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Current Situation

Spin・Parity

Higgs Discovery  2012

Mass 125 GeV

Good agreement with SM prediction
SM predictionNo BSM evidence found up to now 

2022

2022

2

Where is new physics? 
Low scale? 

TeV Scale?
High Scale?

But big questions → New physics 



Deviation = New Scale
No-Lose Theorem

Unitarity:   MH < 1 TeV, 
otherwise, BSM appears below 1TeV

Motivation to build SSC, LHC
h(125) discovery!

Lee, Quigg, Thacker 1977



κV

SM value
(Alignment)

Deviation

Finding a deviation is necessary

Deviation = New Scale
No-Lose Theorem

New “No-Lose” Theorem

Unitarity:   MH < 1 TeV, 
otherwise, BSM appears below 1TeV

Motivation to build SSC, LHC

If deviation appears in a Higgs coupling, 
the second Higgs H or New Phys must appear at 

h(125) discovery!

ΔκV = 2 %   ⇄  mH < 1.4 TeV

Lee, Quigg, Thacker 1977

κV =sin(β-α)

hVV coupling 
(V =W, Z )

Excluded by 
Unitarity bounds

mH (GeV)4



Higgs couplings 

hWW,  hZZ,  hττ, 
htt, hbb, … ,
hγγ, h Zγ, hhh

Once deviation is detected at LHC or a Higgs factory, we can guess 
the new physics scale, thanks to the new “no-lose” theorem. Then we 
can go ahead to built next generation high energy colliders.
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Higgs: window to new physics
Higgs sector remains unknown 

Multiplet Structure (# of fields, symmetry, couplings, …)
Higgs Potential       (dynamics of EWSB, EWPT, …)
Yukawa Structure   (flavor, CPV, …)
Elementary or Composite?         Hierarchy?    

SM Higgs sector:  no principle

⇨ BSM phenomena may be explained

Tiny Neutrino mass
DM candidates 
Phase Transition (1st Order)
CPV sources

Extension of the Higgs sector

TeV scale:  testable at current and future experiments
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Extended Higgs sectors?
Multiplet Structure (with additional scalars)

ΦSM  +   Isospin Singlet,    
 ΦSM  +   Doublet (2HDM),   

ΦSM  +   Triplet,   
… 

Additional Symmetry
Discrete or Continuous?
Exact or Approximate or Softly broken?

Interaction
Weakly coupled or strongly coupled?

Hint for 
BSM models
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Rho parameter Multi-doublet (and singlet) structures
FCNC Suppression Strong constraint on the Yukawa sector
Higgs alignment Strong constraint on mixing angles



Example: 2HDM with softly broken Z2 
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Diagonalization

masses



How SM-like is realized?    

9Alignment and Non-Decoupling

Λ :  Cutoff
M :  Mass scale

irrelevant 
 to VEV

|να〉t =
∑

i

Uαi exp (−iEit)|ν ′i〉

Ei =
√

p2 + m2
i # |"p| + m2
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Effective Theory is the SM Effective Theory is an extended Higgs sector

|να〉t =
∑

i

Uαi exp (−iEit)|ν ′i〉

Ei =
√

p2 + m2
i # |"p| + m2

i

2Ei

Uαi =

(
cos θ sin θ
− sin θ cos θ

)

Pνe→νµ = |〈νµ|νe〉t|2 = sin2 2θ sin2 ∆m2

4E
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h
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Leff =
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M
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cos(β − α) ∼ 0
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Higgs alignment

Decoupling

Λ Λ

kV 1～ SM like

Friendly with
1st OPT
(EW Baryogenesis)
WIMP 
Radiative seesaw 



Scaling factors

2HDM :
𝜅! = ⁄𝑔"!!#$% 𝑔"!!$%

HSM :
𝜅& = c𝑜𝑠 𝛼
𝜅' = c𝑜𝑠 𝛼

Γ ℎ → 𝑉𝑉∗ "#$.
Γ ℎ → 𝑉𝑉∗ #$

~𝜅&'

Γ ℎ → 𝑓𝑓 "#$.
Γ ℎ → 𝑓𝑓 #$

~𝜅('

𝜅& = sin(𝛽 − 𝛼)
𝜅' = sin 𝛽 − 𝛼 + 𝜉'cos(𝛽 − 𝛼)

Deviation comes due to mixing and also 
quantum corrections of BSM particles

Deviation in couplings



11

Full set of 1-loop corrections (EW + QCD + Higgs) to the decay rates in various Higgs sectors 
and future precision measurements make us possible to fingerprint models and 
also to get information of inner parameters such as mass of the second Higgs boson

SK, Kikuchi, Mawatari, Sakurai, Yagyu 2018 

HL-LHC
2σ

ILC250
2σ

ILC250
2σ

HL-LHC
2σ

H-COUP ProjectFingerprinting



Physics of Higgs potential
Core part of EWSB still unknown
• Dynamics, physics behind EWSB
• Negative mass
• Origin of self coupling
• Relation to new paragigm

• Aspect of EW Phase transition
• First order phase transition?
• EW Baryogenesis
• Mechanism of EWPT, History of the Universe

T
!
T c

T
"
T
c

T
#
T c

Veff!$, T"
$$c

12/42



Higgs self-coupling

Non-decoupling effect
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It is important to know the hhh coupling 
to reconstruct the Higgs potential

Top loop 
effect 
in the SM

h

h
h

Sensitive also to BSM physics？ Yes.     

Brief Article

The Author

October 26, 2016

SU(2)I × U(1)Y → U(1)em

ρ =
m2

W

m2
Z cos2 θW

G√
2
=

g2

8M2
W

M NC =

!
g

cos θW
JNC
µ

" !
1

M2
Z

" !
g

cos θW
JNCµ

"

M CC =

!
g√
2
JCC
µ

" !
1

M2
W

" !
g√
2
JCCµ 

"

M CC =
4G√
2
JCC
µ JCCµ 

M NC =
4G√
2
2ρJNC

µ JNCµ

M CC =
4G√
2
JCC
µ JCCµ 

σ(νµN → νµX)

σ(νµN → µ! X)
∼ 0.31

1

EWSB

!"##$%&'(()*&+,*&-%./.*& +01.2. *&34.1*&56
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Ex) Case of extended Higgs sector 

! �$�P�O�T�J�E�F�S���U�I�F���D�B�T�F�������I �J�T���4�.���M�J�L�F��

! �"�U�������M�P�P�Q�
���Q�P�X�F�S�M�J�L�F�F�G�G�F�D�U�����NΦ4 

Top loopExtra scalar 
loop

Deviation can be huge 
～ 100% 
under constraint from 
unitarity bounds etc.

SK,  Kiyoura, Okada, Senaha, Yuan, 2003

(Φ = H, A, H±)

Φ = H, A, H±

Non-decoupling effect Decoupling

Mass of extra Higgs bosons



1�T�UOPT by nondecoupling quantum effect 
Effective Potential
at finite T（HTE）

SM:

> 1
Non-minimal Higgs can satisfy it due to non-decoupling quantum effects

Quantum effects of Φ( = H, A, H+, …) 

Prediction:  Large deviation in the hhh coupling

>  λhhhSM

SK, Y. Okada, E. Senaha, 2005
Grojean, Servant, Wells, 2005

The condition cannot be satisfied

(when 
M << m�� )

15
SK, Okada, Senaha, Yuan, 04



1st OPT: Physics of extended Higgs models

16/30

!"#$%&'() *&+(,"%-)./+()*-0-()
1!0'().%2/3 !" 4567

Thermal non-equilibrium

S.K., Y. Okada,  E. Senaha (2005)

EWBG 
viable

Deviation in the 
hhh coupling

2HDM

EW Baryogenesis

Generated B number 
in the symmetric 
phase 

Frozen inside 
babble wall by 
the sphaleron
decoupling



Case of Aligned 2HDM

Aligned 2HDM

The hhh coupling can be measured at  
HL-LHC, or future e+e- colliders

1st OPT can be directly tested 
if hhh is measured by 10% level 

arXiv:1905.03764

Deviation in the hhh coupling (%)
K. Enomoto, SK, Y. Mura, 2021
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#$%Example
40-60% deviations
in the hhh coupling

h! ! can also be sensitive to non-decoupling effects

Aligned 2HDM  
(Barr-Zee cancellation used for EDM)

K. Enomoto, SK, Y. Mura, 2021

HL-LHC
27%?



GW from 1stOPT K. Enomoto, SK, Y. Mura,  2022

GWs for benchmark 
points of BAU
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They may be tested 
by future GW experiments

Dotted curves: Sensitivity Curve 
M. Breitbach et al., arXiv: 1811.11175

Solid curves:  h2ΩPISC  [SNR criterion]
J. Cline et al., arXiv: 2102.12490

K. Enomoto, SK, Y. Mura,  2022 Aligned 2HDM

#$%

Example
Aligned 2HDM



CPV:  EDM in EW baryogenesis models 
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・2HDM with softly broken Z2 symmetry 

! ! "
!

Fuyuto, et al. (2019); SK Kubota and Yagyu
(2020), Enomoto, SK and Mura (2021), (2022); 
…

・One CP phase
・CP violation for observed BAU → |𝑑! | = 𝑂 10" #$ 𝑒 cm

・General 2HDM

・Suppressed FCNC

Fromme, Huber and Seniuchi (2006); Dorsch et al.(2017);
Basler et al. (2021), …

・Assuming the Yukawa alignment for avoiding FCNC 
・Multiple CP phases
・EDM depends on the parameters not related to BAU.

EDM cancellation

|𝑑! | < 4.1×10" %&𝑒 cm
Roussy et al.  2022

Observation

Difficult 

Viable EWBG as the aligned 2HDM, but …

Cancellation among Barr-Zee-type 
diagrams can be used

Is it really necessary?   
No. It is possible to built a 2HDM without EDM cancellation Aiko, Endo, SK, Mura 2025

Barr-Zee diagram



A scenario without EDM cancellation
M. Endo, M. Aiko, S.K., Y. Mura, JHEP 07 (2025) 236

! BZ-type diagrams are given by light fermion couplings with Higgs 
bosons. 
If we just switch off them, EDMs via the BZ diagrams vanish,  
while the CPV phase in top Yukawa can generate BAU.

! Still, the CPV phase of the top coupling for EWBG can lead the 
top-quark  (C)EDM, which causes n, p, eEDMs.

! We examine whether this scenario works or not under theoretical
and experimental constraints. 

! The scenario is viable under current experimental bounds, and also
testable at future EDM experiments as well as other experiments.



Starting from the general 2HDM
Most general potential

Most general Yukawa sector

(𝜇%
# , 𝜆' , 𝜆( , 𝜆) ∈ ℂ)

" ! #
$ "

%

&
' ( ! ! )( #*" $ #

+"

%

&
' , ! ( $ ! )+%*

𝑉 = −𝜇*
#Φ*

+Φ* +𝑀#Φ#
+Φ# − 𝜇%

#Φ*
+Φ# + ℎ. 𝑐.

+
1
2 𝜆* Φ*

+Φ*
#
+
1
2 𝜆# Φ#

+Φ#
#
+ 𝜆% Φ*

+Φ* Φ#
+Φ# + 𝜆, Φ*

+Φ# Φ#
+Φ*

+
1
2 𝜆' Φ*

+Φ# + 𝜆( Φ*
+Φ* + 𝜆) Φ#

+Φ# Φ*
+Φ# + ℎ. 𝑐.

Higgs basis

ℒ- = − E
. / * 0#

𝑄1𝑌. 02
+ HΦ. 𝑢3 + 𝑄1𝑌. 04Φ. 𝑑3 + 𝐿1𝑌. 05Φ. 𝑒3 + ℎ. 𝑐.

Yukawa coupling 𝒀6 for the additional doublet Φ2 is a general complex matrix

Davidson and Haber 
(2005)

𝑌#02 =
𝜌22 𝜌72 𝜌82
𝜌27 𝜌77 𝜌87
𝜌28 𝜌78 𝜌88

e.g. ) Up type
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FCNC couplings are bounded 
to satisfy experimental constraints.

CPV rephasing invariants in the model

Potential: Im[𝜆'
9𝜆(

#], Im[𝜆'
9𝜆)

#], Im 𝜆(
9𝜆)

Yukawa:  Im[𝜆' 𝜌88
# ], Im[𝜆( 𝜌88], Im[𝜆) 𝜌88] (and other 𝜌:; related invariants) 

! ! " #"# ! !



Our scenario
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Minimal Setup for EWBG

For sufficient BAU, $%&' $( %%) is necessary.

If * & + * ' + , , the tree level potential approximately has - ( symmetry (! ! " . ! ! ).
𝜑', 𝜑P ≪ 1

* ) / * * / * & / ,and 𝜌:; = 0 (except for 𝜌88)
0 +"

/ 0 +#
/ 0 + $ 1 0 ,

(𝜆, = 𝜆' is for T parameter)

One available CP phase: arg[𝜆Q𝜌RR]

𝑚8
#𝜃8

<~
𝑦8 𝜌88

2 (𝜑*𝜑#
< − 𝜑#𝜑*

<)sin(arg [𝜌88]) + (𝜑%𝜑*
<− 𝜑*𝜑%

<)cos(arg [𝜌88])

Discovered 125GeV Higgs is SM like 
|𝜆_| ≪ 1! 2 " #

Im[𝜆'
9𝜆)

#], Im[𝜆' 𝜌88
# ], Im 𝜆) 𝜌88

- $ . / Re0" $
%1

- ! . / Re " !
%

- # . / Im0" !
%1

Top transport scenario

M. Endo, M. Aiko, S.K., Y. Mura, JHEP 07 (2025) 236

BAU evaluated by
the semi-classical 
method (with WKB)



2&&

3'3#

4&

2&& 2&&

EDM in the minimal setup
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1 loop diagram for top CEDM

Top chromo EDM induces Weinberg operators and light fermion EDMs by RGE

In our scenario, 2 loop diagrams are leading.

∝ 𝐼𝑚 𝜆`𝜌RR' (= 0)

∝ 𝐼𝑚[𝜆Q𝜌RR]
e.g.)

e.g.)

(𝛷 = 𝐻# , 𝐻%, 𝐻= )

Kamenik et al. (2012);
Hisano, Tsumura and Yang (2012);
and more works 



EDMs from top (C)EDM from !" #$! %"" &

Induced Weinberg operator and EDMs

QCD sum rule

RGE



Correlation between EDM and BAU in the minimal set up
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Parameter scan 𝑚> = 200,500 GeV, 𝜇#
# = −𝑚>

# , 0 , |𝜌88| = 0,0.5
|𝜆) | = 0,1 , 𝜆# = 0,1 , arg[𝜆) 𝜌88] = −𝜋/2 , 𝑣? = 0.1,1/ 3

Neutron EDM

M. Endo, M. Aiko, S.K., Y. Mura, JHEP 07 (2025) 236

Sahoo, PRD (2017)

Alarcon, et al. (2022)

Vutha et al. (2018)
Ardu et al. (2024)

BAUJILA, Science (2023)

Electron EDM

Viable, and testable at future EDM experiments



Phenomenology  
1st OPT
Deviation in the di-photon decay and in the hhh coupling, Higgs to 
Higgs decays, gravitational waves, primordial black holes, …

CPV
eEDM,  nEDM,  pEDM, 
Colliders (gg → H2/H3 → tt, H+→tb, W-Z, …)  
Flavor physics (B decays, K decays, etc)

Shape of the 2HDM 
Deviation pattern in decays of h(125) via the quantum effect
Detect heavy Higgs bosons H2,3 → tt, H± → tb   



Landau Pole
• Extended Higgs model, radiative 
neutrino models, etc

• Additional scalars lift up the beta 
function to be positive
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Λ < 10-100 TeVφ�D/T�D> 1   ⇒

!"#" ! 1 $ ! $ ! %" 1+ ! 2 $ " $ " %" 2

λ1

SM: negative Extra scalar effect
Positive (A > 0)

Strong 1st OPT → Landau pole  

SK, Senaha, Shindou 2013

SK, Mura 2023
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High Energy
（UV）

C
ou

pl
in
g

Additional scalars 
make it blow up

Various 
Extended Higgs
Models

SM
(one doublet)

λ

Asymptotic free

αH

SU(2)H   gauge symmetry
Flavor structure

EW
（IR) Landau pole

Λ

Non-purterbative

Correspondence
(even non-SUSY)

Confinement 

The correspondence between the symmetry structure 
of the UV theory and the multiplet structure of the IR theory

SK, Y. Mura, T. Shindou, arXiv: 2509.05934

Classify low energy models by 

・Number of Ti (fundamental Rep)

・Global symm.  (Flavor symm.)

・Charge of  Ti under EW symm. 
Discrete symm.
….

SU(2)�)
Confinement if N�G< 4.7

'((%)*+,-./%./0)/1!2223

UV theory:

Murayama et al 2004, 
and many references



29UV gauge theory may be the mother of extended Higgs sectors

SK, Y. Mura, T. Shindou, arXiv: 2509.05934



Summary
We have discussed a minimal scenario for EWBG in general 2HDM

! Take 3"- = 0 except for 3.. to avoid constraints from B-Z type eEDM.
! 45&* ' 3.. ) is the most important rephasing invariant for EWBG.
! In the minimal setup, only 45&* ' 3.. ) causes EDM and BAU.

! Leading 2 loop top EDMs induce EDMs (n, p, e) 

! Our scenario is a viable scinario for EWBG under current 
bounds, and would be testable in the future experiments.
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Back up slides
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Standard Model:
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October 25, 2016

L = !
1
4

Gµ! Gµ! !
1
4

Wµ! W µ! !
1
4

Bµ! B µ!
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"
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1
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Wµ! W µ! !
1
4

Bµ! B µ!

+ QL i ! µDµQL + L L i ! µDµL L

+ |Dµ! |2 ! V (! )

!
!

YuQL ÷! uR + YdQL ! dR + YeQL ! eR + (h .c.)
"

+ uRi ! µDµuR + dRi ! µDµdR + eRi ! µDµeR

eR

µR

"R

sR

tR

bR

#
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$

#
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Gauge interactions
Beautiful being 
determined by 
the gauge principle

Yukawa couplingsHiggs
Potential

Lagrangian

No principle

EWSB for mass 
Yukawa interactions
Kinetic term of Higgs
Higgs potential

Perhaps a beautiful principle behind? 
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Non-minimal shape? Many possibilities. 
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No Lose Theorem 
If Higgs exists, its mass should be less than 1 TeV

Or any new physics should appear below O(1) TeV

Otherwise, the Higgs coupling becomes strong at O(1) TeV
(New signature of a new physics scale at TeV)  

This argument gave a strong motivation to 
SSC (40TeV ppbar) and LHC (14TeV pp). 

H(125) discovery in 2012!

Anything will appear at 1 TeV !!



Perturbative Unitarity
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WL+WL- Elastic Scattering
a0(WL+WL-→WL+WL-) ≈  A E4 + B E2 + C (E→∞)

A=0  by the gauge symmetry

|C | < 1 ⇒  mh < 1.2 TeVIn the SM

Unitarity Violation if A, B ≠ 0 at large E

To make B = 0,  diagrams mediated 
by a scalar field must be added

A Higgs field H is required 
to save unitarity

Lee, Quigg, Thacker (1977)



Phase Transition

1st OPT 2nd OPT
VEV is discrete

Bubble created

Figure by J. Cline

VEV is continuous
VEV’ is discrete

SM

Not discrete

BSM necessary to realize 1st OPT 35

VEV is continuous
VEV’ is continuous

Cross Over
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Correlation among EDMs
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・Strong correlation among EDMs (dashed: future prospect bounds)

・All of CPV quantities are correlated by Im[𝜆Q𝜌RR].
⇨ Characteristic prediction of our scenario 

・Null results of EDM in the future experiment
⇨ We need to start considering a cancellation mechanism. 

M. Endo, M. Aiko, S.K., Y. Mura, arXiv: 2504.07705 
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