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The Standard Model

Its current formulation was finalised
in the 70’s and predicted:

the W & Z bosons
discovered in 1983

the top quark
discovered in 1995

the tau neutrino
discovered in 2000

the Brout-Englert-Higgs mechanism
a scalar boson was discovered

in 2012
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· · · and the need to go beyond

What is missing:

a suitable Dark Matter candidate

a successful baryogenesis mechanism

strong first order phase transition

sufficient amount of CP-violation

a natural inflation framework

an explanation for the fermion mass
hierarchy

a stable electroweak vacuum

⇒ beyond the Standard Model

⇒ scalar extensions of the SM
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Scalar extensions of the SM

SM + scalar singlets

Dark Matter severely constrained

CP-violation not possible

Inflation DM incompatible

2HDM: SM + a doublet

Dark Matter constrained & CPV incompatible

CP-violation severely constrained & DM
incompatible

Inflation CPV incompatible

3HDM: SM + 2 doublets

Dark Matter many exotic possibilities

CP-violation unbounded dark CP-violation

Inflation easily achieved + exotic possibilities

Bonus: fermion mass hierarchy explanation
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Upcoming experimental probes

Collider experiments

2021: LHC-RUN-III

2026: HL-LHC

2028: CEPC

DM experiments

2020: XENONnT

2022: CTA

GW experiments

2027: DECIGO

2034: LISA mission

Precision experiments

2020: (g − 2)µ

2020: Advanced ACME
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Baryon asymmetry in the universe

Any successful baryogenesis mechanism must satisfy

Sakharov’s conditions:

B-violation

C & CP violation

Departure from thermal
equilibrium

A well-motivated and experimentally accessible baryogenesis mechanism:

Electroweak baryogenesis (EWBG)
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Sufficient amount of CP-violation

Observation N(B)
N(γ) ≈ 10−9 � 10−20 provided by the SM

⇒ New sources of CPV needed.

⇒ Scalar sector is the least experimentally constrained sector
&

can accommodate new sources of CPV if extended
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Cosmic inflation

A period of exponential expansion in the early universe

Inflation

Quantum
Fluctuations

which explains generation of primordial density fluctuations seeding
structure formation
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Cosmic inflation

also explains the flatness, homogeneity and isotropy of the universe
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The slow roll inflation

driven by the scalar inflaton field slowly rolling down its smooth potential
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The Higgs inflation model

The SM scalar Lagrangian: L = Dµφ
†Dµφ− V (φ)

The SM scalar potential: V (φ) = µ2(φ†φ) + λ(φ†φ)2
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The Higgs inflation model

The action SJ and the non-minimal coupling to gravity ξ:

SJ =
∫
d4x
√−g

[
−1

2M
2
plR − Dµφ

†Dµφ− V (φ)− ξ|φ|2 R
]
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3-Higgs doublet models (3HDMs)

two scalar doublets + the SM Higgs doublet

φ1, φ2 φ3

φ1 =

(
h+

1
h1+iη1√

2

)
, φ2 =

(
h+

2
h2+iη2√

2

)
, φ3 =

(
G+

h3+iG0√
2

)
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Z2-symmetric 3HDM

Lagrangian invariant under a Z2 symmetry (−,−,+):

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

and respected by the vacuum (0, 0, v):

φ1 =
1√
2

(
0

h1 + iη1

)
, φ2 =

1√
2

(
0

h2 + iη2

)
, φ3 =

1√
2

(
0

vh + h3

)
Only φ3 can couple to fermions: φu = φd = φe = φ3

−LYukawa = YuQ̄
′
Liσ2φ

∗
uu
′
R + Yd Q̄

′
Lφdd

′
R + Ye L̄

′
Lφee

′
R + h.c.

where PL = (1� �5)/2 and PR = (1 + �5)/2 are the left and right projection operators.
One, therefore, needs to explicitly calculate

aµ =
m2

µ

4⇡2
Re(cL + c⇤R). (7)

de =
e me

4⇡2
Im(cL + c⇤R), (8)

where cL and cR are the Wilson coe�cients to be calculated for each loop diagram
separately.

2.1 1-loop contributions

The digram contributing to the aµ and de at 1-loop is shown in Figure 1, where hi are
the neutral scalars in the model with their coupling to electrons and muons represented
by Y hi

ee and Y hi
µµ, respectively. The charged scalar mediated version of this diagram is

sub-dominant and is therefore neglected [10]. Note also that in the models we study, we
only extend the scalar sector of SM and do not add any extra vector or fermion fields,
such as right-handed neutrinos.

l
l

l
�

hi

l

Figure 1: The 1-loop diagram mediated by neutral scalars hi contributing to muon
anomalous magnetic moment (l = µ) and to eEDM (l = e).

The contribution from the 1-loop diagrams to aµ and de are

a1�loop
µ = �m2

µ

8⇡2

nX

i=1

Z 1

0

dx

Z x

0

dy
y(y � 1) | Y hi

µµ |2 +(y � 1)Re((Y hi
µµ)

2)

m2
µ[y(y � x) + (1� y)] +m2

hi
y

(9)

d1�loop
e =

e me

16⇡2

nX

i=1

Im((Y hi
ee )

2)

Z 1

0

dx

Z x

0

dy
(y � 1)

m2
e[y(y � x) + (1� y)] +m2

hi
y

(10)

where n is the number of the scalars mediating the loop in Fig. 1.

3

No contributions to electric dipole moments (EDMs)
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Z2-symmetric 3HDM

The scalar potential: V = V0 + VZ2 with

V0 = −µ2
i (φ†i φi ) + λii (φ

†
i φi )

2 + λij(φ
†
i φi )(φ†j φj) + λ′ij(φ

†
i φj)(φ†j φi ) (i = 1, 2, 3)

which is CP-conserving (real parameters),

VZ2 = −µ2
12(φ†1φ2) + λ1(φ†1φ2)2 + λ2(φ†2φ3)2 + λ3(φ†3φ1)2 + h.c.

which is CP-violating (complex parameters).

The action of the model:

SJ =

∫
d4x
√
−g
[
− 1

2
M2

plR − Dµφ
†
i D

µφi − V −
(
ξi |φi |2 + ξ4(φ†1φ2) + h.c.

)
R

]

The sources of CP-violation are λ1 = |λ1|e iθ1 and ξ4 = |ξ4| e iθ4 .
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The inflationary potential Ṽ

To simplify the analysis: η1 = β1 h1 and h2 = β2 h1

(β1, β2 can be field dependent)

Another standard reparametrisation: h2
1 =

M2
pl

2 |ξ4|β2(cθ4
+β1 sθ4

)

(
eÃ − 1

)

The potential is simplified to: Ṽ =

(
M2

pl

2 |ξ4|

)2 (
1− e−Ã

)2
X (θ1, θ4)

θ1=π/2

θ1=π/3

θ1=π/4

θ4=π/3
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The slow roll parameters

number of e-folds Ne , the spectral index ns , tensor to scalar ratio r
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The slow roll parameters and the Planck observation
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The scalar power spectrum

Observations from WMAP7 constrain the scalar power spectrum

Ps = (2.430± 0.091)× 10−9 = 5.565× X (θ1,θ4)

|ξ4|2

1σ

2σ

3σ

Fixing Ps to have the central value: |ξ4| = 4.785× 104
√

X (θ1, θ4)
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Reheating and scalar asymmetries

At the exit from inflation: doublets acquire an initial expectation value




φ1 → φ1 − a1e
i α , φ†1 → φ∗1 − a1e

−i α

φ2 → φ2 − a2 , φ†2 → φ∗2 − a2

φ3 → φ3 − a3 , φ†3 → φ∗3 − a3

where the phase α is related to θ1 and θ4

Instant reheating: the inflaton quickly decay to φ3

φ1 → φ3φ3 ∝ 2a1λ3 e
i(α+θ3) and φ∗1 → φ∗3φ

∗
3 ∝ 2a1λ3 e

−i(α+θ3)

φ2 → φ3φ3 ∝ 2a2λ2 e
iθ2 and φ∗2 → φ∗3φ

∗
3 ∝ 2a2λ2 e

−iθ2

resulting in unequal number of φ3 and φ∗3 states with relative asymmetries

A1
CP ∼ 8 a2

1 λ
2
3 sin 2(α + θ3) , A2

CP ∼ 8 a2
2 λ

2
2 sin 2θ2

This asymmetry is then transferred to the fermion sector through the
couplings of the Higgs field with the fermions.
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Summary

SM + scalar singlets

Dark Matter severely constrained

CP-violation not possible

Inflation DM incompatible

2HDM: SM + a doublet

Dark Matter constrained & CPV incompatible

CP-violation severely constrained & DM incompatible

Inflation CPV incompatible

3HDM: SM + 2 doublets

Dark Matter many exotic possibilities

CP-violation unbounded dark CP-violation

Inflation easily achieved + exotic possibilities

Bonus: fermion mass hierarchy explanation
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2HDM

BACKUP SLIDES

Venus Keus (Helsinki) CP-violating inflation 10.03.2021 23/22



2HDM

Roadmap

Scalar extensions with or without a Z2 symmetry:

SM + scalar singlet(s)

φSM , S ⇒ DM, CPV

φSM , S1, S2 ⇒ DM, CPV

2HDM: SM + scalar doublet

φ1, φ2 ⇒ DM, CPV

φ1, φ2 ⇒ DM, CPV

3HDM: SM + 2 scalar doublets

φ1, φ2, φ3 ⇒ DM, CPV

φ1, φ2, φ3 ⇒ DM, CPV

φ1, φ2, φ3 ⇒ DM, CPV
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2HDM

Roadmap

SM + scalar singlets

Dark Matter severely constrained

CP-violation not possible

Strong first order EWPT constrained & DM incompatible

2HDM: SM + a doublet

Dark Matter constrained & CPV incompatible

CP-violation severely constrained & DM incompatible

Strong first order EWPT severely constrained

3HDM: SM + 2 doublets

Dark Matter many exotic possibilities

CP-violation unbounded dark CP-violation

Strong first order EWPT easily achieved

Inflaton easily achieved + exotic possibilities
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