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The Standard Model and dark matter

The Standard Model (SM) is one of the most
accurate models in Physics. It has exceptional
agreement with experimental measurments.

Still can’t explain some experimental observations
(neutrino masses, matter/anti-matter asymmetry,
dark matter…)



Evidence for dark matter

Galaxy rotation curves Gravitational lensing

Separate observations point towards the existence of “hidden” matter



What is dark matter?

• Does not interact with regular matter

• Interacts weakly with itself

• Stable

What dark matter is not

• Barionic matter

• Neutrinos

What dark matter might be

• Particle → WIMP

• Something else → Modified gravity models

Properties



Standard Model Extensions

Standard 
Model

Dark Matter?

To include dark matter in the Standard
Model we need to extend it.

Extensions to the SM will be very
constrained by experimental measurements.

The N2HDM is one of the simplest Standard
Model extensions that allows the existence
of dark matter candidates.



Next to Minimal 2-Higgs Doublet Model (N2HDM)

𝑉𝑠𝑐𝑎𝑙𝑎𝑟 = 𝑚11
2 Φ1

†Φ1 +
𝜆1
2

Φ1
†Φ1

2
+𝑚22

2 Φ2
†Φ2 +

𝜆2
2

Φ2
†Φ2

2
−𝑚12

2 Φ1
†Φ2 + ℎ. 𝑐. + 𝜆3Φ1

†Φ1Φ2
†Φ2

+𝜆4Φ1
†Φ2Φ2

†Φ1 +
𝜆5
2

Φ1
†Φ2

2
+ ℎ. 𝑐. +

1

2
𝑚𝑆

2Φ𝑆
2 +

𝜆6
8
Φ𝑆
4 +

𝜆7
2
Φ1
†Φ1Φ𝑆

2 +
𝜆8
2
Φ2
†Φ2Φ𝑆

2

Standard Model

Vacuum expectation value (VEV)

Φ1 =
Φ1
+

1

2
(𝑣1 + 𝜌1 + 𝑖𝜂1)

Φ2 =
Φ2
+

1

2
(𝑣2 + 𝜌2 + 𝑖𝜂2)

Φ𝑆 = 𝑣𝑆 + 𝜌𝑆
𝑣𝑆 = 0

𝑣1 = 0

Dark Singlet Phase

Inert Doublet Phase

Particles and parameters are not physical



Change of basis

Get minimum
conditions

Get mass matrices

Diagonalize mass
matrices

Gauge parameters as 
functions of physical

parameters
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Use conditions from diagonal mass matrices to write gauge parameters as 
functions of the physical parameters

𝑀𝑑𝑖𝑎𝑔 = Λ−1𝑀Λ
Λ3×3 = 𝑅

Λ2×2 = 𝑈

mixing angle 𝛼

mixing angle 𝛽

Get physical fields
using the rotation

matrices
Ԧ𝜌 = 𝑅 Ԧ𝜌𝑝ℎ Ԧ𝜂 = 𝑈 Ԧ𝜂𝑝ℎ Φ+ = 𝑈Φ+

𝑝ℎ



N2HDM - Physical basis

Fields ℎ, 𝐻0, 𝑋, 𝐴0, 𝐻
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Dark Singlet Phase
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One-loop corrections
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In quantum field theory, higher orders of perturbation theory are represented by sets 
of Feynman loop diagrams. 



One-loop corrections
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One-loop corrections

• Experiments are becoming more precise so theorists must reduce errors in their 
predictions to keep up.

• Leading order (LO) in perturbation theory is mostly not enough so we need to go 
at least to NLO.

• Calculation of loop contributions often leads to divergences:
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Renormalization

• Method to treat divergences that arise from loop calculations.

• The divergences are isolated through the process of regularization.

• The divergences are absorbed by renormalizing the fields and parameters of the
model.

න

0

∞
d4p

2𝜋 4

1

𝑝2 −𝑚2

Regularization
∞+ 𝑓𝑖𝑛𝑖𝑡𝑒 𝑡𝑒𝑟𝑚𝑠



Renormalization

Parameters are shifted and fields are rescaled:

The counterterms absorb the divergences.

For 𝑛 parameters and 𝑚 fields, we need 𝑛 + 𝑚 renormalization conditions in order to fix
all the counterterms.

After renormalization, all UV divergences should cancel out.
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What’s next?

• Complete the renormalization of the model.

• Scan the parameter space in order to apply experimental constraints.

• Study the constrained model with respect to the Higgs invisible
decays.


