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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] Eg) 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 
③ 電弱一次相転移 

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

[PDG 2020]
nb − nb

nγ
= 5.8 − 6.6 × 10−10

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

SMが説明できない物理現象

•標準模型(SM)はLHC実験とよく整合している

• 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

•バリオン数非対称性問題

ヒッグスセクターの問題

ヒッグスセクターの拡張 ↔ BSMの解決
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スファレロンとバリオン数の破れ
スファレロン(Sphaleron)

0 1 2-1-2

スファレロン

Energy

Ncs

Esph

Configuration space

∂μ jμ
B+L =

3
32π2

ϵμνρσWa
μνWa

ρσ ⇒

①ゲージ場とヒッグス場の方程式の 
 静的で不安定な解

③バリオン数を破るスファレロン過程

②粒子的な場の配位

Esph(T = 0) =
4πv

g
ℰ(T = 0) ≃ 9TeV

いくつかの代表的な拡張ヒッグスモデルでは h
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の測定で決定可能

Γbroken
sph (T ) = A(T )exp [−

Esph(T )
T ] バリオン数非対称性問題の解決には 

スファレロンの性質の解明が重要

[Kanemura and Tanaka, PLB 809 (2020)]

Δ(B + L) = 6 [NCS(t = ∞) − NCS(t = − ∞)]



標準模型におけるスファレロン

4

• 場の方程式( を仮定)θ = π, ϕ = π/2

•Ansatz

•エネルギー汎関数(g′ = 0) [Manton: PRD28 (1983)]

[Akiba et al. : PRD38 (1988); Spannowsky, Tamarit : PRD95 (2017)]

標準模型では, ESM
sph = 9.08 TeV

[Kanemura, Tanaka: PLB 809 (2020)]

E [Wa
i , Φ] = ∫ d3x [ 1

4g2
Wa

ijW
a
ij + (DiΦ)† DiΦ + V(Φ)]

Wa
i ( ⃗r ) = mW [ϵaijnj

1 − R(r)cos θ(r)
r

+ (δai − nani) R(r)sin θ(r)
r ]

Φ( ⃗r ) =
v

2
S(r)einaσaϕ(r) (0

1)

r2R′ ′ − R3 + R(1 − r2S2) + r2S2 = 0

S′ ′ +
2
r

S′ −
1

2r2
S(1 − R)2 −

4
g2v4

∂V(S)
∂S

= 0

na =
xa

r

VSM(Φ) =
m2

h

2v2 (Φ†Φ −
v2

2 )
2

R(r → 0) = − 1, S(r → 0) = 0,

R(r → ∞) = 1, S(r → ∞) = 1
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ヒッグス3点結合
• ヒッグス3点結合: ヒッグスポテンシャルの形を特徴付ける

Eg) Two Higgs Doublet Model(2HDM) [Kanemura et al.: PLB606 (2005)]

Δλ2HDM
hhh

λSM
hhh

≃ ∑
Φ

nΦm4
Φ

12π2m2
hv2 (1 −

M2

m2
Φ )

3

≃
∑

Φ

nΦλ3
Φv4

12π2m2
hm2

Φ
(λΦv2 ≪ M2)

∑
Φ

nΦm4
Φ

12π2m2
hv2

(λΦv2 ≫ M2)

0 10 20 30 40 50
 [%]3κ68% CL bounds on 

CLIC

CEPC

ILC

FCC-ee

FCC-ee/eh/hh

HE-LHC

HL-LHC

under HH threshold

under HH threshold

di-Higgs single-Higgs

All future colliders combined with HL-LHC

50%
HL-LHC

50%
HL-LHC

[10-20]%
HE-LHC

50%
HE-LHC

5%
FCC-ee/eh/hh

25%
FCC-ee/eh/hh

15%
LE-FCC

n.a.
LE-FCC

-17+24%
    3500FCC-eh

n.a.
    3500FCC-eh

 24%
     4IP

365FCC-ee

 33%
     365FCC-ee

 49%
     240FCC-ee

10%
1000ILC

36%
1000ILC

27%
 500ILC

38%
 500ILC

 49%
 250ILC

 49%
CEPC

-7%+11%
3000CLIC

49%
3000CLIC

36%
1500CLIC

49%
1500CLIC

 50%
 380CLIC

Higgs@FC WG September 2019

(47%)

(40%)

(18%)

(14%)

(19%)

(19%)

(25%)

(27%)

(29%)

(17%)

(35%)

(41%)

(46%)

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

36/75

[arXiv: 1905.03764]

m2
Φ = M2 + λΦv2

∂3Veff(h)
∂h3

h=0

= λSM
hhh (1 +

Δλnew
hhh

λSM
hhh ), λSM

hhh ≃
3m2

h

v
, Δλnew

hhh ≡ λnew
hhh − λSM

hhh

h
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• HL-LHCでは50%の精度で測定可能Hadron collider Lepton collider
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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)

32/75

•電弱バリオン数生成の実現には 
non-decoupling効果が重要

non-decoupling

decoupling
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ヒッグス3点結合とスファレロン

h
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と関係E [Wi
sph, Φsph] = ∫ d3x [ 1

4g2
Wij

sphW
ij
sph + (DiΦsph)

†
DiΦsph + V(Φsph)]

≃ ESM
sph +ΔEnew

sph

ΔEnew
sph ≃ − Anew Δλnew

hhh

λSM
hhh

[Kanemura, Tanaka: PLB 809 (2020)]

= ∫ d3x [ 1
4g2

Wij
sphW

ij
sph + (DiΦsph)

†
DiΦsph + VSM(Φsph)+ΔV new(Φsph)]

•スファレロンのエネルギー

•SMEFTの場合

ΔV(Φ) =
1

Λ2
(Φ†Φ)3 ⇒

ΔEdim6
sph

ESM
sph

= − 1.6
Δλdim6

hhh

λSM
hhh

%

Eg)  → Δλdim6
hhh /λSM

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

sph = − 1.54 %

結合の測定 ⇆ スファレロンの性質hhh



スファレロン脱結合条件
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•生成したバリオン数がwashoutされない条件

ϕB(r = 0)
Tn

> ζsph(Tn)

sph

⟨ϕ⟩ = ϕB(r = 0)

⟨ϕ⟩ = 0

Γbroken
sph (Tn) < HHubble(Tn) ⇒

vn

Tn
> ζsph(Tn) ∝

1
Esph(Tn)

泡の構造を考慮したスファレロン脱結合条件

[Kuzmin, et al. : PLB155 (1985)]
[Funakubo and Senaha et al. : PRD92 (2009)]

Eg)CP-conserving 2HDM

mH± = mA = 400GeV

⇒
vn − ϕB(r = 0)

ϕB(r = 0)
= + 8 %

m2
Φ = M2 + λΦv2

※左辺の は から由来vn Φsph(r → ∞) →
vn

2

sin(β − α) = 1, tan β = 1

mH = 200GeV (M = 0) モデルへの制限が 
厳しくなる

Γbubble(Tn)HHubble(Tn)−3 = HHubble(Tn)



拡張ヒッグスモデルにおけるスファレロン脱結合条件
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• CP-conservingな2HDMに注目

V2HDM
tree = m2

1 Φ1
2

+ m2
2 Φ2

2
− (m2

3Φ†
1Φ2 + h . c . )

+
λ1

2
Φ1

4
+

λ2

2
Φ2

4
+ λ3 Φ1

2
Φ2

2
+ λ4 Φ†

1Φ2
2

+ [ λ5

2 (Φ†
1Φ2)

2
+ h . c . ]

•パラメータ: mH±, mA, mH, mh, v0, tan β, M2 = m2
3 /(sin β cos β), sin(β − α)

•有限温度での有効ポテンシャル

Veff(ϕ1, ϕ2 T )

daisy resummationはParwani schemeを採用

[Parwani, PRD45 (1992)]

[Coleman and Weinberg, PRD7 (1973);  
Dolan and Jackiw, PRD9 (1974)] SM

2HDM
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sin(β-α) = 1
mH = mH± = mA=300GeV
M=0
Landau gauge

Unitarity

[Kanemura and Tanaka 2021 (Preliminary)]

= V2HDM
tree (ϕ1, ϕ2) + V1(ϕ1, ϕ2, T ) + VT

1 (ϕ1, ϕ2, T )



� ��� ��� ��� ��� ����
�

���

���

���

���

����

�[�	
]
�

�
[�
��

]

50 %

スファレロン脱結合条件によるモデルへの制限
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Unitarity

tanβ = 1.5
sin(β-α) = 1
mφ = mH = mH± = mA

Landau gauge

M2
Φ = M2 + λΦv2

近似的なスファレロン脱結合条件 から

を得た先行研究の発展

ϕc /Tc > 1

Δλhhh /λhhh > 10～20 %
[Kanemura, Okada and Senaha, PLB606 (2005)]

ϕB(r = 0)
Tn

> ζsph(Tn) ⇒
Δλ2HDM

hhh

λSM
hhh

> 20 % (tan β = 1.5)

ϕB(r = 0)
Tn

> ζsph(Tn)

20 %

100 %

[Kanemura and Tanaka 2021 (Preliminary)]

スファレロン脱結合条件とユニタリティから

267GeV < mΦ < 765GeV (tan β = 1.5)

重いヒッグスの質量が縮退していると では 
1st stepで電弱一次相転移が起きない

tan β > 2

Non-perturbativeな解析と同様の結果

[Dorsch et al., JHEP 12 (2017), Andersen et al. PRL 121(2018)]

• CP-conservingな2HDMに注目



まとめ
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•真空泡の構造を考慮したスファレロン脱結合条件
ϕB(r = 0)

Tn
> ζsph(Tn)

- 電弱相転移がsupercoolingとなる場合に重要

•2HDMで強い電弱一次相転移を実現する際に満たすべき条件

λ2HDM
hhh − λSM

hhh

λSM
hhh

> 20 % (tan β = 1.5, 重いヒッグスの質量は縮退)

•新物理におけるスファレロンのエネルギーとヒッグス3点結合

ΔEnew
sph ≃ − Anew Δλnew

hhh

λSM
hhh

- 近似的なスファレロン脱結合条件 による不定性のimprovementφc /Tc > 1

- 以外でのスファレロンを計算し，正確なスファレロン脱結合条件 
によるモデルへの制限を導出した
tan β ≠ 1



Backup



tanβの変化に伴うスファレロンの性質への影響
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スファレロン脱結合条件による重いヒッグスの質量への制限
[Kanemura and Tanaka 2021 (Preliminary)]
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2HDMに対するフレーバー実験からの制限
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Fig. 9 Excluded parameter regions (95% CL) in the tanβ versus MH± plane from individual observables for the four 2HDM scenarios considered:
Type-I (top left), Type-II (top right), lepton specific (bottom left), flipped (bottom right)

on the Type-II model are also obtained from B(Bs →
µµ).9

The measurements of R(D) and R(D∗) differ from their
SM predictions [104,105,148]. In the 2HDM only the Type-
II scenario features a compatible parameter region (at large
tanβ and relatively small MH± , not shown in the upper
right plot of Fig. 9), which is, however, excluded by several
other observables. Similar results have been reported in Ref.
[122]. Because of this incompatibility R(D) and R(D(∗)) are
excluded from our analysis in the following.

Footnote 8 continued
depending on the statistical method used (the CL has a relatively weak
gradient versus MH± and thus exhibits a strong numerical sensitivity to
the details of the interpretation). Similar exclusion limits on MH± can
be achieved in a complex 2HDM (C2HDM), which features additional
mixing between the neutral CP-even and CP-odd Higgs bosons [146].
9 Note that Refs. [122,147] obtain weaker limits because of the use
of a two-sided test statistic while we use a one-sided one. In addition,
updated values of input parameters improve the limits, especially the
new B(Bs → µµ) measurements and better known CKM matrix ele-
ments.

3.3 Constraints from the anomalous magnetic moment of
the muon

The measured value of the anomalous magnetic moment of
the muon aµ = (gµ − 2)/2 shows a long-standing tension
with the SM prediction of "aµ = (268± 63± 43) · 10−11

[26,149], where the first uncertainty is due the the mea-
surement and the second the prediction (see also the recent
reanalysis in Ref. [150]). Loops involving 2HDM bosons
can modify the coupling between photons and muons. We
have adopted the two-loop 2HDM prediction of "aµ from
Refs. [151,152], which depends on all 2HDM parameters.
We make use of the code implementation kindly provided by
Stöckinger-Kim.

Figure 10 shows the 68 and 95% CL allowed regions in the
tanβ versus MH± plane for the four 2HDM scenarios using
only "aµ as input. All other parameters of the 2HDM are
left free to vary within their respective bounds. Compatibility
is found in a narrow band with tanβ $ 1 and MH± below
about 600 GeV (depending on the scenario), as well as for a
region with larger tanβ that broadens with decreasing MH± .
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[Haller. : Eur. Phys. J. C(2018)]



バリオン数を破る過程の直接検証

• 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

<latexit sha1_base64="4WG+9ls232BvKdirxZ7deoXuzKk="></latexit>

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

[Aoyama, Goldberg, PLB 188 (1987)]

qq ! lllqqqqqqqqqqq

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

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

[J. Ellis, K. Sakurai, JHEP 086 (2016)]

(Bþ L)-conserving direction so the (Bþ L)-violating direc-
tion is leftwithE < Esph, andone still has togo throughbarrier
tunneling. As reviewed below, this energy transfer takes care
of the “few-to-many” suppression.
We agree with this estimate for a single sphaleron.

However, we claim that multisphaleron processes can
drastically change the picture. The effective QM
(Bþ L)-conserving degrees of freedom impact only the
prefactor of the tunneling rate in our QM model. When
E > Esph, i.e., the exponential tunneling suppression factor
vanishes, the (Bþ L)-violating degree of freedom is
described by a simple plane wave, and the prefactor yields
only a phase space factor. For the 14 TeV proton-proton
energy, in addition to the parton distribution suppression
factor (which is around 10−6), the phase space suppression
factor from the prefactor yields

κðEqq > EsphÞ≃ 2d=2

d

!
1 −

Esph

Eqq

"
d=2

∼ 10−3 ð4Þ

which is quoted in Ref. [1] for d ∼ 4.
So there is a huge discrepancy between this value and

that in Eq. (3). It is clear that both estimates involve
assumptions based on intuitions as well as approximations
remaining to be fully justified. Since our result (4) sounds
counter intuitive with respect to the conventional wisdom,
we shall explain our argument in some detail. The key point
is the resonant tunneling (or simply the resonance) phe-
nomenon, which is present only in multisphaleron proc-
esses. Pictorially, this point is summarized in Fig. 1. To
quantify this picture, we reduce the electroweak theory to a
QM system, where the Bloch wave solution for a periodic
sphaleron potential captures this resonance phenomenon.
This paper provides an argument/justification for our
Bloch wave treatment and the estimate of κ in Ref. [1].
In particular, the assumptions going into the analysis is
presented for further examinations.
The rest of the paper goes as follows. Section II

contains a brief review of our QM analysis. Section III

reviews the “few-to-many” argument which provides an
intuitive picture for the earlier estimate. We agree that
there is a “few-to-many” suppression factor in the quark-
quark scattering concerning the sphaleron. This “few-to-
many” exponential suppression factor together with the
tunneling suppression for the single sphaleron case is
briefly reviewed in Sec. IV. We believe that this result is
qualitatively correct for the single (not multiple) sphaleron
case, that κ (3) is exponentially small according to existing
opinion even for E > Esph. Section V presents our key
motivation and argument. Together with an old argument
repeated in the Appendix, we explain why multisphaleron
processes are very important. First, the multisphaleron
processes are not multiply suppressed. Instead, on aver-
age, they should only be singly suppressed (comparable to
that for a single sphaleron), while under the right con-
dition (the resonant tunneling or resonance phenomenon),
the process may be faster than that for a single sphaleron.
This is our main difference from the existing belief.
Instead of working directly with the electroweak theory,
we propose in Sec. VI a reduction of the electroweak
theory to a QM model for this process, which is studied in
Ref. [1]. Section VII explains the direction of the periodic
sphaleron potential for the QM setup. Because of the
presence of fermions, this direction for the Chern-Simons
variable is different from that for the jθi vacuum. Here we
assume the fermions are massless. We then consider the
Bloch waves for energies above the sphaleron energy in
Sec. VIII. These Bloch waves are simply free plane waves
in QM. Section IX introduces the masses for the fermions,
where we argue that the overall feature we are interested
in, namely the (Bþ L)-violating scattering above the
sphaleron energy, is only slightly modified. Section X
discusses the number of effective QM degrees of freedom
when the QFT problem is reduced to a QM problem. Here
we attempt to extract this information from the QM
models studied in the literature. This crude order-of-
magnitude analysis suggests that there are about d ∼ 4
such effective (Bþ L)-conserving dimensions. Section XI
discusses our estimate of the value of κ quoted in Eq. (4)
and in Ref. [1]. This is clearly different from the
exponentially small κ value in Eq. (3). The discussion
is presented in Sec. XII and Sec. XIII gives a summary of
our picture versus the prevalent picture. The Appendix
reviews an old argument why the resonant tunneling
phenomenon, well understood in QM, should be present
in QFT.

II. BRIEF REVIEW

Let the SU(2) gauge and Higgs fields take field con-
figurations Aνðx; μðtÞÞ and Φðx; μðtÞÞ with sphaleron
solutions at xi at time ti, where i ¼ 1; 2;… Integrating
out the sphaleron solutions yields the one-dimensional
quantum mechanical (QM) system for μðtÞ [1,19],

FIG. 1. An example of how two hard incoming W bosons can
give up their energy to a sphaleron. In the “few-to-many” process,
each additional W boson costs a power of the gauge coupling g
while its coupling to the left sphaleron (denoted by the shaded
disc) gains back a factor of g−1. For a W boson propagating
between 2 sphalerons, we gain a factor of 1=g2 for an off-shell
boson and a factor of 1=g4 for an on-shell boson. The solid lines
stand for the fermions.

S.-H. HENRY TYE and SAM S. C. WONG PHYSICAL REVIEW D 96, 093004 (2017)

093004-2

大量のWボソンの生成に
由来する指数関数的抑制

トンネリングによる指数関数的抑制 大量のWボソンに由来するべき乗の増幅

量子力学的な扱い固有の 
共鳴トンネリングによる増幅

[Aoyama, Goldberg, PLB 188 (1987)]

[Funakubo, Fuyuto, Senaha, arXiv: 1612.05431]

[Tye, Wong, PRD 92 (2015)]

[Tye, Wong, PRD 96 (2017)]

[Arnold, McLerran, PRD 37 (1988)]



拡張ヒッグスモデルにおけるスファレロン脱結合条件

15

• CP-conservingな2HDMに注目

V2HDM
tree = m2

1 Φ1
2

+ m2
2 Φ2

2
− (m2

3Φ†
1Φ2 + h . c . )

+
λ1

2
Φ1

4
+

λ2

2
Φ2

4
+ λ3 Φ1

2
Φ2

2
+ λ4 Φ†

1Φ2
2

+ [ λ5

2 (Φ†
1Φ2)

2
+ h . c . ]

•パラメータ: mH±, mA, mH, mh, v0, tan β, M2 = m2
3 /(sin β cos β), sin(β − α)

Wa
i ( ⃗ξ ) =

gv(T )
2

ϵaijnj
1 − R(ξ)

ξ

Φ1( ⃗ξ ) =
v1(T )

2
S1(ξ)(0

1)
Φ2( ⃗ξ ) =

v2(T )

2
S2(ξ)(0

1)

⃗ξ =
1
2

gv(T ) ⃗r, v(T ) = v1(T )2 + v2(T )2• 2HDMにおけるスファレロンのansatz

tanβ = 1, sin(β-α) = 1
mH = mH± = mA=265GeV
Landau gauge



2HDMにおける電弱相転移
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電弱相転移のダイナミクス

•電弱一次相転移：真空泡の生成と膨張で進行

Tunneling

Veff(φ)

•泡の核生成率

Γbubble(T ) ≃ T4 ( S3(T )
2πT )

3/2

exp [−
S3(T )

T ]
: 臨界泡        の自由エネルギーS3(T )

• nucleation temperatureの定義

Γbubble(Tn)H(Tn)−3 = H(Tn) ⇒
S3(Tn)

Tn
< 150

: ハッブルパラメータH(T )

は電弱バリオン数生成の 
実現可能性に影響するのか？
ϕB(r = 0) ≠ vn

T = Tn

T > Tn

T < Tn

[Linde, Nucl. Phys. B216 (1982)] vn

vc

tanβ = 1
sin(β-α) = 1
M = 0
mH = mH± = mA=395GeV

φ

T = Tc

ϕB(r)

ϕB(r = 0)
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②スカラー一重項場をN個追加した繰り込み可能なモデル マルチダブレット模型の
相転移を有効的に記述

V0(Φ, ⃗S ) = − μ2Φ†Φ + λ (Φ†Φ)2 +
μ2

S

2
| ⃗S |2 +

λS

4
| ⃗S |4 +

λΦS

2
Φ†Φ | ⃗S |2

⃗S = (S1, S2, ⋯, SN), μ2
S > 0, MS(v)2 = μ2

S +
λΦS

2
v2

⇒ 脱結合条件とUnitarityの交点が解析的に概算できる

m2
S <

16πv4

3m2
h N

=
(1984GeV)2

N

λs=0
Landau gauge

Decoupling極限( )では, スファレロン脱結合条件が を要求μ2
S ≫ 1 ΔλO(N)

hhh /λSM
hhh > 100 %

ΔλO(N )
hhh

λSM
hhh

≃
Nm4

S

12π2v2m2
h (1 −

μ2
S

m2
S )

3

有効場の理論とconsistent

解析方法(Gauge) N=1 N=4 N=8
数値計算(Landau) 2002 GeV 1462 GeV 1200 GeV
数値計算(Feynman) 1990 GeV 1418 GeV 1176 GeV

解析的計算 1984 GeV 1402 GeV 1180 GeV

[Grojean et al. : PRD71 (2005)]



繰り込み可能なスカラー一重項場を含むモデル

•ヒッグスポテンシャル(tree)

•1ループ効果を含む有効ポテンシャルで を評価Esph

 Eg) Non-decouplingの場合 (μ2
S = 0)

[Coleman, Weinberg.: PRD7 (1973)]

係数Aはモデルの間で対応関係がある

ΔENscalar
sph = − A (μ2

S , λΦS)
ΔλNscalar

hhh

λSM
hhh

ΔλNscalar
hhh

λSM
hhh

=
NM4

S

12π2m2
hv2 (1 −

μ2
S

M2
S )

3

V0(Φ, ⃗S ) = − μ2Φ†Φ + λ (Φ†Φ)2 +
μ2

S

2
| ⃗S |2 +

λS

4
| ⃗S |4 + λΦSΦ†Φ | ⃗S |2

⃗S = (S1, S2, ⋯, SN), μ2
S > 0, MS(v)2 = μ2

S + λΦSv2

ΔλNscalar
hhh

λSM
hhh

=
3
2

⇒
ΔENscalar

sph

ESM
sph

= − 1.2 %

A(μ2
S , λΦS) → {

Adim6 (μ2
S ≫ v2)

ACSI (μ2
S → 0)


