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Two-Higgs doublet model (2HDM)

SM の簡素な拡張 
• SM + スカラー場１つ (SU(2) doublet with Y = 1/2) 

!
⽴場 

• BSM へのボトムアップ的アプローチ 
• （何らかの模型の低エネルギー有効理論として現れることも） 

!
豊かな現象論 

• B physics [Enomoto, Watanabe (ʼ15), …] 
• muon g-2 [TA, Sato, Yagyu (ʼ15), …] 
• effect to h(125) couplings [Kanemura, Kikuchi, Yagyu (ʼ15), …] 
• EDM [TA, Hisano, Kitahara, Tobioka (ʼ14), …] 
• … 



３つの人気のある仮定
(1)ソフトに破れた Z2 対称性 
!
(2)no CP violation in Higgs potential 
!
(3)カストディアル対称性



（１）ソフトに破れた Z2 対称性
⼀般に、２つ湯川相互作⽤が存在。例として down sector をみる。
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• m を対⾓化したとき、g は⼀般には対⾓化されない！ 
• ヒッグスがフレーバーを変える相互作⽤をする 
• y1d = 0  または  y2d = 0 なら、これを避けられる！ 
• Z2 対称性で y1d = 0  または  y2d = 0 を実現可能！

[Glashow, Weinberg (ʼ77)]
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2 Review of two-Higgs doublet models

In this section, we review the two-Higgs doublet model with the softly broken Z2 symmetry

widely discussed. We have two Higgs fields, Φ1 and Φ2, charged under SU(2)L×U(1)Y . In

general the Higgs potential at the renormalizable level is given as follows:
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Four parameters, m2
3, λ5, λ6, and λ7, can be complex, and they are CP violating. Now, we

impose a softly broken Z2 symmetry to the Higgs fields: (Φ1,Φ2) → (Φ1,−Φ2). The Z2

symmetry forbids λ6 and λ7 terms. The m2
3 term breaks the Z2 symmetry softly, but can

shift the scalar masses. Let us define the vacuum expectation values (VEVs) of the Higgs

fields as

⟨Φ1⟩ =
vd√
2
, ⟨Φ2⟩ =

vu√
2
, (2.2)

and then the relation with the Fermi constant is

v2u + v2d =
1√
2GF

≡ v2 ≃ (246 GeV)2. (2.3)

We also define β as follows:

cosβ =
vd
v
, sinβ =

vu
v
. (2.4)

We have eight degrees of freedom in the scalar fields and three of them are eaten by

the gauge bosons, and thus we have five physical states: two of them are CP-even states

(h, H0), one is a CP-odd state (A0), and the others are a pair of charged scalar (H±).

Their masses are given by the parameters in the Higgs potential. When the Z2 symmetry

is imposed, the charged and CP-odd Higgs masses satisfy

m2
A = M2 − λ5v

2, (2.5)

m2
H± = m2

A +
λ5 − λ4

2
v2, (2.6)

where

M2 =
m2

3

sinβ cosβ
. (2.7)

Here λ5 is assumed to be real.

There are four different assignments of the Z2 symmetry to fermions [21–23]. The

assignments and the model names are summarized in table 1. These assignments forbid

FCNCs involving neutral scalars. The physics in the each 2HDM has been widely studied,

although their origins of Z2 symmetries are unclear.

In 2HDMs, the constraint of the ρ parameter, or T parameter, is important. It depends

on the scalar masses andWWh-coupling (gWWh = κV gSMWWh). Since the LHC result implies
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複素パラメータ：m3 , λ5 , λ6 ,λ7 

ソフトに破れた Z2 対称性で落ちる項：λ6 ,λ7 
（m3 は Z2 対称性をソフトに破る項）

CP が破れていると 
• 中性スカラー３つが混合する 
• CPを破るフレーバー物理への影響（EDMなど） 
• …



（３）カストディアル対称性
ρパラメータからの制限 

• BSM は custodial 対称性をもたないと、厳しく制限される

singlets: h, H 
triplets: (π0, π+, π-), (A0, H+, H-)

2HDMのときの custodial symmetry 

A0 と H± の質量は縮退しているべきだが、⼀般にそうなっていない

(簡単のため Z2 対称性と CP 対称性を仮定したときの公式)

なので、多くの場合 λ4 ~ λ5 を仮定する

m2
A �m2

H± =
�4 � �5

2
v2



我々がやったこと 
• 電弱対称性を拡張 : SU(2)xU(1) → SU(2)xSU(2)xU(1) 
• 2HMD を低エネルギー有効理論として導出 
• ３つの仮定は gauge symmetry から⾃動的に出てくる！ 

!

３つの人気のある仮定
(1)ソフトに破れた Z2 対称性 
(2)no CP violation in Higgs potential 
(3)カストディアル対称性

これら３つの仮定は 
• 単なる仮定。2HDM の範囲内では正当化できない 
• ３つも仮定があるのには⼼理的抵抗がある 
• 正当化できたらうれしい



Model



おさらい: SM Higgs の行列表現

[SU(2)L] =eiT
a✓a

L

[U(1)Y ] =eiT
3✓Y

[SU(2)R] =eiT
a✓a

R

H ! [SU(2)L]H[U(1)†Y ]

H ! [SU(2)L]H[SU(2)†R]

ゲージ対称性

ポテンシャルがもつグローバル対称性

カストディアル対称性 (θL = θR ≡ θV)

H ! [SU(2)V ]H[SU(2)†V ]

V (H) = µ2tr(H†H) + �tr(H†H)2

ヒッグスポテンシャル

SU(2)L U(1)Y
H

(ムース記法)

H =12⇥2� + i⌧a⇡a =

✓
� + i⇡3 i

p
2⇡+

i
p
2⇡� � � i⇡3

◆



SU(2)0 x SU(2)1 x U(1)2 → U(1)QED

SU(2) SU(2) U(1)
q 2 1 1/6
u 1 1 2/3
d 1 1 -1/3
ℓ 2 1 -1/2
e 1 1 -1
H 2 1 1/2
H 2 2 0
H 1 2 1/2

SU(2)0 U(1)2
H3

SU(2)1

H1 H2

[TA - Kitano (2013)]

H1 ! [SU(2)0]H1[SU(2)
†
1]

H2 ! [SU(2)1]H2[SU(2)
†
2]

H3 ! [SU(2)0]H2[SU(2)
†
2]

H1 ! [SU(2)0]H1[SU(2)
†
1]

H2 ! [SU(2)1]H2[U(1)
†
2]

H3 ! [SU(2)0]H2[U(1)
†
2]

ゲージ対称性

ポテンシャルがもつべきグローバル対称性

カストディアル対称性 
SU(2)0 = SU(2)1 = SU(2)2

Hj =�j12⇥2 + i⌧a⇡a
j =

✓
�j + i⇡3

j i⇡+
j

i⇡�
j �j � i⇡3

j

◆

(�j and ⇡a
j are real, not complex.)



2HDM がでてくる直感的理解

SU(2) U(1)H

U(1)QED

SM

SU(2)0 U(1)2
H3

SU(2)1

H1 H2

今考えている模型

SU(2) U(1)2

v1 � v2, v3

2HDM



`

ヒッグスポテンシャルへの準備
building block 

• tr(Hi
†Hi) 

• tr(H3
†H1 H2) 

• tr(H3
†H1 H2 τ3)

Note 
• tr(H3

†H1 H2) is real,                      (tr(H3
†H1 H2))* = tr(H3

†H1 H2)  
• tr(H3

†H1 H2 τ3) is pure imaginaly,  (tr(H3
†H1 H2 τ3))* = -tr(H3

†H1 H2 τ3)
(成分にばらして直接計算すれば⽰せる）

Hence !0
1 and !0

2 are real numbers. We can rewrite the
terms as follows:

!0
1 trðH1H2H

y
3 Þ þ i!0

2 trðH1H2"
3Hy

3 Þ (A4)

¼ ! trðH1H2 exp ði"3#!ÞHy
3 Þ; (A5)

where

!¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
!02
1 þ!02

2

q
; cos#!¼

!0
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

!02
1 þ!02

2

q ; sin#!¼
!0
2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

!02
1 þ!02

2

q :

(A6)

By the field redefinition of H2, we can eliminate
exp ði"3#!Þ, namely

H2 exp ði"3#!Þ ! H2: (A7)

This redefinition does not change other terms. Hence we
can always eliminate trðH1H2"

3Hy
3 Þ.

APPENDIX B: CONSTRAINTS FROM
ELECTROWEAK PRECISION MEASUREMENTS

The explicit expressions of self-energies after heavy
states are integrated out are

!W3W3
ðq2Þ ¼ 1

g20
q2 % 1

4
ðv2

1 þ v2
3Þ

% 1

4
v2
1

g21
q2 % g21ðv2

1 þ v2
2Þ=4

1

4
v2
1; (B1)

!W3Bðq2Þ ¼
1

4
v2
3 %

1

4
v2
1

g21
q2 % g21ðv2

1 þ v2
2Þ=4

1

4
v2
2; (B2)

!BBðq2Þ ¼
1

g22
q2 % 1

4
ðv2

2 þ v2
3Þ

% 1

4
v2
2

g21
q2 % g21ðv2

1 þ v2
2Þ=4

1

4
v2
2: (B3)

We introduce the following shorthand notations:

!0ð0Þ ¼ d!ðq2Þ
dq2

""""""""q2¼0
; (B4)
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Final results are given in Sec. III A
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Hence !0
1 and !0

2 are real numbers. We can rewrite the
terms as follows:
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3 Þ þ i!0

2 trðH1H2"
3Hy

3 Þ (A4)

¼ ! trðH1H2 exp ði"3#!ÞHy
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By the field redefinition of H2, we can eliminate
exp ði"3#!Þ, namely
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This redefinition does not change other terms. Hence we
can always eliminate trðH1H2"
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tr(H3
†H1 H2 τ3) は redundant 

(1) 項の書き換え

(2) H2 の再定義

(3) 結果として、tr(H3
†H1 H2 τ3) の項は消せる

However, in our setup, there are charged and CP-odd
scalars as well as CP-even scalars. The existence of the
charged and CP-odd scalar bosons are a distinctive feature
of our model compared to other SU(2) models.

The models without H3 are strongly constrained from
the S=T parameters. It has been observed that such con-
straints get significantly weaker when the Standard Model
(SM) fermions are charged under SUð2Þ1, i.e., where SM
fermions are composite [35–39]. Such models, if they
exist, are subject to the constraints from searches for flavor
changing neutral current ðFCNCÞ=CP nonconservations.
In this paper, we take a more conservative approach that
the SM fermions are all elementary and there is a funda-
mental Higgs field that gives masses to fermions through
the Yukawa intereactions, so that the well-tested Cabibbo-
Kobayashi-Maskawa theory is not modified.

The Lagrangian is given as follows:

Lgauge¼$1

4

X3

a¼1

Wa
0!"W

a!"
0 $1

4

X3

a¼1

Wa
1!"W

a!"
1 $1

4
B!"B

!";

(1)

L Higgs ¼ trððD!H1ÞyD!H1Þ þ trððD!H2ÞyD!H2Þ
þ trððD!H3ÞyD!H3Þ $ VðH1; H2; H3Þ; (2)

Lmatter ¼
X

i

ð !Qi
Li#

!D!Q
i
L þ !uiRi#

!D!u
i
R þ !diRi#

!D!d
i
R

þ !Lii#!D!L
i þ !eiRi#

!D!e
i
RÞ; (3)

LYukawa ¼ $
X

i;j

!Qi
LH3

yiju 0

0 yijd

 !
ujR

djR

0
@

1
A

$
X

i

!LiH3

0 0

0 yie

 !
0

eiR

 !
þ ðH:c:Þ; (4)

where i and j are generation indices. The Higgs fields are
given by2

H1 ¼ hH1iþ
1

2

!
h1 þ i

X3

a¼1

$a%a
1

"
; (5)

H2 ¼ hH2iþ
1

2

!
h2 þ i

X3

a¼1

$a%a
2

"
; (6)

H3 ¼ hH3iþ
1

2

!
h3 þ i

X3

a¼1

$a%a
3

"
; (7)

where $a denote the Pauli matrices, and Ta ¼ $a=2. Note
that we take the matrix notation for the Higgs fields. All the
Higgs fields are under the constraint

$2H&
i $

2 ¼ Hi; i ¼ 1; 2; 3: (8)

The Higgs potential, VðH1; H2; H3Þ, is
VðH1; H2; H3Þ

¼ !2
1 trðH1H

y
1 Þ þ!2

2 trðH2H
y
2 Þ þ!2

3 trðH3H
y
3 Þ (9)

þ & trðH1H2H
y
3 Þ (10)

þ '1ðtrðH1H
y
1 ÞÞ2 þ '2ðtrðH2H

y
2 ÞÞ2 þ '3ðtrðH3H

y
3 ÞÞ2

(11)

þ '12 trðH1H
y
1 Þ trðH2H

y
2 Þ þ '23 trðH2H

y
2 Þ trðH3H

y
3 Þ

þ '31 trðH3H
y
3 Þ trðH1H

y
1 Þ: (12)

Here all coefficients can be taken as real numbers. Note
that

ðtrðH1H2H
y
3 ÞÞ& ¼ trðH1H2H

y
3 Þ: (13)

We can also write the following term:

tr ðH1H2$
3Hy

3 Þ: (14)

This term can be eliminated by a field redefinition of H2.
3

Since the vacuum should respect Uð1Þem symmetry, the
Higgs VEVs, hH1i, hH2i, and hH3i, should be diagonal.
In addition, we can always take h%3

i i ¼ 0 by the gauge
transformations. So we work in a basis in which all the
Higgs VEVs are proportional to the identity matrix:

hH1i ¼
v1

2
; hH2i ¼

v2

2
; hH3i ¼

v3

2
; (15)

where v1, v2, and v3 are real and positive numbers. We
introduce v and r as

v2 ¼ v2
1v

2
2

v2
1 þ v2

2

þ v2
3; r ¼ v2

v1
: (16)

As we will discuss in Sec. IIIA, the relation between v and
the Fermi constant is the same as the one in the Standard
Model, v2 ¼ ð

ffiffiffi
2

p
GFÞ$1, so v' 246 GeV. The parameter

1$ v2
3=v

2 measures the size of the contribution to the
electroweak symmetry breaking from the dynamical sector.
The ratio r is an important parameter in later discussion. In
QCD-like technicolor theories, r ¼ 1 is predicted due to the
parity conservation. As we see later, the model with r ¼ 1 is
severely constrained by the electroweak precision tests.
The limits r ¼ 0 and r ! 1 are other special points

where parity (H1 $ H2) is maximally violating. Such
points can be the minimum of the potential when & ¼ 0,
where an axial U(1) symmetry, which is the one used to
eliminate the term in Eq. (14), is enhanced. For r ¼ 0 or
r ! 1, which means v2 ¼ 0 or v1 ¼ 0, the U(1) symme-
try remains unbroken, and thus there is no massless

2hi’s are proportional to 2 by 2 unit matrices though we do not
write them explicitly. 3A brief discussion is given in Appendix A.
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→

Hence !0
1 and !0

2 are real numbers. We can rewrite the
terms as follows:

!0
1 trðH1H2H

y
3 Þ þ i!0

2 trðH1H2"
3Hy

3 Þ (A4)

¼ ! trðH1H2 exp ði"3#!ÞHy
3 Þ; (A5)

where

!¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
!02
1 þ!02

2

q
; cos#!¼

!0
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

!02
1 þ!02

2

q ; sin#!¼
!0
2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

!02
1 þ!02

2

q :

(A6)

By the field redefinition of H2, we can eliminate
exp ði"3#!Þ, namely

H2 exp ði"3#!Þ ! H2: (A7)

This redefinition does not change other terms. Hence we
can always eliminate trðH1H2"

3Hy
3 Þ.

APPENDIX B: CONSTRAINTS FROM
ELECTROWEAK PRECISION MEASUREMENTS

The explicit expressions of self-energies after heavy
states are integrated out are

!W3W3
ðq2Þ ¼ 1

g20
q2 % 1

4
ðv2

1 þ v2
3Þ

% 1

4
v2
1

g21
q2 % g21ðv2

1 þ v2
2Þ=4

1

4
v2
1; (B1)

!W3Bðq2Þ ¼
1

4
v2
3 %

1

4
v2
1

g21
q2 % g21ðv2

1 þ v2
2Þ=4

1

4
v2
2; (B2)

!BBðq2Þ ¼
1

g22
q2 % 1

4
ðv2

2 þ v2
3Þ

% 1

4
v2
2

g21
q2 % g21ðv2

1 þ v2
2Þ=4

1

4
v2
2: (B3)

We introduce the following shorthand notations:

!0ð0Þ ¼ d!ðq2Þ
dq2

""""""""q2¼0
; (B4)

!00ð0Þ ¼ d2!ðq2Þ
dðq2Þ2

""""""""q2¼0
: (B5)

Then we find

!W3W3
ð0Þ ¼ % 1

4
ðv2

1 þ v2
3Þ þ

1

4

v4
1

v2
1 þ v2

2

; (B6)

!0
W3W3

ð0Þ ¼ 1

g20
þ 1

g21

v4
1

ðv2
1 þ v2

2Þ2
; (B7)

!00
W3W3

ð0Þ ¼ 8
1

g41

v4
1

ðv2
1 þ v2

2Þ3
; (B8)

!W3Bð0Þ ¼
1

4
v2
2 þ

1

4

v2
1v

2
2

v2
1 þ v2

2

; (B9)

!0
W3B

ð0Þ ¼ 1

g21

v2
1v

2
2

ðv2
1 þ v2

2Þ2
; (B10)

!00
W3B

ð0Þ ¼ 8
1

g41

v2
1v

2
2

ðv2
1 þ v2

2Þ3
; (B11)

!BBð0Þ ¼ % 1

4
ðv2

2 þ v2
3Þ þ

1

4

v4
2

v2
1 þ v2

2

; (B12)

!0
BBð0Þ ¼

1

g22
þ 1

g21

v4
2

ðv2
1 þ v2

2Þ2
; (B13)

!00
BBð0Þ ¼ 8

1

g41

v4
2

ðv2
1 þ v2

2Þ3
: (B14)

From these results, we find

g%2Ŝ ¼ !0
W3B

ð0Þ ¼ 1

g21

v2
1v

2
2

ðv2
1 þ v2

2Þ2
; (B15)

2g%2m%2
W W ¼ !00

W3W3
ð0Þ ¼ 8

1

g41

v4
1

ðv2
1 þ v2

2Þ3
; (B16)

2g0%2m%2
W Y ¼ !00

BBð0Þ ¼ 8
1

g41

v4
2

ðv2
1 þ v2

2Þ3
; (B17)

g%2 ¼ !0
W1W1

ð0Þ ¼ !0
W3W3

ð0Þ ¼ 1

g20
þ 1

g21

v4
1

ðv2
1 þ v2

2Þ2
;

(B18)

g0%2 ¼ !0
BBð0Þ ¼

1

g22
þ 1

g21

v4
2

ðv2
1 þ v2

2Þ2
: (B19)

Final results are given in Sec. III A

APPENDIX C: THEORETICAL CONSTRAINTS ON
PARAMETERS IN GAUGE SECTOR

Note that the trace of a mass matrix gives the sum of the
masses and the determinant of a mass matrix gives the
multiple of the masses, so

m2
W 0 þm2

W ¼ 1

4
ðg20ðv2

1 þ v2
3Þ þ g21ðv2

1 þ v2
2ÞÞ; (C1)

m2
Wm

2
W0 ¼

1

16
g20g

2
1ððv2

1 þ v2
3Þðv2

1 þ v2
2Þ % v4

1Þ: (C2)
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SU(2 U(1)H3

SU(2
H1 H2

H1 ! [SU(2)0]H1[SU(2)
†
1]

H2 ! [SU(2)1]H2[U(1)
†
2]

H3 ! [SU(2)0]H2[U(1)
†
2]

gauge sym.



ヒッグスポテンシャル 
V (H1, H2, H3) =µ2

1tr(H
†
1H1) + µ2

2tr(H
†
2H2) + µ2

3tr(H
†
3H3)

+ tr(H†
3H1H2)

+ e�1

⇣
tr
⇣
H†

1H1

⌘⌘2
+ e�2

⇣
tr
⇣
H2H

†
2

⌘⌘2
+ e�3

⇣
tr
⇣
H3H

†
3

⌘⌘2

+ e�12tr
⇣
H†

1H1

⌘
tr
⇣
H†

2H2

⌘
+ e�23tr

⇣
H†

2H2

⌘
tr
⇣
H†

3H3

⌘
+ e�31tr

⇣
H†

3H3

⌘
tr
⇣
H†

1H1

⌘

building block 
• tr(Hi

†Hi) 
• tr(H3

†H1 H2)

note 
• tr(H3

†H1 H2) is real 
• κ is real

custodial symmetric !
no CPV !

softly broken Z2 symmetric ! 
• symmetric (Hi → - Hi) 
• broken only by dim.3 op. (tr(H3

†H1 H2))



この模型
ヒッグスポテンシャルの性質 

• ソフトに破れた Z2 対称性を持つ 
• CP を破る項の不在 
• カストディアル対称性が存在する

これらは全てゲージ対称性のおかげ！



仮定の数
two-Higgs doublet model 

(0) 2HDM 
!
(1) ソフトに破れた Z2 対称性 
(2) CP をポテンシャルで破らない 
(3) カストディアル対称性

our model 
(0) SU(2)xSU(2)xU(1) 
!
(1) v1 >> v2 , v3

SU(2)0 U(1)2
H3

SU(2)1

H1 H2

SU(2) U(1)2

v1 � v2, v3



Yukawa sector in 2HDM



湯川相互作用 in 2HDM

type-I:                      qL H2 uR + qL H2 dR + lL H2 eR 

type-II:                               qL H2 uR + qL H1 dR + lL H1 eR 

type-X (lepton-specific) :    qL H2 uR + qL H2 dR + lL H1 eR 

type-Y (flipped) :                 qL H2 uR + qL H1 dR + lL H2 eR

ソフトに破れた Z2 対称性の下では、４つのバリエーションがある  [Aoki et.al. ʼ09]

この模型ではどうなっているのか⾒ていく



湯川相互作用
SU(2) SU(2) U(1)

q 2 1 1/6
u 1 1 2/3
d 1 1 -1/3
ℓ 2 1 -1/2
e 1 1 -1
H 2 1 1/2
H 2 2 0
H 1 2 1/2

SU(2)0 U(1)2
H3

SU(2)1

H1 H2

湯川相互作⽤

• type-I 2HDM 
• 他のタイプの2HDMのためには 

湯川セクターの拡張が必要

q̄LH3

✓
yu 0
0 yd

◆✓
uR

dR

◆
+ ¯̀

LH3

✓
0 0
0 ye

◆✓
0
eR

◆
+ (h.c.)



SU(2)0 U(1)2
H3

SU(2)1

H1 H2
上記以外にかける湯川相互作⽤

1

⇤
q̄LH1H2

✓
y0u 0
0 y0d

◆✓
uR

dR

◆
+

1

⇤
¯̀
LH1H2

✓
0 0
0 y0e

◆✓
0
eR

◆
+ (h.c.)

模型の拡張が必要 
• 次元５の演算⼦の起源? 
• type-II, -X, -Y のためにはいくつかの項を禁⽌する必要あり 

(type-II: yd = ye = yʼu = 0) 
!
論⽂で議論したこと 

• vector-like fermions を導⼊ 
• global U(1) を導⼊

湯川セクターの拡張
湯川相互作⽤

q̄LH3

✓
yu 0
0 yd

◆✓
uR

dR

◆
+ ¯̀

LH3

✓
0 0
0 ye

◆✓
0
eR

◆



Summary



まとめ
• 2HDMでは、⼈気のある仮定が３つある 

★ ソフトに破れた Z2 対称性 
★ CP位相がヒッグスポテンシャルに存在しない 
★ カストディアル対称性 (mA = mH±)  
!

• ３つの仮定は電弱対称性を拡張した模型から⾃動的に出てくる 
★ ゲージ対称性のおかげ 
★ ⼈気のある４タイプ (type-I, -II, -X, and -Y) 全て実現可能

SU(2)0 U(1)2
H3

SU(2)1

H1 H2

v1 � v2, v3
SU(2) U(1)2


