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Motivation to BSM 

SM is a good description of the nature around the EW scale, however ….

No principle in the Higgs sector

SM must be replaced by a new more fundamental theory

Beyond SM phenomena

Neutrino Oscillation
Dark Matter
Baryon Asymmetry of Universe
…

Problems

Gravity
Unification 
Flavor
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Hierarchy
Strong CP



Higgs sector is a probe of new physcs

Higgs sector remains unknown

Multiplet Structure
Higgs Potential         (Dynamics of EWSB, EWPT, …)
Yukawa Structure     (Flavor Physics, CPV, …)
Elementary or Composite? Hierarchy?    

SM Higgs sector:  no principle

⇨ BSM phenomena may be explained

Tiny neutrino mass
Phase Transition (1st Order)
CPV sources for baryogenesis
DM candidates 
…

Extension of the Higgs sector

Testable at current and future experiments
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New Physics and Multi-Higgs Models

Typical scenarios using TeV scale physics by extended Higgs  

• BAU EW Baryogenesis   

• Neutrino mass   Radiative Seesaw    

• Dark Matter      WIMP

Can we combine these scenarios into a model?

This is the subject of this talk



Baryogenesis and Higgs

SM cannot satisfy the condition

１）B non-conservation

２）C and CP violation

３）Departure from 
thermal equilibrium

Sphaleron transition at high T

C violation (SM is a chiral theory)
CP in extended Higgs sectors

EWPT is strongly 1st OPT 

Kuzmin, Ruvakov, Shaposhnikov (1985)

Extended Higgs sectors 
provide new sources of CPV and mechanisms of 1st OPT 
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Sakharov Conditions

Studied in 2HDMs, Singlet extensions, 2HDM+S, Triplet models, …

Rich phenomenology: Testable by experiments (colliders, EDM, flavor, GW, …)



Neutrino mass and Higgs

Seesaw Mechanism

Majorana
mass

Seesaw 

Tiny mass

Large mass of 
Right-handed 
Neutrinos

←

Mediated by 
RH neutirnos
NR

Neutrino Oscillation → Tiny mass ( < eV)

6



Neutrino mass and Higgs

Alternative Scenario by quantum effects

Physics of specific extended Higgs sectors

Seesaw Mechanism

Majorana
mass

Seesaw 

Zee model

Tiny mass

Large mass of 
Right-handed 
Neutrinos

←

Quantum 
suppression

Tiny mass

Quantum effect
due to additional 
scalar fields

Mediated by 
RH neutirnos
NR

Mass around 
TeV scale

Neutrino Oscillation → Tiny mass ( < eV)
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Models of neutrino mass with DM
Introducing a discrete Z2 

・ Stability of new particle（DM）
・ Loop induced masses

Tao-Ma model

SM+ H’ + NR

1-loop induced ν-mass
Dark matter candidate [ H’ ]

Red lines are
Z2-odd particlesTao 1996, Ma, 2006 

DM
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Models of neutrino mass with DM
Introducing a discrete Z2 

・ Stability of new particle（DM）
・ Loop induced masses

Tao-Ma model

SM+ H’ + NR

1-loop induced ν-mass
Dark matter candidate [ H’ ]

Model with higher loop effects
2HDM + η0 + S+ + NR

ν-masses are 3-loop induced
DM candidate [ η0 ]
EW Baryogenesis possible (CPV, 1stOPT)

Red lines are
Z2-odd particles

3 Problems can be explained by the TeV scale physics

Aoki, SK, Seto, 2009 

Tao 1996, Ma, 2006 

DM

DM
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Model (AKS2009)  
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2HDM (Type X) + Z2-odd scalars and RN

Neutrino mass at three loop 
(smallness can be explained from TeV physics)

Dark Matter candidate with the mass mH/2

Strongly 1st OPT can be realized (EWBG)

However, CPV was not analyzed, and BAU was not evaluated

M. Aoki, SK, O. Seto, PRL102, 051805 (2009)



Recent Development of the model
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All current constraints from experimental data satisfied

Neutrino oscillation, DM data, LEP, LHC, EDM,  LFV, B, ….

2HDM(Type X) ⇨ general 2HDM

λ6 ~ 0  (Higgs alignment)                (aligned 2HDM)
FCNC avoided by Yukawa alignment (Pich, Tuzon)
CPV phases in the Higgs potential and the Yukawa interactions

M. Aoki, K. Enomoto, SK, PRD107 (2023)11, 115022

A benchmark scenario is found, which explain Neutrino, DM and BAU

BAU is evaluated



Model 
Scalar potential

Aoki, Enomoto, SK 2022



Yukawa interaction



Slide 
provided 
by Enomoto





















Back to the original model AKS2009

FCNC by softly broken Z2 Smaller number of parameters

M. Aoki, K. Enomoto, SK, S. Taniguchi 2024

Type-X 2HDM + new Z2 odd (𝑵𝑹
𝜶 , 𝑺±, 𝜼)

𝑴𝒊𝒋~
𝟏

𝟏𝟔𝝅𝟐

𝟑

×
𝒎𝒍

𝒗

𝟐

×
𝒗𝟐

𝒎𝑵

~𝟏𝟎−𝟔 ~𝟏𝟎−𝟒



Type-X 2HDM + new Z2 odd (𝑵𝑹
𝜶 , 𝑺±, 𝜼)

Lagrangian

𝛼 = 1,2,3, 𝑖 = 1,2,3, ℎ𝑖
𝛼are 3 × 3 matrix

CP violating phase 𝜃5 (𝜆5 = 𝜆5 𝑒
𝑖𝜃5)

Higgs potential

Additional Yukawa coupling with RHN

CPV

Stationary condition

𝜇12
2 and 𝜆5 are related

𝑇ℎ𝑒 𝑝ℎ𝑎𝑠𝑒 𝑜𝑓 𝜅 𝑐𝑎𝑛 𝑏𝑒 0 𝑏𝑦 𝑟𝑒𝑝ℎ𝑎𝑠𝑖𝑛𝑔 𝑆−



Electric dipole moment in our model

𝒉𝒆
𝜶 𝒉𝒋

𝜷∗

𝒉𝒆
𝜷∗𝒉𝒋

𝜶

𝝀𝟓

In the model, new CPV contribution from   

+

By destructive interference Electron EDM can satisfy electron EDM 

2HDM contribution Additional contribution 
in our model

< 𝟒. 𝟏 × 𝟏𝟎−𝟑𝟎 ecm

Barr, Zee (1990)

Altmannshofer, Gori, Hamer, Patel(2020)

Benchmark scenario is found: K. Enomoto, SK, S. Taniguchi,  arxiv:2403.13613



The model (AKS2009) can satisfy all experimental results,
and explain Neutrino, Dark Matter, Baryogenesis by TeV scale physics  

1st OPT. →   Landau Pole Λ at 10-100TeV

What is the world above Λ?

An idea:   New gauge theory with confinement.          
Higgs is a realization as a meson formed 
by the fundamental representation 

How about the UV theory? 

Higgs as mesons

SK, T. Shindo, T. Yamada 2014

Minimal SUSY Fat Higgs models 
by Murayama et al 2004, 
and many references



Landau pole and new physics

< 100 TeV

Higgs as mesons Fundamental theory [Gauge theory]

GUT?

EW

(like QCD)

asymptotic free
our model



Intrilligator, Seiberg

Minimal model for confinement (Nc=2, Nf=3)
→  3 pairs of SU(2)H fundamental rep. Ti  (i=1-6)

Higgs as Meson
SU(2)H gauge theory SK, Shindou, Yamada 2014

Superpotential

Minimal SUSY Fat Higgs models, 
by Murayama et al 2004 



All particle contents are prepared from the SU(2)H gauge theory 

Multiplet structure may be explained by the UV theory 

SK, Shindou, Yamada 2014



Summary

• Higgs sector remains to be determined yet. 

• Extended Higgs sector is used to explain physics of 

Neutrino, Dark Matter, Baryogenesis.

• A model which can explain neutrino, DM, BAU is revisited 
(AKS2009), and BAU was evaluated. 

• Discussed viable benchmark scenarios 

• The model is testable using various future experiments
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