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Motivation
• Dark matter (DM) & neutrino masses                 BSM 

• 2 Higgs doublet model (2HDM) are very popular. For example,
- In MSSM, 2 Higgs doublets are needed due to holomorphic nature of  the 
superpotential as well as anomaly cancellation.
- With its additional CP phases, general 2HDM is a prototype model to 
discuss matter-antimatter asymmetry in the universe.

• Inert Higgs Doublet Model (IHDM) (Deshpande and Ma, ’78) can provide 
dark matter candidate, with a discrete Z2 symmetry imposed. No FCNC at 
tree level too! 

• Scalar singlet as DM: Silveria & Zee (’85), McDonald (’94), Burgess et al (’01), 
He et al (’09). Also based on Z2.

• However Wilczek and Krauss (’89) had argued that global symmetry (discrete 
or continuous) can be violated by gravitation processes like black hole 
evaporation or wormhole tunneling. Suggested discrete gauge symmetry. 

• We embed the two Higgs doublets into a fundamental representation of  a 
new gauge group SU(2)H.
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Some Highlights of  G2HDM

• New gauge group SU(2)H ⊗ U(1)X

• Symmetry breaking of  SU(2)L is triggered or induced 
by SU(2)H breaking

• One of  the Higgs doublet (H2) can be inert and may 
play the role of  dark matter, whose stability is 
protected by gauge invariance

• Unlike Left-Right symmetric models, the complex 
vector fields Wʹ′(p,m) are electrically neutral

• etc
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Particle ContentParticle contents 

!  H1 and H2 are embedded into a 

SU(2)H doublet 

!  SU(2)L doublet fermions are 

singlets under SU(2)H while 

SU(2)L singlet fermions pair up 

with heavy fermions as SU(2)H 

doublets 

!  VEVs of !H and "H !"#$%&%'&((%

)*%+,-./0%!&1!$%2*(*3(%%

!  VEV of !H !"#$(%&%4"5&6%'&((%)*%

7$&#8%9$5'"*3(%

%

VEV of  ΔH give mass to charged 
Higgs
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Higgs Potential

Higgs potential 

H =

✓
H1

H2
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JCAP06(2014)030

2.1 Parameterization of the IHDM scalar potential

The IHDM [23] is a rather simple extension of the SM Higgs sector. It contains the SM Higgs
doublet H1 and an additional Higgs doublet H2. This model has a Z2 symmetry under which
all the SM fields including H1 are even while H2 is odd under Z2: H2 → −H2. We further
assume that Z2 symmetry is not spontaneously broken i.e. H2 field does not develop VEV.
These doublets can be parameterized as:

H1 =

(
G+

1√
2
(v + h+ iG0)

)

, H2 =

(
H+

1√
2
(S + iA)

)

(2.1)

where G± and G0 are the charged and neutral Goldstone bosons respectively, which will be
absorbed by the W± and Z to acquire their masses.

The scalar potential with an exact Z2 symmetry forbids the mass term −µ2
12(H

†
1H2 +

h.c.) which mixes H1 and H2. Thus it has one fewer term than in THDM, i.e.

V = µ2
1|H1|2 + µ2

2|H2|2 + λ1|H1|4 + λ2|H2|4 + λ3|H1|2|H2|2 + λ4|H†
1H2|2

+
λ5

2

{
(H†

1H2)
2 + h.c.

}
. (2.2)

The electroweak gauge symmetry is broken whenH1 doublet gets its VEV: 〈HT
1 〉 = (0, v/

√
2)

while 〈H2〉 = 0. This pattern of symmetry breaking ensures unbroken Z2 symmetry and
results in one more CP-even neutral scalar S, one CP-odd neutral scalar A, a pair of charged
scalars H+ and H− in addition to the SM CP-even scalar Higgs h. Note that since h is
the SM Higgs boson, it is Z2 even, while S, A and H± are Z2 odd. Moreover, the exact Z2

symmetry naturally imposes the flavor conservation. Only SM Higgs boson couples to SM
fermions while the inert Higgses S, A and H± do not. The Z2 symmetry also ensures the
stability of the lightest scalar (S or A) that can act as a DM candidate. DM phenomenology
of IHDM had been studied extensively in the literature [50, 51, 53–71, 84].

The above scalar potential in eq. (2.2) has 8 real parameters: 5 λi, 2 µ2
i and the VEV

v. Minimization condition for the scalar potential eliminates µ2
1 in favour of the Higgs mass

and the VEV v is fixed to be 246GeV by the weak gauge boson masses. We are left with 6
independent real parameters. The masses of all the four physical scalars can be written in
terms of µ2

2, λ1, λ2, λ3, λ4 and λ5 as the following

m2
h = −2µ2

1 = 2λ1v
2 (2.3)

m2
S = µ2

2 +
1

2
(λ3 + λ4 + λ5)v

2 = µ2
2 + λLv

2 (2.4)

m2
A = µ2

2 +
1

2
(λ3 + λ4 − λ5)v

2 = µ2
2 + λAv

2 (2.5)

m2
H± = µ2

2 +
1

2
λ3v

2 (2.6)

where

λL,A =
1

2
(λ3 + λ4 ± λ5) . (2.7)

– 4 –

(IHDM)
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(IHDM)
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Higgs Potential

J
H
E
P
0
4
(
2
0
1
6
)
0
1
9

addition to the SM gauge groups, we introduce additional groups, SU(2)H ×U(1)X under

which H1 and H2 transform as a doublet, H = (H1 H2)T with U(1)X charge X(H) = 1.

With additional SU(2)H triplet and doublet, ∆H and ΦH , which are singlets un-

der SU(2)L, the Higgs potential invariant under both SU(2)L × U(1)Y and SU(2)H ×
U(1)X reads1

V (H,∆H ,ΦH) = V (H) + V (ΦH) + V (∆H) + Vmix (H,∆H ,ΦH) , (2.1)

with

V (H) = µ2
HH†H + λH

(
H†H

)2
,

= µ2
H

(
H†

1H1 +H†
2H2

)
+ λH

(
H†

1H1 +H†
2H2

)2
, (2.2)

which contains just two terms (1 mass term and 1 quartic term) as compared to 8 terms

(3 mass terms and 5 quartic terms) in general 2HDM [21];

V (ΦH) = µ2
ΦΦ

†
HΦH + λΦ

(
Φ†
HΦH

)2
,

= µ2
Φ (Φ∗

1Φ1 + Φ∗
2Φ2) + λΦ (Φ∗

1Φ1 + Φ∗
2Φ2)

2 , (2.3)

V (∆H) = − µ2
∆Tr

(
∆†

H∆H

)
+ λ∆

(
Tr

(
∆†

H∆H

))2
,

= − µ2
∆

(
1

2
∆2

3 +∆p∆m

)
+ λ∆

(
1

2
∆2

3 +∆p∆m

)2

, (2.4)

and finally the mixed term

Vmix (H,∆H ,ΦH) = +MH∆

(
H†∆HH

)
−MΦ∆

(
Φ†
H∆HΦH

)

+ λH∆

(
H†H

)
Tr

(
∆†

H∆H

)
+ λHΦ

(
H†H

)(
Φ†
HΦH

)

+ λΦ∆

(
Φ†
HΦH

)
Tr

(
∆†

H∆H

)
,

= +MH∆

(
1√
2
H†

1H2∆p +
1

2
H†

1H1∆3 +
1√
2
H†

2H1∆m − 1

2
H†

2H2∆3

)

−MΦ∆

(
1√
2
Φ∗
1Φ2∆p +

1

2
Φ∗
1Φ1∆3 +

1√
2
Φ∗
2Φ1∆m − 1

2
Φ∗
2Φ2∆3

)

+ λH∆

(
H†

1H1 +H†
2H2

)(
1

2
∆2

3 +∆p∆m

)

+ λHΦ

(
H†

1H1 +H†
2H2

)
(Φ∗

1Φ1 + Φ∗
2Φ2)

+ λΦ∆ (Φ∗
1Φ1 + Φ∗

2Φ2)

(
1

2
∆2

3 +∆p∆m

)
, (2.5)

where

∆H =

(
∆3/2 ∆p/

√
2

∆m/
√
2 −∆3/2

)
with ∆m = (∆p)

∗ and (∆3)
∗ = ∆3 , (2.6)

and ΦH = (Φ1 Φ2)
T .

1Here, we consider renormalizable terms only. In addition, SU(2)L multiplication is implicit and sup-

pressed.

– 5 –

Note that term like �

T
H✏�H�H is SU(2)H invariant but forbidden by U(1)X !
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•  If <!3>= -v
!
 !0, the quadratic terms for H1 and H2 read:  

•  If <!3>= -v
!
 !0, the quadratic terms for "1 and "2 read:  

! Therefore, SU(2)H spontaneous symmetry breaking can trigger 

SU(2)L symmetry breaking even if       is positive 

Higgs potential 

Symmetry Breaking

vev. Electroweak symmetry breaking is triggered by the SU(2)H breaking. Since the

doublet H
2

does not obtain a vev, its lowest mass component can be potentially a DM

candidate whose stability is protected by the gauge group SU(2)H .

• Similarly, the quadratic terms for two fields �
1

and �
2

have the coe�cients

µ2

�

± 1

2
M

��

· v
�

+
1

2
�
��

· v2
�

+
1

2
�H�

· v2 , (8)

respectively. The field �
2

may acquire nontrivial vev and h�
1

i = 0 with the help of a

large second term.

II. SPONTANEOUS SYMMETRY BREAKING AND MASS SPECTRA

After specifying the model content and fermion mass generation, we now switch to the

scalar and gauge boson sector. We begin by studying the minimization conditions for spon-

taneous symmetry breaking, followed by investigating scalar and gauge boson mass spectra.

Special attention is paid to mixing e↵ects on both the scalars and gauge bosons.

A. Spontaneous Symmetry Breaking

To facilitate spontaneous symmetry breaking, let us shift the fields as follows

H
1

=

0

@ G+

v+hp
2

+ iG
0

p
2

1

A , H
2

=

0

@ H+

S+iPp
2

1

A , �H =

0

@ Gp
H

v�+�2p
2

+ i
G0

Hp
2

1

A , �H =

0

@
�v�+�3

2

1p
2

�p

1p
2

�m
v���3

2

1

A .(9)

Here v, v
�

and v
�

are vevs to be determined by minimization of the potential;  G ⌘

{G+, G0, Gp
H , G

0

H} are Goldstone bosons, to be absorbed by the longitudinal components of

W+, W 3, W p, W 03 respectively; and  ⌘ {h,H+, S, P,�
2

, �
3

,�p} are physical fields.

Substituting the vevs in the potential V in Eq. (1) leads to

V (v, v
�

, v
�

) =
1

4

⇥
�Hv

4 + �
�

v4
�

+ �
�

v4
�

+ 2
�
µ2

Hv
2 + µ2

�

v2
�

� µ2

�

v2
�

�

�
�
MH�

v2 +M
��

v2
�

�
v
�

+ �H�

v2v2
�

+ �H�

v2v2
�

+ �
��

v2
�

v2
�

⇤
(10)

Minimization of the potential in Eq. (10) leads to the following three equations for the vevs

v ·
�
2�Hv

2 + 2µ2

H �MH�

v
�

+ �H�

v2
�

+ �H�

v2
�

�
= 0 , (11)

v
�

·
�
2�

�

v2
�

+ 2µ2

�

�M
��

v
�

+ �H�

v2 + �
��

v2
�

�
= 0 , (12)

4�
�

v3
�

� 4µ2

�

v
�

�MH�

v2 �M
��

v2
�

+ 2v
�

�
�H�

v2 + �
��

v2
�

�
= 0 . (13)

5
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Symmetry Breaking
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3.1 Spontaneous symmetry breaking

To facilitate spontaneous symmetry breaking, let us shift the fields as follows

H1 =

(
G+

v+h√
2
+ iG0

)
, ΦH =

(
Gp

H
vΦ+φ2√

2
+ iG0

H

)
, ∆H =

( −v∆+δ3
2

1√
2
∆p

1√
2
∆m

v∆−δ3
2

)
(3.1)

and H2 = (H+
2 H0

2 )
T . Here v, vΦ and v∆ are vevs to be determined by minimization

of the potential; ΨG ≡ {G+, G3, Gp
H , G0

H} are Goldstone bosons, to be absorbed by the

longitudinal components of W+, W 3, W p, W ′3 respectively; and Ψ ≡ {h,H2,Φ1,φ2, δ3,∆p}
are the physical fields.

Substituting the vevs in the potential V in eq. (2.1) leads to

V (v, v∆, vΦ) =
1

4

[
λHv4 + λΦv

4
Φ + λ∆v

4
∆ + 2

(
µ2
Hv2 + µ2

Φv
2
Φ − µ2

∆v
2
∆

)

−
(
MH∆v

2 +MΦ∆v
2
Φ

)
v∆ + λHΦv

2v2Φ + λH∆v
2v2∆ + λΦ∆v

2
Φv

2
∆

]
(3.2)

Minimization of the potential in eq. (3.2) leads to the following three equations for the vevs

v ·
(
2λHv2 + 2µ2

H −MH∆v∆ + λHΦv
2
Φ + λH∆v

2
∆

)
= 0 , (3.3)

vΦ ·
(
2λΦv

2
Φ + 2µ2

Φ −MΦ∆v∆ + λHΦv
2 + λΦ∆v

2
∆

)
= 0 , (3.4)

4λ∆v
3
∆ − 4µ2

∆v∆ −MH∆v
2 −MΦ∆v

2
Φ + 2v∆

(
λH∆v

2 + λΦ∆v
2
Φ

)
= 0 . (3.5)

Note that one can solve for the non-trivial solutions for v2 and v2Φ in terms of v∆ and other

parameters using eqs. (3.3) and (3.4). Substitute these solutions of v2 and v2Φ into eq. (3.5)

leads to a cubic equation for v∆ which can be solved analytically (See appendix A).

3.2 Scalar mass spectrum

The scalar boson mass spectrum can be obtained from taking the second derivatives of the

potential with respect to the various fields and evaluate it at the minimum of the potential.

The mass matrix thus obtained contains three diagonal blocks. The first block is 3× 3. In

the basis of S = {h, δ3,φ2} it is given by
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This matrix can be diagonalized by a similar transformation with orthogonal matrix O,

which defined as |f〉i ≡ Oij |m〉j with i and j referring to the flavour and mass eigen-

states respectively,

OT · M2
0 ·O = Diag(m2

h1
,m2

h2
,m2

h3
) , (3.7)

where the three eigenvalues are in ascending order. The lightest eigenvalue mh1 will be

identified as the 125GeV Higgs h1 observed at the LHC and the other two mh2 and mh3
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DM relic abundance and stays unscathed from the EWPT data in the limit of IHDM

where DM is purely the second neutral Higgs H0
2 . Detailed and systematic study will be

pursued elsewhere.

As an outlook, we briefly comment on collider signatures of this model, for which

detailed analysis goes beyond the scope of this work and will be pursued in the future.

Due to the SU(2)H symmetry, searches for heavy particles are similar to those of SUSY

partners of the SM particles with R-parity. In the case of H0
2 being the DM candidate,

one can have, for instance, uRuR → W ′pW ′m via t-channel exchange of uHR , followed

by W ′p → uRuHR → uRH0
2uL and its complex conjugate, leading to 4 jets plus missing

transverse energy. Therefore, searches on charginos or gauginos in the context of SUSY

may also apply to this model. Furthermore, this model can also yield mono-jet or mono-

photon signatures: uRuR → H0
2H

0
2 plus γ or g from the initial state radiation. Finally,

the recent diboson excess observed by the ATLAS Collaboration [76] may be partially

explained by 2TeV Z ′ decays into W+W− via the Z ′ − Z mixing.

Phenomenology of G2HDM is quite rich. In this work we have only touched upon its

surface. Many topics like constraints from vacuum stability as well as DM and neutrinos

physics, collider implications, etc are worthwhile to be pursued further. We would like to

return to some of these issues in the future.

A Analytical expression for v, v∆ and vΦ

From eqs. (3.3) and (3.4), besides the trivial solutions of v2 = v2Φ = 0 one can deduce the

following non-trivial expressions for v2 and v2Φ respectively,

v2 =
(2λΦλH∆ − λHΦλΦ∆)v2∆ + (λHΦMΦ∆ − 2λΦMH∆)v∆ + 2(2λΦµ2

H − λHΦµ2
Φ)

λ2
HΦ − 4λHλΦ

,

(A.1)

v2Φ =
(2λHλΦ∆ − λHΦλH∆)v2∆ + (λHΦMH∆ − 2λHMΦ∆)v∆ + 2(2λHµ2

Φ − λHΦµ2
H)

λ2
HΦ − 4λHλΦ

.

(A.2)

Substituting the above expressions for v2 and v2Φ into eq. (3.5) leads to the following cubic

equation for v∆:

v3∆ + a2v
2
∆ + a1v∆ + a0 = 0 , (A.3)

where a2 = C2/C3, a1 = C1/C3 and a0 = C0/C3 with

C0 = 2 (λHΦMΦ∆ − 2λΦMH∆)µ
2
H + 2 (λHΦMH∆ − 2λHMΦ∆)µ

2
Φ , (A.4)
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2
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Φ

+2
(
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)
µ2
∆ + λHM2

Φ∆ − λHΦMH∆MΦ∆ + λΦM
2
H∆

]
, (A.5)
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C3 = 4
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λ2
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− λH∆λHΦλΦ∆ + λ2

H∆λΦ + λ∆λ
2
HΦ

]
. (A.7)
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pursued elsewhere.
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The three roots of cubic equation like eq. (A.3) are well-known since the middle of

16th century

v∆ 1 = −1

3
a2 + (S + T ) , (A.8)

v∆ 2 = −1

3
a2 −

1

2
(S + T ) +

1

2
i
√
3 (S − T ) , (A.9)

v∆ 3 = −1

3
a2 −

1

2
(S + T )− 1

2
i
√
3 (S − T ) , (A.10)

where

S ≡ 3

√
R+

√
D , (A.11)

T ≡ 3

√
R−

√
D , (A.12)

D ≡ Q3 +R2 , (A.13)

with

Q ≡ 3a1 − a22
9

, (A.14)

R ≡ 9a1a2 − 27a0 − 2a32
54

. (A.15)

B Decay width of SM Higgs to γγ and Zγ

Below we summarize the results for the decay width of SM Higgs to γγ and γZ [68–71],

including the mixing among h, δ3 and φ2 characterized by the orthogonal matrix O, i.e.,

(h, δ3,φ2)T = O · (h1, h2, h3)T . In general one should include the mixing effects among Z

and Z ′ (and perhaps Z ′′) as well. As shown in section IV, these mixings are constrained

to be quite small and we will ignore them here.

• Taking into account H±
2 contributions, the partial width of h1 → γγ is

Γ(h1 → γγ) =
GF α2m3

h1
O2

11

128
√
2π3

∣∣∣∣∣ Ch
λHv2

m2
H±

2

Aγγ
0 (τH±

2
)+Aγγ

1 (τW )+
∑

f

NcQ
2
fA

γγ
1/2(τf )

∣∣∣∣∣

2

,

(B.1)

with

Ch = 1− O21

O11

2λH∆v∆ +MH∆

4λHv
+

O31

O11

λHΦvΦ
2λHv

. (B.2)

The form factors for spins 0, 1
2 and 1 particles are given by

Aγγ
0 (τ) = −[τ − f(τ)] τ−2 ,

Aγγ
1/2(τ) = 2[τ + (τ − 1)f(τ)] τ−2 ,

Aγγ
1 (τ) = −[2τ2 + 3τ + 3(2τ − 1)f(τ)] τ−2 , (B.3)
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J
H
E
P
0
4
(
2
0
1
6
)
0
1
9

The three roots of cubic equation like eq. (A.3) are well-known since the middle of

16th century

v∆ 1 = −1

3
a2 + (S + T ) , (A.8)

v∆ 2 = −1

3
a2 −

1

2
(S + T ) +

1

2
i
√
3 (S − T ) , (A.9)

v∆ 3 = −1

3
a2 −

1

2
(S + T )− 1

2
i
√
3 (S − T ) , (A.10)

where

S ≡ 3

√
R+

√
D , (A.11)

T ≡ 3

√
R−

√
D , (A.12)

D ≡ Q3 +R2 , (A.13)

with

Q ≡ 3a1 − a22
9

, (A.14)

R ≡ 9a1a2 − 27a0 − 2a32
54

. (A.15)

B Decay width of SM Higgs to γγ and Zγ

Below we summarize the results for the decay width of SM Higgs to γγ and γZ [68–71],

including the mixing among h, δ3 and φ2 characterized by the orthogonal matrix O, i.e.,

(h, δ3,φ2)T = O · (h1, h2, h3)T . In general one should include the mixing effects among Z

and Z ′ (and perhaps Z ′′) as well. As shown in section IV, these mixings are constrained

to be quite small and we will ignore them here.

• Taking into account H±
2 contributions, the partial width of h1 → γγ is

Γ(h1 → γγ) =
GF α2m3

h1
O2

11

128
√
2π3

∣∣∣∣∣ Ch
λHv2

m2
H±

2

Aγγ
0 (τH±

2
)+Aγγ

1 (τW )+
∑

f

NcQ
2
fA

γγ
1/2(τf )

∣∣∣∣∣

2

,

(B.1)

with

Ch = 1− O21

O11

2λH∆v∆ +MH∆

4λHv
+

O31

O11

λHΦvΦ
2λHv

. (B.2)

The form factors for spins 0, 1
2 and 1 particles are given by

Aγγ
0 (τ) = −[τ − f(τ)] τ−2 ,

Aγγ
1/2(τ) = 2[τ + (τ − 1)f(τ)] τ−2 ,

Aγγ
1 (τ) = −[2τ2 + 3τ + 3(2τ − 1)f(τ)] τ−2 , (B.3)

– 27 –

Solution: 

Girolamo Cardano (1501-1576)
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Yukawa Couplings

•  We choose to pair SM SU(2)L singlet fermions with heavy 

fermions to form SU(2)H doublets as 

•  To give a mass to heavy fermions, we add “left-handed” partners 

with the help of the SU(2)H scalar doublet !H:  

 

Quark Yukawa couplings 

Absence of  FCNC interaction! 
(Natural flavor conservation: Weinberg & Glashow, ’77; Paschos, ’77 
Minimal flavor violation: G. D'Ambrosio, G. F. Giudice, G. Isidori, A. 
Strumia ’02)
If  the second doublet H2 is inert, it could be DM candidate if  it is lighter 
than all heavy fermions and scalars.

SM SM

�u,�d
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Yukawa Couplings
•  Similarly, for the lepton sector we have: 

where we introduce the right-handed neutrino and its SU(2)H 

partner,   

•  The SM neutrinos have only Dirac masses unless the Majorana 

mass is introduced such as: 

Lepton Yukawa couplings 

!"#$#%&'()*%+,%-$./#0%-#123,#%45%

12$$+#,%&'()*%1"2$6#%

SM

H1 does not couple to heavy fermions. So the SM Higgs signal strengths 
are not affected by the new fermions.
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Anomaly Cancellation

! 1 

 

! 1 

 

Anomaly cancellation 
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Anomaly Cancellation

! 1 

 

! 1 

 

Anomaly cancellation 

Also, there are a total of  12 SU(2)L doublets and a total of  24 SU(2)H doublets. 
Free of  Witten SU(2) global anomaly too!

[Alvarez-Gaume and 
Witten, ’84]

[Witten, ’82]
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Particle ContentParticle contents 

!  H1 and H2 are embedded into a 

SU(2)H doublet 

!  SU(2)L doublet fermions are 

singlets under SU(2)H while 

SU(2)L singlet fermions pair up 

with heavy fermions as SU(2)H 

doublets 

!  VEVs of !H and "H !"#$%&%'&((%

)*%+,-./0%!&1!$%2*(*3(%%

!  VEV of !H !"#$(%&%4"5&6%'&((%)*%

7$&#8%9$5'"*3(%

%

Optional �N (1, 1, 3, 0,�2)
to provide Majorana neutrino masses.

VEV of  ΔH give mass to charged 
Higgs

17



Theoretical Constraints 

• Vacuum Stability 
- Scalar potential should be bounded from 
below

• Perturbative Unitarity 
- Scattering amplitudes in the scalar sector

18



Potential (Quartic terms) 

• Due to gauge symmetry, the potential 
depends only on the following combinations

are given by

V
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H
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(20)

Due to the gauge symmetry, the above potential involves only the following three combi-

nations of fields

X 2 = h2 + (G0)2 + 2G+G� + S2 + P 2 + 2H+H� (21)

Y2 = �2

2

+ (G0

H)
2 + 2Gp

HG
m
H (22)

Z2 = �2
3

+ 2�p�m (23)

In terms of these combinations, V
4
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4
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Y4 + �
�

Z4 + �H�

X 2Z2 + �H�

X 2Y2 + �
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Y2Z2

�
(24)

A. Bounded From Below

Approach I:

Following the Appendix in Ref. [4], we write

|X | = r cos ✓ sin� (25)

|Y| = r sin ✓ sin� (26)

|Z| = r cos� (27)

Then V
4

can be expressed as

Ṽ
4

⌘ 4V
4

/r4 = Ax2 + B(1� x)2 + Cx(1� x) (28)
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Scalar Bosons Scattering Amplitudes

for �H , ��

, �
�

> 0 with �H�

, �H�

, �
��

< 0.

B. Perturbative Unitarity

Modes:

{XX ,YY ,ZZ} ! {XX ,YY ,ZZ} (65)
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The first row corresponds to the processes

hh ! hh,G0G0, G+G�, SS, PP,H+H�,�
2

�
2

, G0
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0

H , G
p
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m
H , �3�3,�p�m .
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G0G0  ! hh,G0G0, G+G�, SS, PP,H+H�,�
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�
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, G0
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H , G
p
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H , �3�3,�p�m .

And so on. Here we decompose H0⇤
2

= (S � iP )/
p
2 and consider S and P separately. This

was usually done in IHDM. Unitarity constraints require all eigenvalues of M
1

to satisfy

|�i|  8⇡ , 8i = 1, · · · , 11 (67)

Modes:

{XY ,YZ,XZ} ! {XY ,YZ,XZ} (68)
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And so on. Here we decompose H0⇤
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2 and consider S and P separately. This

was usually done in IHDM. Unitarity constraints require all eigenvalues of M
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M
2

=

0

BBB@

�H�

I
18⇥18

0 0

0 �
��

I
6⇥6

0

0 0 �H�

I
12⇥12

1

CCCA
(69)

where In⇥n is the n⇥ n unit matrix. The first block corresponds to

h�
2

 ! h�
2

, hG0

H  ! hG0

H , hG
p
H  ! hGp

H ,

G0�
2

 ! G0�
2

, G0G0

H  ! G0G0

H , G
0Gp

H  ! G0Gp
H ,

· · · and so on.

The second block corresponds to

�
2

�
3

 ! �
2

�
3

,�
2

�p  ! �
2

�p,

G0

H�3  ! G0

H�3, G
0

H�p  ! G0

H�p,

Gp
H�3  ! Gp

H�3, G
p
H�p  ! Gp

H�p.

The third block corresponds to

h�
3

 ! h�
3

, h�p  ! h�p,

G0�
3

 ! G0�
3

, G0�p  ! G0�p,

G+�
3

 ! G+�
3

, G+�p  ! G+�p,

· · · and so on.

Eigenvalues of M
2

are �H�

, �
��

and �H�

. Unitarity requires

|�H�

|  8⇡ , (70)

|�
��

|  8⇡ , (71)

|�H�

|  8⇡ . (72)

[Please check the above two scattering matrices. Do I miss any process? –TC]
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We summarize the three conditions for vacuum stability and perturbative unitarity from

tree level consideration:

• �H , �
�

, �
�

must be positive definite:

�H , �
�

, �
�

> 0 . (73)

• �H�

, �
��

, �H�

can be positive or negative. Their ranges are determined by unitarity

constraint

|�H�

| , |�
��

| , |�H�

| < 8⇡ . (74)

(1) �H�

, �
��

, �H�

> 0

�H�

, �
��

, �H�

< 8⇡ . (75)

(2) �H�

, �
��

> 0 ; �H�

< 0

4�H��

� �2

H�

> 0 (76)

Similar conditions for two other permutation cases.

(3) �H�

> 0 ; �
��

, �H�

< 0

4�
�

�
�

� �2

��

> 0

4�H��

� �2

H�

> 0

2�
�

�H�
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�
��

> �
q
(4�H��
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�

�
�

� �2

��

) (77)

Similar conditions for two other permutation cases.
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��
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4�H��
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�
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) (78)

• All eigenvalues �i of M1

in (66) must be constrained by |�i| < 8⇡.
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Phenomenology

•  First, we Taylor expand scalar fields around the vacua 

 

•  We have the mixing between              and                   due to: 

 

 

 

 

Scalar mass spectrum 

!  We have 6 Goldstone bosons, absorbed by 3 SM gauge bosons and 3 SU(2)H 
ones, yielding the massless photon and dark photon   

!

Mass Matrix is 10 x 10

More later!
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Scalar Mass Spectrum

• The 125 GeV Higgs is now a mixture of  {h,δ3,𝜙2}

• However, the mixing is constrained to be quite small, 
suppressed by v/v𝚽 as v ∼ 246 GeV and v𝚽 ≥ 10 TeV due to 
LEP Z-Zʹ′ mixing constraint (More on this later)!

Note that one can solve for the non-trivial solutions for v2 and v2
�

in terms of v
�

and other

parameters using Eqs. (11) and (12). Substitute these solutions of v2 and v2
�

into Eq. (13)

leads to a cubic equation for v
�

which can be solved analytically.

B. Scalar Mass Spectrum

The scalar boson mass spectrum can be obtained from taking the second derivatives of the

potential with respect to the various fields and evaluate it at the minimum of the potential.

The mass matrix thus obtained contains three diagonal blocks. The first block is 3⇥ 3. In

the basis of S = {h, �
3

,�
2

} it is given by
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(14)

This matrix can be diagonalized by a similar transformation with orthogonal matrix O,

which defined as |fii ⌘ Oij|mij with i and j referring to the flavour and mass eigenstates

respectively,

OT · M2

0

·O = Diag(m2

h1
,m2

h2
,m2

h3
) , (15)

where the three eigenvalues are in ascending order. The lightest eigenvalue mh1 will be

identified as the 125 GeV Higgs h
1

observed at the LHC and the other two mh2 and mh3

are for the heavier Higgses h
2

and h
3

. The physical Higgs hi is a linear combination of the

three components of S: hi = OjiSj. Thus the 125 GeV scalar boson could be a mixture of

the neutral components of H
1

and the SU(2)H doublet �H , as well as the real component

�
3

of the SU(2)H triplet �H .

The SM Higgs h
1

tree-level couplings to ff̄ , W+W�, ZZ and H+

2

H�
2

pairs, each will

be modified by an overall factor of O
11

, resulting a reduction by |O
11

|2 on the h
1

decay

branching ratios into these channels. On the other hand, as we shall see later, h
1

! �� and

Z� involve extra contributions from the �
3

and �
2

components, which could lead to either

enhancement or suppression with respect to the SM prediction.

The second block is also 3 ⇥ 3. In the basis of G = {Gp
H ,�p, H0⇤

2

⌘ (S � iP )/
p
2} it is
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branching ratios into these channels. On the other hand, as we shall see later, h
1

! �� and

Z� involve extra contributions from the �
3

and �
2

components, which could lead to either

enhancement or suppression with respect to the SM prediction.

The second block is also 3 ⇥ 3. In the basis of G = {Gp
H ,�p, H0⇤

2

⌘ (S � iP )/
p
2} it is

6
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! The determinant of the second mass matrix is zero since one of 

the mass eigenstates and its complex conjugate correspond to 

the Goldstone bosons, eaten by SU(2)H W’ 

! For H2
0 to be the DM candidate, one has to make sure it is lighter 

than its charged component H2
± of mass MH!v! 

 

 

Scalar mass spectrum 
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! The charged components of H2 do not mix with other neutral 

scalars:  

! The rest is the Goldstone bosons:  

 

Scalar mass spectrum 

Different from IHDM!!
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Figure 1. The SM Higgs mass dependence on MH∆ and λH . In the limit of vΦ, v∆ ! v, the Higgs
mass is basically determined by two parameters MH∆ and λH only. Other parameters are set as
follows: λΦ = 0.5, λ∆ = 1, vΦ = v∆ = 10TeV and MΦ∆ = 0.8MH∆.

the SM one so as to have a correct Higgs mass. In this regime, |O11| is, however, still very
SM-like: O2

11 " 1. Therefore, one has to measure the quartic coupling λH through the

double Higgs production to be able to differentiate this model from the SM.

For the analysis above, we neglect the fact all vevs, vΦ, v∆ and v are actually functions

of the parameters µs, Ms and λs in eq. (2.1), the total scalar potential. The analytical

solutions of the vevs are collected in appendix A. As a consequence, we now numerically

diagonalized the matrices (3.6) and (3.8) as functions of µ, M and λ, i.e., replacing all

vevs by the input parameters. It is worthwhile to mention that v∆ has three solutions as

eq. (3.5) is a cubic equation for v∆. Only one of the solutions corresponds to the global

minimum of the full scalar potential. We, however, include both the global and local

minimum neglecting the stability issue for the latter since it will demand detailed study

on the nontrivial potential shape which is beyond the scope of this work.

In order to explore the possibility of a non-SM like Higgs having a 125GeV mass, we

further allow for nonzero mixing couplings. We perform a grid scan with 35 steps of each

dimension in the range

10−2 ≤ λH∆ ≤ 5 ,

10−2 ≤ λHΦ ≤ 5 ,

10−2 ≤ λΦ∆ ≤ 5 ,

10−1 ≤ λH ≤ 5 ,

1.0 ≤ MH∆/GeV ≤ 2× 104 ,

1.05 ≤ v∆/vΦ ≤ 5.0 . (4.1)

– 15 –

Reproducing the SM 125 GeV Higgs
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! We have 6 Goldstone bosons: 2 absorbed by SM W, 2 eaten by SU(2)H 

W’ and the rest two by Z and Z’. 

! The SM W bosons acquire a mass by eating the charged 

components of H1 as in the SM since H2 does not get a VEV and 

the other scalars (!H and "H) are neutral 

! SU(2)H W’ bosons receive a mass from all VEVs, <"3> , <!2> 

and <H1> : 

Gauge boson mass spectrum 
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! <!3> gives a mass to SU(2)H W’ bosons but not W’3 while one 

linear combination of W’3 and X obtains a mass from <"2>   

! <H1> also gives a mass to W’3 and X because of its quantum 

numbers. Hence, W’3 and X mix with the SM W3 and Y. 

 

Gauge boson mass spectrum 

No vΔ dependent!
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!  The mass matrix contains 2 massive particles, identified as SM Z and 

additional Z’ and also two massless photon ! and dark photon !’   

!  !’ also couples to SM fermions and are thermally produced in the early 

universe. It would be excluded, for instance, by CMB observables 

!  There exist at least two solutions: Stueckelberg mass terms (Kors and 

Nath ’04 ’05) or simply setting gX zero. 

!  In the following, we present results for the second solution.    

 

Gauge boson mass spectrum 

30



! The 3-by-3 mass matrix can be diagonalized by only 2 mixing 

angles:  

 

Gauge boson mass spectrum 

!"#$#%#&'#()#*#+,,-#./*01/2#0/2345#
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Experimental constraints on Z’ 

!  !"#$%#&$'()#$*+,#-$.%+,$&(%#*/$01$

%#-+)2)*#$-#2%*"#-$34546789:6;$

!  !"#$<'2*=$&2-"#&$'()#$*+,#-$.%+,$

>?@$*+)-/%2()/-$+)$/"#$*%+--A-#*B+)$

+.$#C$#A$D$#C#A$$3"#EA#FG:946:69;$

!H
!
I4:$!#J$

!  !"#$<'K#$&+L#&$'()#$*+,#-$.%+,$

?M@!$&2/2$2)&$*+''(&#%$*+)-/%2()/-$

+)$/"#$0A01$,(F()N3:O:87659PQ$

45:878RR8;$$
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h ! !! and Z!   

33



IHDM

Arhrib, Tsai, Yuan, TCY, JCAP 06, (2014), 030

JCAP06(2014)030

2.1 Parameterization of the IHDM scalar potential

The IHDM [23] is a rather simple extension of the SM Higgs sector. It contains the SM Higgs
doublet H1 and an additional Higgs doublet H2. This model has a Z2 symmetry under which
all the SM fields including H1 are even while H2 is odd under Z2: H2 → −H2. We further
assume that Z2 symmetry is not spontaneously broken i.e. H2 field does not develop VEV.
These doublets can be parameterized as:

H1 =

(
G+

1√
2
(v + h+ iG0)

)

, H2 =

(
H+

1√
2
(S + iA)

)

(2.1)

where G± and G0 are the charged and neutral Goldstone bosons respectively, which will be
absorbed by the W± and Z to acquire their masses.

The scalar potential with an exact Z2 symmetry forbids the mass term −µ2
12(H

†
1H2 +

h.c.) which mixes H1 and H2. Thus it has one fewer term than in THDM, i.e.

V = µ2
1|H1|2 + µ2

2|H2|2 + λ1|H1|4 + λ2|H2|4 + λ3|H1|2|H2|2 + λ4|H†
1H2|2

+
λ5

2

{
(H†

1H2)
2 + h.c.

}
. (2.2)

The electroweak gauge symmetry is broken whenH1 doublet gets its VEV: 〈HT
1 〉 = (0, v/

√
2)

while 〈H2〉 = 0. This pattern of symmetry breaking ensures unbroken Z2 symmetry and
results in one more CP-even neutral scalar S, one CP-odd neutral scalar A, a pair of charged
scalars H+ and H− in addition to the SM CP-even scalar Higgs h. Note that since h is
the SM Higgs boson, it is Z2 even, while S, A and H± are Z2 odd. Moreover, the exact Z2

symmetry naturally imposes the flavor conservation. Only SM Higgs boson couples to SM
fermions while the inert Higgses S, A and H± do not. The Z2 symmetry also ensures the
stability of the lightest scalar (S or A) that can act as a DM candidate. DM phenomenology
of IHDM had been studied extensively in the literature [50, 51, 53–71, 84].

The above scalar potential in eq. (2.2) has 8 real parameters: 5 λi, 2 µ2
i and the VEV

v. Minimization condition for the scalar potential eliminates µ2
1 in favour of the Higgs mass

and the VEV v is fixed to be 246GeV by the weak gauge boson masses. We are left with 6
independent real parameters. The masses of all the four physical scalars can be written in
terms of µ2

2, λ1, λ2, λ3, λ4 and λ5 as the following

m2
h = −2µ2

1 = 2λ1v
2 (2.3)

m2
S = µ2

2 +
1

2
(λ3 + λ4 + λ5)v

2 = µ2
2 + λLv

2 (2.4)

m2
A = µ2

2 +
1

2
(λ3 + λ4 − λ5)v

2 = µ2
2 + λAv

2 (2.5)

m2
H± = µ2

2 +
1

2
λ3v

2 (2.6)

where

λL,A =
1

2
(λ3 + λ4 ± λ5) . (2.7)
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Figure 6. The two dimension scatter plots on the (λ3, Rγγ) plane (left) and the (mH± , Rγγ)
plane (right). The blue squares and the red dots correspond to BR(h → invisible) > 0.2 and < 0.2
respectively.

Figure 7. The two dimension profile likelihood on the (mχ, 〈σv〉) plane. The blue squares are 2σ
allowed region by RC constraints and the red dots are 2σ allowed region by RC+ID constraints.

6.2.2 RC+ID

We now move on to study the impact of DM indirect detection on the parameters mχ and
velocity averaged annihilation cross section 〈σv〉, where v is the relative velocity of the anni-
hilating DM. Nowadays, the DM relative velocity is non-relativistic, one can simply use the
approximation 〈σv〉 = σv|v→0. In figure 7, we show the two dimensional profile likelihood
on the (mχ, 〈σv〉) plane. The blue squares are 2σ allowed region by RC constraints and the
red dots are 2σ allowed region by RC+ID constraints.
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Signal Strengths Rγγ and RγZ versus Charged Higgs Mass
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Conclusions and Outlook

• We have constructed a model with the 2 Higgs doublets embedded 
into a 2 dim spinor representation of  a new gauge group SU(2)H.

• Spontaneous symmetry breaking of  SU(2)H by a triplet triggers the 
breaking of  the SM SU(2)L.

• An inert doublet can be emerged as DM candidate due to local 
gauge invariance rather than the ad hoc Z2 discrete symmetry.

• W{p,m} gauge bosons are complex fields but electrically neutral.

• Z-Zʹ′ mixing is constrained to be small by LEP data, direct Zʹ′ 
search at LHC, etc implies the VEV v𝚽 ≥ 10 TeV and a heavy Zʹ′. 
This also implies the mixings between SM Higgs and other heavy 
scalars are small.

• Signal strengths for hγγ and hZγ are consistent with LHC data 
provided that the charged Higgs is heavier than 100 GeV. They are 
always <1, in contrast with IHDM which can > or < 1!
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Conclusions and Outlook

• EWPT (S, T, U) - new contributions from extra 
scalars and gauge bosons. (Note: They vanish in the 
exact SU(2)H limit!)

• LHC phenomenology of  heavy fermions, gauge 
particles Zʹ′, Zʹ′ʹ′, W{p,m} and scalars

• Rare Decays (Loop processes)
- FCNH decay e.g. h→μτ, etc
- μ→eγ (MEG), μ-e conversion (Mu2E, COMET), 
etc

• DM (relic density, direct/indirect detection, collider)
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