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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.
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❒ 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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可能性は無数
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Figure 1. Leptoquark decays.
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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.]

❒ どのシナリオが正しいかは最終的には実験によって決まるべきだが、
LHC/ILCで直接検証できるのは電弱バリオジェネシス

熱的レプトジェネシス = シーソー機構でバリオン数生成
電弱バリオジェネシス = ヒッグス機構でバリオン数生成

例:



[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 (次ページ) 

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

Esph ∝ v

(相転移直後の期待値 ≠ 246 GeV)



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

ヒッグスの期待値がオーダーパラメーター.
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

ϕ2

ϕ4

有限温度のボゾンループ
から出る.

⇑

ヒッグスの期待値がオーダーパラメーター.
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,
標準模型やMSSMはこのケース.)



標準模型の相転移



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

�

∆V (ϕ, T ) =
T 4

2π2

� �

i=W,Z

niIB(a2
i ) + ntIF (a2

t )

�
,

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.

IB,F (a2) =
� ∞

0
dx x2 ln

�
1∓ e−

√
x2+a2

�
, a2 =

m2(ϕ)
T 2

where

V0(ϕ) = −µ2

2
ϕ2 +

λ

4
ϕ4

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.)



高温展開の妥当性
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Figure 2: The errors of the temperature expanded IB(a2). |IB(a2)−IHTE
B (a2)| <∼ 0.05 if a <∼ 2.3,

|IB(a2) − ILTE
B (a2)| <∼ 0.05 if a >∼ 2.6.

E Validities of the high-T expansion
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Figure 3: The error of the temperature expanded IF (a2). |IF (a2)−IHTE
F (a2)| <∼ 0.05 for a <∼ 1.7,

|IF (a2) − ILTE
F (a2)| <∼ 0.05 for a >∼ 2.3.
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Figure 4: The error of I ′HTE
B (a2). |I ′

B(a2)−I ′HTE
B (a2)| <∼ 0.01 if a <∼ 1.8, |I ′HTE

B (a2)/I ′
B(a2)−1| <∼

0.01 if a <∼ 1.3.
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ボゾン フェルミオン

❒ m ≲ 2Tならば高温展開近似はそんなに悪くない.

ĨB,F (a2) = e−a
N�

n=0

cb,f
n an, |ĨB,F − IB,F | < 10−6 (N = 40).

しかし、実際の計算では, 高温展開が使えない領域もあるのでこの近似はあまり使われない.
数値積分を実行しても良いが、精度の良いfitting函数も知られている.

[k. Funakubo]



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
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❒ 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 :
λ :

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 = M2 + λϕ2

M2 � λϕ2

M2 � λϕ2 Veff � −|M |3T
�

1 +
λϕ2

M2

�3/2

Veff � −λ3/2Tϕ3

�
1 +

M2

λϕ2

�3/2



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

MSSMでの電弱バリオジェネシスは実験的に厳しい.



超対称性標準模型(MSSM)

■ 3つのゲージ結合定数の統一

■ 暗黒物質の候補
■ バリオン数生成

■ 2次発散が無い
■ 電弱対称性の破れの起源

標準模型を超対称化

- 標準模型の各々の粒子に対して超対称性パートナーを導入.

- ヒッグス2重項は2個 (anomaly cancellationの要請とup-type
とdown-typeのYukawa相互作用を書くため)

理論的にwell-motivated



stopの質量

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

topより軽いstopが必要

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.

m2
t̃R

(T ) ≡ m2
t̃R

+ ∆T m2
t̃R

= 0 ⇒ m2
t̃R

< 0 Charge-Color-Breaking vacuum

トップ湯川結合 小さなsoft SUSY質量

m̄2
t̃2

= m2
q̃ +

y2
t sin2 β

2

�
1 +

|Xt|
2

m2
q̃

�
ϕ2 + O(g2) � m2

q̃

m̄2
t̃1

= m2
t̃R

+
y2

t sin2 β

2

�
1−

|Xt|
2

m2
q̃

�
ϕ2 + O(g2)

126 GeVヒッグスを実
現する為に、

必要なもの: 1. 強結合 λ, 2. 小さな M

MSSM 軽いstopシナリオ 



“viable” MSSM BG
[M. Carena, G. Nardini, M. Quiros, CEM. Wagner, NPB812, (2009) 243] 

ならば, 強い一次相転移が実現する. 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

ここでは, 疑問1について考える.



❒ stop-stop-gluon sunset が一次相転移を強める.
[P. Arnold, O. Espinosa, PRD47, (’93) 3546, 
J.R. Espinosa, NPB475, (’96) 273 etc]

❒ stopの1ループ効果だけでは強い一次相転移は実現されない.
(for 126 GeV Higgs mass)

Sunset ダイアグラム

❒ m/T=O(1)付近での近似が悪い. -30
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a=m/T高温展開の式:

t̃R

t̃R

g

S

S

S

[R.R.Parwani, PRD45, 4695 (1992)]

❒ 高温展開近似が使われている.

今回は, 簡単の為, Abelian-Higgs模型を例にとって議論する.



LB = LR + LCT

→ LR −∆m2
ΦΦ†Φ +

1
2
Aµ

�
∆m2

LLµν(i∂) + ∆m2
T Tµν(i∂)

�
Aν

+ LCT + ∆m2
ΦΦ†Φ− 1

2
Aµ

�
∆m2

LLµν(i∂) + ∆m2
T Tµν(i∂)

�
Aν

Resummed Lagrangian

LB(R): bare (renormalized) Lagrangian,
LCT: counterterms

❒ Thermal massをあらかじめ取り入れて摂動展開をする. 
❒ ゲージボゾンは縦波と横波で異なるthermal massを持つことに注意.

❒ 質量に対する温度補正: ∼ T 2

T00 = T0i = Ti0 = 0, Tij = gij −
pipj

−p2
,

Lµν = Pµν − Tµν , Pµν = gµν −
pµpν

p2
,

Lμν, Tμνは射影演算子 
熱浴の静止系では ⟹

∆m2
Φ =

3e2 + λ

12
T 2, ∆m2

T = 0, ∆m2
L =

e2

3
T 2具体的には,

高温で効いてくる.

Resummed Lagrangian

[Buchmuller et al, NPB407 (’93) 387.]
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Resummed propagator: 

m2
L,T (T ) = m2

A + ∆m2
L,T

∆h(p) =
1

p2 −m2
h(T )

, ∆a(p) =
1

p2 −m2
a(T )

,

Dµν(p) =
−1

p2 −m2
L(T )

Lµν(p) +
−1

p2 −m2
T (T )

Tµν(p),

m2
h,a(T ) = m2

h,a + ∆m2
Φ

これらを用いてループ計算を行う.
Resummed SSV, SVV型のダイアグラム

を含む為, noncovariant.Tµν(k), Lµν(k)

愚直に評価すると, 発散の分離や有限項の計算の見通しが悪い.

DR
SSV (m1,m2;mL,mT ) = −4

��

k

��

q
kµkνDµν(q)∆1(k)∆2(k + q),

DR
SV V (m;m1L,m1T ;m2L,m2T ) = −4

��

k

��

q
Dµν(k;m1)Dµν(k;m2)∆(k + q),



Dµν(p) =
−1

p2 −m2
L(T )

Lµν(p) +
−1

p2 −m2
T (T )

Tµν(p)

=
�
−(1− r)
p2 −m2

L

+
−r

p2 −m2
T

�
Pµν(p) +

�
−1

p2 −m2
T

− −1
p2 −m2

L

� �
Tµν(p)− rPµν(p)

�
.

ゲージボゾンプロパゲーターの形を工夫する.

ここで, rは任意の実数. rを次のように決めると, ループ計算の見通しが良
くなる.

Pµν(p) = Tµν(p) + Lµν(p)

gµν
�
Tµν(p)− rPµν(p)

�
= 0 r =

d− 2
d− 1

Dcov
µν (p) =

�
−1

p2 −m2
L

+
−(d− 2)
p2 −m2

T

�
Pµν(p)
d− 1

,

δDµν(p) =
�

−1
p2 −m2

T

− −1
p2 −m2

L

� �
Tµν(p)− d− 2

d− 1
Pµν(p)

�
.

Dµν(p) = Dcov
µν (p) + δDµν(p),

covariant noncovariant

pµDcov
µν (p) = pµδDµν(p) = 0 and gµνδDµν(p) = 0

[PRD87, 054003 (’13), K. Funakubo and ES]



+
1
2
��

q

�
Π̂(q)−∆m2

LL(q)−∆m2
T T (q)

�µν
δDµν(q)

Dµν Dcov
µν

=

通常の方法で繰り込み可

covariantな部分
ゲージボゾンを含むダイアグラムは次のように分解できる.

この部分を評価する.



一般に, self-energyは次のように書ける.

where uT
µ = uµ − qµ(u · q)/q2 with uµ = (1,0).

Πµν(q) = ΠL(q)Lµν(q) + ΠT (q)Tµν(q) + ΠG(q)
qµqν

q2
+ ΠS(q)

qµuT
ν + qνuT

µ�
q2

ΠT=0
µν (q) ∝

�
gµν −

qµqν

q2

�

結局, 次の形に書ける.

1
2
��

q

�
Π̂(q)−∆m2

LL(q)−∆m2
T T (q)

�µν
δDµν(q)→

m2
L −m2

T

48π2

�
π(�)

T (T )− π(�)
L (T )

�
+O(�)

T≠0:

T=0:

このオーダーでは, v依存性が出ない. -> 相転移には効かない.

ΠT �=0
µν (q)→

�
∆m2

L,T +
�

2
π(�)

L,T (T )
�
Lµν , Tµν , (q0 = 0, q → 0)

ΠT=0
µν (q)δDµν(q) = 0



v依存質量:

❒ Landau gauge ξ=0 をとる.

❒ 次のトイ模型でMSSMでの相転移をシミュレートしてみる.

stop and gluon-like particles

Note: gluon-like particle is a U(1) gauge boson

トイ模型

LAbelian−Higgs = −1
4
FµνFµν + (DµΦ)∗DµΦ− V (|Φ|2),

DµΦ = (∂µ − ieAµ)Φ, V (|Φ|2) = −ν2|Φ|2 +
λ

4
|Φ|4, Φ =

1√
2
(v + h + ia).

∆L =
1
4
(∂µGν − ∂νGµ)2 + |(∂µ − ig3Gµ)t̃|2 −m2

0|t̃|2 −
λ̃

4
|t̃|4 − y2

t |Φ|2|t̃|2.

L = LAbelian−Higgs + ∆L

m̄2
h = −ν2 +

3λµ�

4
v2, m̄2

a = −ν2 +
λµ�

4
v2, m̄2

A = e2µ�v2, m̄2
t̃ = m2

0 +
y2µ�

2
v2, m2

G = 0.

[PRD87, 054003 (’13), K. Funakubo and ES]
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Resummed 2ループ有効ポテンシャル

高温展開したものと数値的に比べる.
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vc/Tc
1-loop 186.55/76.75=2.43
2-loop 191.84/74.80=2.56

2-loop HTE 204.98/81.31=2.52

数値計算

v = 246 GeV, mh = 35 GeV, m2
0 = 0,

y = 1.0, e = 0.5, λ̃, g3 = 1.2

❒ stop-stop-gluonダイアグラム
によってvc/Tcが増大する.

❒ 高温展開を使うと, vcとTcそ
れぞれが10%程度増大し, バリア
の高さは約50%増大する.

❒ vc/Tcにすると, 誤差は小さい.
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- しかし, h-massにはsensitiveでは無い.
- 高温展開に因る誤差はg3の増大と伴に大きくなる.

g3, mh依存性



まとめ
❒ 標準模型のバリオジェネシスは既に除外されている. 新物理が必要. 

NOTE: 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.)

- 先行研究では, stop-stop-gluonダイアグラムを高温展開で評価.

❒ 超対称性標準模型(MSSM)では, 軽いstopによって一次相転移が実現.

❒ 我々は, 高温展開を用いずに2ループレベルで相転移を解析できる
方法を提案した.

- ゲージボゾンプロパゲータをcovariantとnoncovariantな部分に
うまく分離することによって, 2ループ計算を簡単化した.



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除外される.

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 slides



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.
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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.”
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一般には,

LμνあるいはTμνを消去すると,



Review papers
A.G. Cohen, D.B. Kaplan, A.E. Nelson, hep-ph/9302210

M. Quiros, Helv.Phys.Acta 67 (’94)

V.A. Rubakov, M.E. Shaposhnikov, hep-ph/9603208

K. Funakubo, hep-ph/9608358

M. Trodden, hep-ph/9803479

A. Riotto, hep-ph/9807454

W. Bernreuther, hep-ph/0205279


