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Matter Particles
• Fundamental matter: point-like spin- 1/2 fermions

➡ Is this all there is?  
What if there are more matter particles?
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Can we have more neutrinos?

• From LEP experiment

• New neutrino:
➡ Does nor couple to Z 

OR

➡ Is heavier than 1/2 mZ
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Cosmological constraints
• Neutrinos contribute to the radiation energy density of the universe (~N𝜈) 
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Data prefer N𝜈 = 3 
Valid for light (ultra-

relativistic) neutrinos 

We could still have 
heavy, sterile neutrinos
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Can we have more quarks?
• Chiral quarks (like the SM ones): involved in Higgs production
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• Higgs data forbids new chiral quarks as the SM quarks
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Can we have different quarks?

• Vector-like quarks (VLQ): 

➡ Right and left-handed are the same (no 
Higgs for mass) 

➡ Same SU(3)C gauge structure as SM.

➡ Top-like VLQ: T’ → Ht, Zt, Wb

➡ Bottom-like VLQ: B’ → Hb, Zb, Wt 
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Can we have heavy charged leptons?
• L±→𝜈W: LEP exclusion at ~100 GeV

• Models to give neutrino masses (see-saw) could have a triplet: L±, N0 
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Can we have particles with fractional charges?
• “Free" quarks
➡ Particles with fractional charge which are not 

confined by the strong force
➡ Ionisation properties ~charge
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Millikan Oil Drop Experiment
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Can we have particles with charge >1?
• Multi-charged particles would also have a different ionisation behaviour 
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SUSY dE/dX Excess
• Search for stable hypothetical massive, charged, long-lived particles
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3.3σ excess in region optimised 
for 1.4 TeV mass hypothesis
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Leptoquarks
• Particle carrying both baryon and lepton numbers

• Can be scalar (spin-0) or vector (spin-1)

• SU(3) triplets or SU(2) singlets, doublets, triplets
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➡ Many degrees of freedom 

➡ Mass, electrical charge, scalar/vector 
type, Yukawa couplings (λ)

➡ Produced in pairs, singly, off-shell, s/t-
channel

➡ β parameter: branching fraction of LQ 
into charge lepton (β=1) or neutrino 
(β=0)
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Leptoquark Searches at the LHC
• Broad program searching in single or double production
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Can we have more Higgs bosons?
• Higgs boson is unique:
➡ Only fundamental scalar in the Standard Model
➡ Hierarchy problem and the Higgs mass
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Standard Model Higgs Mechanism

W,Z h

Complex numbers 
4 degrees of 

freedom
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Two Higgs Doublet Models (2HDM)

Complex numbers 
8 degrees of 

freedom

😳
14 parameters: 

6 coeffs. ∈ ℝ   
4 coeffs. ∈ ℂ 
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Two Higgs Doublet Models (2HDM)

Complex numbers 
8 degrees of 

freedom

8 - 3 = 5 W,Z

H

h

A
H+

H-



UNIVERSITY OF AMSTERDAM INSTITUTE OF PHYSICS

F.  de Almeida Dias - BND 2025 19

Two Higgs Doublet Models (2HDM)

Do you know 
a famous 

2HDM-type 
theory?
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2HDM Searches at the LHC
• Neutral pseudo-scalar A:
➡A→ZH, A→Zh, bbA(A→μ+μ-), 

bbA(A→τ+τ-)

• Neutral heavy scalar H:
➡H→ZZ, H→hh, H→ZA, H→H±W∓→hW±W∓

(h→bb)

• Either A/H:
➡A/H→tt, A/H+b+X→bb, A/H→γγ

• H±:
➡H±→τν, H±→tb, H±→WZ, t→bH±(H±→cb), 

t→bH±(H±→cs) 

20

• A→ZH (H→bb), EW cosmology benchmark



UNIVERSITY OF AMSTERDAM INSTITUTE OF PHYSICS

F.  de Almeida Dias - BND 2025 

Summary
• We have looked into the Standard Model particle content and tried to extend it 

to include more particles in a similar way to the current ones

➡ Lots of theoretical possibilities

➡ All of them are being searched for extensively!

➡ Unfortunately, we have not found any of them yet  ☹

➡ There are some hints out there: b-anomalies, dE/dx…
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