.3GeV/c3, a local circular veloc-
ity of v0 = 220 km/s, and a Galactic escape velocity of
vesc = 544 km/s [17]. Systematic uncertainties in the en-
ergy scale as described by the Le↵ parametrization of [6]
and in the background expectation are profiled out and
represented in the limit. Poisson fluctuations in the num-
ber of PEs dominate the S1 energy resolution and are
also taken into account along with the single PE resolu-
tion. The expected sensitivity of this dataset in absence
of any signal is shown by the green/yellow (1�/2�) band
in Fig. 3. The new limit is represented by the thick blue
line. It excludes a large fraction of previously unexplored
parameter space, including regions preferred by scans of
the constrained supersymmetric parameter space [18].

The new XENON100 data provide the most strin-
gent limit for m� > 8GeV/c2 with a minimum of
� = 2.0 ⇥ 10�45 cm2 at m� = 55GeV/c2. The max-
imum gap analysis uses an acceptance-corrected expo-
sure of 2323.7 kg⇥days (weighted with the spectrum of a
100GeV/c2 WIMP) and yields a result which agrees with
the result of Fig. 3 within the known systematic di↵er-
ences. The new XENON100 result continues to challenge
the interpretation of the DAMA [19], CoGeNT [20], and
CRESST-II [21] results as being due to scalar WIMP-
nucleon interactions.
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Figure 1: One-loop contributions to effective interactions of Wino LSP and light quarks.
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Figure 2: Two-loop contributions to interactions of Wino LSP and gluon. Here, Q and q
represent heavy and light quarks, respectively.
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Next, let us discuss the effective interactions of the Wino LSP and gluon. As we
discussed in the previous section, the O(αs) correction to fG in Eq. (3) is relevant at the
leading order though it is induced by two-loop order. Three types of diagrams in Fig. 2
contribute to fG. The diagram (a) includes heavy quark loop (Q = c, b, t). The heavy
quark content of the nucleon is related to the gluon condensate as [22]

〈N |mQQ̄Q|N〉 = −
αs

12π
〈N |Ga

µνG
aµν |N〉 . (19)
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discussed in the previous section, the O(αs) correction to fG in Eq. (3) is relevant at the
leading order though it is induced by two-loop order. Three types of diagrams in Fig. 2
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6

One-loop diagrams which contribute
to the Wino-nucleon scatterings.

Darwin (multi-ton Argon detector) 検出器は 
300GeV 以下のWIMP で 10-47cm2 の検出が可能

[’10 Hisano,Ishiwata,Nagata]

重い sfermion 模型
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Wino Properties
主に Neutral Wino が LSP
Charged Wino と Neutral Wino の質量は縮退している！

Δmwino = mchargino - mneutralino ≃ 160-165 MeV

gauge boson からの輻射補正によって mass が split する

chargino decay :  χ± → χ0 + π±

τwino = O(10-10) sec.

LHC でつくられた charged wino は
O(1-10)cm 飛んでから崩壊する

Neutralino
missing Et

Chargino
track

slow
pion

[’06 MI, Moroi,  Yanagida]

[’99 Feng, Moroi, Randall, Strassler @Tevatron]

[’99 Feng, Moroi, Randall, Strassler]

重い sfermion 模型
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Gluino Production at the LHC

1. Gluinos が対生成

Event topology at the LHC

Gluino�

Gluino�

jet� jet�

jet�

jet�

Wino�

Wino�

Neutral!
  Wino�

��

If the wino is 
charged�

3. Neutral wino は missing ET として観測

4. Charged wino はパイオンと neutral wino に
崩壊 (decay length 5-10cm).

Multi-jets + Missing ET search

Disappearing track + Missing ET

(conventional SUSY search)

mgluino > 2.5TeV (AMSB)
mgluino > 800GeV (L=2m3/2)
                     [for mwino>300GeV]

重い sfermion 模型

2. Gluinos → q + q̅ + wino
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Current limits

Pixel SCT TRT LAr/Tile

high-pT charged particle 
interacting with TRT material

reconstructed track
true particle track

(a) High-pT interacting hadron track

Pixel SCT TRT LAr/Tile

low-pT charged particle scattered
in materials resulting in badly 
measured track pT

(b) Bad track

Figure 2: Illustration of background tracks.

5 Background estimation

With all the selection criteria described in the previous section, there are two main background
sources that contribute to the events containing such high-pT disappearing tracks:

1. Interacting hadron track
When charged hadrons interact with the material of the TRT detector, the tracks fulfill the
track selection requirements except that they give smaller numbers of Nouter

TRT . These tracks
dominate the background and predominantly originate from charged hadrons in jets and
hadronic τ decays.

2. Badly reconstructed track
Low-pT charged particles could be badly measured in pT due to scattering in the inner
detector material. These tracks are most likely seeded from low-pT charged particles due
to a wrong combination of SCT space-points, therefore, they have small numbers of Nouter

TRT .

The two categories are labelled as “high-pT interacting hadron track” and “bad track” back-
grounds, respectively. Other contributions such as electrons having low pT, classified as candi-
date tracks due to bremsstrahlung, are found to be small, and are neglected.

A fully data-driven technique is used to estimate the background track pT spectrum, which
uses control samples enriched in the two background categories. Fig. 2(a) and Fig. 2(b) show
schematically the origins of background tracks. The control samples are selected to be or-
thogonal to the signal search samples using the number of pixel hits and Nouter

TRT . In addition,
a requirement on calorimeter activity C ≡ ∑∆R<0.1 Eclus

T /ptrack
T ( the sum of calorimeter cluster

transverse energies in a cone of ∆R = 0.1 around the track divided by the pT of the track) is
used to further purify the samples and make the selections for each background orthogonal to
the other.

High-pT interacting hadron tracks The main contribution to the high-pT interacting hadron
background originates from charged hadrons in jets and τ hadronic decays. In the pT range
above 10 GeV, where inelastic interactions dominate, the interaction rate has nearly no pT-
dependence [26]. Therefore, the pT spectrum of interacting hadron tracks is obtained from that
of non-interacting hadron tracks. By adopting the same kinematic selection criteria as those for

5

Disappearing track at TRT.
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mgluino > 1.2TeV or mwino > 350GeV

 gluino→t t ̅+wino や b b ̅+wino が main　
モードだともう少し厳しい制限

Disappearing track search

mgluino > 0.9TeV or mwino > 100GeV

TRT(50-100cm) は結構ビームパイプから
遠いので disappearing track search はそ
れほど良くない。
SCT や Pixel 検出器を使えれば 
disappearing track search はもっと有効
になるはず

[@2σ: ATLAS-CONF-2012-034]

[@2σ: ATLAS-CONF-2012-109]
AM

SB

重い sfermion 模型
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Future at the LHC
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Multi-jets + Missing ET search
(conventional SUSY search)

mgluino < 2.3TeV for mwino < 1TeV

[‘12, Bhattacherjee, Feldstein, MI, Matsumoto, Yanagida]

Disappearing track search
mgluino < 2.5TeV for mwino < 1TeV

ここでは Pixel と SCT による disappearing 
track search によって background が 
0.1-0.01程度落ちると勝手に仮定

AM
SB

The Higgsino からの Gauge Mediation 効果によって純粋な AMSB 
よりも testable な模型

重い sfermion 模型
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ここまでのまとめ

Higgs 質量 125GeV を実現する重い sfermion の模型は
一見すると実験的には非常に厳しい

宇宙論を真剣に考えると実は Gravity Mediation よりも
シンプルな模型が存在して gaugino mass は O(1)TeV

LHC search や宇宙線観測を通して調べられる！

重い sfermion 模型

Monday, February 18, 13



LHC 実験において Higgs 粒子と思われる粒子が発見された

これが本当に Higgs であるとすると Higgs の4点相互作用は
小さく Higgs が内部構造を持たないスカラー粒子の可能性が高い！

これ自身が衝撃的！(今までの素粒子は全て spin を持っていた！)

一方で標準模型を越えたさまざまな物理が高エネルギー領域に
存在するのは間違い無さそう！

そうなるとやはりスカラー場の階層性問題が気になる…

TeV スケールにはきっと何かあるはず？
階層性問題は思い込み？

LHC の今後の成果がすごく気になる！

まとめ

Monday, February 18, 13



超対称性模型では Higgs に内部構造を持たせずに階層性問題
を解ける！

今のところ LHC では超対称粒子の兆候は見えず階層性問題の解
であることから期待されていたパラメータ領域の多くが排除され
つつある

もっと発見しにくいスペクトル？
階層性問題からの要求が厳しすぎた？

より厳しい制限は 125GeV Higgs Mass から来ている

シンプルには重い sfermion @ 10-100TeV か large stop mixing

Stop search および gaugino search に期待！
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(ミューオン g-2 は軽い slepton を示唆している？ ILC にも期待)
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