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BM0 373GeV 373GeV 373GeV 50GeV 1 71.5% 86.4% 3.80

BM1 464GeV 464GeV 373GeV 200GeV 1.8 80.2% 112% 2.60

BM2 891GeV 891GeV 800GeV 720GeV 1.8 80.2% 125% 2.37

TABLE II: Benchmark scenarios with sin(� � ↵) = 1. ��
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is the deviation in the triple

Higgs boson coupling at the one-loop level. ��
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is that at the two-loop level.

We focus on the three benchmark scenarios BM0, BM1 and BM2 as shown in Tab. II. For

BM1 the additional Higgs bosons are relatively light (a few 100 GeV), while for BM2 the

additional Higgs bosons are relatively heavy (around 1 TeV). As shown in Ref. [34], testing

BM2 is di�cult at the HL-LHC and the ILC. Although BM0 cannot satisfy the experimental

constraints from LHC and current flavor experiments, we dare to show the GW spectrum

in this benchmark for comparison.

As we mentioned in the introduction, the triple Higgs boson coupling is the key to verify

the first-order electroweak phase transition. The triple Higgs boson coupling is defined by

using the e↵ective potential Ve↵ as
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We define the deviation in the triple Higgs boson coupling from the SM prediction as
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hhh
, where �SM

hhh
is the value in the SM. ��hhh/�SM

hhh
can be

significant even in extended Higgs models with heavy additional Higgs bosons due to their

quantum e↵ects [24, 32, 33]. We have confirmed that a large��hhh/�SM

hhh
is required to satisfy

the sphaleron decoupling condition in the heavy scenario such as BM2. In order to satisfy

the sphaleron decoupling condition in the THDM with m� > 700 GeV (� = H,A,H±),

��hhh/�SM

hhh
> 60% is required at the one-loop level. The results indicate that the THDM

with relatively heavy additional Higgs bosons can be tested by the measurement of the triple

Higgs boson coupling at future collider experiments.

Two-loop corrections to the triple Higgs boson coupling in the THDM have been calcu-

lated in Refs. [32, 33]. Including the scalar two-loop corrections, the deviation in the triple

Higgs boson coupling is larger than the one-loop result. We have evaluated the constraint

on the triple Higgs boson coupling from the sphaleron decoupling condition including the

two-loop corrections. Then, we have obtained that ��hhh/�SM

hhh
> 80% is required to satisfy
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h(125)がSM-likeでも，スファレロン脱結合条件と
ユニタリティから新スカラー場の質量の上限が決まる

3. 重いスカラー場の検証方法

hhh結合と重力波観測 → 新粒子の質量スケールを決定

Eg) Two Higgs doublet model ( )mΦ = mH = mA = mH±

vn/Tn > ζsph とUnitarity
で質量の上限が決定

h(125)の性質がSM-likeではない場合，ユニタリティから
新しいスカラー場の質量の上限が決まる

我々が新たに示したこと

スファレロン脱結合条件: 電弱バリオン数生成の実現に必要

Γ(b)
sph(Tn) = A(Tn)e−Esph(Tn)/Tn < HHubble(Tn)

vn

Tn
> ζsph(Tn) ≃

44 vn

Esph(Tn)
∼ 1

新スカラー場の質量 < 1.6 − 2 TeV

→ New no-lose theorem

LHCはh(125)がSM-likeであることを示唆

κV = gnew
hVV /gSM

hVV ≃ 1, κf = gnew
hff /gSM

hff ≃ 1

SM-likeな場合はユニタリティで質量の上限が決まらない

∵ decoupling theorem

1. イントロダクション 2. 具体的な付加的ヒッグスの質量に対する制限

Inert doublet model, SM + スカラー1重項場でも質量の上限が付くこと
を確認した

の正確な数値も評価したζsph(Tn)
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