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Life with Higgs
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Spin-1 particle
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too many V’ models …
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What is the main decay mode of V’?

qualitative rather quantitative. Keeping this in mind, we discuss relations of various couplings

based on perturbative unitarity argument, and show there are two types of the models.

2.1 ξf and ξV

We focus on the ratio of two partial decay widths of V ′, Γ(V ′ → ff) and Γ(V ′ → V V ). These

widths are controlled by V ′ couplings to fermions and bosons. We introduce ξf and ξV by

gV ′ff = −ξfgV ff , (2.1)

gV ′V V = ξV
m2

V

m2
V ′

gV V V . (2.2)

These two ξ parameters control the V ′ decay modes and important for the LHC phenomenology.

Using these notations, we find

RΓ ≡ Γ(V ′ → ff)

Γ(V ′ → V V )
≃4Nc

ξ2f
ξ2V

g2V ff

g2V V V

, (2.3)

where Nc = 3 (1) for quarks (leptons). Here we assumed mV ′ ≫ mV . Since gV ff is expected to

be the same as gV V V up to O(m2
V ′/m2

V ) correction, RΓ is controlled by the ratio of ξf and ξV .

These ξ parameters are model dependent parameters. However, if we restrict ourselves to

investigate models which satisfy the perturbative unitarity, ξV is expressed by ξf . If the relation

between ξV and ξf were unique, then all V ′ models would predict unique decay mode. On the

other hand, if there are more than one relation between ξV and ξf , we can classify V ′ model based

on the main decay mode of V ′ which can be estimated from Eq. (2.3). In the next subsection, we

show there are two relations between ξV and ξf .

2.2 Unitarity sum rules

In this subsection, we derive the relation between ξV and ξf by requiring theory respects the

perturbative unitarity with the following assumptions:

1. There is a global SU(2)c symmetry known as custodial symmetry after the electroweak gauge

symmetry breaking (up to the U(1)Y and Yukawa couplings).

2. Left-handed fermions are fundamental representation of SU(2)c.

3. Right-handed fermions are singlet under SU(2)c.

3

�(V 0 ! ff)

�(V 0 ! V V )
' 4Nc

⇠2f
⇠2V

>0?0;4A?8G4�2=B>:8<6@ ?0A8=�=5�P

っd

;08<�3420F�;=34�8@�34A4?;8<43�1F�A74�?4:0A8=<�14AD44<�Q5�0<3�Q+��
F �69�Q5���QC�69�Q5�I�QC�����!B�4(053@�+,*(@�;6�-,94065:�
F �69�Q5���QC��������������������!B�4(053@�+,*(@�;6�)6:65:

�����
	��������	���������������� ��������	����� 

����!��	���!��������������������	��������

(�
�	���
�	����B6��	�� )=;=78?=��14����'�#06=F0�*� 



Perturbative unitarity
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4. There are two SU(2)c triplet vectors, V a and V ′a.

5. There are SU(2)c singlet scalars h, and triplet scalars ∆a.

Here we do not consider U(1) gauge boson for simplicity as we mentioned in the beginning of this

section. Effects of the U(1) gauge boson is discussed with explicit models in Sec. 3.

We begin by considering processes that contains two fermions and two gauge bosons. Amplitudes

of three processes, ff → V V , ff → V V ′, and ff → V ′V ′ are proportional to E2 if V and V ′

are longitudinally polarized. We find the E2 terms vanish if the couplings satisfy the following

relations.1

g2V ff =gV ffgV V V + gV ′ffgV ′V V , (2.4)

gV ffgV ′ff =gV ffgV ′V V + gV ′ffgV ′V ′V , (2.5)

g2V ′ff =gV ffgV ′V ′V + gV ′ffgV ′V ′V ′ . (2.6)

Using ξV and ξf , we rewrite the relations as

gV ff =gV V V

(
1− ξfξV

m2
V

m2
V ′

)
, (2.7)

ξfgV ff =− ξV
m2

V

m2
V ′

gV V V + ξfgV ′V ′V , (2.8)

ξ2fgV ff =gV ′V ′V − ξfgV ′V ′V ′ . (2.9)

These relations are automatically satisfied if models respect gauge symmetry.

We find other relations from the amplitudes of gauge boson scattering processes. The amplitude

proportional to E4 if all the gauge bosons are polarized longitudinally. From V V ′ → V V ′ or

V V → V ′V ′ processes, we find

gV V V gV ′V ′V + gV ′V V gV ′V ′V ′ = g2V ′V V + g2V ′V ′V . (2.10)

This relation is also automatically satisfied if models respect gauge symmetry, and thus is always

satisfied if Eqs. (2.7)–(2.9) are hold.

Now we have four relations. Three of them are independent among them. There are six unknown

parameters, (gV ff , ξf , gV V V , ξV , gV ′V ′V , gV ′V ′V ′). Although we can not solve this system because

the number of the unknown parameters is larger than the number of the relations, we try to find

1 The sum rules without V ′ was discussed in [19].
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Perturbative unitarity (cont’)
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energy-growing behavior in the scattering process.

∑

h

(gV1V2hgV3V4h − gV1V4hgV2V3h) = −2

3

∑

X

(gV1V2XgV3V4X − gV1V4XgV2V3X), (A15)

∑

h

(gV1V3hgV2V4h − gV1V4hgV2V3h) = −2

3

∑

X

(gV1V3XgV2V4X − gV1V4XgV2V3X), (A16)

∑

k

(m2
1 −m2

2)(m
2
3 −m2

4)

m2
k

gV1V2VkgV3V4Vk −
∑

k

m2
k(gV1V4VkgV2V3Vk − gV1V3VkgV2V4Vk)

= −
∑

S

gV1V2SgV3V4S +
1

2

∑

X

(gV1V4XgV2V3X − gV1V3XgV2V4X), (A17)

∑

k

(m2
1 −m2

3)(m
2
2 −m2

4)

m2
k

gV1V3VkgV2V4Vk −
∑

k

m2
k(gV1V4VkgV2V3Vk − gV1V2VkgV3V4Vk)

= −
∑

S

gV1V3SgV2V4S +
1

2

∑

X

(gV1V4XgV2V3X − gV1V2XgV3V4X) , (A18)

∑

k

(m2
1 −m2

4)(m
2
2 −m2

3)

m2
k

gV1V4VkgV2V3Vk −
∑

k

m2
k(gV1V3VkgV2V4Vk − gV1V2VkgV3V4Vk)

= −
∑

S

gV1V4SgV2V3S +
1

2

∑

X

(gV1V3XgV2V4X − gV1V2XgV3V4X) , (A19)

and

(m2
1 +m2

2 +m2
3 +m2

4)gV1V2V3V4 −
∑

k

m2
k(gV1V2VkgV3V4Vk + gV1V3VkgV2V4Vk + gV1V4VkgV2V3Vk)

=
∑

h

gV1V2hgV3V4h +
1

6

∑

X

(gV1V2XgV3V4X − 3gV1V3XgV2V4X − 3gV1V4XgV2V3X) . (A20)

Note that Eqs. (A17)–(A19) are independent from the custodial singlet Higgs couplings.

Finally, we list the sum rules for scattering amplitudes among V and V ′ as reference. Let us

first focus on V V → V V scattering. For this process, we obtain only one sum rule,

4m2
V gV V V V − 3

∑

k

m2
kg

2
VkV V =

∑

h

g2V V h −
5

6

∑

X

g2V V X , (A21)

which corresponds to Eq. (A20). Other sum rules (Eqs. (A15)–(A19)) are trivially satisfied. For

V V → V V ′ or V V ′ → V V scattering, we again obtain only one sum rule,

(3m2
V +m2

V ′)gV ′V V V − 3
∑

k

m2
kgVkV V gV ′VkV =

∑

h

gV V hgV V ′h −
5

6

∑

X

gV V XgV V ′X , (A22)
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Perturbative unitarity (cont’)
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qualitative rather quantitative. Keeping this in mind, we discuss relations of various couplings

based on perturbative unitarity argument, and show there are two types of the models.

2.1 ξf and ξV

We focus on the ratio of two partial decay widths of V ′, Γ(V ′ → ff) and Γ(V ′ → V V ). These

widths are controlled by V ′ couplings to fermions and bosons. We introduce ξf and ξV by

gV ′ff = −ξfgV ff , (2.1)

gV ′V V = ξV
m2

V

m2
V ′

gV V V . (2.2)

These two ξ parameters control the V ′ decay modes and important for the LHC phenomenology.

Using these notations, we find

RΓ ≡ Γ(V ′ → ff)

Γ(V ′ → V V )
≃4Nc

ξ2f
ξ2V

g2V ff

g2V V V

, (2.3)

where Nc = 3 (1) for quarks (leptons). Here we assumed mV ′ ≫ mV . Since gV ff is expected to

be the same as gV V V up to O(m2
V ′/m2

V ) correction, RΓ is controlled by the ratio of ξf and ξV .

These ξ parameters are model dependent parameters. However, if we restrict ourselves to

investigate models which satisfy the perturbative unitarity, ξV is expressed by ξf . If the relation

between ξV and ξf were unique, then all V ′ models would predict unique decay mode. On the

other hand, if there are more than one relation between ξV and ξf , we can classify V ′ model based

on the main decay mode of V ′ which can be estimated from Eq. (2.3). In the next subsection, we

show there are two relations between ξV and ξf .

2.2 Unitarity sum rules

In this subsection, we derive the relation between ξV and ξf by requiring theory respects the

perturbative unitarity with the following assumptions:

1. There is a global SU(2)c symmetry known as custodial symmetry after the electroweak gauge

symmetry breaking (up to the U(1)Y and Yukawa couplings).

2. Left-handed fermions are fundamental representation of SU(2)c.

3. Right-handed fermions are singlet under SU(2)c.

3
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1� m2
W
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W 0

(1� ⇠2f )
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1

1� m2
W

m2
W 0
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' � 1
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Figure 1: ξ±V in (mV ′ , ξf ) plane for ξ2∆ = 0 (top), 0.5 (middle), and 1 (bottom).

quintuple (5 representation) scalars contribute to the gauge boson scattering processes. In addition,

the cancellation of E2 terms in the gauge boson scattering is strong requirement and does not

satisfied in non-renormalizable models. The requirement of the cancellation of E2 terms in the

process is not necessarily satisfied if the energy scale of the unitarity violation is much higher than

TeV scale, or if we know UV completion of non-renormalizable V ′ models. In such cases, the RHS

7

　　　　 　　　　

ξv vs ξf  (all scalars are SU(2) singlet)
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two classes of V’ models
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qualitative rather quantitative. Keeping this in mind, we discuss relations of various couplings

based on perturbative unitarity argument, and show there are two types of the models.

2.1 ξf and ξV

We focus on the ratio of two partial decay widths of V ′, Γ(V ′ → ff) and Γ(V ′ → V V ). These

widths are controlled by V ′ couplings to fermions and bosons. We introduce ξf and ξV by

gV ′ff = −ξfgV ff , (2.1)

gV ′V V = ξV
m2

V

m2
V ′

gV V V . (2.2)

These two ξ parameters control the V ′ decay modes and important for the LHC phenomenology.

Using these notations, we find

RΓ ≡ Γ(V ′ → ff)

Γ(V ′ → V V )
≃4Nc

ξ2f
ξ2V

g2V ff

g2V V V

, (2.3)

where Nc = 3 (1) for quarks (leptons). Here we assumed mV ′ ≫ mV . Since gV ff is expected to

be the same as gV V V up to O(m2
V ′/m2

V ) correction, RΓ is controlled by the ratio of ξf and ξV .

These ξ parameters are model dependent parameters. However, if we restrict ourselves to

investigate models which satisfy the perturbative unitarity, ξV is expressed by ξf . If the relation

between ξV and ξf were unique, then all V ′ models would predict unique decay mode. On the

other hand, if there are more than one relation between ξV and ξf , we can classify V ′ model based

on the main decay mode of V ′ which can be estimated from Eq. (2.3). In the next subsection, we

show there are two relations between ξV and ξf .

2.2 Unitarity sum rules

In this subsection, we derive the relation between ξV and ξf by requiring theory respects the

perturbative unitarity with the following assumptions:

1. There is a global SU(2)c symmetry known as custodial symmetry after the electroweak gauge

symmetry breaking (up to the U(1)Y and Yukawa couplings).

2. Left-handed fermions are fundamental representation of SU(2)c.

3. Right-handed fermions are singlet under SU(2)c.
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type-F example : HVT model A
(*�
���E�(*�
�	�E�*�	�
�U�*�	�&��

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

(*�
�� *�	�

��

(*�
�	
��

H2 =
1p
2

✓
i
p
2⇡+

2

v2 + h2 � i⇡0
2

◆
H1 =

✓
v1 + h1 + i⇡0

1 i
p
2⇡+

1

i
p
2⇡�

1 v1 + h1 � i⇡0
1

◆

Barger - Keung - Ma (1980) !
Pappadopulo - Thamm - Torre - Wulzer (2014)
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type-B example
(*�
���E�(*�
�	�E�*�	�
�U�*�	�&��

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

H2 =
1p
2

✓
i
p
2⇡+

2

v2 + h2 � i⇡0
2

◆
H1 =

✓
v1 + h1 + i⇡0

1 i
p
2⇡+

1

i
p
2⇡�

1 v1 + h1 � i⇡0
1

◆

(*�
�� *�	�

��

(*�
�	

�� ��

H3 =
1p
2

✓
i
p
2⇡+

3

v3 + h3 � i⇡0
3

◆

TA - Kitano (2013) 
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what makes difference?
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Figure 8: Bound on the model III-(c). The color notations is the same as in Fig. 4. The black lines shows

�(pp ! W 0 ! WZ) at the LHC 13 TeV, from left to right, their values are 10 fb (thick), 1 fb (solid),

0.1 fb (dashed), and 0.01 fb (dotted), respectively. The orange lines shows �(pp ! W 0 ! `⌫). From top

to bottom, their values are 0.1 fb (solid), 0.01 fb (dashed), and 0.001 fb (dotted), respectively. We assume

K-factor is 1.3 [49, 50].

the same consequence after the redefinitions of W 1
1µ and W 2

1µ.
5

3.2.4 Summary of the models with three Higgs VEVs

We find two of the three models are equivalent to the model II-(a) from the view point of V 0

phenomenology, and only the model III-(c) is di↵erent from the model II-(a). In the model III-(c),

V 0 mainly decay into bosons. We classify this model into type-B. We also show that model III-(c)

contains model II-(a) in the special limit in which v3 = v and v2 = 0.

3.3 Models with right-handed fermions charged under SU(2) gauge symmetry

In the previous two subsections, we do not consider models in which the right-handed fermions

are charged under SU(2). This is not only for simplicity but also for the following two reasons. The

first reason is that V 0 in such models mainly decay into the right-handed fermions and such models

are classified into the type-F. The second one is that the O(1) coupling of the right-handed fermions

to the SU(2) gauge bosons a↵ect to flavor physics, and seeking the parameter region allowed by

5 We also need to redefine H2 to keep the cubic term in the Higgs potential.
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Figure 4: Bound on the model shown in fig. 3(a). The cyan and pink regions are excluded by W 0 ! `⌫ [23–

26] and Z 0 ! `` [27–30], respectively. The blue region is excluded by V 0 ! V V [11, 16, 31–40], V 0 ! V h [12–

15, 41, 42], and V 0 ! V h/V V [43]. In the yellow region, g0 > 4⇡, where g0 is the gauge coupling of SU(2)0

which is not coupled to the fermions. The black lines shows �(pp ! W 0 ! WZ) at the LHC 13 TeV, from

left to right, their values are 0.1 fb (dashed), and 0.01 fb (dotted), respectively. The orange lines shows

�(pp ! W 0 ! `⌫). From top to bottom, their values are 0.1 fb (solid), 0.01 fb (dashed), and 0.001 fb

(dotted), respectively. We assume K-factor is 1.3 [49, 50].

V V [11, 16, 31–40], V 0 ! V h [12–15, 41, 42], and V 0 ! V h/V V [43], respectively. g0 > 4⇡ in

the yellow region. The bound from the decay of V 0 to quarks are weaker than the leptonic decay

modes, so we do not show them here.

We give a brief comment on our choice of the representation for H1. We take ✏H⇤
1 ✏ = �H1 to

reduce the degrees of freedom of H1 and to study simple model. There is another choice for this

purpose, ✏H⇤
1 ✏ = +H1. Although they look di↵erent from each other, these two choices lead to

the same consequence because all the di↵erences are absorbed by redefinition of W 1
0µ and W 2

0µ,

namely W 1
0µ ! �W 1

0µ and W 2
0µ ! �W 2

0µ. This is equivalent to change the basis of SU(2)0 gauge

as T a ! ⌧3T a⌧3 where T a denotes the generator of SU(2)0.

3.1.2 The model II-(b)

We find the model II-(b) shown in fig. 3(b) is not suitable for the purpose in studying V 0

phenomenology at the LHC, and needs some extensions.
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Summary
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