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イントロダクション
標準模型(SM)の予言は加速器実験の結果と無矛盾

• 基本粒子？複合粒子？ 
• ヒッグスポテンシャルの全貌 
• 電弱対称性の破れのダイナミクス

ヒッグスセクターの問題

• 宇宙のバリオン数非対称性(BAU) 
• 暗黒物質 
• ニュートリノ微小質量

SMが説明できない物理現象(BSM)

ヒッグスセクターの拡張 ↔ BSMの解決

我々の期待:
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バリオン数非対称性問題

サハロフの条件:
① バリオン数の破れ  
② C, CPの破れ 
③ 非熱平衡の実現 

[Sakharov 1967]

BAUを説明する機構 → バリオジェネシス

電弱バリオン数生成:
① スファレロン過程 
② 新物理の効果 　　　  ← EDM 
③ 一次的な電弱相転移　← hhh結合の測定

[Kuzmin, et al. : PLB155 (1985)]

スファレロンを実験で検証することはできないか？

電弱バリオン数生成 
レプトジェネシス 
GUTバリオジェネシス 
Affleck・Dineバリオジェネシス 
etc…

ヒッグスセクターの拡張と深く関係する電弱バリオン数生成に注目

nb � nb

n�
= (5.8� 6.6)⇥ 10�10
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• 宇宙のバリオン数非対称性(BAU): [PDG 2019]



4

スファレロン
Sphaleron [Klinkhamer, Manton: PRD.30 (1984)]

• 場の方程式の非摂動解(静的で不安定)
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• B+Lを破る真空の遷移過程: スファレロン過程
• 粒子的な場の配位 (rsph ⇠ 1/mW , Esph ⇠ 9 TeV)
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バリオン数非対称性を説明する際に
重要な役割を担う

語源: a.sphalt の対義語

• 無数に縮退した真空の間での場の配位

場の配位空間

Esph
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標準模型のスファレロン

• 場の方程式

[Spannowsky, Tamarit : PRD95 (2017)]• スファレロンの性質を捉えた一般解

• エネルギー汎関数
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とおく

[Manton: PRD28 (1983)]

[Akiba et al. : PRD38 (1988)]

SMでは ESM
sph = 9.08 TeV
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Figure 11. Sensitivity at 68% probability on the Higgs cubic self-coupling at the various FCs. All values reported correspond
to a simplified combination of the considered collider with HL-LHC. Only numbers for Method (1), i.e. "di-H excl.",
corresponding to the results given by the future collider collaborations, and for Method (4), i.e. "single-H glob." are shown (the
results for Method (3) are reported in parenthesis). For Method (4) we report the results computed by the Higgs@FC working
group. For the leptonic colliders, the runs are considered in sequence. For the colliders with

p
s . 400 GeV, Method (1) cannot

be used, hence the dash signs. Due to the lack of results available for the ep cross section in SMEFT, we do not present any
result for LHeC nor HE-LHeC, and only results with Method (1) for FCC-eh.

improve the precision by about two orders of magnitude, to a 1-2%. For the strange quarks the constraints are about 5-10⇥
the SM value while for the first generation it ranges between 100-600⇥ the SM value. For the latter, future colliders could
improve the limits obtained at the HL-LHC by about a factor of two. For HL-LHC, HE-LHC and LHeC, the determination of
BRunt relies on assuming kV  1. For kg , kZg and kµ the lepton colliders do not significantly improve the precision compared
to HL-LHC but the higher energy hadron colliders, HE-LHC and FCChh, achieve improvements of factor of 2-3 and 5-10,
respectively, in these couplings.

For the electron Yukawa coupling, the current limit ke < 611 [78] is based on the direct search for H ! e+e�. A preliminary
study at the FCC-ee [79] has assessed the reach of a dedicated run at

p
s = mH . At this energy the cross section for e+e� ! H

is 1.64 fb, which reduces to 0.3 with an energy spread equal to the SM Higgs width. According to the study, with 2 ab�1 per
year achievable with an energy spread of 6 MeV, a significance of 0.4 standard deviations could be achieved, equivalent to an
upper limit of 2.5 times the SM value, while the SM sensitivity would be reached in a five year run.

While the limits quoted on kc from hadron colliders (see Table 13) have been obtained indirectly, we mention that progress
in inclusive direct searches for H ! cc̄ at the LHC has been reported from ATLAS together with a projection for the HL-LHC.

Table 13. Upper bounds on the ki for u, d, s and c (at hadron colliders) at 95% CL, obtained from the upper bounds on BRunt
in the kappa-3 scenario.

HL-LHC +LHeC +HE-LHC +ILC500 +CLIC3000 +CEPC +FCC-ee240 +FCC-ee/eh/hh
ku 560. 320. 430. 330. 430. 290. 310. 280.
kd 260. 150. 200. 160. 200. 140. 140. 130.
ks 13. 7.3 9.9 7.5 9.9 6.7 7. 6.4
kc 1.2 0.87 measured directly
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ヒッグス3点結合
• ヒッグス自己結合: ヒッグスポテンシャルの形を特徴付ける
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Eg) 2HDM: non-decoupling効果で ずれうるO(100) %

• ILC(1TeV)では10%の精度で測定可能

[arXiv: 1905.03764]

[Kanemura et al.: PLB606 (2005)]
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• HL-LHCでは50%の精度で測定可能
2HDMでは強い一次的な電弱相転移は  >数10%で起きるΔλhhh /λhhh
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Figure 9. Representative Feynman diagrams for the leading contribution to double Higgs production at hadron (left) and
lepton (right) colliders. Extracting the value of the Higgs self-coupling, in red, requires a knowledge of the other Higgs
couplings that also contribute to the same process. See Table 18 for the SM rates. At lepton colliders, double Higgs production
can also occur via vector boson fusion with neutral currents but the rate is about ten times smaller. The contribution
proportional to the cubic Higgs self-coupling involves an extra Higgs propagator that dies off at high energy. Therefore, the
kinematic region close to threshold is more sensitive to the Higgs self-coupling.

at lepton colliders for the ZHH process they actually result in a larger cross section, and hence into an increased precision. For
instance at ILC500, the sensitivity around the SM value is 27% but it would reach 18% around k3 = 1.5.

Modified Higgs self-interactions can also affect, at higher orders, the single Higgs processes [67–69] and even the
electroweak precision observables [70–72]. Since the experimental sensitivities for these observables are better than for double
Higgs production, one can devise alternative ways to assess the value of the Higgs self-interactions. For a 240 GeV lepton
collider, the change of the ZH production cross section at NLO induced by a deviation of the Higgs cubic coupling amounts to

sNLO
ZH ⇡ sNLO,SM

ZH (1+0.014dk3). (26)

Thus, to be competitive with the HL-LHC constraint, the ZH cross section needs to be measured with an accuracy below
1%, but this is expected to be achieved by e+e� Higgs factories at 240/250 GeV. However, one needs to be able to disentangle a
variation due to a modified Higgs self-interaction from variations due to another deformation of the SM. This cannot always
be done relying only on inclusive measurements [73, 74] and it calls for detailed studies of kinematical distributions with an
accurate estimate of the relevant uncertainties [75]. Inclusive rate measurements performed at two different energies also help
lifting the degeneracy among the different Higgs coupling deviations (see for instance the k3 sensitivities reported in Table 12
for FCC-ee240 vs FCC-ee365; it is the combination of the two runs at different energies that improve the global fit, a single run
at 365 GeV alone would not improve much compared to a single run at 240 GeV).

In principle, large deformations of k3 could also alter the fit of single Higgs processes often performed at leading order,
i.e. neglecting the contribution of k3 at next-to-leading order. The results presented in Section 3.4 were obtained along that
line. It was shown in [73] that a 200% uncertainty on k3 could for instance increase the uncertainty in gHtt or geff

Hgg by around
30–40%. The fact that HL-LHC from the double Higgs channel analysis will limit the deviations of k3 to 50% prevents such a
large deterioration of the global fits to single Higgs couplings when also allowing k3 to float. In the effective coupling basis we
are considering in this report, the effect of k3 would be mostly in the correlations among the single Higgs couplings. In other
bases, like the Warsaw basis, there would be a deterioration up to 15-20% in the sensitivity of the operator Of⇤. Anyway, one
should keep in mind that such a deterioration only concerns specific models where the deviations of the Higgs self-coupling is
parametrically larger than the deviations of the single Higgs couplings and in generic situations, the results of Section 3.4 hold.

In order to set quantitative goals in the determination of the Higgs self-interactions, it is useful to understand how large
the deviations from the SM could be while remaining compatible with the existing constraints on the different single Higgs
couplings. From an agnostic point of view, the Higgs cubic coupling can always be linked to the independent higher dimensional
operator |H|6 that does not alter any other Higgs couplings. Still, theoretical considerations set an upper bound on the deviation
of the trilinear Higgs couplings. Within the plausible linear EFT assumption discussed above, perturbativity imposes a maximum
deviation of the Higgs cubic self-interaction, relative to the SM value, of the order of [27, 73]

|k3|⇠< Min(600x ,4p) , (27)
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Figure 9. Representative Feynman diagrams for the leading contribution to double Higgs production at hadron (left) and
lepton (right) colliders. Extracting the value of the Higgs self-coupling, in red, requires a knowledge of the other Higgs
couplings that also contribute to the same process. See Table 18 for the SM rates. At lepton colliders, double Higgs production
can also occur via vector boson fusion with neutral currents but the rate is about ten times smaller. The contribution
proportional to the cubic Higgs self-coupling involves an extra Higgs propagator that dies off at high energy. Therefore, the
kinematic region close to threshold is more sensitive to the Higgs self-coupling.

at lepton colliders for the ZHH process they actually result in a larger cross section, and hence into an increased precision. For
instance at ILC500, the sensitivity around the SM value is 27% but it would reach 18% around k3 = 1.5.

Modified Higgs self-interactions can also affect, at higher orders, the single Higgs processes [67–69] and even the
electroweak precision observables [70–72]. Since the experimental sensitivities for these observables are better than for double
Higgs production, one can devise alternative ways to assess the value of the Higgs self-interactions. For a 240 GeV lepton
collider, the change of the ZH production cross section at NLO induced by a deviation of the Higgs cubic coupling amounts to

sNLO
ZH ⇡ sNLO,SM

ZH (1+0.014dk3). (26)

Thus, to be competitive with the HL-LHC constraint, the ZH cross section needs to be measured with an accuracy below
1%, but this is expected to be achieved by e+e� Higgs factories at 240/250 GeV. However, one needs to be able to disentangle a
variation due to a modified Higgs self-interaction from variations due to another deformation of the SM. This cannot always
be done relying only on inclusive measurements [73, 74] and it calls for detailed studies of kinematical distributions with an
accurate estimate of the relevant uncertainties [75]. Inclusive rate measurements performed at two different energies also help
lifting the degeneracy among the different Higgs coupling deviations (see for instance the k3 sensitivities reported in Table 12
for FCC-ee240 vs FCC-ee365; it is the combination of the two runs at different energies that improve the global fit, a single run
at 365 GeV alone would not improve much compared to a single run at 240 GeV).

In principle, large deformations of k3 could also alter the fit of single Higgs processes often performed at leading order,
i.e. neglecting the contribution of k3 at next-to-leading order. The results presented in Section 3.4 were obtained along that
line. It was shown in [73] that a 200% uncertainty on k3 could for instance increase the uncertainty in gHtt or geff

Hgg by around
30–40%. The fact that HL-LHC from the double Higgs channel analysis will limit the deviations of k3 to 50% prevents such a
large deterioration of the global fits to single Higgs couplings when also allowing k3 to float. In the effective coupling basis we
are considering in this report, the effect of k3 would be mostly in the correlations among the single Higgs couplings. In other
bases, like the Warsaw basis, there would be a deterioration up to 15-20% in the sensitivity of the operator Of⇤. Anyway, one
should keep in mind that such a deterioration only concerns specific models where the deviations of the Higgs self-coupling is
parametrically larger than the deviations of the single Higgs couplings and in generic situations, the results of Section 3.4 hold.

In order to set quantitative goals in the determination of the Higgs self-interactions, it is useful to understand how large
the deviations from the SM could be while remaining compatible with the existing constraints on the different single Higgs
couplings. From an agnostic point of view, the Higgs cubic coupling can always be linked to the independent higher dimensional
operator |H|6 that does not alter any other Higgs couplings. Still, theoretical considerations set an upper bound on the deviation
of the trilinear Higgs couplings. Within the plausible linear EFT assumption discussed above, perturbativity imposes a maximum
deviation of the Higgs cubic self-interaction, relative to the SM value, of the order of [27, 73]

|k3|⇠< Min(600x ,4p) , (27)
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Figure 9. Representative Feynman diagrams for the leading contribution to double Higgs production at hadron (left) and
lepton (right) colliders. Extracting the value of the Higgs self-coupling, in red, requires a knowledge of the other Higgs
couplings that also contribute to the same process. See Table 18 for the SM rates. At lepton colliders, double Higgs production
can also occur via vector boson fusion with neutral currents but the rate is about ten times smaller. The contribution
proportional to the cubic Higgs self-coupling involves an extra Higgs propagator that dies off at high energy. Therefore, the
kinematic region close to threshold is more sensitive to the Higgs self-coupling.

at lepton colliders for the ZHH process they actually result in a larger cross section, and hence into an increased precision. For
instance at ILC500, the sensitivity around the SM value is 27% but it would reach 18% around k3 = 1.5.

Modified Higgs self-interactions can also affect, at higher orders, the single Higgs processes [67–69] and even the
electroweak precision observables [70–72]. Since the experimental sensitivities for these observables are better than for double
Higgs production, one can devise alternative ways to assess the value of the Higgs self-interactions. For a 240 GeV lepton
collider, the change of the ZH production cross section at NLO induced by a deviation of the Higgs cubic coupling amounts to

sNLO
ZH ⇡ sNLO,SM

ZH (1+0.014dk3). (26)

Thus, to be competitive with the HL-LHC constraint, the ZH cross section needs to be measured with an accuracy below
1%, but this is expected to be achieved by e+e� Higgs factories at 240/250 GeV. However, one needs to be able to disentangle a
variation due to a modified Higgs self-interaction from variations due to another deformation of the SM. This cannot always
be done relying only on inclusive measurements [73, 74] and it calls for detailed studies of kinematical distributions with an
accurate estimate of the relevant uncertainties [75]. Inclusive rate measurements performed at two different energies also help
lifting the degeneracy among the different Higgs coupling deviations (see for instance the k3 sensitivities reported in Table 12
for FCC-ee240 vs FCC-ee365; it is the combination of the two runs at different energies that improve the global fit, a single run
at 365 GeV alone would not improve much compared to a single run at 240 GeV).

In principle, large deformations of k3 could also alter the fit of single Higgs processes often performed at leading order,
i.e. neglecting the contribution of k3 at next-to-leading order. The results presented in Section 3.4 were obtained along that
line. It was shown in [73] that a 200% uncertainty on k3 could for instance increase the uncertainty in gHtt or geff

Hgg by around
30–40%. The fact that HL-LHC from the double Higgs channel analysis will limit the deviations of k3 to 50% prevents such a
large deterioration of the global fits to single Higgs couplings when also allowing k3 to float. In the effective coupling basis we
are considering in this report, the effect of k3 would be mostly in the correlations among the single Higgs couplings. In other
bases, like the Warsaw basis, there would be a deterioration up to 15-20% in the sensitivity of the operator Of⇤. Anyway, one
should keep in mind that such a deterioration only concerns specific models where the deviations of the Higgs self-coupling is
parametrically larger than the deviations of the single Higgs couplings and in generic situations, the results of Section 3.4 hold.

In order to set quantitative goals in the determination of the Higgs self-interactions, it is useful to understand how large
the deviations from the SM could be while remaining compatible with the existing constraints on the different single Higgs
couplings. From an agnostic point of view, the Higgs cubic coupling can always be linked to the independent higher dimensional
operator |H|6 that does not alter any other Higgs couplings. Still, theoretical considerations set an upper bound on the deviation
of the trilinear Higgs couplings. Within the plausible linear EFT assumption discussed above, perturbativity imposes a maximum
deviation of the Higgs cubic self-interaction, relative to the SM value, of the order of [27, 73]

|k3|⇠< Min(600x ,4p) , (27)
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スファレロンの探索
• 加速器でB+Lの破れを引き起こす直接探索の方法

�(B + L) = +6
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の高エネルギー散乱実験でB+Lの破れが起きるのか？s > Esph ≃ 9 TeV

② Ncsを変化させるには，大量のWボソンとヒッグス粒子の生成が必要
であるが，その過程は指数関数的に抑制される．この抑制を相殺する
ような機構は存在するのか？

[Aoyama, Goldberg, PLB 188 (1987)]

[Funakubo, Fuyuto, Senaha, arXiv: 1612.05431][Tye, Wong, PRD 92 (2015)]

qq ! lllqqqqqqqqqqq

<latexit sha1_base64="xUIpysr1xcwaxw0FCm1PVgwYkxw="></latexit>

B+Lを破る過程の散乱断面積の計算で現れる主要な問題点

議論は収束していないため，加速器実験でのB+Lの破れの観測可能性は未知

肯定的な推定では ならば見える可能性が指摘されているs > 25 TeV

← QMを用いた推定で，QFTによる基礎づけは行われていない

[Tye, Wong, PRD 96 (2017)]

① トンネリング因子は効くのか？
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スファレロンと新物理模型

•ヒッグスセクターの拡張 → が変化Esph

Enew
sph = ESM

sph +�Enew
sph

<latexit sha1_base64="EiOtAW+JWVnhni23OJ+sD0F4/IA="></latexit>

•我々が明らかにした関係

ヒッグスポテンシャル

スファレロンエネルギー ヒッグス3点結合

スファレロンの性質 ↔ ヒッグス結合の測定

�Enew
sph ' �Anew��new

hhh

�SM
hhh

<latexit sha1_base64="rucHEKP241MF1dJYAJr9yORfWZ8="></latexit><latexit sha1_base64="rucHEKP241MF1dJYAJr9yORfWZ8="></latexit><latexit sha1_base64="rucHEKP241MF1dJYAJr9yORfWZ8="></latexit><latexit sha1_base64="rucHEKP241MF1dJYAJr9yORfWZ8="></latexit>

• 間接探索の方法(我々の提案)

関係あり
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V (�) =
m2

h

2v2

✓
�†�� v2

2

◆2

+
1

⇤2

✓
�†�� v2

2

◆3

<latexit sha1_base64="dAx0W1djF/Zu+T6fZ77udwGj0lg="></latexit>

��dim6
hhh

�SM
hhh

=
2v4

m2
h⇤

2

<latexit sha1_base64="sxCk20i3UuahxzJHnkRiMRliOPc="></latexit>

Adim6 =
⇡v2m2

h

4m3
W

Z 1

0
dr[1� S(r)]3 = 0.149 TeV

<latexit sha1_base64="OQXDzIHiWdCwvJpI5TyxqFQ4DyE="></latexit>

Λに依存しない

次元6演算子を加えた有効場の理論

• ヒッグスポテンシャル:

• スファレロンエネルギー:

• ヒッグス3点結合: 

�Edim6
sph ' �Adim6��dim6

hhh

�SM
hhh

<latexit sha1_base64="x+3zPV2zFKKeuV6RNph4rBxAd34="></latexit><latexit sha1_base64="x+3zPV2zFKKeuV6RNph4rBxAd34="></latexit><latexit sha1_base64="x+3zPV2zFKKeuV6RNph4rBxAd34="></latexit><latexit sha1_base64="bs8QlLljyYde7WbNFuyzJJm+ZMk="></latexit><latexit sha1_base64="Q6qlBJ/o3ewyLtr1eLyhd5ApXe0="></latexit><latexit sha1_base64="Q6qlBJ/o3ewyLtr1eLyhd5ApXe0="></latexit><latexit sha1_base64="DIuNwLyqHdZRdelFz7fGfEmvSbo="></latexit><latexit sha1_base64="x+3zPV2zFKKeuV6RNph4rBxAd34="></latexit><latexit sha1_base64="x+3zPV2zFKKeuV6RNph4rBxAd34="></latexit><latexit sha1_base64="x+3zPV2zFKKeuV6RNph4rBxAd34="></latexit><latexit sha1_base64="x+3zPV2zFKKeuV6RNph4rBxAd34="></latexit><latexit sha1_base64="x+3zPV2zFKKeuV6RNph4rBxAd34="></latexit><latexit sha1_base64="x+3zPV2zFKKeuV6RNph4rBxAd34="></latexit>

Eg) では Δλdim6
hhh /λSM

hhh = 96 % (Λ = 700 GeV) ΔEdim6
sph /ESM

sph = − 1.54 %

�Edim6
sph ' �⇡v2m2

h

4m3
W

2v4

m2
h⇤

2

Z 1

0
dr[1� S(r)]3

<latexit sha1_base64="7QasGZXqc1+JxnV8hAID5bWfuEU="></latexit><latexit sha1_base64="7QasGZXqc1+JxnV8hAID5bWfuEU="></latexit><latexit sha1_base64="7QasGZXqc1+JxnV8hAID5bWfuEU="></latexit><latexit sha1_base64="7QasGZXqc1+JxnV8hAID5bWfuEU="></latexit>

[Gan et al.: PRD96 (2017)][Grojean et al.: PRD71 (2005)]

スファレロンは計算されたが，将来の加速器実験での測定可能量
との関係を明確にした研究はこれまでにない

スファレロンのエネルギー ↔ ヒッグス3点結合

零温度での数％のずれは有限温度の効果を含めると重要となる



E
sp

h
(T

)/
(4
⇡
v(
T
)/
g)

<latexit sha1_base64="C54qH1858BmT1QpNN0pFOttFBYM="></latexit><latexit sha1_base64="C54qH1858BmT1QpNN0pFOttFBYM="></latexit><latexit sha1_base64="C54qH1858BmT1QpNN0pFOttFBYM="></latexit><latexit sha1_base64="C54qH1858BmT1QpNN0pFOttFBYM="></latexit>

T [GeV]
<latexit sha1_base64="afdKDPL7HNKPmRm9bNOFJ3AJ/L8="></latexit><latexit sha1_base64="afdKDPL7HNKPmRm9bNOFJ3AJ/L8="></latexit><latexit sha1_base64="afdKDPL7HNKPmRm9bNOFJ3AJ/L8="></latexit><latexit sha1_base64="afdKDPL7HNKPmRm9bNOFJ3AJ/L8="></latexit>
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有限温度での有効場の理論
V (�, T ) =

m2
h

2v2

✓
�†�� v2

2

◆2

+
1

⇤2

✓
�†�� v2

2

◆3

+ cTT
2�†�

<latexit sha1_base64="9R/CExSDmLuJoFt3VyGLprOUiCc="></latexit>

•有限温度の有効ポテンシャル

← スファレロン脱結合条件に影響

� �� ��� ��� ��� ��� ���-� × ���

-� × ���

-� × ���

�

� × ���

V
('

,T
)

<latexit sha1_base64="MzPonkFa2VPb3OI+uwGSkLpo62E="></latexit>

'

<latexit sha1_base64="ZmvZtXpQ1GYfD6Qs+6C/o5rl3AE="></latexit>

• は で数%でも臨界温度 では数10%に増幅ΔEsph(T ) T = 0 TC

T > TC

<latexit sha1_base64="vSjN6KAudqRiyFJ2jqdY5XNW+BY="></latexit>

T < TC

<latexit sha1_base64="wYLqNml0TdCTK5ddQUQlD8P9f3I="></latexit>

⇤ = 650 GeV

<latexit sha1_base64="UkLI0wPBSVZcKNEfXg9wtiujZMA="></latexit>

T = TC

<latexit sha1_base64="2hWYp/gwzD4GabqBPpwp9GyhHqU="></latexit>

vC

<latexit sha1_base64="VLgLs5TWe3zf/EKWh/FyUDZ9Dwc="></latexit>

[Grojean et al.: PRD71 (2005)]

• は と の対応関係を通じて決まるΔEsph(T = TC) Δλhhh ΔEsph(T = 0)

��dim6
hhh $ �Edim6

sph (T = 0) $ �Edim6
sph (T = TC)

<latexit sha1_base64="Za8ZogtqSYHdE5cVJ/K87tvTS7M="></latexit>

E
sp

h
(T

)/
(4
⇡
v(
T
)/
g)

<latexit sha1_base64="C54qH1858BmT1QpNN0pFOttFBYM="></latexit><latexit sha1_base64="C54qH1858BmT1QpNN0pFOttFBYM="></latexit><latexit sha1_base64="C54qH1858BmT1QpNN0pFOttFBYM="></latexit><latexit sha1_base64="C54qH1858BmT1QpNN0pFOttFBYM="></latexit>

T [GeV]
<latexit sha1_base64="afdKDPL7HNKPmRm9bNOFJ3AJ/L8="></latexit><latexit sha1_base64="afdKDPL7HNKPmRm9bNOFJ3AJ/L8="></latexit><latexit sha1_base64="afdKDPL7HNKPmRm9bNOFJ3AJ/L8="></latexit><latexit sha1_base64="afdKDPL7HNKPmRm9bNOFJ3AJ/L8="></latexit>
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<latexit sha1_base64="C54qH1858BmT1QpNN0pFOttFBYM="></latexit><latexit sha1_base64="C54qH1858BmT1QpNN0pFOttFBYM="></latexit><latexit sha1_base64="C54qH1858BmT1QpNN0pFOttFBYM="></latexit><latexit sha1_base64="C54qH1858BmT1QpNN0pFOttFBYM="></latexit>

T [GeV]
<latexit sha1_base64="afdKDPL7HNKPmRm9bNOFJ3AJ/L8="></latexit><latexit sha1_base64="afdKDPL7HNKPmRm9bNOFJ3AJ/L8="></latexit><latexit sha1_base64="afdKDPL7HNKPmRm9bNOFJ3AJ/L8="></latexit><latexit sha1_base64="afdKDPL7HNKPmRm9bNOFJ3AJ/L8="></latexit>
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の測定で決定できるΔλhhh



��dim6
hhh /�SM

hhh
<latexit sha1_base64="RVBfeMLyKMjK9yB+GsGinjvb8e4="></latexit><latexit sha1_base64="RVBfeMLyKMjK9yB+GsGinjvb8e4="></latexit><latexit sha1_base64="RVBfeMLyKMjK9yB+GsGinjvb8e4="></latexit><latexit sha1_base64="RVBfeMLyKMjK9yB+GsGinjvb8e4="></latexit>
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スファレロン脱結合条件
電弱相転移後にスファレロン過程が脱結合する

�sph(TC) < H(TC)

<latexit sha1_base64="vUc9T+P5a4NBlbucK20JpMvAlhA="></latexit>

�sph(T ) = A(T )e�Esph(T )/T

<latexit sha1_base64="DIRTSVrnVzxkdJ8V2+dQoX0+ung="></latexit>

vC
TC

> ⇣sph(TC) or
Esph(TC)

TC
> B(TC)

<latexit sha1_base64="53fID8kN/qV0bN+Am1E3u9qQBVk="></latexit>

B(T ) ' 42.8 + 7 ln
v(T )

T
� ln

✓
T

100GeV

◆
=

4⇡E(T )
g

⇣sph(T )

<latexit sha1_base64="OK+xDXUn6eANVJ78WT3SmdFXyXY="></latexit>

vC/TC

<latexit sha1_base64="opN7ox0dGJsEte1hdJsurNnV5Ok="></latexit>

Esph(TC)/TC

<latexit sha1_base64="pf2uq8nFj40jMsFJMGmEd8IV7Zk="></latexit>

B(TC)

<latexit sha1_base64="+tIkzf9jna7NsAoxNj6nu7TgYkU="></latexit>

⇣sph(TC)

<latexit sha1_base64="2q8i56p6QigjBLe7hY16GfYekEA="></latexit>

・有効場の理論では が要求Δλdim6
hhh /λSM

hhh > 83 % (Λ < 750 GeV)

[Arnold, McLerran: PRD36 (1987)]

��� ��� ��� ��� ��� ��� ���
�

�

�

�

	

⇤ [GeV]

<latexit sha1_base64="Qs6+4xLfFSDnBDHAz2K52P2fh+4="></latexit>

��� ��� ��� ��� ���
�

��

��

��

��

���

���

が必要Δλdim6
hhh /λSM

hhh > 83 %

・ と は の測定を通じて決定可能ζsph(TC) Esph(TC)/TC λhhh

��new
hhh $ �Enew

sph (T = 0) $ �Enew
sph (T = TC)

<latexit sha1_base64="jPQJ8CNg1VkzRXrpjKdXfwKxht4="></latexit>
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スカラー一重項をN個追加したモデル

V0(�, ~S) = �µ2�†�+ �(�†�)2 +
µ2
S

2
|~S|2 + �S

4
|~S|4 + ��S�

†�|~S|2

<latexit sha1_base64="zKE0WucWPtC4sgWOSIfaLHuITW0="></latexit>

•ヒッグスポテンシャル(tree) ~S = (S1, S2, · · · , SN )

<latexit sha1_base64="hZsGlcFQVkwVjaBtUh2DnzTG240="></latexit>

µ2
S > 0

<latexit sha1_base64="HgUj9AVlKJyZF29+U67qRUtc3LA="></latexit>

MS(v)
2 = µ2

S + ��Sv
2

<latexit sha1_base64="bxcXIXeIJ5tp49oyC1GIJpefmmU="></latexit>

•1ループ効果を含む有効ポテンシャルで を評価Esph

��N scalar
hhh

�SM
hhh

=
NM4

S

12⇡2m2
hv

2

✓
1� µ2

S

M2
S

◆3

<latexit sha1_base64="ninbZscfzTt0sdhPIbaWDkETYgQ="></latexit>

 Eg) Non-decouplingの場合 (μ2
S = 0)

[Coleman, Weinberg.: PRD7 (1973)]

�EN scalar
sph = �A(µ2

S ,��S)
��N scalar

hhh

�SM
hhh

<latexit sha1_base64="1ObgU7ZaSMXrfUtkqWd8/AjNk/s="></latexit>

係数Aはモデルの間で対応関係がある

A(µ2
S ,��S) !

⇢
Adim 6 (µ2

S � v2),
AND (µ2

S ! 0)

<latexit sha1_base64="vFBkuZv+0oFugVPgSgFTot0OLT0="></latexit>

��N scalar
hhh

�SM
hhh

=
3

2
)

�ENscalar
sph

ESM
sph

= �1.2%

<latexit sha1_base64="8+OdforBmoVHFW9cHBni9INnm/w="></latexit>
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•N=4として有限温度の効果を考慮する(2HDMに相当)
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<latexit sha1_base64="C54qH1858BmT1QpNN0pFOttFBYM="></latexit><latexit sha1_base64="C54qH1858BmT1QpNN0pFOttFBYM="></latexit><latexit sha1_base64="C54qH1858BmT1QpNN0pFOttFBYM="></latexit><latexit sha1_base64="C54qH1858BmT1QpNN0pFOttFBYM="></latexit>

T [GeV]
<latexit sha1_base64="afdKDPL7HNKPmRm9bNOFJ3AJ/L8="></latexit><latexit sha1_base64="afdKDPL7HNKPmRm9bNOFJ3AJ/L8="></latexit><latexit sha1_base64="afdKDPL7HNKPmRm9bNOFJ3AJ/L8="></latexit><latexit sha1_base64="afdKDPL7HNKPmRm9bNOFJ3AJ/L8="></latexit>
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<latexit sha1_base64="C54qH1858BmT1QpNN0pFOttFBYM="></latexit><latexit sha1_base64="C54qH1858BmT1QpNN0pFOttFBYM="></latexit><latexit sha1_base64="C54qH1858BmT1QpNN0pFOttFBYM="></latexit><latexit sha1_base64="C54qH1858BmT1QpNN0pFOttFBYM="></latexit>

T [GeV]
<latexit sha1_base64="afdKDPL7HNKPmRm9bNOFJ3AJ/L8="></latexit><latexit sha1_base64="afdKDPL7HNKPmRm9bNOFJ3AJ/L8="></latexit><latexit sha1_base64="afdKDPL7HNKPmRm9bNOFJ3AJ/L8="></latexit><latexit sha1_base64="afdKDPL7HNKPmRm9bNOFJ3AJ/L8="></latexit>
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の測定で決定できるΔλhhh
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��new
hhh/�

SM
hhh

<latexit sha1_base64="JNYdOywmv+jQ7BqrL8I/VR/T/b0="></latexit>

p
��Sv2 = 300GeV

<latexit sha1_base64="QVUkHWtm8jsfTX+ij6hrtw1WdU0="></latexit>

p
��Sv2 = 400GeV

<latexit sha1_base64="vx6/+2M8qbCGSbixEsJSfkRjD9o="></latexit>

⇤ = 839GeV

<latexit sha1_base64="AHZF+D+Woz4GZnahHZRS54yVGaI="></latexit>

dim6

<latexit sha1_base64="9YCrfEUq975gkyM8u6X4/yr0+F4="></latexit>

Esph(TC)/TC

<latexit sha1_base64="EYjckun9hif+mtzVCLI5ZDRCD3Y="></latexit>

Esph(TC)/TC

<latexit sha1_base64="on4OB/v4aElDzAhYBrkuULcsQGw="></latexit>

Esph(TC)/TC

<latexit sha1_base64="2+39alvP1wUT6I/SphMMHSjQn50="></latexit>

B(TC)

<latexit sha1_base64="l8KvgjgrCL7QzL9hYM1faLj4a8o="></latexit>

B(TC)

<latexit sha1_base64="SDHx63gSZQKSvI69+WBNwNaR3f4="></latexit>

B(TC)

<latexit sha1_base64="w8l+ysD6yPu9LYDWsj/Wy+MCljI="></latexit>

µS = 100GeV
<latexit sha1_base64="kDWItMoJv/NT++qpQqwvKBGx3oI="></latexit><latexit sha1_base64="kDWItMoJv/NT++qpQqwvKBGx3oI="></latexit><latexit sha1_base64="kDWItMoJv/NT++qpQqwvKBGx3oI="></latexit><latexit sha1_base64="kDWItMoJv/NT++qpQqwvKBGx3oI="></latexit>

µS = 350GeV
<latexit sha1_base64="bnfzFL6rD2Sz5tKHAZiqyuX2c/U="></latexit><latexit sha1_base64="bnfzFL6rD2Sz5tKHAZiqyuX2c/U="></latexit><latexit sha1_base64="bnfzFL6rD2Sz5tKHAZiqyuX2c/U="></latexit><latexit sha1_base64="bnfzFL6rD2Sz5tKHAZiqyuX2c/U="></latexit>

• が小さくなると を満足しないλΦSv2 Esph(TC)/TC > B(TC)

��

��

� �� �� �� �� ��� �������

���	

����

���	

��
�

N = 4, µS = 0

<latexit sha1_base64="6TRZxu2ZpNz7JKC+YETYXtFeOFY="></latexit>

��� ��� ��� ��� ��� ��� ���
�

��

��
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��

���

Esph(TC)/TC

<latexit sha1_base64="WcWn9b9tUx3ObRZst7nYlCp46Fk="></latexit>

Esph(TC)/TC

<latexit sha1_base64="0isWDtq5ZVEBAEOL0voQMsvpaSY="></latexit>
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の測定から を決定することで，電弱バリオン数生成を実現Δλhhh Esph(TC)/TC

← (N=4)を満足する必要があるΔλNsclar
hhh /λSM

hhh > 22 %

するモデルの一貫性を検証できる

電弱バリオン数生成のシナリオの検証
MS(v)

2 = µ2
S + ��Sv

2
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今後の展望

• CP violationのソースを含まないモデルを扱った

• ヒッグスセクターの違いがhhh結合に現れるモデルを扱った

CP violationを含む現実的な拡張ヒッグスモデルでのスファ
レロンと観測量の関係

• 1ループまでの有効ポテンシャルを扱った
より高次なループ効果を含めたモデルでのスファレロン

←電弱バリオン数生成は強い1次的な電弱相転移に加えてCP 
violationを要求

hWW，hZZ結合などのずれとスファレロンエネルギーの関係



15

まとめ
① スファレロンはバリオン数生成で重要だが，その性質は実験で検証されていない

② スファレロンとヒッグス3点結合がいずれもヒッグスポテンシャルと関係してい
る点に注目し，将来の加速器実験でのヒッグス3点結合の測定からスファレロン
エネルギーを決定できることを示した

�Enew
sph ' �Anew��new

hhh

�SM
hhh
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⑤ 有効場の理論で強い一次的な電弱相転移が起きるには を満た

す必要がある

Δλdim6
hhh /λSM

hhh > 83 %

⑥ スカラー一重項を4個追加したモデル(2HDMに相当する)で強い一次的な電弱
相転移が実現するには を満たす必要があるΔλNscalar

hhh /λSM
hhh > 22 %

③ はモデルに依存するが，モデル間の対応関係がついていることを確認したAnew

④ の測定から か を決定することで，電弱バリオン数生成

を実現するモデルの一貫性を検証できる

Δλhhh ζsph(TC) Esph(TC)/TC


