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Explain cold dark matter (DM)
The Standard Model (SM)

Explain new physics via 
extended Higgs sector, 
e.g. 95 GeV excess

?
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2HDMS Higgs Sector Potential 
[Notation as in: Baum and Shah, arXiv: 1808.02667]

DM Candidate Properties:
● massive
● electrically neutral
● colourless
● stable

DM Candidate

for this study:
λ2’’=λ1’’
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 avoids charge-
parity violation

(softly broken by m12²)

avoids flavour 
changing neutral 
currents 

 stabilization of DM

V2HDMS Symmetric Under

2HDMS Higgs Sector Potential 
[Notation as in: Baum and Shah, arXiv: 1808.02667]

for this study:
λ2’’=λ1’’
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Other Properties
number of free 
parameters:

15

DM mass: mAS²=-(2mS‘²+(2/3)(λ1‘‘vS²)
+2(λ4‘v1²+λ5‘v2²))

Higgs sector 
particles:

1 charged: H±, 
1 charged GB: G±, 
3 scalars: h1, h2, h3, 
1 pseudo scalar: A, 
1 pseudo scalar GB: G0, 
1 pseudo scalar DM: AS

portal 
couplings:

λ1’, λ2’, λ4’, λ5’, λ1’’=λ2’’, λ3’’

SM-like

2HDMS Higgs Sector Potential 
[Notation as in: Baum and Shah, arXiv: 1808.02667]

for this study:
λ2’’=λ1’’
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2HDMS Couplings: DM to Scalar
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Interaction Basis Parameters:

Mass Basis Parameters:

2HDMS Basis Change
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Constraints Checked:
Higgs Bounds,
bounded from below (bfb),
unitarity, vacuum stability (EVADE), 
Planck, LUX-ZEPLIN (LZ), Fermi-LAT,
including 95 GeV excess*

*γγ channel at CMS (~2.9 σ), bb channel at LEP (~2 σ), 
investigated in S. Heinemeyer, C. Li, et al, 2021, arxiv:2112.11958

BP allowed 

by these 

constraints!

2HDMS Benchmark Point (BP)
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Relic Density 
(=amount of DM left in universe today),
constraints from Planck : Ωh2≈0.12

Indirect Detection Annihilation CS
(=annihilation of two DM particles),
constraints from Fermi-LAT (depends on 
DM mass an annihilation channel)

Direct Detection CS
(=elastic scattering of DM on nucleon),
constraints from LUX-ZEPLIN (LZ) 
depends on DM mass

DM Phenomenology
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Indirect Detection Direct DetectionRelic Density

DM Phenomenology

● dip at: mAS ≈ 62.5 GeV = 
mh2/2

● drops for: mAS > 95 GeV 
= mh1 

● dip at: mAS ≈ 450 GeV = 
mh3/2

● peak at: mAS ≈ 450 GeV 
= mh3/2

● some white areas: CS is 
too low

● minimum along arched 
line

● very strong 
constraints from LUX-
ZEPLIN (LZ)
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Allowed Parameter Space

DM Phenomenology

→ strongest constraints from:
● bounded from below (bfb)
● unitarity
● LUX-ZEPLIN (LZ)
● Fermi-LAT

→ narrow allowed band around BP
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HL-LHC

Future Lepton Colliders 
(e+e-/μ+μ-)

Collider Phenomenology
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significance S of 
signal s over 
background b:

BR(h3→ ASAS) 
≈ 0.247

→ very low 
significance for BP

Collider Phenomenology 
HL-LHC
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→ higher cross 
section for muon 
collider (larger 
Yukawa coupling)
→ resonant peak at 
√s = 900 GeV = mh3

Collider Phenomenology
Future Lepton Colliders (e+e-/μ+μ-)
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Collider 
Phenomenology
(HL-LHC, 
Future Lepton Colliders)

Dark Matter (DM) 
Phenomenology
(Relic Density, 
Indirect Detection, 
Direct Detection)

● can fit 95 GeV excess in 2HDMS
● strong constraints from: bfb, unitarity, LZ, Fermi-LAT

● significance at HL-LHC rather low
→ can be improved with machine learning
→ comprehensive parameter scans planned

● potentially promising prospects at Future Lepton 
Colliders
→ further improvement with polarized beams
→ further parameter scans planned

● muon collider shows best prospects of production 
cross sectionarXiv: 2308.05653

Conclusions
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Backup
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Backup
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Future Lepton Colliders:
Event generation with WHIZARD, 
cuts:

● Photon cuts: Eγ > 10 GeV, Θ > 7° 

Backup
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Backup
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