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Higgs sector
• In SM, there is one iso-doublet scalar field ← Minimality

Higgs sector may take the extended form because there is no 
principle

• LHC data ⇒ Discovered Higgs is SM-like one

• Data do not indicate SM Higgs sector is correct.

Extended Higgs sectors also can explain current data of Higgs boson.

JHEP 1608, 045



Higgs Sector is Window of New Physics !

New physics models

Higgs sectors

require determine

MSSM, Inert DM, loop induce mν, CPV, 
Strong 1st order phase transition, B-L Gauge,
Type-II seesaw、 LR model、…

Φ + 
S (singlet)

Φ + 
Φ (doublet)

Φ +
Δ (triplet)

Φ: Isospin doublet

Experiments

Bottom up

3

Direct searches of second 
Higgs boson
H, A, H+, H++,…

Precision 
measurements of h

First step is determining Higgs sector by bottom up way



How to explore extra Higgs bosons

Direct searches by collider experiments (H, A, H+, …)

 Coupling deviations from SM predictions

hZZ, hWW, hgg, hgg, hgZ, hbb, htt, htt, hhh, …

• Field mixing effects at the tree level
• Loop effects of new particles

Coupling deviations might be detected in the future when 
the data will be more accumulated. 



Precision measurements

Most of the Higgs 
couplings will be 
measured more 
precise accuracy at 
future colliders!!  

Snowmass Higgs 
Working Group Report 
(1310.8361)

Future prospect

Higgs coupling measurements will become a powerful 
procedure to test extended Higgs sectors.



In my talk …

• Two Higgs doublet models, Singlet extension model

• Coupling deviations at tree level 

• One-loop corrections to Higgs boson couplings 

(Renormalization, Remove gauge dependence)

• Fingerprinting Higgs boson couplings

• Summary

Indirect test of extended Higgs sectors by 
precision measurements of discovered Higgs boson couplings



Models 

• Two Higgs doublet models (2HDM)

• Higgs Singlet Model (HSM)



Two Higgs doublet models (2HDMs)

In general, multi-doublet structures cause FCNCs.

Discrete Z2 symmetry 

Φ1→ + Φ1

Φ2→－Φ2

4 types of Yukawa interactions

To avoid FCNCs, Φ1 and Φ2 should have different quantum numbers each other.

Φ1, Φ2 (I=1/2, Y=1/2)

Glashow-Weinberg,  ’77ℒ𝑌 = − ത𝑄𝐿,𝑖 𝜅𝑖𝑗Φ1 + 𝜌𝑖𝑗Φ2 𝑓𝑅,𝑗 + ℎ. 𝑐.



2HDMs : Higgs potential

M2 = 
m3

2

sinβcosβ

Softly broken Z2 sym., CP invariance 

 Field mixing
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Isospin state Mass eigenstate
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𝑣
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𝑣
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Charged component 

CP-even component 

𝑚Φ
2 ≅ 𝜆′𝑣2 +𝑀2

( Φ : H, A, H± ) Mass

h : SM-like Higgs 
(125 GeV)



Higgs singlet model (HSM)

 Mass eigenstates

CP-even states : h, H

h,    H
SM-like Higgs boson Extra Higgs boson

෩𝑀2 = 2𝑚𝑆
2 +12𝜆𝑆𝑣𝑆

2 + 6𝑣𝑆𝜇𝑆

 Mass formulae



 Gauge couplings（hWW, hZZ）

v2 = v1
2+a2v2

2 + …   (v≃246 GeV)

Field mixing VEV sharing

 Yukawa couplings（hｔｔ, hbb, htt, …）

Pattern of deviations strongly depends on Higgs sector
• Representations (Φ, Δ, S, …)
• Number of Higgs fields
• Additional symmetries

Higgs couplings @ tree level 

𝜅𝑉 = sin(β - α) → 1
Alignment limit

2HDMs

𝜅𝑉 = cosα → 1 HSM

2HDM

HSM

κf = sin(β−α) + cotβ cos(β−α)

If f couples to Φ1 
κf =  sin(β－α) − tanβ cos(β−α)

If f couples to Φ2 

𝜅𝑓 = 𝜅𝑉 = cosα → 1 11

𝜅𝑋 ≡
𝑔ℎ𝑋𝑋
𝑔ℎ𝑋𝑋
𝑆𝑀

Scaling factor



Pattern of deviations

There are characteristic deviation pattern in each model at tree level . 

2HDM(tanβ=1.5)
tanβ=
2

tanβ=
3
tanβ=
5
tanβ=1
0
HSM

[ κV = 0.99 ]
[ κV = 0.95 ]

Type-I 2HDM , HSM
(Yukawa scaling factors are universal)4types of 2HDMs

Δ𝜅𝑋 ≡ 𝜅𝑋 −1



Calculations of one-loop corrections



Calculations of one-loop corrections

Involve divergence Absorb the divergence

1. Introduce counter terms
2. Determine explicit forms of counter term
3. Calculate loop diagrams
4. Combine the three parts

Flow to renormalized couplings

We calculate renormalized couplings at the one-loop level by modified on-
shell renormalization scheme. 



Counter terms

𝐻
ℎ

→
1 + 𝛿𝑍𝐻 𝛿𝐶𝐻ℎ + 𝛿𝛼
𝛿𝐶ℎ𝐻 − 𝛿𝛼 1 + 𝛿𝑍ℎ

𝐻
ℎ

Parameter shift ; 

Field shift ; 

𝑇𝜙1
→ 𝑇𝜙1

+ 𝛿𝑇𝜙1 𝑇𝜙2
→ 𝑇𝜙2

+ 𝛿𝑇𝜙2
Tadpole shift ; 
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12

2

9(parameters) + 2(Tadpole) + 6(fields) + 6(field mixing) = 23 

Γℎ𝑍𝑍
𝑇𝑟𝑒𝑒ℎ𝑍𝜇𝑍𝜈 =

2𝑚𝑍
2

𝑣
sin(𝛽 − 𝛼) ℎ𝑍𝜇𝑍𝜈

→
2𝑚𝑍

2

𝑣
sin(𝛽 − 𝛼) 1 +

𝛿𝑚𝑍
2

𝑚𝑍
2 −

𝛿𝑣

𝑣
+ 𝛿𝑍𝑍 +

1

2
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cos 𝛽 − 𝛼

sin 𝛽 − 𝛼
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Counter term formula of hZZ

Ex. >> hZZ



Renormalization conditions

δZh

δmh
2

 On shell conditions 

δCHh
δChH

δv δZZ ; Determined by renormalization in gauge sector

δα

δ －
𝒅

𝒅𝒑𝟐
Π

h H

Composed of gauge boson two-point functions.

h h



Gauge dependence in counter term

It is known that counter terms of mixing angle include gauge dep. 

Nielsen identity

For mass counter term, gauge dependence vanish because i=j. 

For counter terms of mixing angle, gauge dependence remains

𝛿𝛼 ∝ 𝐹ℎ𝐻 𝑚ℎ
2 − 𝐹𝐻ℎ

∗ 𝑚𝐻
2

𝛿𝑚ℎ
2 ∝ 𝑚ℎ

2 −𝑚ℎ
2 ∗ (𝐹ℎℎ 𝑚ℎ

2 + 𝐹ℎℎ
∗ 𝑚ℎ

2 )

N. K. Nielsen (1975).



Pinch technique

Self-energy like

pinching

pinching

Vertex corrs.

Box graphs

Self-energy like

Pinch tech.

We can extract 

“pinch terms”. 

These cancel the δξ

part in 2p functions!

In order to remove gauge dependence from counter terms, we pick 
up pinch terms from scattering amplitude ҧ𝑓𝑓 → ҧ𝑓𝑓.

Π → Π ＋Π

Gauge independent two-point functions

Counter terms can be expressed by gauge independent correlation functions
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Δ𝜅𝑉 ≡
Γℎ𝑉𝑉
𝐻𝑆𝑀 𝑚ℎ +𝑚𝑉

2
, 𝑚𝑉

2 , 𝑚ℎ
2

Γℎ𝑉𝑉
𝑆𝑀 𝑚ℎ +𝑚𝑉

2
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2 , 𝑚ℎ
2
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2, 𝑚𝑓
2, 𝑚ℎ

2

Γℎ𝑓𝑓
𝑆𝑀 𝑚𝑓

2, 𝑚𝑓
2, 𝑚ℎ

2
− 1

Δ𝜅ℎ ≡
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𝐻𝑆𝑀 𝑚ℎ

2 , 𝑚ℎ
2 , 4𝑚ℎ

2
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𝑆𝑀 𝑚ℎ

2 , 𝑚ℎ
2 , 4𝑚ℎ

2 − 1

Γℎ𝑉𝑉
𝐻𝑆𝑀[𝑝1

2, 𝑝2
2, 𝑞2 ] =

p1

p2

q

p1

p2

qΓℎ𝑓𝑓
𝐻𝑆𝑀[𝑝1

2, 𝑝2
2, 𝑞2 ] =

p1

p2

q
Γℎℎℎ
𝐻𝑆𝑀[𝑝1

2, 𝑝2
2, 𝑞2 ] =

We numerically evaluate deviations of 1-loop scaling factors from 1 Δκ.

Tree 1-loop 
vertex 
corrections 

Counter 
terms 

Numerical calculations 



Decoupling behavior 

2HDMs
mΦ = mH = mA = mH+

HSM

ΔκZ = - 2% ΔκZ = - 2%

mH ≲ 1.5 TeV mΦ ≲ 700 GeV

• Coupling deviations indicate new physics scale in each model 

• ΔκX in 2HDMs more quickly reduces compared with case in HSM  



ΔκZ VS Δκτ

One-loop levelTree level

Extended Higgs sectors can be discriminated by 
using characteristic patterns of coupling deviations.

Fingerprinting 



ΔκZ = - 1±0.58%

ΔκZ = - 2±0.58%

Δκb VS Δκτ One-loop levelTree level



ΔκZ VS Δκγ

Even in the region with |κZ| ~ several %, predictions in 2HDMs can be
largely different from those in the HSM because there is H+ loop effect 
in only 2HDMs.   

• hZZ and hγγ deviate to directions 
with the rate 1 : 1 by the mixing 
effect.

HSM

• There is no charged new particle. 
→ Δκγ is made by mixing effects. 

• Mixing effects and singly H+ loop 
contributions modify hγγ

2HDM(Type I)

H+

H+

h



In most of parameter regions except the decoupling limit,
we can discriminate models by using the pattern of deviations in various 
Higgs couplings, even if there is no discovery of new particles.



Summary

 Our purpose is to determine the Higgs sector by comparing future 
precision data of the Higgs boson couplings with the precise 
predictions with radiative corrections in various models. 

hZZ, hWW, hgg, hgg, 
hgZ, hbb, htt, htt, hhh,…

Radiative corrections

Precision 
measurements× Determination of 

the Higgs sector !!

 Fingerprinting ⇒
In most of parameter regions except the decoupling limit, we can 
discriminate models by using the pattern of deviations in various 
Higgs couplings, even if there is no discovery of new particles.



Notice !! 

http://www-het.phys.sci.osaka-u.ac.jp/~kanemu/HCOUP_HP1013/HCOUP_HP.html


