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Introduction

SM

New Physics

BSM Phenomena
-Tiny neutrino masses 
-Dark matter
-Baryon asymmetry, …

Origin of EWSB
-SUSY
-Composite Higgs
-Extra Dimension, …

“Synergy” is important to determine the structure of the Higgs sector!

Ext. Higgs sector

Direct searches for extra Higgs Precision measurements of h(125)
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Keywords: Alignment/Decoupling

Mass

Alignment limit 

Decoupling limit 

・Direct Searches

(Near) alignment without decoupling scenario becomes important. 

Theoretically not allowed

SM-likeness of h(125) 

SM-limit

Excluded

・Precise Higgs 
measurements

HL-LHC, 
ILC, etc.

Motivated 
by EWBG

Kanemura, Kiyoura, Okada, 
Senaha, Yuan (2003)
Fromme, Huber, Seniuch (2006)
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 Higgs basis

tanβ = v2/v1

NG boson

CP-even Higgs CP-odd Higgs

Charged Higgs

125 GeV Higgs

Davidson, Haber PRD71 (2005)

 Higgs boson masses

mh
2 ~ λv2,   mΦ

2 ~ M2 + λʼv2 (Φ = H±, A, H)

 Alignment limit: 

 Decoupling limit: 

Alignment/Decoupling in the 2HDM
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Higgs boson couplings

 Z2 invariant Lagrangian in the Higgs basis

SM-like terms 
(incl. gauge/fermion masses)

Additional terms
(no mass term)
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Higgs boson couplings
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Higgs boson couplings

SM-like terms 
(incl. gauge/fermion masses)

Additional terms
(no mass term)

h1ʼ
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W/Zv

h2ʼ
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Z

f

f

h1ʼ

f

f

h2ʼ

ξu ξd ξe

Type-I cotβ cotβ cotβ

Type-II cotβ -tanβ -tanβ

Type-X cotβ cotβ -tanβ

Type-Y cotβ -tanβ cotβ

 Z2 invariant Lagrangian in the Higgs basis
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Fingerprinting the Higgs sector
Kanemura, Kikuchi, Sakurai, Mawatari, KY, PLB714, 140-149 (2018)

HCOUP:Ver. 1
Kanemura, Kikuchi, Sakurai, KY (2017)

HCOUP:Ver. 2
Kanemura, Kikuchi, Sakurai, Mawatari, KY (2019)
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Higgs to Higgs Decays

Alignment limit

Type-I 2HDM with mH = mA = mH+ = M = 400 GeV, tanβ = 10

H → hh, A → Zh becomes important in near alignment region.

Computed by H-COUP v3-β , Aiko, Kanemura, Kikuchi, Mawatari, Sakurai, Yagyu
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Exploring the Higgs sector
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Exclude by direct 
searches at LHC

Exploring the Higgs sector

Mass

Alignment limit 

Decoupling limit 

Theoretically not allowed

SM-likeness of h(125) 

SM-limit

Excluded

Prec. measurement at ILC

Narrowing down by “Synergy”
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“New No Loose Theorem”



Current bound at LHC
Aiko, Kanemura, Kikuchi, Mawatari, Sakurai, KY (2020)

mΦ [GeV]

Type-I
Cross section: SusHi v1-7-0 
Harlander, Liebler, Mantler

BR:H-COUP v3-β :Aiko, Kanemura, Kikuchi, 
Mawatari, Sakurai, Yagyu
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Future expected bound at HL-LHC

mΦ [GeV]

Type-I
Cross section: SusHi v1-7-0 
Harlander, Liebler, Mantler

BR:H-COUP v3-β :Aiko, Kanemura, Kikuchi, 
Mawatari, Sakurai, Yagyu

Aiko, Kanemura, Kikuchi, Mawatari, Sakurai, KY (2020)
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Synergy between HL-LHC and ILC

Cross section: SusHi v1-7-0 
Harlander, Liebler, Mantler

BR:H-COUP v3-β :Aiko, Kanemura, Kikuchi, 
Mawatari, Sakurai, Yagyu

mΦ [GeV]

Type-I
Aiko, Kanemura, Kikuchi, Mawatari, Sakurai, KY (2020)
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Excluded by perturbative unitarity 
and/or vacuum stability



Type-I               Type-II             Type-X              Type-Y

sin(β-α) = 1

sin(β-α) = 0.995

sin(β-α) = 0.99

sin(β-α) = 0.98

Aiko, Kanemura, Kikuchi, Mawatari, Sakurai, KY (2020) 11/13



Higgs to Higgs Decay @ 1-loop

・2HDM type-I, tanβ = 2, mH = mA = mH+ = 500 GeV, cos(β-α) > 0

 Decay BR of H → hh at one-loop level.   

Large corrections can appear due to the non-decoupling effects.   

Φ = H, A and H+

tree

1-loop

Allowed by perturbative unitarity & vacuum stability
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Aiko, Kanemura, Kikuchi, Mawatari, Sakurai, KY: HCOUP Ver. 3, Preliminary



Summary

 From synergy between LHC direct searches and ILC precise measurements, wide 
region of the parameter space can be explored. 

mΦ [GeV]

 (Near) alignment without decoupling region is getting important. 

 In the near alignment region, Higgs to Higgs decays become important, and 
the new no loose theorem gives upper limit on the mass of extra Higgs bosons.
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 1-loop corrections to H → hh can be sizable, so that 
it should be included. 


