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Beyond :  
towards realistic SIMP dark matter

3 → 2



• What are SIMPs?


• Problems with SIMPs


• QCD-like theories


• Hidden Local Symmetry approach to “realistic SIMPs”


• Phenomenology of “realistic SIMPs”

Content
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 GeVmWIMP ∼ α Teq MP
α∼10−2

∼ 100

WIMP SIMP

⟨σvn⟩ 
Y

=
n/

s

 ΩDMh2 = 0.12

 GeVmSIMP ∼ α(T2
eq MP)1/3 α∼1∼ 0.1

2 → 2 3 → 2

Γ3→2 ∼ n2(Tf)⟨σv2⟩ ∼ H(Tf)Γ2→2 ∼ n(Tf)⟨σv⟩ ∼ H(Tf)

Weak scale mass! Sub-GeV DM with strong self-interactions

Adapted from  SciPost Phys.Lect.Notes 59 (2022)

x =
m
T
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SIMPlest scenario
Dark QCD-like sector provides an appealing realisation of SIMP!


Dark pions have 5-point interactions due to the anomalous WZW term in ChPT:


     freeze-out fixes 


In “real-world” QCD this allows . 

ℒWZW ⊃
Nc

240π2F5
π

ϵμνρσ ⟨π∂μπ∂νπ∂ρπ∂σπ⟩ ⇒
Mπ

Fπ

K+K− → π+π−π0

Reproduced from 1402.5143
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Breakdown of the SIMPlest scenario

NLO correction close the parameter space

Reproduced from Kolešová, Krichevskiy, Kulkarni JHEP 05 (2026) 042

Vector mesons are light for high 
Mπ

Fπ
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QCD - like sectors

Minimal scenario:   


 theory with  dark pseudoreal  quarks 


• anomalous interaction is present


• pions with equal masses at leading order


• lattice data exists, e.g. for 


Sp(Nc) NF = 2

Nc = 4

G = SU(4)
↓

H = Sp(4)
⇒ Nπ = 5
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Hidden Local Symmetry (HLS) 
We have to include the vector mesons!


nonlinear  - model on manifold 





gauge theory with 


σ G/H

⇕

Gglobal × Hlocal

Vector mesons as gauge bosons


For ,  fields   (“ ” - mesons)


HLS would-be Goldstones are absorbed

H = Sp(4) Nρ = 10 VA
μ ρ

⇒ Mρ ≠ 0

Gauge a subgroup to introduce


the external field


e.g. dark photon Z
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HLS Lagrangian
HLS provides consistent power counting rules for .


LO Lagrangian:


Mπ < Mρ < 4πFπ

Mass mixing between a vector 
meson and dark photon


 diagonalization is required,





⇒

eD

gV
≪ 1
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dark photon

dark vector meson

dark pions



HLS Anomalous Lagrangian
Reproduces the anomalous Ward identities of UV QCD-like theory.


SIMPlest 5-point interaction

Q2 ∼ 14×4
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Number changing processes within the dark sector
Currently implemented

Further processes?

Bernreuther et al, 2311.17157Berlin et al, 1801.05805Hochberg et al, 1411.3727

❓
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Interaction with the visible sector

ℒ ⊃
ε
2

FμνZμν ⇒ ℒ ⊃ ejμ
EMAμ − ϵejμ

EMZμ + eϵ
eD

gV

M2
V

M2
Z,UV − M2

V
jμ
EMVAQ

μ

Kinetic mixing between dark photon and SM photon:

SM photon dark photon dark vector mesonSM photon dark photon {comes from 

mass mixing of 


 and Zμ VAQ
μ

Zμ, VAQ
μ

WIMP regime 10/15



Boltzmann equations
The evolution of total densities: nπ =

Nπ=5

∑
i=1

nπi
, nρ =

Nρ=10

∑
i=1

nρi
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Freeze-out scenarios

• WIMP:  


• Semi-annihilations to SM:


•   (stops first) 
(decay keeps  and SM in equilibrium) 


• Decay:  (stops first) 
(Semi-annihilations keep  

 and  in equilibrium)


• SIMP (with ): 

2π ↔ SM

2π ↔ πρ
ρ

ρ ↔ SM

ρ π

ρ 3π ↔ πρ
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Z



Interactions responsible for freeze-out
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Z



Constraints on freeze-out scenarios

14/15

Z

Preliminary



Summary

• Realistic dark matter scenarios with QCD-like theories include vector mesons 

• HLS theory can be used for a consistent description of dark QCD-like sectors 

• QCD-like dark sector have rich phenomenology both in cosmology and beam 
dump experiments
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Thank you for your attention!



Backup



Different freeze-out scenarios
Z

Z

Z



Interactions responsible for freeze-out
Z


