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Motivation

• Standard Model:

• Higgs particle found at the LHC in 2012

→ very SM-like

• no signal for New Physics as of 2019

• several issues are still not explained by the SM
• Dark Matter:

• if Standard Cosmological Model correct: 85% mass missing

• only gravitational interaction observed

• nature of DM unknown
• CP violation:

• CPv in the SM not enough to explain BAU
• ...

• Many competing models on the market
• what are distinct signatures?
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3HDM

Three-Higgs Doublet Models:
• three SU(2) doublets, φ1, φ2, φ3

• richer symmetry groups than the 2HDMs

• richer particle spectrum

• stable DM candidate and CP violation

→ unlike the 2HDM

• in this talk

Z2-symmetric 3HDM with Two Inert and One Higgs doublet:

I(2+1)HDM
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I(2+1)HDM
Z2-symmetry in I(2+1)HDM:

φ1 → −φ1, φ2 → −φ2, φ3 → φ3, SM fields→ SM fields

Z2-invariant potential:

V =

3∑
i

[
−|µ2

i |(φ†iφi) + λii(φ
†
iφi)

2
]

+
3∑
ij

[
λij(φ

†
iφi)(φ

†
jφj) + λ′ij(φ

†
iφj)(φ

†
jφi)

]
+
(
−µ2

12(φ†1φ2) + λ1(φ†1φ2)2 + λ2(φ†2φ3)2 + λ3(φ†3φ1)2 + h.c.
)

+
(
λ4(φ†3φ1)(φ†2φ3) + λ5(φ†1φ2)(φ†3φ3) + λ6(φ†1φ2)(φ†1φ1)

+ λ7(φ†1φ2)(φ†2φ2) + λ8(φ†3φ1)(φ†3φ2) + h.c.
)

• 21 parameters in V

• explicit CP violation: µ2
12, λ1, λ2, λ3 are complex

→ 3 independent CPv phases
• Yukawa interaction: ”Model I”-type (only φ3 couples to fermions)
• explicit Z2-symmetry
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Particle Content

Z2-invariant vacuum state:

φ1 =

(
H+

1

H0
1+iA0

1√
2

)
, φ2 =

(
H+

2

H0
2+iA0

2√
2

)
, φ3 =

(
G+

v+h+iG0
√

2

)

• φ3 – SM-like doublet with SM-like Higgs h

• Z2-odd (inert) doublets φ1 and φ2 mix:
S1

S2

S3

S4

 = R4×4


H0

1

H0
2

A0
1

A0
2

 ,

(
S±1
S±2

)
= R2×2

(
H±1
H±2

)

• 4 neutral Z2-odd particles

mixing between states of opposite CP-parity

• S1 – DM candidate, other dark particles heavier

→ interesting DM phenomenology
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CPV in the Dark Sector

• inert scalars do not couple to fermions

→ CKM matrix as in the SM
• inert scalars have mixed CP-parity

→ different interaction with Z compared to CPc 3HDM:

• CPv 3HDM: ZS1S2, ZS1S3, ZS1S4, ZS2S3, ZS2S4, ZS3S4

• CPc 3HDM: ZH1A1, ZH2A1, ZH1A2, ZH2A2

→ but how does it differ from CPc 3HDM+singlet?:

• ZH1A1, ZH1A2, ZH2A1, ZH2A2, ZH3A1, ZH3A2

• what is a clear signature of dark CP violation?
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ZZZ vertex

Z
µ
1

Z
β
3

Zα
2

= ieΓµαβ
−→

ր

ց

p1

p2

p3
Z1 – off-shell, Z2, Z3 – on-shell

eΓαβµZZZ = ie
p21−M

2
Z

M2
Z

[
fZ4 (pα1 g

µβ + pβ1 g
µα) + fZ5 ε

µαβρ(p2 − p3)ρ
]

vertices forbidden by Z2 symmetry:

ZZSi, G
0ZSi ⇒

no SG0Z, SSZ triangle/bubble diagrams

vertices allowed by Z2 symmetry:

ZSiSj ⇒

only SSS triangle diagrams remain

m1

m2
m3

q+k1

q

q+k2

Hi

Hj

Hk

Z1

Z2

Z3

p1, µ

p2, α

p3, β

ek

ei

ej
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Formula for f4 in the LoopTools notation

f4 =
1

e

1

2π2

M2
Z

q2 −M2
Z

4∑
i,j,k

gijkεijkC002(M2
Z ,M

2
Z , q

2,m2
i ,m

2
j ,m

2
k)

gijk is given by scalar-Z couplings:

gijk = |gZSiSj | |gZSjSk | |gZSkSi | ∼ RijRjkRkj
where Rij are elements of the rotation matrix

⇒ if there is no CP mixing then gijk → 0
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Asymmetries

ZZ production at e+e− colliders: e−(σ)e+(σ̄)→ Z(λ)Z(λ̄)

λ, λ̄ – helicities of Z, σ, σ̄ – helicities of e−, e+

A1 =
σ+,0−σ0,−
σ+,0+σ0,−

σλ,λ̄ =
∑
σ,σ̄Mσ,σ̄;λ,λ̄(θ)M∗σ,σ̄;λ,λ̄(θ)

Asymmetry depends on the ZZZ coupling:

A1 = −4βγ4
[
(1 + β2)2 − (2β cos θ)2

]
F1(β, θ) Imf4
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f4 vs masses

21 parameters in the potential ⇒ large parameter space to explore

f4 ∼ gijk ∼ RijRjkRki

• amount of CP violation (⇒ size of f4) related to mixing between states
• this is related to mass splittings

MN =


• • O(Imλ3) 0

• • 0 O(Imλ2)

O(Imλ3) 0 • •

0 O(Imλ2) • •

 in basis

 H0
1

H0
2

A0
1

A0
2


• large mass splittings preferred

• Problem in CPv 2HDM with h1, h2, h3:

LHC points towards an alignment limit

⇒ h1 = hSM and R12 → 1, R23 → 0, R31 → 0⇒ gijk → 0

• no such requirement in the 3HDM
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Conclusions and Outlook

• 3HDM with Z2 symmetry: I(2+1)HDM

• interesting model with rich phenomenology

• CP violation in the dark sector

• non-zero contribution to ZZZ vertex – test of CP violation

• large mixing and mass splittings preferred
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Asymmetry A1

AZZ1 = −4βγ4
[
(1 + β2)2 − (2β cos Θ)2

]
F1(β,Θ)=fZ4 ,

F1(β,Θ) = N0+N1 cos Θ+N2 cos2 Θ+N3 cos3 Θ
D0+D1 cos Θ+D2 cos2 Θ+D3 cos3 Θ+D4 cos4 Θ

N0 =
(
1 + β2) ξ1, N1 = −2β2 (ξ1 − ξ2) , (1a)

N2 =
(
β2 − 3

)
ξ1, N3 = 2 (ξ1 − ξ2) , (1b)

D0 =
(
1 + β2)2 (ξ3 + ξ4) , D1 = 2

(
1− β4) ξ3, (1c)

D2 = −
(
3 + 6β2 − β4) (ξ3 + ξ4) , D3 = −4

(
1− β2) ξ3, (1d)

D4 = 4 (ξ3 + ξ4) , (1e)

with

ξ1 = sin θW cos θW (1− 6 sin2 θW + 12 sin4 θW ), (2a)

ξ2 = 16 sin7 θW cos θW , (2b)

ξ3 = 1− 8 sin2 θW + 24 sin4 θW − 32 sin6 θW , (2c)

ξ4 = 32 sin8 θW . (2d)
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Other asymmetries
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