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イントロ



ヒッグス物理と宇宙論
ヒッグス物理@コライダー
2012年7月, ヒッグス粒子の発見@LHC mh≃126 GeV.

❒ 質量生成
ヒッグス粒子と他の粒子の結合定数の測定

❒ 電弱対称性の破れ 
ヒッグスポテンシャルの形を調べる. (ヒッグス自己結合定数の測定)

ヒッグス3点自己結合定数 ⟺ ヒッグスが期待値を持った後に出現.

V (Φ) = −µΦ†Φ + λ(Φ†Φ)2 → m2
h

2v
h3 + · · ·

例: 標準模型

例: 標準模型

−LYukawa → mf f̄f +
mf

v
hf̄f + · · ·

|DµΦ|2 → m2
W W+

µ W−µ +
2m2

W

v
hW+

µ W−µ + · · ·

(m
as

s/
v)



ヒッグス物理と宇宙論

❒ ヒッグス物理の宇宙論への応用

電弱バリオジェネシス
有限温度のヒッグス物理に基づく

例: ヒッグス3点自己結合定数にシグナル.

ゼロ温度のヒッグスセクター
に何らかの名残り?⇓

電弱物理の枠組みだけでバリオン数生成は可能

- 暗黒物質                 ⟺ イナートヒッグス, ヒッグスポータル等
- バリオン非対称宇宙  ⟺ 電弱バリオン数生成

- その他

- 標準模型はその候補だった.

- ヒッグスセクターの持つ性質がこのシナリオの可否を決定する.
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Figure 20.1: The abundances of 4He, D, 3He, and 7Li as predicted by the standard
model of Big-Bang nucleosynthesis [11] − the bands show the 95% CL range. Boxes
indicate the observed light element abundances (smaller boxes: ±2σ statistical
errors; larger boxes: ±2σ statistical and systematic errors). The narrow vertical
band indicates the CMB measure of the cosmic baryon density, while the wider
band indicates the BBN concordance range (both at 95% CL). Color version at end
of book.

July 30, 2010 14:36

❒ 観測事実
バリオン非対称宇宙

ηCMB =
nB

nγ
= 6.23(17)× 10−10, [CMB],

ηBBN =
nB

nγ
= (5.1− 6.5)× 10−10, [BBN].

バリオン数密度

反バリオン数密度

光子数密度

■ バリオン非対称(η)がT≃O(1) MeV
までに生成されれば、標準ビッグバン理
論で軽元素(D,3He,4He,7Li)の存在比を
説明できる.

正しくηを出す= バリオジェネシス

nB = nb − nb̄ nγ :



❒ バリオン対称宇宙(η=0)から, バリオン数(η≠0)を作るには
次の条件が必要. [Sakharov, ’67]

(1) バリオン数の破れ
(2) CとCPの破れ
(3) 非平衡の実現

Sakhrovの３条件

バリオン数はいつ頃できたのか.



バリオン数生成の時期

❒ インフレーションの後 (スケールは模型に依る)
❒ 軽元素合成 (T≃O(1) MeV)の前. どのようなシナリオが可能か.
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Figure 1. Leptoquark decays.

X X
q

q

q

l

q

q

q
l

Figure 2. Radiative corrections to leptoquark decays important for CP-violation.

where δCP is the asymmetry in leptoquark decays,

δCP =
Γ(X → qq) − Γ(X̄ → q̄q̄)

Γtot

, (4)

Γtot is the total width of X, Neff is the number of effectively massless degrees of freedom, and
Smacro is a factor taking into account the kinetics of the leptoquark decays.

The progress over last 30 years is quite impressive: one can distinguish more than 44 different
ways to create baryons in the Universe! Here is the list taken from the titles of numerous papers
on this subject:

1. GUT baryogenesis. 2. GUT baryogenesis after preheating. 3. Baryogenesis from
primordial black holes. 4. String scale baryogenesis. 5. Affleck-Dine (AD) baryogenesis. 6.
Hybridized AD baryogenesis. 7. No-scale AD baryogenesis. 8. Single field baryogenesis. 9.
Electroweak (EW) baryogenesis. 10. Local EW baryogenesis. 11. Non-local EW baryogenesis.
12. EW baryogenesis at preheating. 13. SUSY EW baryogenesis. 14. String mediated EW
baryogenesis. 15. Baryogenesis via leptogenesis. 16. Inflationary baryogenesis. 17. Resonant
leptogenesis. 18. Spontaneous baryogenesis. 19. Coherent baryogenesis. 20. Gravitational
baryogenesis. 21. Defect mediated baryogenesis. 22. Baryogenesis from long cosmic strings.
23. Baryogenesis from short cosmic strings. 24. Baryogenesis from collapsing loops. 25.
Baryogenesis through collapse of vortons. 26. Baryogenesis through axion domain walls. 27.
Baryogenesis through QCD domain walls. 28. Baryogenesis through unstable domain walls.
29. Baryogenesis from classical force. 30. Baryogenesis from electrogenesis. 31. B-ball
baryogenesis. 32. Baryogenesis from CPT breaking. 33. Baryogenesis through quantum gravity.
34. Baryogenesis via neutrino oscillations. 35. Monopole baryogenesis. 36. Axino induced
baryogenesis. 37. Gravitino induced baryogenesis. 38. Radion induced baryogenesis. 39.
Baryogenesis in large extra dimensions. 40. Baryogenesis by brane collision. 41. Baryogenesis
via density fluctuations. 42. Baryogenesis from hadronic jets. 43. Thermal leptogenesis. 44.
Nonthermal leptogenesis.

2

[Shaposhnikov, J.Phys.Conf.Ser.171:012005,2009.]

可能性は無数
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where δCP is the asymmetry in leptoquark decays,

δCP =
Γ(X → qq) − Γ(X̄ → q̄q̄)

Γtot

, (4)

Γtot is the total width of X, Neff is the number of effectively massless degrees of freedom, and
Smacro is a factor taking into account the kinetics of the leptoquark decays.

The progress over last 30 years is quite impressive: one can distinguish more than 44 different
ways to create baryons in the Universe! Here is the list taken from the titles of numerous papers
on this subject:
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primordial black holes. 4. String scale baryogenesis. 5. Affleck-Dine (AD) baryogenesis. 6.
Hybridized AD baryogenesis. 7. No-scale AD baryogenesis. 8. Single field baryogenesis. 9.
Electroweak (EW) baryogenesis. 10. Local EW baryogenesis. 11. Non-local EW baryogenesis.
12. EW baryogenesis at preheating. 13. SUSY EW baryogenesis. 14. String mediated EW
baryogenesis. 15. Baryogenesis via leptogenesis. 16. Inflationary baryogenesis. 17. Resonant
leptogenesis. 18. Spontaneous baryogenesis. 19. Coherent baryogenesis. 20. Gravitational
baryogenesis. 21. Defect mediated baryogenesis. 22. Baryogenesis from long cosmic strings.
23. Baryogenesis from short cosmic strings. 24. Baryogenesis from collapsing loops. 25.
Baryogenesis through collapse of vortons. 26. Baryogenesis through axion domain walls. 27.
Baryogenesis through QCD domain walls. 28. Baryogenesis through unstable domain walls.
29. Baryogenesis from classical force. 30. Baryogenesis from electrogenesis. 31. B-ball
baryogenesis. 32. Baryogenesis from CPT breaking. 33. Baryogenesis through quantum gravity.
34. Baryogenesis via neutrino oscillations. 35. Monopole baryogenesis. 36. Axino induced
baryogenesis. 37. Gravitino induced baryogenesis. 38. Radion induced baryogenesis. 39.
Baryogenesis in large extra dimensions. 40. Baryogenesis by brane collision. 41. Baryogenesis
via density fluctuations. 42. Baryogenesis from hadronic jets. 43. Thermal leptogenesis. 44.
Nonthermal leptogenesis.

2

[Shaposhnikov, J.Phys.Conf.Ser.171:012005,2009.]

近い将来, 検証可能なシナリオ

可能性は無数
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近い将来, 検証可能なシナリオ

- Resonant leptogenesis
- Electroweak baryogenesis (EWBG)

- Baryogenesis via neutrino oscillations

可能性は無数
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近い将来, 検証可能なシナリオ
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↔ ヒッグス物理

可能性は無数
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近い将来, 検証可能なシナリオ

- Resonant leptogenesis
- Electroweak baryogenesis (EWBG)

- Baryogenesis via neutrino oscillations

↔ ヒッグス物理

↔ ニュートリノ物理⦘

可能性は無数



電弱バリオジェネシス



[Kuzmin, Rubakov, Shaposhnikov, PLB155,36 (‘85) ]
Sakharovの条件

❒ バリオン数は膨張する泡によって作られる.

電弱バリオジェネシス

Bの破れ: スファレロン過程 (次のページで説明)

Cの破れ: カイラルゲージ相互作用

CPの破れ: 小林-益川位相, 標準模型の拡張模型では他にも物理的
CP位相が存在.

非平衡の実現: 電弱相転移が『強い』一次.

broken phase

symmetric phase



Energy

sphaleron

instanton

Ncs0-1 1

Esph

broken phase : Γ(b)
sph � T 4e−Esph/T ,

symmetric phase : Γ(s)
sph � κ(αW T )4, αW = g2

2/(4π), κ = O(1)

Γinstanton � e−2Sinstanton = e−16π2/g2
2 � 10−162.

低温: トンネル効果

トンネリング確率:

NCS(t) =
1

32π2

�
d3x �ijk

�
g2
2Tr

�
FijAk −

2
3
g2AiAjAk

�
− g2

1BijBk

�

(B+L)遷移
(B+L)カレントはアノマリーで破れる. 但し, (B-L)カレントは保存.

高温: 熱的遷移

単位時間, 単位体積あたりのスファレロン遷移確率:

❒ 高温でバリオン数を破る過程が頻繁に起き, ゼロ度では抑制される.

1 gen., 0 ↔ uLdLdLνeL例: Ng gen., 0 ↔
Ng�

i=1

(3qi
L + liL)

左巻きフェルミオンのみ

∆B = ∆L = Ng∆NCS



nB

nL
b − nL

b̄

nR
b − nR

b̄

�Φ� �= 0
CP

nB = 0

nB

nB

nL
b − nL

b̄

nR
b − nR

b̄

�Φ� = 0
nB

�Φ� �= 0

If Γ(b)
B > H

nB = nL
b − nL

b̄� �� �
�=0

+nR
b − nR

b̄� �� �
�=0

= 0

バリオン数ができるまで

Γ(b)
B < H が必要

B+L
nB �= 0

nB → 0

(1) (2) (3)

by Γ(s)
B (> H)

nB = nL
b − nL

b̄� �� �
changed

+ nR
b − nR

b̄ → nB �= 0

(3) (2)
バリオン数ゼロからスタート

(1)

e.g.,1 gen. ūL → dLdLνeL
∆B = +1
∆L = +1

0

H:ハッブル定数

0 0 0



を満たすには?Γ(b)
B < H

必要なもの:
相転移後ヒッグスの期待値が大きければよい.
(電弱相転移が強い一次であればよい)

Esph=スファレロンエネルギー, 
ヒッグスの真空期待値(v)に比例する.

破れた相でのバリオン数変化率は以下で与えられる.

Γ(b)
B (T ) � (prefactor)

Γ(b)
sph

T 3
� (prefactor)e−Esph/T ,

0

0 50 100 150 200 250 300
 (GeV)

Veff

T=Tc

T>Tc

T<Tcv

(相転移直後の期待値 ≠ 246 GeV)

Esph ∝ v(T )



スファレロン脱結合条件
[Arnold, McLerran, PRD36,581 (’87)]

❒ 脱結合条件はスファレロンエネルギーに最も強く依存する.

v

T
>

g2

4πE

�
42.97 + log corrections

�
Esph = 4πvE/g2 と書くと (g2はSU(2)ゲージ結合定数),

相転移が終わった温度(TE)でスファレロン過程が抑制される必要がある.

Γ(b)
B (T ) � (prefactor)e−Esph/T

< H(T ) � 1.66
√

g∗T
2
/mP

❒ log補正はsubleading (~10%).

g∗ 軽い粒子の自由度, 106.75 (標準模型) mP プランク質量 ≃ 1.22x1019 GeV
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ヒッグスの質量(λ) ⤴   
->  スファレロンエネルギー ⤴

❒ スファレロンエネルギーは
           と伴に増加 λ/g2

2

For mh = 126 GeV (λ = 0.13), E � 1.92 → v

T
>∼ 1.16

簡単の為, T=0でのスファレロンエネルギーを求める.

V0(Φ) = λ

�
Φ†Φ− v2

2

�2

L = −1
4
F a

µνF aµν + (DµΦ)†DµΦ− V0(Φ)

標準模型を例にとる. (U(1)Y部分は無視)

スファレロンエネルギー

[Klinkhamer, Manton, PRD30,2212 (’84)]



標準模型のバリオジェネシス



標準模型での電弱バリオジェネシスの可能性は以下の2つの理由で否定
された.
■小林-益川位相だけでは十分な非対称性が出ない.
[Gavela et al, NPB430,382 (’94); Huet and Nelson, PRD51,379 (’95).]

標準模型を拡張する必要がある.

182 M. Laine, K. Ruramukainen/Nuclear Physics B (Proc. Suppl.) 73 (1999) 180-185 
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The phase diagram of the Standard Figure 1. 
Model. The non-perturbative endpoint location 
has been studied with 3d simulations in [11-14] 
and with 4d simulations in [15-18]. In perturba- 
tion theory (dotted line), the transition is always 
of the first order. 

The U(1) group has here been neglected (i.e., 
sin 2 0w = 0), since its effects are small [10]. Let 
us denote 

2 2 4 x = v = m3(g l/g3. (41 

In the 4d simulations, one studies the 
SU(2)+Higgs theory, whose Lagrangian is pre- 
cisely Eq. (3) but in 4d. 

The theory in Eq. (3) has a first order phase 
transition for small Higgs masses (small values 
of x) [7]. The transition gets weaker for larger 
Higgs masses, and ends at m H  '~' 80 GeV [11], see 
Fig. 1. Recently, the interest has been in studying 
the endpoint region in some detail. Here, pertur- 
bation theory does not work at all and the dy- 
namics is completely non-perturbative. 

The fact that  there is an endpoint, was first 
reliably demonstrated in [11,12]. The endpoint 
location was determined more precisely in [13]. 
A continuum extrapolation of the endpoint loca- 
tion was made in [14], employing improvement 

formulas derived in [19]: 

Xc = 0.0983(15), Yc = -0.0175(13). (5) 

In [14], it was also shown that  the endpoint be- 
longs to the 3d Ising universality class. 

The values in Eq. (5) can be converted to the 
endpoint locations in different 4d physical the- 
ories, using the relations derived in [8]. Some 
values are given in Table 1. The errors here rep- 
resent the errors in Eq. (5): no additional errors 
have been added from dimensional reduction. 

With 4d simulations, the endpoint location in 
the SU(2)+Higgs model has been studied at a 
fixed (symmetric) lattice spacing in [15,16], and 
with an asymmetric lattice spacing in [17,18]. 
A continuum extrapolation has been carried out 
in [18], and that  result is shown in Table 1. It 
should be noted that  the exact MS gauge cou- 
pling to which the 4d simulations correspond, is 
not known. This affects strongly the critical tem- 
perature (Tc (x m H / g ) ,  while the endpoint loca- 
tion itself is not that  sensitive. 

We can now compare the 3d and 4d results for 
SU(2)+Higgs. Clearly, they are completely com- 
patible. 

Finally, consider the effect of sin 2 6w. In 
general, the hypercharge U(1) group makes the 
transition slightly stronger, though not by very 
much [10]. Thus one might also expect that  the 
endpoint location changes to somewhat larger x 
than in Eq. (5). The infinite volume and contin- 
uum extrapolation of the endpoint location has 
not been determined with sin 2 0w = 0.23, but it 
has been determined with finite volumes in [20]. 
On a lattice with 4/(g~a) = 8 and volume = 323, 
we get 

0 0.1043(22), y0 -0.02860(99) X c ~ 

1 _ 0.1045(14), y~ -0.02125(76), (6) X c 

where (0) refers to sin20w = 0 and (1) to 
sin 20W = 0.23. Hence Xc does not appear to 
depend significantly on sin 2 0w, while Yc changes 
a bit. Assuming that  the same pattern remains 
there at the infinite volume and continuum limits, 
the endpoint location in physical units is given in 
Table 1 also for sin 2 0w = 0.23. 

Recent topics of interest, other than the end- 
point location, include the excitation spectrum 

標準模型のバリオジェネシス

2nd order
end point

1st order

■ 電弱相転移はmh>73 GeVでクロスオーバー 
[Kajantie at al, PRL77,2887 (’96); Rummukainen et al,
 NPB532,283 (’98); Csikor et al, PRL82, 21 (’99); 
Aoki et al, PRD60,013001 (’99). Laine et al, 

NPB73,180(’99)] (NOTE: mh≃126 GeV.)

適切な拡張の仕方を知る為に, まず標準模型の例を具体的にみていく.

クロスオーバー



電弱相転移

■ 有限温度の有効ポテンシャル(自由エネルギー密度)を用いて相転
移の次数を決定する.

0

0 50 100 150 200 250 300
 (GeV)

Veff

T=Tc

T>Tc

T<Tc



一次と二次相転移

[From K. Funakubo’s slide]

ϕϕ

臨界温度(TC)はヒッグスの期待値がゼロになる温度で決める.
一次相転移の場合, TCでヒッグスの期待値が不連続.
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一次と二次相転移

[From K. Funakubo’s slide]

■ 一次相転移となる
為には, ポテンシャル
に負の寄与が必要.

?

ϕϕ
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ϕ4

有限温度のボゾンループ
から出る.

⇑

臨界温度(TC)はヒッグスの期待値がゼロになる温度で決める.
一次相転移の場合, TCでヒッグスの期待値が不連続.

(一般には別の可能性もあるが,

今回の話はこのケース.)



標準模型の1ループ有効ポテンシャル

ツリー:

ゼロ温度1ループ:

F
�
m2(ϕ)

�
=

m4(ϕ)

64π2

�
ln

m2(ϕ)

M2
ren

− 3

2

�

有限温度1ループ:

∆gV (ϕ) = 2 · 3F
�
m2

W (ϕ)
�

+ 3F
�
m2

Z(ϕ)
�
,

∆tV (ϕ) = −4 · 3F
�
m2

t (ϕ)
�
,

n=d.o.f.
where

V0(ϕ) = −µ2

2
ϕ2 +

λ

4
ϕ4

∆V (ϕ, T ) =
T 4

2π2




�

i=W,Z

niIB(a2
i ) + ntIF (a2

t )



 ,

IB,F (a2) =
� ∞

0
dx x2 ln

�
1∓ e−

√
x2+a2

�
, a2 =

m2(ϕ)
T 2

.

Veff(ϕ) = V0(ϕ) + ∆gV (ϕ) + ∆tV (ϕ) + ∆V (ϕ, T ) + Vc.t.



高温展開

IB(a2) = −
π4

45
+

π2

12
a2
−

π

6
(a2)3/2

−
a4

32

�
log

a2

αB
−

3

2

�
+O(a6)

IF (a2) =
7π4

360
−

π2

24
a2
−

a4

32

�
log

a2

αF
−

3

2

�
+O(a6)

log αB = 2 log 4π − 2γE � 3.91, log αF = 2 log π − 2γE � 1.14,
Euler’s constant: γE � 0.577

❒ “ボゾンループ”から負の係数をもつ3次の項が出て来る. 

a=m(φ)/Tを小さいと仮定し, IB,F(a)をaについて展開する.

ボゾン:

フェルミオン:

-> 高温で対称性が回復する理由❒ nB,F
T 4

2π2
IB,F (a2) � +|const| · m2T 2

nB
T 4

2π2
IB(a2) � −|const| · |m(ϕ)|3T (起源はゼロ振動数なのでフェルミ

オンループからは出ない.)



LEPで排除された.

スファレロン脱結合条件:

Veff � D(T 2 − T 2
0 )ϕ2 − ET |ϕ|3 +

λT

4
ϕ4 →

T=TC

λTC

4
ϕ2(ϕ− vC)2

ESM � 1
4πv3

(2m3
W + m3

Z) � 0.01
0
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λTC

Γ(b)
B < H ⇒ vC

TC
>∼ 1 =⇒ mhSM <∼ 48 GeV

3次の係数

4次の係数
=

❒ 臨界温度(TC)は2つの真空が縮退する温度
で定義.

高温展開された有効ポテンシャルは次で与えられる.

❒ ボゾンループによって一次相転移が実現.

解決方法: ボゾンを追加し, Eを増大させる.
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“スカラーループが常に効くわけではない.”
注意

寄与する

スカラーの質量が次で与えられるとする.

寄与しない

⇒ ⇒ ⤴nondecouplingスカラー

M : ラグランジアンにある質量次元を持った変数

スカラーとヒッグス粒子の結合定数

必要なもの: 1. 強結合 λ, 2. 小さな M

E = ESM + ∆E
vC

TC

M2 � λHSϕ2

M2 � λHSϕ2

Veff � −λ3/2
HS

Tϕ3

�
1 +

M2

λHSϕ2

�3/2

Veff � −|M |3T
�

1 +
λHSϕ2

M2

�3/2

m2 = M2 + λHSϕ2
λHS :



電弱バリオジェネシスの現状



電弱バリオン数生成が可能な模型は？
SUSY:

SM+ヒッグスセクターの拡張:

Minimal Supersymmetric SM (MSSM)
Next-to-MSSM (NMSSM), nearly-MSSM (nMSSM),
U(1)’-MSSM (UMSSM), triplet-MSSM (TMSSM) etc.

強い1次相転移 CPの破れ(Higgs)
real singlet OK X

complex singlet OK OK
MHDM (M≥2) OK OK
real triplet OK X

complex triplet OK X

強い1次相転移OK, CPの破れOK

今のLHCデータで排除されつつあるのはMSSM.



stopの質量

[Carena, Quiros, Wagner, PLB380 (‘96) 81]

topより軽いstopが必要!

MSSM 軽いstopシナリオ 

• LEP bound on mH

• ρ parameter
m2

q̃ � m2
t̃R

, X2
t , Xt = At − µ/ tan β.

To have a large loop effect, m2
t̃R

+ ∆T m2
t̃R

must be small.

mt̃1 < mt

Xt = 0 (no-mixing) maximizes the loop effect

At finite T , there is a thermal correction, ∆T m2
t̃R
∼ O(T 2) > 0.

m̄2
t̃2

= m2
q̃ +

y2
t sin2 β

2

�
1 +

|Xt|
2

m2
q̃

�
v2 + O(g2) � m2

q̃,

m̄2
t̃1

= m2
t̃R

+
y2

t sin2 β

2

�
1−

|Xt|
2

m2
q̃

�
v2 + O(g2).

m2
t̃R

(T ) ≡ m2
t̃R

+ ∆T m2
t̃R

= 0 ⇒ m2
t̃R

< 0 Charge-Color-Breaking vacuum

必要なもの: 1. 強結合 λ, 2. 小さな M
top湯川結合定数 小さいSUSYソフト質量



軽いストップによって1次相転移が強められる.

Veff � −(ESM + Et̃1)Tv3

高温展開を使って3次の係数を評価すると,

Et̃1 � +
y3

t sin3 β

4
√

2π

�
1− |Xt|2

m2
q̃

�3/2

.

Et̃1 � 0.054, for Xt = 0

MSSM 軽いstopシナリオ 

⇒ ⤴E = ESM + ∆E
vC

TC



MSSM 電弱バリオン数生成
120 GeV以下の(ほぼ)右巻きstopが強い一次相転移を引きこす.
(light stop scenario, LSS)
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Figure 1. Theoretical EWBG fingerprint for mA = 2TeV and 300GeV, for a range of stop masses
from 80-115GeV including theory errors. Shown are signal strength predictions for each channel,
with subscripts indicating an exclusive production mode. The exception is γγ[VBF∗], which denotes
the signal strength prediction for a h → γγ search with VBF cuts [33], such that ξVBF/ξggF ≈ 30
in eq. (4.9). The purple line is the SM expectation. This fingerprint is for mh = 125GeV, but
the dependence on mh is very small in the 123–128 GeV neighborhood of Higgs masses. Solid red
bands indicate the range of predictions for mt̃R ∈ (80, 115)GeV. The light red bands indicate the
theory error at the top and bottom of the stop mass range. tanβ was allowed to vary in the range
(5, 15), but its effect is very small since mh was taken as a low-energy input. The rate of decays that
are dominated by gluon fusion increases for lighter stop masses, while γγ and channels sensitive to
Vector Boson Fusion and Associated Production are much less affected.

by combining information from the 7TeV LHC Higgs searches only. Of course, it is possible

that the Higgs may not ultimately be found to have a mass of ≈ 125GeV. However, because

the deviations from SM are so large for EWBG, it is still possible to bound EWBG for

arbitrary Higgs mass given the current data sets.

We will examine this in detail in the following sections, but the fingerprint detailed

in figure 1 stresses the power of setting limits even with channels that may not have

enough data for a discovery with the entire 2012 8TeV data set. Eventually, the study

of correlations such as these could be one of our most powerful tools into discerning the

effects of new physics, if it is related to electroweak symmetry breaking.

5 Experimental status

We will start by briefly outlining the available experimental data before moving on to show

the extent to which different regions of EWBG parameter space are excluded, both with

and without the assumption of a ≈ 125GeV Higgs.

– 9 –

Light red bands: theory errors (higher order corrections and �χ±, �χ0 corrections.)
Solid red bands: range of predictions for mt̃R

∈ (80, 115) GeV.

[D. Curtin, P. Jaiswall, P. Meade., arXiv:1203.2932]

このシナリオは, mH ≃125 GeVに対して, mA>1 TeV なら98% CL以上,　
mA≃300 GeVなら少なくとも90% CLで除外される.

stopの直接検証は難しい.t̃1 → cχ̃0
1, |mt̃1 −mχ̃0

1
| < 35 GeV

最近, MSSM EWBGが除外されたと2度宣告された.



J
H
E
P
0
2
(
2
0
1
3
)
0
0
1

10 20 30 40 50 60 70 80 90
0

1

2

3

4

qq,ll,VV (ggF)
qq,ll,VV (VBF)
γγ (ggF)
γγ (VBF)

(σ × BR)  Point G
M2=200 GeV     µ=200 GeV

mχ0
1

[GeV]

σ
×
B
R

(σ
×
B
R
) S

M
10 20 30 40 50 60 70 80 90

0

0.2

0.4

0.6

0.8

1

1.2

1.4 WW
bb
gg

χ0 χ0
   1    1

mass χ+

                       1

mass χ0
                2

BR  Point G
M2=200 GeV     µ=200 GeV

mχ0
1

[GeV]

B
R

m
χ

10
0
G
eV

Figure 4. The same as figure 3 but for point G and M2 = µ = 200GeV. The Higgs mass is about
125GeV.

induced rates with respect to those expected in the SM and gluon fusion induced rates that

are consistent with the SM ones. As we will show, such overall behavior is consistent with

the predictions of the LSS in the presence of light neutralinos.

As it is highlighted in figure 3, for mχ0
1
! 63GeV the Higgs cannot decay into neutrali-

nos. In such a case the Higgs production via gluon fusion is enhanced by a factor larger

than two. Then the subsequent Higgs decay into weak bosons, whose rate is unmodified

by light stops at leading order, is enhanced by the same factor of two. This enhancement

factor is instead suppressed by ∼ 25% if the Higgs decays into photons because of the stop

destructive-interference contribution. If mχ0
1
" 63GeV the Higgs invisible width increases.

However for relatively large values of tanβ, as point B, and for µ = M2 = 200GeV, the

coupling gh11 is suppressed, and opening kinematically the Higgs decay channel into neu-

tralinos reduces the visible branching ratios by at most 10%. In conclusion, for point B

we confirm the result of the previous analyses [52, 53]: for heavy neutralinos there is ten-

sion with data, independently of the specific choice of µ and M2. Moreover, for smaller

values of the neutralino mass the tension persists, unless one assumes smaller values of

µ and/or M2 than those considered here, µ = M2 = 200GeV (see comments on figure 8

for more details).

In order to see at work the mechanism of invisible Higgs decay into neutralinos for

µ ≈ M2 ≈ 200GeV, we have to consider small values of tanβ for which the coupling

gh11 is sizable. In particular this is the case for point G in figure 1. Figure 4 shows the

corresponding results for point G, for which tanβ is close to 1 and the Higgs boson mass

is still about 125GeV.9 In this case the Higgsino H̃u component of the lightest neutralino

increases and hence the decay width of the Higgs into the lightest neutralino can be more

significant even for µ = M2 = 200GeV. Indeed in the region in which the Higgs is allowed

to decay into neutralinos its branching ratio tends to be the dominant one. On the other

hand in the large mχ0
1
region one obtains enhancement factors in the Higgs production rates

9With respect to point B the smaller tree-level Higgs mass due to the decrease of tan β is compensated

by rising the mixing parameter Xt in the radiative contributions.
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逃げ道
[M. Carena, G. Nardini, M. Quiros, CEM. Wagner, arXiv:1207.6330] 

ヒッグスのinvisibleモードが開く. 
➔ σ(gg -> H -> VV)が減る 
➔ テンションが緩和. 

If mχ̃0
1

<∼ 60 GeV,

但し、stopの主要崩壊チャンネル
が変わる.

t̃1 → bW+χ̃0
1, bχ̃0

1f̄f �

“Very Light Scalar Top Quarks at the LHC, K. Krizka, A. Kumar, D. Morrissey, 
arXiv:1212.4856”では、次のように結論. 

“Ours results suggest that such a state is ruled out by existing LHC analyses, 
at least if it decays promptly in the FV, 4B or 3B modes.”



理論的な課題

[M. Carena, G. Nardini, M. Quiros, CEM. Wagner, NPB812, (2009) 243] 

 但し, 以下の部分が明白でない.

❒ スファレロン脱結合条件

❒ 有限温度2ループ有効ポテンシャル

解析では, vC/TC > 0.9が使われている

高温展開近似が使われている.

疑問1: 2ループレベルの高温展開の妥当性は?

[P. Arnold, O. Espinosa, PRD47, (’93) 3546, 
J.R. Espinosa, NPB475, (’96) 273 etc]

疑問2: “0.9”で本当にスファレロン過程は十分に抑制されるのか?

mH � 127 GeV, m
t̃1

� 120 GeV

疑問1に対する部分的な答えは, “PRD87, 054003 (2013), K. Funakubo and ES”を参照.

強い一次相転移を実現する為には,



ヒッグス3点自己結合定数

電弱バリオジェネシスのコライダーシグナルとして, ヒッ
グス3点自己結合定数を考える.



2 Higgs doublet model (2HDM)

V2HDM = m2

1
Φ†

1
Φ1 + m2

2
Φ†

2
Φ2 − (m2

3
Φ†

1
Φ2 + h.c.)

+
λ1

2
(Φ†

1
Φ1)2 +

λ2

2
(Φ†

2
Φ2)2 + λ3(Φ†

1
Φ1)2(Φ†

2
Φ2)2 + λ4(Φ†

1
Φ2)2(Φ†

2
Φ1)2

+
�
λ5

2
(Φ†

1
Φ2)2 + h.c.

�
,

標準模型に新しいヒッグス2重項を追加 (新たなCP位相が可能)

Φ1 → Φ1, Φ2 → −Φ2 (Type I, II etc)

FCNCを抑制する為に, 離散的対称性を課す.

ヒッグスポテンシャル

Φ1,2(x) =

�
φ+

i (x)
1√
2

�
vi + hi(x) + iai(x)

�
�

.

ヒッグス期待値 CP-evenヒッグス
CP-oddヒッグス

mh, mH , mA, mH±

パラメーターは8つ (但し, vとmhは既知)

tanβ = v2/v1, (v =
�

v2
1 + v2

2 � 246 GeV)hとHの混合角

荷電ヒッグス

M2 = m2
3/(sinβ cos β)

m2
3, λ5 ∈ C

α :



c=1(2) for neutral (charged Higgs bosons)

λ2HDM

hhh
� 3m2

h

v



1 +
�

Φ=H,A,H±

c

12π2

m4

Φ

m2

h
v2

�
1− M2

m2

Φ

�3



 .

h

h

h

重いヒッグスのhhh結合定数への量子補正を計算する.

For M2 � λiv2 (m2
Φ �M2), the quantum corrections would be suppressed.

For M2 � λiv2 (m2
Φ � λiv2), the quantum corrections would grow with m4

Φ.

[S. Kanemura, S. Kiyoura, Y. Okada, E.S., C.-P. Yuan, PLB558 (2003) 157]

⇒ nondecoupling極限 (結合定数を大きくする)

⇒ 通常のdecoupling極限 (1/質量)
重いヒッグス粒子がnondecopuling的なら, hhh結合定数に対して
大きな量子補正を与える.

hhh結合定数への量子補正

For sin(β − α) = 1
(ヒッグス-ゲージ結合定数、ヒッグス-湯川
結合定数が標準模型と同じになる極限)

m2
Φ �M2 + λiv

2重いヒッグスの質量を大きくする極限には2種類ある
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電弱相転移が強い一次

❒ vC/TC>1 ならば, Δλhhh/λSM
hhhは10%以上になる.

[S. Kanemura, Y. Okada, E.S.,PLB606 (2005) 361]

ΔλhhhとvC/TC の間の相関

❒ 重いヒッグスが一次相転移を強める ➔ ∆E2HDM ⤴



別の例
❒ 4 Higgs doublets+singlets-extended MSSM

❒ 新しく導入したcharged Higgs
によって強い1次相転移を実現.

W = λ

�
HdΦuζ + HuΦdη −HuΦuΩ− −HdΦdΩ+ + nΦΦuΦd + nΩ(Ω+Ω− − ζη)

�

− µ(HuHd − nΦnΩ)− µΦΦuΦd − µΩ(Ω+Ω− − ζη).

J
H
E
P
0
5
(
2
0
1
3
)
0
6
6

 260

 280

 300

 320

 340

 360

 380

 400

 60  80  100  120  140
mΦ′0

1
[GeV]

m
Φ

′± 1

[G
eV

]

∆λhhh
λhhh|SM

= +10%

+20%

+30%

+40%

+50%

vc/Tc =
1.0

Figure 6. Contour plot for the deviation of the triple Higgs boson coupling from the SM value,
∆λhhh/λhhh|SM (black dashed lines), with a line corresponding to the strength of EWPT vC/TC = 1
(red solid line), on the plane of the mass of the lightest Z2-odd charged particle m

Φ
′±
1

and the mass
of the lightest Z2-odd neutral particle mΦ′ 0

1
. The parameters are fixed according to eqs. (5.1)

and (5.2).

6 Conclusions

We have discussed the correlation among the strength of EWPT, the Higgs-to-diphoton

branching ratio and the triple Higgs boson coupling in the extended Higgs sector with large

coupling constants and the 126GeV Higgs boson, which emerges as a low-energy effective

theory of the SUSY SU(2)H gauge theory with confinement. In our benchmark mass spec-

trum, the condition of quick sphaleron decoupling for EWBG, vC/TC ! 1, determines the

scale of the Landau pole to be below about 15TeV, which corresponds to the confinement

scale of the SU(2)H gauge theory. We have found that the Higgs-to-diphoton branching

ratio deviates negatively from the SM prediction by about 20% and the triple Higgs boson

coupling deviates positively by more than about 20%. Such deviations can be observed at

future collider experiments.
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[S. Kanemura, E.S., T. Shindou, T. Yamada, JHEP05 (2013) 066]

❒ vC/TC>1 ならば, 
Δλhhh/λSM

hhhは20%以上になる.

注意: nondecouplingなフェルミオンループがあると,

電弱相転移が強い一次でもΔλhhh/λSM
hhhが小さい可能性がある.
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Figure 2.7: Examples of double Higgs production processes. The upper and down left figures are

included the trilinear Higgs coupling constant λhhh.

Now, we define the effective coupling as

V = (λ3 + δλ3)h3, (2.1.34)

where λ3(≡ λv) is the trilinear Higgs boson coupling and δλ3 is the deviation from the SM prediction.

Fig. 2.8 shows the sensitivity of the trilinear Higgs boson coupling measurement as a function of the

Higgs boson mass. Here we take
√

s = 500, 1000, and 1500 GeV, respectively, and assume that the

efficiency of the particle tagging is 100% with an integrated luminosity of 1 ab−1. We use the invariant

mass cut as Mhh < 600 GeV for hZZ mode, and also use the 100% polarized electron beam for the

hhνν̄ mode to reduce the background. The dashed and dotted lines stand for the results of the hhZ

and hhνν̄ modes, respectively, and solid lines represent the combined both modes. For mh <∼ 160

GeV, we can measure the trilinear Higgs coupling with less than 20% accuracy. For
√

s to be 1 TeV

or higher, the hhνν̄ mode is dominant, in which the sensitivity of the Higgs coupling measurements

can be further improved, δλ3/λ3 ≤ 10%.
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Now, we define the effective coupling as

V = (λ3 + δλ3)h3, (2.1.34)

where λ3(≡ λv) is the trilinear Higgs boson coupling and δλ3 is the deviation from the SM prediction.

Fig. 2.8 shows the sensitivity of the trilinear Higgs boson coupling measurement as a function of the

Higgs boson mass. Here we take
√

s = 500, 1000, and 1500 GeV, respectively, and assume that the

efficiency of the particle tagging is 100% with an integrated luminosity of 1 ab−1. We use the invariant

mass cut as Mhh < 600 GeV for hZZ mode, and also use the 100% polarized electron beam for the

hhνν̄ mode to reduce the background. The dashed and dotted lines stand for the results of the hhZ

and hhνν̄ modes, respectively, and solid lines represent the combined both modes. For mh <∼ 160

GeV, we can measure the trilinear Higgs coupling with less than 20% accuracy. For
√

s to be 1 TeV

or higher, the hhνν̄ mode is dominant, in which the sensitivity of the Higgs coupling measurements

can be further improved, δλ3/λ3 ≤ 10%.

λhhhの測定

例: @LC

λhhhはhを2個生成するプロセスに含まれている.
以下ではLCを例にとる.

Higgsstrahlung

WW-fusion



生成断面積
e

e+

Z

Z
h h

h
hhh

*
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¸

-

√s=500GeVだとHiggsstralungが効くが,1TeVくらいになるとWW-fusion過程が効く.
√s<1TeVなら, 生成断面積はO(0.1)fb

FIG. 3: The double Higgs boson production at the e+e− collider. The double-Higgs-strahlung

process e+e− → hhZ and the vector boson fusion process e+e− → hhνeν̄e.

FIG. 4: The cross sections of e+e− → hhZ process at the ILC as a function of collision energy
√
s

for mh = 120 GeV (left) and mh = 160 GeV (right).

process may decrease the cross section. On the other hand, if we have large enough energy,
one can control the collision energy to obtain the maximal production rate. In FIG. 4, the

cross sections of the double-Higgs-strahlung are evaluated as a function of e+e− center of
mass energy

√
s. The left (right) panel shows the case with the Higgs boson mass to be

mh = 120(160) GeV. The curves are presented in the same manner as in FIG. 2. Under the
variation of the hhh coupling constant, the cross section of the double-Higgs-strahlung has

the opposite correlation to that of gg → hh. Therefore, the positive contributions to the
hhh coupling constant has an advantage to obtain better sensitivities.

At a high energy lepton collider, the hard photons can be obtained from the Compton
back scattering method [38]. By using hard photons, Higgs boson pairs can be produced in

γγ → hh process. Feynman diagrams for this process are shown in FIG. 5, and the helicity

7

induced processes such as gg → hh and γγ → hh, cross sections can depend on new physics

particles in additional one-loop diagrams. In the THDM and scalar leptoquark models,
cross sections for e+e− → hhZ and γγ → hh can be enhanced due to the nondecoupling

effect on the hhh coupling constant through the extra scalar loops. In the chiral fourth
generation model, cross sections of double Higgs boson production processes can become

significantly large, because new particles mediate in the leading order loop diagram as well
as the nondecoupling effect on the hhh coupling constant. In models with vectorlike quarks,

the effect on the cross sections are small because of the decoupling nature of the theory.
By measuring these double Higgs boson production processes at different future collider

experiments, we would be able to test properties of new physics particles in the loop, which
helps identify the new physics model.

In Sec. II, effects of the hhh coupling constant in Higgs boson pair production processes
gg → hh at LHC, e+e− → hhZ and e+e− → hhνν̄ at ILC and CLIC, and γγ → hh at their

photon collider options are discussed. Model dependent analyses for these processes are
given in Sec. III for the THDM, the scalar leptoquark models, the chiral fourth generation

model, and the vectorlike quarks. In Sec. IV, summary and discussions are given.

II. THE HIGGS BOSON PAIR PRODUCTION PROCESSES AT COLLIDERS

In this section, we discuss Higgs boson pair production processes gg → hh [16–18],

e+e− → hhZ [22], e+e− → hhνν̄ [23] and γγ → hh [29] in various new physics models.
These processes contain the hhh coupling constant so that they can be used to determine

the hhh coupling constant at future collider experiments. The effective ggh and γγh vertices
would be precisely measured in the single Higgs boson production processes as gg → h at

hadron colliders [32] and γγ → h resonance production at the PLC [33], which will be used
to extract the hhh coupling constant from the one-loop induced processes such as gg → hh

and γγ → hh. In this section, before going to the discussion on the calculation for the cross
sections in each model, we first consider the results in the SM with a constant shift of the

hhh coupling constant by a factor of (1 +∆κ);

λhhh = λSM
hhh(1 +∆κ), (1)

where λSM
hhh = −3m2

h/v at the tree level 2 with v (# 246 GeV) being the VEV and mh

being the mass of the Higgs boson h. This constant shift can be realized when there is

2 At the one-loop order, the effective hhh vertex function have been evaluated as [7]

ΓSM
hhh(ŝ,m

2
h,m

2
h) # −

3m2
h

v

{
1−

Ncm4
t

3π2v2m2
h

[
1 +O

(
m2

h

m2
t

,
ŝ

m2
t

)]}
, (2)

where Nc(=3) is the color factor. The full expression of the vertex function ΓSM
hhh

(p21, p
2
2, p

2
3) is also given

in Appendix A for completeness. In numerical analysis, we include the SM one-loop correction to the hhh

coupling constant.

4

FIG. 6: The full cross section of e−e− (γ(+)γ(+)) → hh process as a function of
√
see for mh = 120

GeV (left) and mh = 160 GeV (right).

FIG. 7: The cross sections of e+e− → hhνν̄ process at the ILC as a function of collision energy
√
s

for mh = 120 GeV (left) and mh = 160 GeV (right).

laser photon. The curves are given in the same manner as in FIG. 2. The situation is very

different from gg → hh at the LHC. Energies of initial gluons are widely varied at a hadron
collider, while back-scattered photons at the PLC have narrow band spectra. Therefore, we

can tune the effective energy of photons at the PLC to some extent. The relative strength
of the W boson and the top-quark loop diagrams strongly depends on the collision energy

and the Higgs boson mass. Only for mh = 120 GeV, the large hhh coupling constant case
(∆κ = +1.0) shows a peak at the near threshold regime. It is found that the negative

deviation of the hhh coupling constant makes cross section large for mh = 120 GeV (left),
while it has an opposite effect on the cross section for mh = 160 GeV (right).

If we go to further high energy e+e− colliders, the second stage of the ILC or the CLIC,
the Higgs boson pair production via the W boson fusion mechanism becomes important [23].

The cross section increases for higher energy because of the t-channel enhancement of
W+W− → hh subprocess. In FIG. 7, we evaluate the production rate for e+e− → hhνν̄

by CalcHEP [39]. For both mh = 120 GeV (left) and mh = 160 GeV (right) cases, the

9

[E.Asakawa, D.Harada, S.Kanemura, Y.Okada, K.Tsumura,
PRD82(2010)115002]
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δλ/λ

大雑把な計算でδλ/λ=(10-20)%



まとめ

❒ MSSMの拡張模型では可能性が残っている. 
(強い1次相転移を実現する為に軽いstopを必要としない. 例えばNMSSMなど.

❒ 標準模型ではバリオン数を生成できない. 
❒ MSSMの電弱バリオジェネシスは実験的に相当厳しい. 
(∵ LHCのデータは軽いstopシナリオ (< mt) を支持していない.)

❒ 電弱バリオジェネシスの名残りがヒッグス3点自己結合定数に現れる可
能性がある.

2HDMの場合: 電弱相転移が強い一次ならば, Δλhhh/λSM
hhhは10%以上.

電弱バリオジェネシス λhhhに大きな量子補正 ILCで測定

broken phase

symmetric phase

注意: λhhhに対してnondecouplingなフェルミオンループ(ボゾンループと逆符号)があると
きは, 電弱相転移が強い一次でもΔλhhh/λSM

hhhが小さい可能性がある.



展望と課題

- ヒッグス粒子の生成率と崩壊率を調べる.
σ · Br

(σ · Br)SM

❒ 強い一次相転移を実現する為, ヒッグスセクターは必ず拡張されている.

- ヒッグス粒子の結合定数を精密に測定.

全て標準模型の予言通りであれば, 電弱バリオジェネシスは棄却される.

g
HV V

, g
Hff̄

, λ
HHH

- non-abelianゲージ理論での高温展開を用いない2ループ計算.

❒ 理論誤差を減らすことが必須.

- 相転移の次数と強さをゲージ不変に決定. 
(通常の計算方法で出しているvCやTCはゲージ不変でない.)
- 精度の良いバリオン数の計算方法. (特に壁が薄いときの近似法)

- Sphaleron rateの2ループレベルでの評価.

いずれも有限温度の場の理論の発展が必要.



Backup



MSSMの拡張模型
❒ Next-to-MSSM (NMSSM)

❒ nearly-MSSM (nMSSM)

❒ U(1)’-extended-MSSM (UMSSM)

❒ Secluded U(1)’-extended-MSSM (sMSSM)
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バリオン数

nB =
3
2
Γ(s)

B

SCPV

√
Γ

Lw

√
D̄

v2
w

r1

適当な仮定の下で、バリオン数は次のように表される.

Γ(s)
B :
vw :

D :
SCPV :

対称相でのバリオン数変化率
壁の速度
拡散係数
CPを破る粒子数変化率
CPを破らない粒子数変化率

∋ CP位相 δCP 

Γ(s)
B � 5× 10−4

vw = O(0.01)−O(0.1)

D = O(0.01)−O(1)

r1 : 熱浴にいるカラーを持つ粒子で決まる係数.
Γ :
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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.
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結合定数の測定@LHC/ILC
[arXiv:1208.5152, M. Peskin]
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