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Outline

ü Introduction: Why study the trilinear Higgs coupling ɚhhh

ü ɚhhh in BSM models with extended scalar sectors

ü Linear Collider at 500 or 550 GeV: guaranteed measurements

ü Beyond 500 GeV: guaranteed ``measurementsôô

ü Sensitivity to new particles at 500 GeV and beyond

ü Could BSM Physics be found first in ɚhhh?



Why Higgs self-coupling?

ÅHiggs potential:
ÅDynamics of EW symmetry Breaking 
ÅAspect of EW Phase Transition

ÅH       VEV  246 GeV

ÅHH    mass  125 GeV

ÅHHH    trilinear coupling    ???

ÅHHHH  quartic coupling     ???

Åé
Crucial for knowing the shape of the potential



Aparté: Form of the Higgs potential ïa more complete picture

Figure by [K. Radchenko Serdula ó24]

Beyond-the-Standard-

Model theory, here with 2 

scalar states (as an example)

Ÿ Multiple field directions 

Ÿ Multiple trilinear scalar couplings



Interference contribution has 

large impact on total and 

differential cross section

Using only information from di-Higgs 

production and assuming that new 

physics only affects ɚhhh
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ɚ
hhh 

in models with extended 

scalar sectors



The Two-Higgs-Doublet Model

ü 2 SU(2)Ldoublets ū1,2 of hypercharge ½  

ü CP-conserving 2HDM, with softly-broken Z2symmetry (ū1Ÿū1, ū2Ÿ -ū2) to avoid tree-level 

FCNCs   

ü Mass eigenstates: 

h, H: CP-even Higgs bosons (h Ÿ 125-GeV SM-like state); A: CP-odd Higgs boson; 

H±: charged Higgs boson

ü BSM parameters: 3 BSM masses mH, mA, mH±, BSM mass scale M (defined by M2ſ2m3
2/s2ɓ),

angles Ŭ(CP-even Higgs mixing angle) and ɓ(defined by tanɓ=v2/v1)

ü BSM-scalar masses take form 

ü We take the alignment limit Ŭ = ɓ - ˊ/2Ÿ all Higgs couplings are SM-like at tree level 

Figure by [K. Radchenko Serdula ó24]



ü 1L BSM contributions to ɚhhh in 2HDM:

[SK, Kiyoura, Okada, Senaha, Yuan ó02, ó04]

ü Deviations of tens/hundreds of % from SM possible, for 
large ghūūor ghhūūcouplings 

ü Mass splitting effects, now found in various models 
(2HDM, inert doublet model, singlet extensions, etc.)

Mass splitting effects (non-decoupling effects) in ɚhhh
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ü Large effects confirmed at 2L in [Braathen, SK ó19]

Ÿ leading 2L corrections involving BSM scalars (H,A,H±) and 

top quark, computed in effective potential approximation 

Doublet extensions

Singlet extension



Probing New Physics with the trilinear Higgs coupling 

üLarge effects from New Physics possible in ɚhhh

due to radiative corrections from extra scalars,

e.g. at leading order

üComparing latest exp. bounds 

with precise theory predictions for ɚhhh provides a 

powerful new tool to constrain BSM models

[Bahl, Braathen, Weiglein Phys.Rev.Lett. ó22]

[Bahl, Braathen, Weiglein Phys.Rev.Lett. ó22]

Limits from 

[ATLAS PLB 2023] 

[ATLAS 2024]





Physics case which deviates 

the hhh coupling 



EWPT and Baryogenesis

ÅBaryon asymmetry of the Universe

ÅScenario of EW Baryogeneis
ÅB violation (sphaleron transition)

ÅC, CP violation in BSM

ÅStrongly 1st order EW phase transition 

Main phenomenological impacts

Typically extended Higgs sectors which predict 

CP violating processes (various EDM, collider signatures )

and typically a large deviation in ɚhhh and specific gravitational waves



1st OPT by nondecoupling quantum effect 

Effective Potential
at finite T ˢHTEˣ

SM:

> 1

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

Quantum effects of ј( = H, A, H +, ˜) 

Prediction:  Large deviation in the hhh coupling

>  Ѧhhh
SM

SK, Y. Okada, E. Senaha , 2005

Grojean , Servant, Wells, 2005

The condition cannot be satisfied

(when 
M << 

mј)



Test of strongly 1 st OPT

Aligned 2HDM

Strongly 1 st OPT
̠ A large deviation in the hhh coupling 

SK, Y. Okada, E. Senaha , 2005

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

EW Baryogenesis can be 
tested by the hhh measurement

arXiv:1905.03764

Deviation in the hhh coupling (%)

K. Enomoto , SK, Y. Mura, 2021
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BAU
Example
Aligned 2HDM:
viable scenario
of EWBG

Hggcan also be sensitive to non -decoupling effects



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

17

They may be tested 
by future GW experiments

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

Solid curves:  h 2ћPISC  [SNR criterion]
J. Cline et al., arXiv: 2102.12490

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

BAU

Aligned 2HDM:
viable scenario
of EWBG

Gravitational Waves



Aparté: Relation between əɚand strong first-order EWPT

ü Region with a strong first-order EWPT and a potentially detectable GW signal is correlated with 

significant BSM deviation in əɚ

Current LHC bound

HL-LHC

sensitivity

ILC sensitivity

2HDM
- Alignment limit Ŭ=ɓ-ˊ/2
- tɓ=3

- əɚcomputed at 1L

[Biekötter, 

Heinemeyer, No, Olea, 

Weiglein ô22]



Strongly 1 st OPT

ÅPBH (Roman detectable fPBH > 10˵4)

ÅGW  (LISA detectable)

ÅGW (DECIGO detectable)

ÅOnly Higgs couplings can test 1 st OPT

(чѦ3, чѥg, .)

Colored region satisfies two conditions 

Sphaleron decoupling

Bubble nucleation 
completion

Non-decouplingness

PBH

LISA

DECIGO

k0=4

Only 
Higgs
couplings

ц/H 4 < 1

јc/Tc < 1

M
a
s
s

Contour plots

Dotted curves:    Ãk3deviation in the hhh coupling

R. Florentino, S.K., M. Tanaka (2024)

Nearly Aligned Higgs EFT



Non-decouplingness

PBH

LISA

DECIGO

k0=4

If чѥg= -4% ± 1% (LHC+ILC), predicted

135% > чk3 > 55% .

GW and PBH can also be used

Only 
Higgs
couplings

чѥg
=˵2%

чѥg
=˵4%

ÅPBH (Roman detectable fPBH > 10˵4)

ÅGW  (LISA detectable)

ÅGW (DECIGO detectable)

ÅOnly Higgs couplings can test 1 st OPT

(чѦ3, чѥg, .)

Colored region satisfies two conditions 

Sphaleron decoupling

Bubble nucleation 
completion

јc/Tc < 1

ц/H 4 < 1
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R. Florentino, S.K., M. Tanaka (2024)

Strongly 1 st OPT
Nearly Aligned Higgs EFT



tested mainly   
by GWs
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Guaranteed measurements at a 

Linear Collider at 500 or 550 

GeV









Given by 

M. Berger, J. Braathen, 

G. Moortgat-Pick, G. Weiglein
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Triple-Higgs production



ə3=əɚ : trilinear coupling modifier

ə4 : quartic coupling modifier



Sensitivity to new particles at 

500 GeV and beyond









Could BSM Physics be 

detected first in ə
ɚ

?

i. How do BSM effects in the trilinear and single Higgs couplings scale?

ii. Example 1: Correlation əɚvs ũ(hŸɔɔ) in an Inert Doublet Model 

iii. Example 2: Effective couplings at one and two loops in a Z2-symmetric singlet model

iv. Example 2b: Effective couplings at one loop in an Inert Doublet Model 



BSM effects in Higgs couplings: power counting (1L)

Note: similar arguments can be 

made from EFT perspective

ɚhh

h

ghV

V

ghf

f



Correlation between əɚand BR(hŸɔɔ) in the IDM [Aiko, Braathen, SK ó23]

+ [Braathen, SK ó19]

[ɚ2 : inert doublet self-coupling]

mH± = mA varied 

along the curves 

(until limit from pert. 

unit.)

Expected bounds on 

R[BR(hŸɔɔ)]at HL-LHC

Expected bound on əɚat 

HL-LHC

Inert Doublet Model (IDM) 

in scenario with heavy DM 

candidate

h

H

A H±

DM candidate

BSM mass scale
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candidate

h

H

A H±

DM candidate

BSM mass scale

At HL-LHC, mass range 

above ~730 GeV* is 

probed in əɚ, but not 

with ũ(hŸɔɔ)!
[*: 730 GeV value read off from əɚ

vs mA=mH± plot, not shown here]

[Aiko, Braathen, SK ó23]

+ [Braathen, SK ó19]



Correlation between əɚand BR(hŸɔɔ) in the IDM

ȹBR/BR(hŸɔɔ)ȹɚhhh/ɚhhh

ILC-250 4.5% [1] Indirect

ILC-500 2.6% [1] 23% [4,5]

FCC-ee 3.1% [2] Indirect

What about the situation at an e+e- collider ? 

[1] ñPhysics Case for the 250 GeV Stage of the International Linear Collider,ò Fujii, Grojean, Peskin et 

al., 1710.07621

[2] ñHiggs physics opportunities at the Future Circular Collider,ò G. Marchiori, talk at ICHEP 2024

[3] ñHiggs Boson studies at future particle colliders,ò de Blas et al.,1905.03764

[4] B. Bliewert, J. List et al. 2024

[5] ñOpportunities & Experimental Challenges at the Higgs-Top interface,ò J. Tian, talk at LCWS 2024

NB: ȹəɔ Í ȹBR(hŸɔɔ)!

[Given here: 

1ů prospects]

https://arxiv.org/pdf/1710.07621
https://indico.cern.ch/event/1291157/contributions/5876729/attachments/2899194/5088459/2024_07_18%20-%20ICHEP2024%20-%20Higgs%20physics%20opportunities%20at%20the%20FCC.pdf
https://arxiv.org/pdf/1905.03764
https://agenda.linearcollider.org/event/10134/contributions/54212/attachments/39578/62446/HiggTop_LCWS2024.pdf


Correlation between əɚand BR(hŸɔɔ) in the IDM

[ɚ2 : inert doublet self-coupling]

mH± = mA varied 

along the curves 

(until limit from pert. 

unit.)

Expected bounds on 

R[BR(hŸɔɔ)]at HL-LHC

Expected bound on əɚat 

HL-LHC

h

H

A H±

DM candidate

Prospects at e+e- Higgs factories

BR(hŸɔɔ)ɚhhh

ILC-250 4.5% Indirect

ILC-500 2.6% 23%

FCC-ee 3.1% Indirect

Blue: ILC-500 (2ů)

Orange: FCC-ee (2ů)

Inert Doublet Model (IDM) 

in scenario with heavy DM 

candidate

BSM mass scale

Disclaimer:

assuming here most

optimistic value of 

28% for expected 

FCC-ee limit on əɚ

[Aiko, Braathen, SK ó23]

+ [Braathen, SK ó19]
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At both ILC-500 and 

FCC-ee limits from 

əɚare much 

stronger than those 

from ũ(hŸɔɔ)!

Blue: ILC-500 (2ů)

Orange: FCC-ee (2ů)




