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Introduction
• Iso-doublet exists. → Extension to Two Higgs doublets is natural 

• 2HDM-II (2HDM with discrete symm.)
– Motivated by SUSY
→ So far, there is no indication of SUSY particles @ LHC

– Tree level Flavor Changing Neutral Couplings are forbidden by discrete sym.

• In general 2HDM, ഥ𝑓𝑖𝜌𝑖𝑗Φ2𝑓𝑗 interaction appears

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

→ ad hoc Z2 symm. “artificially” restricts Y-matrices too much.

It is important to determine the form of additional Yukawa 
interactions (ρ𝒊𝒋) not by ad hoc symmetry, but by experiments 
(bottom up) !! 
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In my talk

LCC Physics Working Group, 1506.05992

• Explore extra Yukawa couplings 
using hZZ measurement

• Summary

• Calculate EW radiative corrections 
to hZZ in General 2HDM

• Properties of radiative corrections
• Future precision measurements can explore larger parameter space
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General 2HDM 
• General Higgs potential 

• Basis

• Mass eigenstates 

Φ =
𝐺+

1

2
(𝜙1 + 𝑣 + 𝑖 𝐺0)

Φ′ =
𝐻+

1

2
(𝜙2 + 𝑖 𝐴)

𝜙1
𝜙2

=
cos 𝛾 − sin 𝛾
sin 𝛾 cos 𝛾

𝐻
ℎ

v ≃ 246 GeV 

• Alignment limit ;  sin(−𝛾) → 1

• Decoupling limit ;  

Decoupling limit is the special case 
of alignment limit. 
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In 2HDM-II case, 
g → b - a



Yukawa interaction

• 𝜅𝑖𝑗 → Diagonalized mass matrix of fermion

ℒ𝑦 = − ത𝑄𝐿,𝑖 𝜅𝑖𝑗෩Φ + 𝜌𝑖𝑗෪Φ
′ 𝑢𝑅,𝑗 + ℎ. 𝑐. + down quark part + (lepton part)

• 𝜌𝑖𝑗 can have non-diagonal components 
𝜌𝑖𝑗 𝑖 ≠ 𝑗 cause FCN processes 
(FCN processes including ρtc are interesting processes (t→ch). )

• Some components are still allowed to be O(1).

ρtt
Bd,s mixing

B → Xs ɤ

If ρbb ≃ 0, ρct ≃ 0  , ρtt can be O(1). 5/11Altunkaynak, Hou, Kao, 
Kohda, McCoy (2015)

Vtb ρtt*

Vts* ρtt

b          t             s

Vts* ρtt Vtb ρtt*

t

Vts* ρtt

Vtb ρtt*



In our numerical calculations

𝜅𝑉 ≡
Γℎ𝑉𝑉
2HDM 𝑚ℎ +𝑚𝑉

2
, 𝑚𝑉

2 , 𝑚ℎ
2

Γℎ𝑉𝑉
SM 𝑚ℎ +𝑚𝑉

2
, 𝑚𝑉

2 , 𝑚ℎ
2

Renormalized scaling factor ;

p1

p2

q
Δ𝜅𝑉 ≡ 𝜅𝑉 − 1

We numerically evaluate renormalized scaling factor of hZZ. 
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Γℎ𝑍𝑍
2HDM[𝑝1

2, 𝑝2
2, 𝑞2 ]  =

p1

p2

q

Tree
1-loop vertex 
corrections Counter terms 



Properties of one-loop hZZ
Approximate formula in                                      limit

Tree contribution

Bosonic loop contribution

ρtt (~O(1)) 
contribution

Dominant contribution in 
fermionic loop

ρij (i≠j) cont. ;  subdominant  
because they have higher power of cos 𝛾 suppression

sin(−𝛾) → 1

ρii (except i=t) cont. ;  subdominant  
because they are suppressed by mf/v 7/11



Sign of loop contributions
Approximate formula in                                         limit

Tree contribution

Bosonic loop contribution

Top ρtt contribution

Negative ↓

Depend on sign of ρtt cos 𝛾

Sign of loop contributions

ρtt cos 𝛾 > 0  : Negative ↓
ρtt cos 𝛾 < 0 : Positive ↑

If ρtt cosγ < 0, ∆loop
bosonic and ∆loop

𝜌𝑡𝑡 can cancel out each other, so that κZ ≃ 1  
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Δloop
ρtt cos 𝛾 > 0

• Δloop is always negative

ρtt cos 𝛾 < 0

• Total loop effect can increase
hZZ by ρtt effect. 
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Δloop decouples in large mass limit.



ρtt dependence of ΔκZ (Illustration) 

Positive deviation in hZZ can 
be realized by ∆loop

𝜌𝑡𝑡

Suppose that the ΔκZ is measured
at  center value +1.5% at ILC  

It can be a probe of ρtt in general 2HDM

|ρtt|< 0.6 (mH = 500 GeV)
|ρtt|< 0.9 (mH = 1 TeV)

Measurement uncertainties (1σ)
HL-LHC :   2 %
ILC (250+500)  :  0.5%

10/11



Summary

• In General 2HDM, extra Yukawa ρtt is still allowed to be O(1)

• Explore ρtt effect in precision measurement of hZZ

⇒ Calculate hZZ by on-shell renormalization 

• ρtt loop effect can cancel against bosonic loop effect for ρtt cos 𝛾 < 0

⇒ Only ρtt loop can increase hZZ from SM
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Can probe ρtt coupling in General 2HDM 



Extra !

Alignment w/o decoupling 
(|𝐜𝐨𝐬 𝜸| << 1, mH,A,H+ ~ 500GeV )

naturally emerges in General 2HDM ! 

arXiv:1706.07694

Thank you !
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Counter terms

𝐻
ℎ

→
1 + 𝛿𝑍𝐻 𝛿𝐶𝐻ℎ + 𝛿𝛾
𝛿𝐶ℎ𝐻 − 𝛿𝛾 1 + 𝛿𝑍ℎ

𝐻
ℎ

Parameter shift ; 

Field shift ; 

𝑇𝜙1
→ 𝑇𝜙1

+ 𝛿𝑇𝜙1 𝑇𝜙2
→ 𝑇𝜙2

+ 𝛿𝑇𝜙2
Tadpole shift ; 

9

12

2

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

Γℎ𝑍𝑍
𝑇𝑟𝑒𝑒ℎ𝑍𝜇𝑍𝜈 =

2𝑚𝑍
2

𝑣
sin(−𝛾) ℎ𝑍𝜇𝑍𝜈

→
2𝑚𝑍

2

𝑣
sin(−𝛾) 1 +

𝛿𝑚𝑍
2

𝑚𝑍
2 −

𝛿𝑣

𝑣
+ 𝛿𝑍𝑍 +

1

2
𝛿𝑍ℎ +

cos 𝛾

sin −𝛾
𝛿𝐶𝐻ℎ ℎ𝑍𝜇𝑍𝜈

Counter term formula of hZZ
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Renormalization conditions

𝒅

𝒅𝒑𝟐
Πhh(mh

2) = 1δZh δZh = －
𝒅

𝒅𝒑𝟐
Πhh

1PI(mh
2) 

δmh
2 Πhh(mh

2) = 0

δTh
p2=mh

2
=0

 On shell conditions 

δCHh
ΠhH(mh

2) = ΠhH(mH
2) = 0

δChH

δv δZZ, ; Determined by renormalization in gauge sector
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In our numerical calculations

 Parameter set

• mH = mA = mH+

 Constraints
• Perturbativity bound on ηi :

• Vacuum stability bound on Higgs potential

𝜂𝑖 < 2

𝜅𝑉 ≡
Γℎ𝑉𝑉
2𝐻𝐷𝑀 𝑚ℎ +𝑚𝑉

2
, 𝑚𝑉

2 , 𝑚ℎ
2

Γℎ𝑉𝑉
𝑆𝑀 𝑚ℎ +𝑚𝑉

2
, 𝑚𝑉

2 , 𝑚ℎ
2

Renormalized scaling factor
p1

p2

q

• 𝜌𝑐𝑐 = 𝜌𝑢𝑢 = 𝜌𝑏𝑏 = 𝜌𝑠𝑠 = 𝜌𝑑𝑑 = 0, 𝜌𝑖𝑗= 0 (i≠j)

16/11



Heavy scalars searches in 𝑡 ҧ𝑡 channel @ LHC

Carena, Liu (2016)

ρ
tt

ρ
tt
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LHC Run-I data of κ 

1606.02266 18/11



Z2 symmetry model limit

Basis  :

 Top Yukawa interaction 

Z2 symmetry model limit ;   ηt → 0

tan𝛽 =
𝑣2
𝑣1
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β0 basis
Basis  :

 Top Yukawa interaction 

tan 𝛽 =
𝑣2
𝑣1

 β0 basis limit : β → 0

The change by the shift β → β′ = β + Δβ can be absorbed by reparameterization ;

We can take β=0 without loss of generality.
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Important contributions

cos 𝛾𝜌𝑡𝑡 sin
2 𝛾

𝜌𝑡𝑡 sin
2 𝛾 cos 𝛾

h H

t

t

𝜌𝑡𝑡cos 𝛾

h
t

t

t

Factor that suppresses the effect of new physics  : cos 𝛾

In the SM like limit : 𝐜𝐨𝐬 𝛄 → 0

One suppression factor

𝜌𝑡𝑡cos 𝛾 One suppression factor
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