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Introduction

Standard model(SM) consistents with the collider experiments

The problem in Higgs sector

'he structure of the Higgs potential
"he dynamics of the spontaneous electroweak
symmetry breaking

Phenomena beyond the SM(BSM)

. Baryon Asymmetry of the Universe
. Dark Matter
. Tiny mass of neutrino

The extension of the Higgs sector « New Physics



Baryon asymmetry of the Universe

[PDG 2019]
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Sakharov’s conditions: [Sakharov 1967] Electroweak baryogenesis,
(M Baryon violation | eptogenesis,
@ C, CP violation GUT baryogenesis,
@ Departure from thermal equilibrium ete

We focus on the scenario of the electroweak baryogenesis

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

(D Sphaleron process
@ The effects on the new physics < Electric dipole moment
@ 1st Order Phase Transition(1stOPT) < hhh coupling, GW specturm

Can we determine the sphaleron property by experiments ?



Sphaleron

Sphaleron| “ready to fall” [Klinkhamer, Manton: PRD.30 (1984)]

- Non-perturbative solution in field equations(static and unstable)
. Saddle point field configuration

- B+L violation process: sphaleron process

Energy Sphaleron
/ A(B+ L) =6ANcs
The process is important to
produce the baryon asymmetry.
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Sphaleron in the SM

. Energy functional (¢’ =0) [Manton: PRD28 (1983)]
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[Akiba et al. : PRD38 (1988)]
[Spannowsky, Tamarit : PRD95 (2017)]

. Ansatz
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Triple Higgs coupling and sphaleron

. Triple Higgs coupling
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Eg) HDM [Kanemura et al.: PRD 70 (2004)]
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[Kanemura et al.: PLB606 (2005)]
The strong 1stOPT demands A4,,,/4,,, >O(10)% in 2HDM

- Sphaleron energy « Higgs potential & hhh coupling

new SM new
hh A™¥ can be determined theoretically

[Kanemura, Tanaka: PLB 809 (2020)]
Today’'s theme

hhh coupling — Sphaleron energy at the early Universe



Sphaleron at the early Universe

-SMEFT added a dim. 6 operator to Higgs potential

[Grojean et al.: PRD71 (2005)]
[Zhou et al.: PRD101 (2020)]

-SM with additional N singlet scalars model
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. 0 Ae .
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The effective potential

Ve (®,T) = Vo(P) + V1(P) + Vp (P, T) + AVp (P, T)

S:(S17S27'” 7SN)
g >0

Ms(v)* = pg + Aasv”

Tloop at T=0

[Kanemura, Tanaka: Preliminary]
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We can determine the sphaleron
energy at the early Universe via the
measurements of future colliders




Sphaleron decoupling condition

-Departure from thermal equilibrium  [Kuzmin, et al. : PLB155 (1985)]

Esph (TC)
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Ton(Tc) < H(Te) = > ;Z > Copn(Tc) or

* Con(Te) and E,(To)/ T are determined by measurements of 4,

ANISY oy AEPSY(T =0) < AEY(T = T¢)

sph sph

We can verify the validity of the

electroweak baryogenesis at ILC N =4, Mg(v)?* = us + \psv?
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Summary

(D Although the sphaleron is important in explaining the baryon asymmetry, the
property of the sphaleron has not been determined by experiments.

@ Sphaleron and triple Higgs coupling are both associated with Higgs potentials
— Sphaleron energy is determined via the measurement of 4,,, at future colliders

new

A EReW ~ _ gAnew A)‘hhh
sph — \SM
hhh

@ Sphaleron energy at the early Universe is determined the measurement of 4,,,

— {on(Te) and E(Te)/ T are also determined

Esph (TC')
1c

(%
T—C > Csph(TC) or
C

> B(Tc)

— We can verify the scenario of the electroweak baryogenesis

@ In order to realize the strong 1stOPT, 4,,, should satisfy AaNscalar/psM > 22 ¢

In the model with additional four scalar singlets(i.e. 2ZHDM)



Back Up
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[Grojean et al.: PRD71 (2005)] [Gan et al.: PRD96 (2017)]
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NIW—"MBRE=ESOE/IRT Y wl/‘(“ESph%EWﬁ [Coleman, Weinberg.: PRD7 (1973)]
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[Kanemura, Tanaka: PLB 809 (2020)]
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° EDE%%—C\\B+L®EEZ%% '?ll %ﬁ: —g_jj_;\f [Aoyama’ Goldberg, PLB 188 (1 987)]
A(B+ L) =+6 qq — lllgqqqqqqqqqq V- Ellis, K. Sakurai, JHEP 086 (2016)

Vs > Eg,~9 TeVDEH T RILF —INEBFER CB+LOBNIEE 5DH 2

[Tye, Wong, PRD 92 (2015)] [Funakubo, Fuyuto, Senaha, arXiv: 1612.05431]
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[Tye, Wong, PRD 96 (2017)]
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