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Introduction
l Properties of the Higgs bosons have been measured at the LHC: 

Masses, hVV couplings, hff couplings,…

Current exp. data are consistent with predictions of the SM.   

l Deviations from the SM may be found in the future collider exp.  

HL-LHC, ILC, CLIC, FCC-ee, CPEC, HE-LHC,FCC-hh,…

The Higgs couplings will be measured with a few % accuracy.   

Can we clarify the shape the Higgs sector with the precise 
measurement of the Higgs observables?

In this talk, we discuss whether we can discriminate various
extended Higgs modes via 1-loop corrected Higgs decay rates. 
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Extended Higgs models

m",m$,m"±, 𝛼, 𝛽,𝑀)Free parameters

Higgs sector
𝛷+ + 𝛷)

𝛷- =
𝑤0

1/ 2� (𝑣 + ℎ0 + 𝑖𝑧0)

m", 𝛼,𝑚<
), 𝜆>	𝜇>

Physical states ℎ,𝐻ℎ,𝐻, 𝐴, 𝐻±

HSMTHDMs Type I, II, X, Y

S = vE + s

𝛷 + 𝑆

( h : 125 GeV Higgs)

(Softly broken Z2 sym., CP conserved)

(i =	1,2)

Higgs coup. , ,
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We focus on 4 types of THDMs and 
the Higgs singlet model (HSM).
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,

(No global sym.  )

(Real singlet)

THDMs

[M.	Aoki,	S.	Kanemura,	K.	Tsumura	and	K.	Yagyu,	PRD80	(2009)	015017]

[V.	D.	Barger,	J.	L.	Hewett	and	R.	J.	N.	Phillips,	PRD41	(1990)	3421]
[Y.	Grossman,	NPB426(1994)355]; [A.	G.	Akeroyd	and	W.	J.	Stirling,
Nucl.	Phys.	B447	(1995)3]



H-COUP 
H-COUP is a program to evaluate Higgs boson couplings at the 1-loop level.

l Model:

Two Higgs Doublet Models (THDMs) Type I, II, X, Y

Higgs singlet model (HSM)

Inert Doublet Model 

l Outputs : Renormalized Higgs 3-point vertex functions ΓIJJ
ΓKLL- (2),	ΓKMM

N (8),	ΓIII,		Γ ℎ → 𝛾𝛾 , Γ(ℎ → 𝑍𝛾),Γ(ℎ → 𝑔𝑔)

Higgs decay rates are evaluated at the 1-loop level  by using 
H-COUP:
Γ ℎ → 𝑓𝑓 ,	 Γ ℎ → 𝑍𝑍∗ → 𝑍𝑓𝑓 , Γ ℎ → 𝛾𝛾 , Γ ℎ → 𝑍𝛾 ,		Γ ℎ → 𝑔𝑔
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[Kanemura,	Kikuchi KS,	Yagyu,	CPC	233	(2018)	134]

[S.	Kanemura,	M.	Kikuchi,	KS,	K.	Yagyu,	PRD96	(2017),035014 ]
l Renormalization scheme: improved on-shell scheme 

Gauge dependence coming from the renormalization for mixing angles 
are removed by the pinch technique. [	F.	Bojarski,	G.	Chalons,	D.	Lopez-Val,	T.	Robens,

JHEP02	(2016)	147.];	[M.	Krause,	R.	Lorenz,	M.	Muhlleitner,		
R.	Santos,	H.	Ziesche,	JHEP	09	(2016)	143.]



Diagrams for h → 𝒁𝒁∗ → 𝒁𝒇𝒇X

with	exp.	data	of	the	Higgs	coupling	in	the	future	collider	experiments,

vertces,

hZZ vertex	correction Self-energy	correction Zff vertex	correction

Box	diagram	correctionhff vertex	correction

𝜅Z[I\\ = sin(𝛽 − 𝛼)
𝜅Z[
I`` = sin 𝛽 − 𝛼 + 𝜉`cos	(𝛽 − 𝛼)

(THDM):

𝐻,𝐴,𝐻±
𝐻, 𝐴, 𝐻±

𝜅Z[I\\ 𝜅Z[I\\

𝜅Z[I\\

𝜅Z[I\\
𝜅Z[I\\

𝜅Z[I\\,𝜅Z[
I``
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(HSM): 𝜅Z[I\\ = 𝜅Z[
I`` = cos	(𝛼)



𝚫𝐑(𝐡 → 𝐛𝐛̅) vs 𝚫𝐑(𝐡 → 𝛕𝛕X) Δ𝑅 h → 𝑋𝑋 =
Γ h → 𝑋𝑋 mJ
Γ h → 𝑋𝑋 >n

− 1

紫400GeV	もうちょっと暗いほうがよい

2000
1500

1000

700

400GeV

・Black line : predictions at the 
tree level (𝑡𝑎𝑛𝛽 = 1,3).

・Color plots : predictions at the 
1-loop level for each model

・A contrast of color : values of 
mass of extra Higgs bosons HSM

→ The upper bounds of mass of extra Higgs can be obtained 
from magnitude of deviations due to theoretical constraints. 

→ 4 types of THDMs are discriminated by pattern of deviations.

[S.	Kanemura,	M.	Kikuchi,	K.	Mawatari,	KS,	K.	Yagyu,]
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ILC250	2σ

HL-LHC	2σ

HL
[K. 𝑚s =



𝚫𝐑(𝐡 → 𝐙𝐙∗) vs 𝚫𝐑(𝐡 → 𝛕𝛕X)

→ HSM can be separated from the THDMs.

→ Type I and Type II can be discriminated in this plane.

Δ𝑅 h → 𝑋𝑋 =
Γ h → 𝑋𝑋 mJ
Γ h → 𝑋𝑋 >n

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

2000
1500

1000

700

400GeV
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HL-LHC	2σ

ILC250	2σ

𝑚s =



Summary

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

→ Magnitude of deviations : Information of the mass of extra Higgs bosons 
can be obtained. 

l We discussed a possibility of discrimination among the HSM and      
4 types of  THDMs with precise measurement of Higgs decay rates.   

l We evaluated the Higgs decay rates at the 1-loop level by utilizing 
H-COUP.
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We need the ILC!



Back up slides



Accuracy of the Higgs couplings measurements

[ATLAS and CMS, JHEP08(2016)045]

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

→ We should evaluate the theoretical predictions including radiative corrections.  

scaling factor: 𝜅J = 𝑔IJJ
uvw. 𝑔IJJ>n⁄

[K. Fujii, et al., arXiv:1710.07621]
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𝚫𝐑(𝐡 → 𝐛𝐛̅) vs 𝚫𝐑(𝐡 → 𝛕𝛕X) [Tree]

Δ𝑅 h → 𝑋𝑋 =
Γ h → 𝑋𝑋 mJ
Γ h → 𝑋𝑋 >n

− 1

For THDMs : 𝑡𝑎𝑛𝛽 = 1

𝑡𝑎𝑛𝛽 = 3

𝑡𝑎𝑛𝛽 = 1,3

𝑡𝑎𝑛𝛽 = 1

𝑡𝑎𝑛𝛽 = 3

𝑡𝑎𝑛𝛽 = 1,3

sin 𝛽 − 𝛼 =

1

0.995
0.99

0.98

0.95

0.995
0.99

0.98

0.95

[S.	Kanemura, K.	Tsumura, K.	Yagyu, H.	Yokoya,	
PRD90 (2014)	075001.]

�R(h ! f ¯f)LO
= (sin(� � ↵)� ⇠f cos(� � ↵))2 � 1
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In this plane, 4 types of THDMs can be distinguished.



Numerical calculations (1-loop)

→

• Constraints : 
Perturbative unitarity, 

S, T parameters
Wrong vacuum condition (for HSM),

• Scan region of input parameters in the THDMs : 

0.95 < sin 𝛽 − 𝛼 < 1, 1 < 𝑡𝑎𝑛𝛽 < 3,	

𝑚s = 400, 700, 1000,	1500,	2000	GeV,	
0 < 𝑀 < 𝑚s

Vacuum stability,

𝑚s = 𝑚� = 𝑚� = 𝑚�± ,

• Scan region for the HSM : 

0.95 < cos 𝛼 	< 1,	
𝑚s = 500, 1000, 2000,	3000,	5000	GeV,	
0 < 𝑚< < 𝑚s, 𝜆< = 𝜇< = 0

We discuss whether or not THDMs and the HSM can be 
distinguished by deviations from the SM in the decay widths.  
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Decoupling	case 2)	 Non-decoupling	case1)

Impact of Loop correction of extra Higgs in hZZ vertex

h

V

V

lhFF

Φ
Approximate	formula（mA,	mH,	mH >>		mh, ）±

�1
hZZ =

2m2
Z

v

8
<

:1�
X

�=A,H,H±

c�
1

6

m2
�

v2

✓
1� M2

m�2

◆2
9
=

;
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sin 𝛽 − 𝛼 = 1, tan𝛽 =1

[S. Kanemura, M. Kikuchi, K. Yagyu Nucl.Phys. B896,80.] [S. Kanemura, M. Kikuchi, K. Yagyu Nucl.Phys. B896,80.]
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constraint	for	THDMs	(Higgs	signal	strength	)

[ATLAS, JHEP1511(2015)206]

𝑐��� = 0.2→ 𝑠��� = 0.98
𝑐��� = 0.3→ 𝑠��� = 0.95

𝑐��� = 0.1→ 𝑠��� = 0.99



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



Status of direct search of extra Higgs
[CMS	PAS	HIG-16-007]l constraint	for	THDMs	(LHC	Run	I,	Summary	plots	by	CMS	)

l Future	prospect	of	excluded	regions	

→ Basically,	for	Type	II	𝑡𝑎𝑛𝛽 < 2,
m" < 380 GeV	are	excluded.

[	Kanemura,	Tsumura,	Yagyu,	Yokoya,	PRD90(2014)075001]	

𝑔

𝑔
𝐻, 𝐴

𝑚�=𝑚�, cos 𝛽 − 𝛼 = 0

𝜏

𝜏

𝜏
𝜏

𝑏

𝑏𝑔

𝑔
𝐻, 𝐴 → In		the	future	exp.

excluded regions	are	spread.



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` =
BRmJ
BR>n	

Definition	of	𝜇`

-25	- 35[%]



Signal	strength	by	ILC	(prospect)	

𝜇` =
BRmJ
BR>n	

Definition	of	𝜇`

ArXiv: 1310.8361



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



Higgs	singlet	model(HSM)
・Higgs	potential

・Mass	eigenstates

Physical	state :h,	H
・Physical	parameters

v,mK,m", , 𝛼,𝑚<
), 𝜆<, 𝜇s>
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Two	Higgs	doublet	model(THDM)

・Higgs	potential

・Mass	eigenstates

Physical	state :h,	H,	A,	H±

・Physical	parameters

v,mK,m",m$,m"±, 𝛼, 𝛽,𝑀)

22



Scaling	factor

THDM	:

𝜅J = ΓIJJmJ ΓIJJ>n⁄

HSM	:
𝜅� = c𝑜𝑠	𝛼)



Definition of form factors for hVV and hff

→

with	exp.	data	of	the	Higgs	coupling	in	the	future	collider	experiments,

vertces,

,

,

hVV:	7	form	factors

hff:	3	form	factors



Another	tools

Prophecy4f :
arXiv:1710.07598

RECOLA2 : arXiv:1711.07388

・ Model: THDMs, HSM

・ Model: THDMs, HSM

・ h	→	WW/ZZ	→	4	fermions

・ Calculation to NLO amplitude



Other plot



𝚫𝐑(𝐡 → 𝐛𝐛̅) vs 𝚫𝐑(𝐡 → 𝛕𝛕X)

→ Type X and Y can be discriminated from other models.
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Δ𝑅 h → 𝑋𝑋 =
Γ h → 𝑋𝑋 mJ
Γ h → 𝑋𝑋 >n

− 1

紫400GeV	もうちょっと暗いほうがよい

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

HSM

2TeV
1.5TeV

1TeV

700GeV

400GeV

★ ★

ILC250	(2σ) [K. Fujii, et al., arXiv:1710.07621]

Signal	strength	(LHC	run	I)



𝚫𝐑(𝐡 → 𝐙𝐙∗) vs 𝚫𝐑(𝐡 → 𝛕𝛕X)

→ HSM can be separated from the THDMs.

15/16

→ Type I and Type II can be discriminated in this plane.

Δ𝑅 h → 𝑋𝑋 =
Γ h → 𝑋𝑋 mJ
Γ h → 𝑋𝑋 >n

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

2TeV
1.5TeV

1TeV

700GeV

400GeV

500GeV1TeV

2TeV
3TeV

5TeV

ILC250	(2σ) [K. Fujii, et al., arXiv:1710.07621]

Signal	strength	(LHC	run	I)



𝚫𝐑(𝐡 → 𝜸𝜸) vs 𝚫𝐑(𝐡 → 𝛕𝛕X)

→ Type X and Y can be discriminated from other models.
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Δ𝑅 h → 𝑋𝑋 =
Γ h → 𝑋𝑋 mJ
Γ h → 𝑋𝑋 >n

− 1

紫400GeV	もうちょっと暗いほうがよい

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

ILC250	(2σ) [K. Fujii, et al., arXiv:1710.07621]

Signal	strength	(LHC	run	I)



𝚫𝐑 𝐡 → 𝐜𝒄X vs 𝚫𝐑 𝐡 → 𝛕𝝉X

→ Type I and Type II can be discriminated in this plane.

[S.	Kanemura,	M.	Kikuchi,	K.	Mawatari,	KS,	K.	Yagyu]
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Δ𝑅(ℎ → 𝑍𝑍∗) vs 𝑆𝑖𝑛(𝛽 − 𝛼)
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tan𝛽 vs 𝑆𝑖𝑛(𝛽 − 𝛼)
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Renormalization of scalar sector



Renormalization of Higgs sector

• Parameters	in	Higgs	potential	：
v, mh , mH ,  mA ,  mH± ,  M2 , α, β

→We obtain 20 counter terms :

8

• Fields	of	Higgs	sector	： 6

h,			H± ,		H,			A,		G0 ,	G±

• Shift	of	parameters	:

mΦ →	mΦ +	δmΦ ,
（Φ=	h,	H±,	H,	A）

M	→	M	+	δM,

34

We have used improved on-shell scheme renormalization in calculations 
for Higgs boson couplings at the 1loop level.

l We introduce counter terms

α	→	α	+	δα, β → β + δβ,

v, 𝛿𝑚s
) , 𝛿𝑀), 𝛿𝛼, 𝛿𝛽, 𝛿𝑍s, 𝛿𝐶s�s� (Φ = ℎ,𝐻, 𝐴, 𝐻�, 𝐺�, 𝐺±)
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[S. Kanemura, M. Kikuchi, KS, K. Yagyu, 
PRD96,035014]



δmΦ : (	Φ =h,	H	,	A	,	H± )

δZΦ :

l We set following on shell conditions :

Π�0� 𝑞) ≡ 1PI 1PI+𝑖 𝑗
𝑖 𝑗ℎ, 𝐻

⇧̂�1�2(m
2
�1
) = ⇧̂Hh(m

2
�2
) = 0

<latexit sha1_base64="DXgjZLxEZDhaczPheJ3S6L4ZGxw="></latexit><latexit sha1_base64="DXgjZLxEZDhaczPheJ3S6L4ZGxw="></latexit><latexit sha1_base64="DXgjZLxEZDhaczPheJ3S6L4ZGxw="></latexit><latexit sha1_base64="DXgjZLxEZDhaczPheJ3S6L4ZGxw="></latexit>

δα, δβ,	δCΦ1Φ2 :

δv : This	counter	term	is	determined	in	gauge	sector.

δM : This	counter	term	is	determined	by	minimal	subtraction

(	Φ =h,	H	,	A	,	H± ,G± ,G0)

(	Φ1,	Φ2 =h,	H	,	A	,	H± ,G± ,G0)

In this way, with above 20 renormalization conditions, all counter 
terms are determined.
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Gauge dependence on mixing parameters 

l for renormalization of scalar mixing parameters 𝛿𝛼, 𝛿𝛽
originally, We had used ordinary on-shell scheme. 

l Renormalized Higgs observables in ordinal on-shell 
scheme possess a gauge dependence through 𝛿𝛼, 𝛿𝛽.
[ M. Krause, R. Lorenz, M. Muhlleitner, R. Santos, H. Ziesche, JHEP 09 (2016) 143 ]

l We have removed this gauge dependence by using the
pinch technique.

17/33

[J. Papavassiliou, PRD50, 5958]



Nielsen identity	:

𝜕£Π0� 𝑞) = 𝑞) −𝑚0
) Λ0 𝑞) + 𝑞) −𝑚�) Λ� 𝑞)

Λ0 𝑞) , Λ� 𝑞) : sum	of	loop	function

[N.	K.	Nielsen,	NPB101	(1975)	173,	Y.	Yamada,	PRD64(2001)036008]

ex.1) 𝛿𝑚I
) (the counter term of the Higgs boson mass 𝑚I

) )

𝛿𝑚I
) = ΠII(𝑚I

))

𝜕£(𝛿𝑚I
)) = 0

Gauge dependence on the counter terms
Π0� 𝑞) ≡ 1PI 1PI+𝑖 𝑗

𝑖 𝑗ℎ, 𝐻

From the Nielsen identity 𝑞) = 𝑚I
), m-

) = mN
) = mK

)
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Nielsen identity	:

𝜕£Π0� 𝑞) = 𝑞) −𝑚0
) Λ0 𝑞) + 𝑞) −𝑚�) Λ� 𝑞)

Λ0 𝑞) , Λ� 𝑞) : sum	of	loop	function

𝛿𝛽 = −
1

2𝑚�
) [Π�¦§ 𝑚$

) + Π�¦§(0)]

𝜕£ 𝛿𝛽 ≠ 0

Appling to the Nielsen identity  

ex.2)	𝛿𝛽 (the	counter	term	of	the	mixing	angle	𝛽 )

Gauge dependence on the counter terms
Π0� 𝑞) ≡ 1PI 1PI+𝑖 𝑗

𝑖 𝑗ℎ, 𝐻

𝜕£(𝛿𝛽) = −
1

2𝑚�
) [ 𝑚$

) − 0 Λ¦ 0 +	(0 − 𝑚�
))Λ� 0 ]

With the same argument, we can also find 𝜕£ 𝛿𝛼 ≠ 0
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[N.	K.	Nielsen,	NPB101	(1975)	173,	Y.	Yamada,	PRD64(2001)036008]



Gauge dep. for Higgs 3point vertex

=	−2ª«
�

¬
sin	(𝛽 − 𝛼)

=	−2ª«
�

¬
	[s���(

­ª«
�

ª«
� + 𝛿𝑍\ +

+
)
𝛿𝑍I −

­¬
¬
) 	+ c���(𝛿𝛽 + 𝛿𝐶I)]

= +h

Z

Z

S

S
V

V

V

S +
S

S
S +	…

tree
level

1-loop
level

counter	
term

hZZ : + +h

Z

Z
Tree	level 1-loop	level Counter	term

1PI

1PI

EX.) renormalized hZZ vertex
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+

++

+

ℳ<u¯` =

ℳ¬u°±
w0²³I ∋

ℳµ¶v
w0²³I ∋

ℳ·¸¬u
w0²³I ∋

h/H h/H

𝑢

𝑢X

𝑢X

𝑢

𝐴 𝐺� 𝐴 𝐴 𝐺� 𝐺�

A/𝐺� A/𝐺�

𝑍

𝑍h/𝐻

h/𝐻

𝑍
A/𝐺�

Pinch technique

+ +
h/𝐻

A/𝐺� A/𝐺�
h/𝐻

𝑍

𝑍

𝑍
h/𝐻

h/𝐻
+	…

I demonstrate that 𝜉\ dependence for Π�¦ 𝑞) are removed.
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Toy	process	:	u𝑢X → 𝑢𝑢X

+ +

++

+ +

ℳ<u¯` =

ℳ¬u°±
¼½ =

ℳµ¶v
¼½ =

ℳ·¸¬u
¼½ =

𝑢

𝑢X

𝑢X

𝑢

ℎ 𝐻 ℎ ℎ 𝐻 𝐻

ℎ/𝐻 ℎ/𝐻 ℎ/𝐻

ℎ/𝐻
¾

¾£¿
(ℳ<u¯` +ℳ¬u°±

¼½ +ℳµ¶v
¼½ +ℳ·¸¬u

¼½ )	=0

ℳ¬u°±
¼½ ,ℳµ¶v

¼½ ,ℳ·¸¬u
¼½ ∶ Pinch	term

We	obtained	the	gauge	invariant	ΠI� ,
adding	the	pinch	terms

+

++

+ +

𝑢X 𝑢

ℎ 𝐻 ℎ ℎ 𝐻

ℎ/𝐻 ℎ/𝐻

ℎ/𝐻

WE

𝑊
𝐺±

1
𝑝Æ − 𝑚Æ

𝑘

/

𝛾È𝑘È = 𝑝Æ −𝑚Æ − (𝑝Æ − 𝑘 −𝑚Æ)/ //

Derivative	coupling	or	W	boson	propagator

Wff coupling

Pinch technique

Pinching

Original	diagram Pinch	term
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+

++

+

ℳ<u¯` =

ℳ¬u°±
w0²³I ∋

ℳµ¶v
w0²³I ∋

ℳ·¸¬u
w0²³I ∋

h/H h/H

𝑢

𝑢X

𝑢X

𝑢

𝐴 𝐺� 𝐴 𝐴 𝐺� 𝐺�

A/𝐺� A/𝐺�

𝑍

𝑍h/𝐻

h/𝐻

𝑍
A/𝐺�

Pinch technique

+ +
h/𝐻

A/𝐺� A/𝐺�
h/𝐻

𝑍

𝑍

𝑍
h/𝐻

h/𝐻
+	…

I demonstrate that 𝜉\ dependence for Π�¦ 𝑞) are removed.
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+

++

+

ℳ<u¯` =

h/H h/H

𝑢

𝑢X

𝑢X

𝑢

𝐴 𝐺� 𝐴 𝐴 𝐺� 𝐺�

A/𝐺� A/𝐺�

𝑍

𝑍h/𝐻

h/𝐻

𝑍
A/𝐺�

I demonstrate that 𝜉\ dependence for Π�¦ 𝑞) are removed.

+ +
h/𝐻

A/𝐺� A/𝐺�
h/𝐻

𝑍

𝑍

𝑍
h/𝐻

h/𝐻
+	…

¾
¾£«

(ℳ<u¯` +ℳ¬u°±
¼½ +ℳµ¶v

¼½ +ℳ·¸¬u
¼½ )	=0

We obtained the gauge invariant Π�¦ ,
by adding the pinch terms

Pinch technique

ℳ¬u°±
w0²³I ∋

ℳµ¶v
w0²³I ∋

ℳ·¸¬u
w0²³I ∋
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