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Introduction
l The Higgs boson was discovered at the LHC  in 2012.

l But, the structure of the Higgs sector is still unknown. 

→ The SM has been established as a low energy effective theory.

• Number of Higgs, its multiplets
• Symmetry of the Higgs potential
• Nature of the Higgs boson (elementary or composite )
• etc.
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Φ+Φ+…
Φ+ S

Φ + Δ

MSSM
Composite Higgs

Radiative Seesaw 

Electroweak baryogenesis

Extended Higgs sectorsNew physics models

etc.

Type-II	seesaw

l New physics models often predict specific Higgs sectors.

→ It is important to determine the shape of the Higgs sector.   
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l There are possibilities	of Higgs sectors extended from the SM.

Φ+ S	(Singlet), Φ + Φ (Doublet),	Φ+ Δ (triplet),	…

→ Shape of Higgs sector closely relates to new physics models.   



Test of the Higgs sector

→We focus on indirect searches of the Higgs observables. 

couplings, decay rates, production cross section, …
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l There are two approaches with collider experiments. 

• Direct searches      ( 𝐻,𝐴,𝐻±,… ) 

• Indirect searches   (Discovered Higgs observables,…)

									



Test of the Higgs sector

→We focus on indirect searches of the Higgs observables. 

couplings, decay rates, production cross section, …

l In the extended Higgs sectors, predictions of Higgs 
observable deviate from the SM.

• A pattern of deviations is different in each model.

→ Various extended Higgs sectors can be discriminated
with pattern of deviations. 
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l There are two approaches with collider experiments. 

• Direct searches      ( 𝐻,𝐴,𝐻±,… ) 

• Indirect searches   (Discovered Higgs observables,…)

									



Measurement accuracy of the Higgs couplings

[ATLAS and CMS, JHEP08(2016)045]

Current data (LHC Run I) Future prospect (HL-LHC, ILC )

• At the HL-LHC and the ILC, the Higgs coup. will be measured with better accuracy . 

• We should perform calculations including radiative corrections.  

scaling factor: 𝜅, = 𝑔/,,
012. 𝑔/,,45⁄
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[K. Fujii, et al., arXiv:1710.07621]



H-COUP project

• We have calculated the Higgs couplings included electroweak 
radiative correction in various extended Higgs models. 

Precise predictions
of Higgs observables

Determination of shape of the Higgs sector

Comparing

HL-LHC , ILC,
CLIC, FCC-ee, etc.

• We constructed the computation program called H-COUP.

Φ+ S ,Φ+Φ,Φ + Δ,	etc.

Precision data in 
future collider exp.

Extended Higgs models
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• H-COUP version 1.0 is released.
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[	http://www-het.phys.sci.osaka-
u.ac.jp/~kanemu/HCOUP_HP101
3/HCOUP_HP.html ]



l Higgs Singlet Model (HSM)

l Two Higgs Doublet Models (THDMs)

l Inert Doublet Model (IDM)

H-COUP [S.	Kanemura,	M.	Kikuchi,	KS,	K.	Yagyu,	arXiv:1710.04603]

H-COUP is a Fortran 90 program to compute the renormalized Higgs  
couplings at the 1-loop level in various extended Higgs models. 

Model:

I,	II,	X,	Y)

• Exact Z2 sym.

• 𝛷 + 𝑆 (singlet)

• 𝛷9 + 𝛷:(doublet)

• 𝛷 + 𝜂 (doublet)

• Softly broken Z2 sym. 4 types of Yukawa int. : Type –I, II, X, Y
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[V.	D.	Barger,	J.	L.	Hewett,	R.	J.	N.	Phillips,	Phys.	Rev.	D41 (1990)	3421]



Output: 9/15

l Renormalized Higgs boson vertices hff, hVV and hhh at the 1-loop level

EX.) hff

• Renormalized 8 form factors are computed by on shell scheme 

• hVV → 3 form factors

l Also, loop induced decay rate ℎ → 𝛾𝛾, ℎ → 𝛾𝑍 and ℎ → 𝑔𝑔	at the 1-loop level

• hhh → 1 form factor 

Input:
EX.) THDM : 7 free parameters

𝑣 = 246GeV , 𝑚/ = 125GeV , 𝑚J,	𝑚K ,𝑚J±, 𝑀, sin 𝛽 − 𝛼 , tan𝛽,	Sign	(cos(𝛽 − 𝛼))	

α:	Mixing	angle	of	CP-even	Higgs

β:	Mixing	angle	of	CP-odd	Higgs



Application of H-COUP ver. 1.0
• Higgs boson vertices  are not physical quantities.
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• It is not directly compared with the exp. data.

→ We calculated the Higgs decay rates at the 1loop level by H-COUP : 

→

Γ ℎ → 𝑓𝑓 ,	 Γ ℎ → 𝑍𝑍∗ → 𝑍𝑓𝑓 , Γ ℎ → 𝛾𝛾 , Γ ℎ → 𝑍𝛾 ,		Γ ℎ → 𝑔𝑔

EX.)		ℎ → 𝑓𝑓

, These are calculated by H-COUP ver.1.0 

,

Δ𝑟 :	Weak	correction	to	𝐺\



Numerical calculations
We discuss a possibility of discrimination among various extended 
Higgs models with the deviations from the SM in the decay widths.  
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→
• Model 

• Constraint 
Perturbative unitarity, 

S, T parameters

Wrong vacuum condition (for HSM),

• Scan region of input parameters in the THDMs 

0.9 < sin 𝛽 − 𝛼 < 1, 1 < 𝑡𝑎𝑛𝛽 < 3,	

𝑚d = 300, 500,700, 1000 GeV,	 0 < 𝑀: < 𝑚d

HSM,   THDM Type-I, THDM Type-II, THDM Type-X, THDM Type-Y

Vacuum stability,

𝑚d = 𝑚J = 𝑚K = 𝑚J± ,



Δ𝑅(ℎ → 𝑏𝑏h) vs ΔR(ℎ → 𝜏𝜏̅)

→ Type X and Y can be discriminated  from other models.

→ the upper bounds of mass of extra Higgs can be obtained 
from magnitude of deviations. 
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Δ𝑅 h → 𝑋𝑋 =
Γ h → 𝑋𝑋 n,
Γ h → 𝑋𝑋 45

− 1
[S.	Kanemura,	M.	Kikuchi,	K.	Mawatari,	KS,	K.	Yagyu,	Preliminary]



Δ𝑅(ℎ → 𝑍𝑍∗) vs ΔR(ℎ → 𝜏𝜏̅)

→ Also, HSM can be separated from the THDMs .
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→ Type I and Type II can be discriminate in this plane.

Δ𝑅 h → 𝑋𝑋 =
Γ h → 𝑋𝑋 n,
Γ h → 𝑋𝑋 45

− 1[S.	Kanemura,	M.	Kikuchi,	K.	Mawatari,	KS,	K.	Yagyu,	Preliminary]



Δ𝑅(ℎ → 𝛾𝛾) vs ΔR(ℎ → 𝜏𝜏̅) 14/15

[S.	Kanemura,	M.	Kikuchi,	K.	Mawatari,	KS,	K.	Yagyu,	Preliminary]

• The behavior is similar to the correlation between Δ𝑅(ℎ→𝑍𝑍∗) vs ΔR(ℎ→𝜏𝜏 ) 

• Even if sign of cos(β-α) is scaned, some regions of 
predictions in each model are not overaped

By	investigating	various	correlations	of	deviations,	we	could	discriminate all		the	models



Summary

→ Pattern of deviations : HSM and 4 types of 2HDMs can be discriminated. 

→ Magnitude of deviation: Information of the mass of extra Higgs boson 
can be obtained. 

l Higgs sector could be tested by precision measurement of 
the Higgs observables.

l We discussed a possibility of discrimination among HSM  and     
4 types of the THDM with the deviations from the SM.  

l We calculated the Higgs decay widths at the 1-loop level
by using H-COUP ver. 1.0.

15/15



back up



constraint	for	THDMs	(Higgs	signal	strength	)

[ATLAS, JHEP1511(2015)206]



Constraint	of	direct	search	(HSM)
[T. Robens, T. Stefaniak, Eur.	Phys.	J.	C	(2016)	76:268] LHC	Run	II



Constraint	of	direct	search	(THDM)

[ATLAS,	arXiv:1712.06386][ATLAS	,Eur.Phys.J.	C78	(2018)	24]

At	LHC	Run	II

final	state:	eνμν

ℓ:	e,	μ



Signal	strength(	current	data)	
JHEP08,045

𝜇\ =
BRn,
BR45	

Definition	of	𝜇\



Signal	strength	by	ILC	(prospect)	

𝜇\ =
BRn,
BR45	

Definition	of	𝜇\

ArXiv: 1310.8361



Constraint	from	flavor	experiments
arXiv:1706.07414v1A. Arbey, F. Mahmoudi,O. Stal T. Stefaniak 



For	example:	renormailzed htt coupling

htt : 1PI+ +
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tree	level 1-loop	level counter	term

1PI =

𝛿𝑚y, 𝛿𝑣, 𝛿𝛼,	𝛿𝜉/u,	𝛿𝑍/, 𝛿𝑍y, 𝛿𝐶/counter	term	parameters	:

these	are	determined	by	relevant	renormalization	conditions.

+h

t

t

S

S
F

V

V
S +

F

F
S +	…

𝜉/u = sin 𝛽 − 𝛼 + 𝑐𝑜𝑡𝛽cos	(𝛽 − 𝛼)

𝛼	:	mixing	angle	for	CP-even	Higgs	H,h
𝛽	:	mixing	angle	for	CP-odd	Higgs	A,G0

tree
level

1-loop
level

counter	
term
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Higgs	singlet	model(HSM)
・Higgs	potential

・Mass	eigenstates

Physical	state :h,	H
・Physical	parameters

v,m�,m�, , 𝛼,𝑚�
:, 𝜆�, 𝜇d4
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Two	Higgs	doublet	model(THDM)

・Higgs	potential

・Mass	eigenstates

Physical	state :h,	H,	A,	H±

・Physical	parameters

v,m�,m�,m�,m�±, 𝛼, 𝛽,𝑀:

26



Scaling	factor(1)

THDM	:
𝜅, = 𝑔/,,n, 𝑔/,,45⁄

HSM	: 𝜅� = c𝑜𝑠	𝛼

𝜅\ = c𝑜𝑠	𝛼

Γ ℎ → 𝑉𝑉∗ n,.

Γ ℎ → 𝑉𝑉∗ 45
~𝜅�:

Γ ℎ → 𝑓𝑓 n,.

Γ ℎ → 𝑓𝑓 45
~𝜅\:

𝜅� = sin(𝛽 − 𝛼)

𝜅\ = sin 𝛽 − 𝛼 + 𝜉\cos	(𝛽 − 𝛼)



Scaling	factor

THDM	:

𝜅, = Γ/,,n, Γ/,,45⁄

HSM	:
𝜅� = c𝑜𝑠	𝛼:



Procedure	of	prescription	of	renormalization

,

(	i =	1,2,3, …	)

１.	Count	number	of	parameters	and	fields	in	Lagrangian.

2.	Shift	parameters	and	fields	to	introduce	counter	terms	
as	same	number	these.

3.	Impose	only	as	many	renormalization	conditions	as	
number	of	counter	terms	to	determine	these	counter	terms.

→	Any	observables	can	be	renormalized.

29



Introduction	of	counter	terms(IDM)

● Parameters	of	Higgs	potential	：
Th mh mH mA mH± μ２ λ２

● Counter	terms	:
δTh δmh δmH δmA δmH± δμ２ δλ２ δZh δZH δZA δZH+	

7

11

● Fields	of	Higgs	sector	：4

h			H± H			A			
● Shift	of	parameters	:

mΦ →	mΦ +	δmΦ

Φ→	Φ+ZΦΦ/2

（Φ=	h,	H±,	H,	A）

Th →	0	+	δThμ2 →	μ2 +	δμ2

λ2 →	λ2 +	δλ2

30



δmΦ :

(at	Φ =H	,	A	,	H± )

δZΦ :

δμ２ :

δλ２ :

δTh :

δmh :

δZh :

Renormalization	conditions(IDM)
(	On-shell	renormalization	)

It	is	determined	to	cancel	a	divergence	at	a	scalar	triinear coupling		such	as	hHH.

It	is	determined	to	cancel	a	divergence	at	a	scalar	quartic	coupling		such	as	HHHH.
31
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Structure of H-COUP
HSM, THDMs, IDM

𝑚J,𝑚K,𝑚J±, s���, 𝑡𝑎𝑛𝛽,	sign	(𝑐���)	If THDM : 

Perturbative unitarity, Vacuum stability, S, T parameters

hff (8), hVV (3), hhh (1) , etc.

Run the program





Other plot



Δ𝑅(ℎ → 𝑏𝑏h) vs ΔR(ℎ → 𝜏𝜏̅)
12/14

Δ𝑅 h → 𝑋𝑋 =
Γ h → 𝑋𝑋 n,
Γ h → 𝑋𝑋 45

− 1
[S.	Kanemura,	M.	Kikuchi,	K.	Mawatari,	KS,	K.	Yagyu,	Preliminary]

LHC	Run	I	current	data	(2σ)	

★ ★



Δ𝑅(ℎ → 𝑍𝑍∗) vs ΔR(ℎ → 𝜏𝜏̅)
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Δ𝑅 h → 𝑋𝑋 =
Γ h → 𝑋𝑋 n,
Γ h → 𝑋𝑋 45

− 1[S.	Kanemura,	M.	Kikuchi,	K.	Mawatari,	KS,	K.	Yagyu,	Preliminary]

LHC	Run	I	current	data	(2σ)	



Δ𝑅(ℎ → 𝑍𝑍∗) vs 𝑆𝑖𝑛(𝛽 − 𝛼)
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tan𝛽 vs 𝑆𝑖𝑛(𝛽 − 𝛼)
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