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Motivation

Why scalar extensions?
• Simple extension to SM

• Many models include extended scalar sectors

Why two doublets and complex singlet?
• 2HDM-Like Phenomenology

• 1 or 2 DM candidates
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Motivation

Dark Matter
• Stable DM candidate

• Contribute to observed relic abundance

• Produce via freeze-out mechanism

Gravitational Wave
• First-order phase transitions (FOPTs) can produce gravitational waves

• Electroweak phase transition can be first order
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2HDMS

2HDM extended with complex singlet

Z2 x Z2’ symmetry 
• Z2 : Softly broken. Prevents tree-level FCNC

• Z2’: Allows a stable DM candidate

Provides a stable DM candidate with typical 2HDM-like models
• Type-I, Type-II, Type-X, Type-Y
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2HDMS – Particle Content

Yukawa sector:
• Z2 : Depends on 2HDM-type Model

• Z2’: Even
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2HDMS – Potential

2HDM Potential
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2HDMS – Potential

Singlet Potential
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2HDMS – VS≠0 vs VS=0

VS ≠ 0
• 1 DM Particle: AS

• 3 Scalar Mixing Angles: α1, α2, α3

VS = 0
• 2 DM Particles: HS, AS

• 1 Scalar Mixing Angle: α1
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2HDMS – Scalar Sector Constraints

1) SM Higgs
• mh1 = 125 GeV

2) Boundedness from Below (BFB)
• Potential remains positive at large field values

3) Tree-level Unitarity
• Scattering between scalars and longitudinal components of gauge bosons

4) Oblique Parameters
• S, T, U 
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2HDMS – Dark Matter

Before EWPT
• Dark matter is in thermal equilibrium with bath

• Both HS and AS constitute the dark sector

After EWPT
• AS freezes out

• HS either:
• Freezes out

• Mixes with neutral scalars H1 and H2
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Gravitational Waves

First Order Phase Transition
• Field can tunnel into new local 

minimum

Gravitational Wave Production
• Bubble collision

• Sound waves

• Magnetohydrodynamic turbulence
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Gravitational Waves

Gravitational Wave Signal
• Parametrized by

• Dependent on effective potential
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Further Work

• Finish coding up Boltzmann equations
• Number of DM particles can change after EWPT

• Run parameter scan
• Exclude point which don’t pass DM or scalar sector constraints

• ~15 free parameters

• Calculate gravitational wave signal
• Compute effective potential

• Generate total gravitational wave spectrum
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Conclusion

2HDMS 
• 2HDM framework with DM candidate(s)

• DM produced via freeze-out mechanism

• EWPT produces gravitational waves
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Thank You!

This work is supported by NSF under grant PHY-2112460
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EXTRA: Oblique Parameters

arXiv:hep-ph/9306267v3

https://arxiv.org/abs/hep-ph/9306267v3


EXTRA: BFB Conditions
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EXTRA: Mass Matrices – VS ≠ 0
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EXTRA: Mass Matrices – VS = 0
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EXTRA: Flavor Changing Neutral Current

• General form of Yukawa couplings for 𝑄 = −1/3 quarks is:

• Yukawa couplings will not, in general, be simultaneously diagonalizable
• Yukawa couplings will not be flavor diagonal
• Leads to flavor-changing neutral currents (FCNC)

• Can lead to processes such as 𝐾-ഥ𝐾 mixing at tree level

• FCNC can be allowed but our model avoids it
• By the Paschos-Glaschow-Weinberg theorem, all fermions with same quantum 

numbers must couple to the same Higgs doublet
• For 2HDM, we have 3 groups: 𝑄 = 2/3 RH quarks, 𝑄 = −1/3 RH quarks, and 

RH leptons
• For our 4HDM, we have 4 groups: quarks (q), electron (e), muon (μ), and tau (τ)
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2HDMS – Free Parameters

• Interaction Basis:

• Mass Basis:
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