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Stable on cosmological scales.
Weakly or SuperWeakly interacting with ordinary matter, photons.
Cold (up to warm) as opposed to hot. 

Solution to Dark Matter Puzzle from Particle Physics is a widely accepted 
conjecture.

A particle DM is (typically) a Beyond the Standard Model state.

Particle DM
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(Slide inspired from Marco Cirelli’s talk at TAUP2023)

1

WIMPs (Weakly Interacting Massive Particles)
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Portals for WIMPs

Relic Density

Indirect Detection
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Landscape of Direct Detection



𝐿𝑠𝑐𝑎𝑙𝑎𝑟 = Γ𝐿
𝑓𝑖 ҧ𝑓𝑖𝑃𝑅Ψ𝑓𝑖

𝜙𝐷𝑀 + Γ𝑅
𝑓𝑖 ҧ𝑓𝑖𝑃𝐿Ψ𝑓𝑖

𝜙𝐷𝑀 + ℎ. 𝑐. +𝜆1𝐻𝜙 𝜙𝐷𝑀
† 𝜙𝐷𝑀 𝐻†𝐻 + 𝜆2𝐻𝜙 𝜙𝐷𝑀

† 𝑇𝜙
𝑎𝜙𝐷𝑀 𝐻†

𝜎𝑎

2
𝐻
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𝐿𝑓𝑒𝑟𝑚𝑖𝑜𝑛 = Γ𝐿
𝑓𝑖 ҧ𝑓𝑖𝑃𝑅Φ𝑓𝑖

𝜓𝐷𝑀 + Γ𝑅
𝑓𝑖 ҧ𝑓𝑖𝑃𝐿Φ𝑓𝑖

𝜓𝐷𝑀 + ℎ. 𝑐. +𝜆1𝐻𝜙 Φ𝑓𝑖

† Φ𝑓𝑖
𝐻†𝐻 + 𝜆2𝐻𝜙 Φ𝑓𝑖

† 𝑇𝜙
𝑎Φ𝑓𝑖

𝐻†
𝜎𝑎

2
𝐻

t-channel Portals

Built from Yukawa-type interactions between a DM candidate, an extra BSM states and a 
SM fermion. Interactions dictated by gauge invariance.

Scalar DM+ Fermion mediator

Fermionic DM+ Scalar mediator
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𝜎𝑣 𝐶𝑜𝑚𝑝𝑙𝑒𝑥 𝐷𝑀 = ෍

𝑓

𝑁𝑐
𝑓

Γ𝐿,𝑅
𝑓 4

𝑀𝜙𝐷𝑀

2 𝑣2

48𝜋 𝑀𝜙𝐷𝑀

2 + 𝑀𝜓𝑓

2
2 𝜎𝑣 𝐷𝑖𝑟𝑎𝑐 𝐷𝑀 = ෍

𝑓

𝑁𝑐
𝑓

Γ𝐿,𝑅
𝑓 4

𝑀𝜓𝐷𝑀

2

32𝜋 𝑀𝜓𝐷𝑀

2 + 𝑀𝜙𝑓

2
2

𝜎𝑣 𝑅𝑒𝑎𝑙 𝑆𝑐𝑎𝑙𝑎𝑟 𝐷𝑀 = ෍

𝑓

𝑁𝑐
𝑓

Γ𝐿,𝑅
𝑓 4

𝑀𝜙𝐷𝑀

6 𝑣4

60𝜋 𝑀𝜙𝐷𝑀

2 + 𝑀𝜓𝑓

2
4 𝜎𝑣 𝑀𝑎𝑗𝑜𝑟𝑎𝑛𝑎 𝐷𝑀 = ෍

𝑓

𝑁𝑐
𝑓

Γ𝐿,𝑅
𝑓 4

𝑀𝜓𝐷𝑀

2 𝑀𝜓𝐷𝑀

4 + 𝑀𝜙𝑓

4 𝑣2

48𝜋 𝑀𝜓𝐷𝑀

2 + 𝑀𝜙𝑓

2
4

𝜎𝑣 𝑒𝑓𝑓 =
1

2
𝜎𝑣 𝐷𝑀 𝐷𝑀

𝑔𝐷𝑀
2

𝑔𝑒𝑓𝑓
2 + 𝜎𝑣 𝐷𝑀 𝑀

𝑔𝐷𝑀𝑔𝑀

𝑔𝑒𝑓𝑓
2 1 + ෩Δ

3/2
exp −𝑥෩Δ +

1

2
𝜎𝑣 𝑀†𝑀

𝑔𝑀
2

𝑔𝑒𝑓𝑓
2 1 + ෩Δ

3
exp −2𝑥෩Δ  

෩Δ =
𝑀𝑀 − 𝑀𝐷𝑀

𝑀𝐷𝑀
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𝐿𝑒𝑓𝑓
𝑆𝑐𝑎𝑙𝑎𝑟,𝑞

= ෍

𝑞=𝑢,𝑑

𝑐𝑞 𝜙𝐷𝑀
† 𝑖ി𝜕𝜇𝜙𝐷𝑀 ത𝑞𝛾𝜇𝑞 + ෍

𝑞=𝑢,𝑑,𝑠

𝑑𝑞𝑚𝑞𝜙𝐷𝑀
† 𝜙𝐷𝑀 ത𝑞𝑞 + 𝑑𝑔

𝛼𝑠

𝜋
𝜙𝐷𝑀

† 𝜙𝐷𝑀𝐺𝑎𝜇𝜈𝐺𝜇𝜈
𝑎 + ෍

𝑞=𝑢,𝑑,𝑠

𝑔1
𝑞

𝑀𝜙𝐷𝑀

2 𝜙† 𝑖𝜕𝜇 𝑖𝜕𝜈 𝜙𝐷𝑀𝑂𝜇𝜈
𝑞

+
𝑔1

𝑔

𝑀𝜙𝐷𝑀

2 𝜙𝐷𝑀
† 𝑖𝜕𝜇 𝑖𝜕𝜈 𝜙𝐷𝑀𝑂𝜇𝜈

𝑔

𝐿𝑠𝑐𝑎𝑙𝑎𝑟 = Γ𝐿
𝑓𝑖 ҧ𝑓𝑖𝑃𝑅Ψ𝑓𝑖

𝜙𝐷𝑀 + Γ𝑅
𝑓𝑖 ҧ𝑓𝑖𝑃𝐿Ψ𝑓𝑖

𝜙𝐷𝑀 + ℎ. 𝑐. +𝜆1𝐻𝜙 𝜙𝐷𝑀
† 𝜙𝐷𝑀 𝐻†𝐻 + 𝜆2𝐻𝜙 𝜙𝐷𝑀

† 𝑇𝜙
𝑎𝜙𝐷𝑀 𝐻†

𝜎𝑎

2
𝐻

Non-relativistic Limit
Absent for real scalar DM

DD of Scalar DM
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Complex Scalar DM coupled with first generation quarks

Coupling emerges at tree-level. Substantially excluded by present constraints.

𝑐𝑞 𝜙𝐷𝑀
† 𝑖ി𝜕𝜇𝜙𝐷𝑀 ത𝑞𝛾𝜇𝑞
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Loop diagrams for 
coupling with other 
quark generations.
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Radiatively induced Higgs Portal coupling

𝑑𝐻
𝑞

= ෍

𝑓

𝑔2 Γ𝐿,𝑅
𝑓 2

𝑀𝜓𝑓

2

32𝜋2𝑚𝐻
2 𝑚𝑊

2 𝐹𝐻

𝑚𝑓
2

𝑀𝜓𝑓

2 ,
𝑀𝜙𝐷𝑀

2

𝑀𝜓𝑓

2



𝐹𝐻 𝑥𝑓, 𝑥𝜙

= 2𝑥𝑓 + 2𝑥𝑓

𝑥𝑓
2 + 𝑥𝜙 − 1 𝑥𝜙 − 𝑥𝑓(1 + 2𝑥𝜙)

𝑥𝜙 Δ
log

1 + 𝑥𝑓 − 𝑥𝜙 + Δ

2 𝑥𝑓
+

𝑥𝑓(𝑥𝜙 − 𝑥𝑓)

𝑥𝜙
log 𝑥𝑓 +

32𝜋2𝑚𝑊
2 𝜆1𝐻𝜙

𝑓
(𝜇)

𝑔2𝑀𝜓𝑓

2 Γ𝐿,𝑅
𝑓 2

 

+ 2𝑥𝑓 log
𝜇2

𝑚𝑓
2

𝜆1𝐻𝜙 𝜇 = 𝜆1𝐻𝜙 𝑀 − log
𝜇2

𝑀2
෍

𝑓

𝑔2𝑚𝑓
2 Γ𝐿,𝑅

𝑓
2

16𝑚𝑊
2 𝜋2
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We assume

𝑀 = 𝑀𝜓𝑓
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Strong constraints from 
the radiative Higgs 
portal
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Interplay with the 
relic density.
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Penguin diagrams present also for couplings with leptons.

DD present also for leptophilic DM.
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Except for couplings with top quarks real scalar 
DM has more suppressed DD (tree-level and 
penguin diagrams absent).

DM annihilation cross-section is, similarly, very 
suppressed (with exception of coupling with 
third generation quarks).
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𝐿𝑒𝑓𝑓
𝑓𝑒𝑟𝑚𝑖𝑜𝑛,𝑞

= ෍

𝑞=𝑢,𝑑

𝑐𝑞 ത𝜓𝐷𝑀𝛾𝜇𝜓𝐷𝑀 ത𝑞𝛾𝜇𝑞 + ෍

𝑞=𝑢,𝑑,𝑠

ǁ𝑐𝑞 ത𝜓𝐷𝑀𝛾𝜇𝛾5𝜓𝐷𝑀 ത𝑞𝛾𝜇𝛾5𝑞 + ෍

𝑞=𝑢,𝑑,𝑠

𝑑𝑞𝑚𝑞
ത𝜓𝐷𝑀𝜓𝐷𝑀 ത𝑞𝑞 + ෍

𝑞=𝑐,𝑏,𝑡

𝑑𝑔,𝑞 ത𝜓𝐷𝑀𝜓𝐷𝑀𝐺𝑎𝜇𝜈𝐺𝜇𝜈
𝑎

+ ෍

𝑞=𝑢,𝑑,𝑠

𝑔1
𝑞

ത𝜓𝐷𝑀𝑖𝜕𝜇𝛾𝜈𝑂𝜇𝜈
𝑞

𝑀𝜓𝐷𝑀

+ 𝑔2
𝑞

ത𝜓𝐷𝑀 𝑖𝜕𝜇 𝑖𝜕𝜈 𝜓𝐷𝑀𝑂𝜇𝜈
𝑔

𝑀𝜓𝐷𝑀

2

+ ෍

𝑞=𝑐,𝑏,𝑡

𝑔1
𝑔,𝑞

ത𝜓𝐷𝑀𝑖𝜕𝜇𝛾𝜈𝜓𝐷𝑀𝑂𝜇𝜈
𝑔

𝑀𝜓𝐷𝑀

+ 𝑔2
𝑔,𝑞

ത𝜓𝐷𝑀 𝑖𝜕𝜇 𝑖𝜕𝜈 𝜓𝐷𝑀𝑂𝜇𝜈
𝑔

𝑀𝜓𝐷𝑀

2 +
෨𝑏𝜓

2
ത𝜓𝐷𝑀𝜎𝜇𝜈𝜓𝐷𝑀𝐹𝜇𝜈 + 𝑏𝜓

ത𝜓𝐷𝑀𝛾𝜇𝜓𝐷𝑀𝜕𝜈𝐹𝜇𝜈

Absent for Majorana DM Responsible for SD interactions

𝐿𝑓𝑒𝑟𝑚𝑖𝑜𝑛 = Γ𝐿
𝑓𝑖 ҧ𝑓𝑖𝑃𝑅Φ𝑓𝑖

𝜓𝐷𝑀 + Γ𝑅
𝑓𝑖 ҧ𝑓𝑖𝑃𝐿Φ𝑓𝑖

𝜓𝐷𝑀 + ℎ. 𝑐. +𝜆1𝐻𝜙 Φ𝑓𝑖

† Φ𝑓𝑖
𝐻†𝐻 + 𝜆2𝐻𝜙 Φ𝑓𝑖

† 𝑇𝜙
𝑎Φ𝑓𝑖

𝐻†
𝜎𝑎

2
𝐻

DD for fermionic DM
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Couplings with first generations strongly constrained also for Dirac Dark Matter
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Loop diagrams for couplings with 
second/third generation of quarks 
(and leptons).
No radiative portal induced for 
fermionic DM.
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Operators associated to 
tree-level interactions and 
penguin diagrams are 
absent for Majorana DM. 
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Majorana DM appears to be the 
favoured scenario as it features 
suppressed enough SI/SD 
interactions and, at the same time, 
enough efficient annihilation 
processes to ensure the correct relic 
density over large portions of the 
parameter space.



2HDM+a

Visible Sector 2 Higgs Doublet Sector SM Singlet Mediator Fermionic DM

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

Conventional (𝑍2 symmetric )2HDM Potential

𝑉𝑠𝑒𝑙𝑓 𝑎0 =
1

2
𝑚𝑎0

2 𝑎0
2 +

1

4
𝜆𝑎𝑎0

4

𝑉𝑎0,2𝐻𝐷𝑀 𝜙1, 𝜙2, 𝑎0 = 𝜅 𝑖 𝑎0𝜙1
†𝜙2 + ℎ. 𝑐. + 𝜆1𝑃𝑎0

2𝜙1
†𝜙1 + 𝜆2𝑃𝑎0

2𝜙2
†𝜙2

Self Interaction lagrangian

Singlet Doublet Interaction Lagrangian

𝑉2𝐻𝐷𝑀 = 𝑚1
2𝜙1

†𝜙1 + 𝑚2
2𝑚1

2𝜙2
†𝜙2 − 𝑚3

2 𝜙1
†𝜙2 + ℎ. 𝑐. +

1

2
𝜆1 𝜙1

†𝜙1

2
+

1

2
𝜆2 𝜙2

†𝜙2

2
+

1

2
𝜆5 𝜙1

†𝜙2

2
+ ℎ. 𝑐.

+𝜆3 𝜙1
†𝜙1 𝜙2

†𝜙2 + 𝜆4 𝜙1
†𝜙2 𝜙2

†𝜙1
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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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At tree level:

ҧ𝜒𝛾𝜇𝛾5𝜒 ҧ𝑓𝛾𝜇𝛾5𝑓 𝜎𝑁 ⋅ Ԧ𝑞 𝜎𝜒 ⋅ Ԧ𝑞
𝑑𝜎

𝑑𝐸𝑅
=

𝑔𝜒
2

128𝜋

𝑞4

𝑚𝑎
4

𝑚𝑇
2

𝑚𝜒𝑚𝑁

1

𝑣𝐸
2 ෍

𝑁.𝑁′=𝑝,𝑛

𝑔𝑁𝑔𝑁′𝐹Σ′′
𝑁𝑁′

(𝑞2)

SI Cross section at loop level
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Conclusions

Dark Matter Direct Detection facilities have unprecedented capabilities of testing WIMP 
models.

Models with loop-induced DD interactions are a very interesting target for current and next 
generation experiments.

We have illustrated different model with potentially very suppressed cross-section but still 
capable of accounting for the correct DM relic density.



Back up
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Including a non zero portal coupling…
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