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𝑉 Φ1, Φ2, 𝑎0 = 𝑉2𝐻𝐷𝑀 𝜙1, 𝜙2 + 𝑉𝑠𝑒𝑙𝑓 𝑎0 + 𝑉𝑎0,2𝐻𝐷𝑀 𝜙1, 𝜙2, 𝑎0

Conventional (𝑍2 symmetric )2HDM Potential
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⟨𝜙1⟩ = 𝑣1

𝜙2 = 𝑣2 𝜙1, 𝜙2, 𝑎0 ℎ, 𝑎, 𝐻, 𝐴, 𝐻±

𝑣2

𝑣1
= 𝑡𝑎𝑛𝛽

EW Symmetry Breaking

Mixing between pseudoscalar states

𝐿𝑌𝑢𝑘 = 

𝑓

𝑚𝑓

𝑣
𝑔ℎ𝑓𝑓ℎ ҧ𝑓𝑓 + 𝑔𝐻𝑓𝑓𝐻 ҧ𝑓𝑓 − 𝑖𝑔𝑎𝑓𝑓𝑎 ҧ𝑓𝛾5𝑓 − 𝑖𝑔𝐴𝑓𝑓𝐴 ҧ𝑓𝛾5𝑓

𝑔ℎ𝑓𝑓 = 1

𝑔𝑎𝑓𝑓 = 𝑠𝑖𝑛𝜃𝑔𝐴0𝑓𝑓

𝑔𝐴𝑓𝑓 = 𝑐𝑜𝑠𝜃𝑔𝐴0𝑓𝑓
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Summary scan

𝑡𝑎𝑛𝛽 ∈ 1,60 , cos 𝛽 − 𝛼 ≤ 0.2

𝑀𝐻 , 𝑀𝐴, 𝑀𝐻± ∈ [ 125,90,80  𝐺𝑒𝑉, 1 𝑇𝑒𝑉]

𝜆3, 𝜆1𝑃, 𝜆2𝑃 ≤ 4𝜋

Theoretical constraints
EWPT
Higgs Signal Strength
Flavour

𝑀𝑎 ∈ 10,400  𝐺𝑒𝑉

Giorgio Arcadi                                                                                                               New Frontiers in Theoretical Physics Cortona 2023                                                                           



Summary of collider constraints

𝑝𝑝 → 𝐻, 𝐴 → 𝜏+𝜏−

𝑝𝑝 → 𝑎 → 𝜇+𝜇−

𝑝𝑝 → 𝐴 → 𝑍𝐻, 𝑍ℎ

𝑝𝑝 → 𝐻 → 𝑍𝐴, 𝑍𝑎 (𝐴, 𝑎 → 𝑆𝑀)

𝑝𝑝 → 𝐻 → 𝑍𝐴, 𝑍𝑎 (𝐴, 𝑎 → 𝜒𝜒)

𝑝𝑝 → 𝐴 → ℎ𝑎 (𝑎 → 𝜒𝜒)
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𝑝𝑝 → ℎ → 𝑎𝑎
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Ωℎ2 ∝
1

⟨𝜎𝑣⟩

⟨𝜎𝑣⟩

ҧ𝜒𝜒 → 𝑎 /𝐴 → ҧ𝑓𝑓

ҧ𝜒𝜒 → 𝑎 /𝐴 → ℎ𝑎(𝐴)

ҧ𝜒𝜒 → 𝑎 /𝐴 → 𝑎(𝐴)𝑎(𝐴)

Induced at one-loop

𝐿𝐷𝑀 = 𝑖𝑦𝜒 ҧ𝜒𝛾5𝜒𝑎0 𝑖𝑦𝜒 𝑎 cos 𝜃 + 𝐴 sin 𝜃 ҧ𝜒𝛾5𝜒

DM Phenomenology

Giorgio Arcadi                                                                                                               New Frontiers in Theoretical Physics Cortona 2023                                                                           



Giorgio Arcadi                                                                                                               New Frontiers in Theoretical Physics Cortona 2023                                                                           



Giorgio Arcadi                                                                                                               New Frontiers in Theoretical Physics Cortona 2023                                                                           



One-loop thermal effective potential

𝑉𝑒𝑓𝑓 ℎ0, 𝐻0, 𝑇 = 𝑉0 + 𝑉𝐶𝑊 + 𝑉𝐶𝑇 + 𝑉𝑇

Tree-level potential

One loop quantum corrections

Counterterms (to compensate the shift from 𝑉𝐶𝑊 
to the vevs)

Thermal corrections
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Parameter space 
leading to FOPT

For reference the plot refers to Type-II.
No substantial differences for the other 
Yukawa configurations though.
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GW Signal

ℎ2Ω𝐺𝑊 ≃ ℎ2Ω𝑐𝑜𝑙 + ℎ2Ω𝑠𝑤 + ℎ2Ω𝑡𝑢𝑟𝑏

Contribution from bubble collisions

Contribution from sound wave overlap

Contribution from 
Magneto-Hydrodynamical 
(MHD)  turbolence

GW background is typically the (linear) combination of three kinds of contributions

C. Caprini et al JCAP 04 (2016) 001
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Conclusions 

The 2HDM+a is an economical but consistent extension of the SM.

It features viable DM phenomenology and can accommodate a FOPT 
with a potentially detectable signal for some regions of the parameter 
space.
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