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Outline

What are SIMPs?

How do SIMPs freeze out?

SIMPs with vector mesons
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Strongly Interacting Massive Particles (SIMP)

1. UV-theory with QCD-like gauge interaction
E.g., SU(N), Sp(N), SO(N)

2. Confinement breaks flavour symmetry
Dark pions are pseudo-Nambu-Goldstone
bosons

3. Effective ChPT for dark pions
Dark Matter candidate if stable

4. Thermal equil. with SM through U(1)D
portal

L ⊃ −ϵA′
µνF

µν
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Thermal Freeze-Out

WIMP: DM in equilibrium with thermal bath.
SIMP: Number changing process in Dark Sector

Boltzmann equation:

dn

dt
+ 3Hn =

{
−⟨σv⟩(n2 − n2

eq), WIMP

−⟨σv2⟩(n3 − neqn
2), SIMP
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Phenomenology of SIMPs
Initial idea:

3π → 2π process fixes the relic abundance of
Dark Matter

Consequences:
Sub-GeV Dark Matter

mπ ∼ αeff(T
2
eqMPl)

1/3 ∼ 100 MeV

Coupling to the Standard Model needed
Must thermalise with SM
ϵ could be small → Not connected to freeze-out

Sizeable self-interactions

σscatter ∝
(
mπ

fπ

)4
1

m2
π

Hochberg et al. [1402.5143, 1411.3727]
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Beyond purely pionic SIMP DM

Problem:
Pionic SIMP DM is ruled out for small values
of mπ/fπ by Bullet cluster constraint:

σscatter

mπ
≲ 1 cm2/g (1)

Hochberg et al. [1411.3727], Hansen et al. [1507.01590]

Solution
Include vector mesons in the model building:
Choi et al. [1801.07726], Berlin et al. [1801.05805],

Bernreuther et al. [2311.17157] 10−2 10−1 100

mπ (GeV)
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mπ/fπ = 4π

Kolesova, Krichevskiy, Kulkarni [2509.07102]
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Hidden Local Symmetry

Vector mesons are gauge bosons of a
HLS corresponding to the unbroken
flavour symmetry.

Bando, Kugo, Yamawaki (Phys. Rep. 164, 1988)

Lattice results relate mρ and fπ

Assuming Vector Meson Dominance for
Dark Photon portal
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Hidden Local Symmetry

Vector mesons are gauge bosons of a
HLS corresponding to the unbroken
flavour symmetry.

Bando, Kugo, Yamawaki (Phys. Rep. 164, 1988)

Lattice results relate mρ and fπ

Assuming Vector Meson Dominance for
Dark Photon portal
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Boltzmann equations

dnπ

dt
+ 3Hnπ

= −⟨σv(ππ → SM)⟩eff
(
n2
π − (neq

π )2
)

+ ⟨σv(πρ → ππ)⟩eff
(
nπnρ − n2

π

neq
ρ

neq
π

)
− ⟨σv2(3π → 2π)⟩eff

(
n3
π − n2

πn
eq
π

)
− 2⟨σv2(3π → πρ)⟩eff

(
n3
π − nπnρ

(neq
π )2

neq
ρ

)
− 3⟨σv2(3π → 2ρ)⟩eff

(
n3
π − (neq

π )3
(

nρ

neq
ρ

)2
)

dnρ

dt
+ 3Hnρ

= −⟨Γ(ρ → SM)⟩eff
(
nρ − neq

ρ

)
− ⟨σv(πρ → ππ)⟩eff

(
nπnρ − n2

π

neq
ρ

neq
π

)
+ ⟨σv2(3π → πρ)⟩eff

(
n3
π − nπnρ

(neq
π )2

neq
ρ

)
+ 2⟨σv2(3π → 2ρ)⟩eff

(
n3
π − (neq

π )3
(

nρ

neq
ρ

)2
)
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Freeze-out scenarios with vector mesons
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Freeze-out scenarios with Sp(4)

WIMP
(A) 2π ↔ SM

Semi-annihilation
(B) 2π ↔ πρ: Vector mesons are in

equilibrium with SM at freeze-out.
(C) ρ ↔ SM: Pions and Vector mesons are

in equilibrium at freeze-out.

SIMP with vector meson
(D) 3π ↔ πρ
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(A) WIMP

(B) Semi-anni.

(C) Semi-anni.

(D) SIMP

Ωh2 = 0.12, mρ/mπ = 1.7, mA′/mπ = 3
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Interactions responsible for freeze-out
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Constraints on freeze-out scenarios
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Constraints

Bullet cluster constraint on
self-interaction:

σscatter

mπ
≲ 1 cm2/g

Dark photon constraints set upper
limit on ϵ

BaBar, Belle II, NA64

Berlin et al. [1801.05805]

The same experiments can search
for decaying vector mesons
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Summary

1. Vector mesons must be included in SIMP
studies

2. HLS + Lattice results ⇒
Consistent and predictive model

3. Rich phenomenology in Cosmology and at
Colliders

Work in progress!
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Thank you for the attention!
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Backup



Backup

Varying parameters
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Backup

Freeze-out scenarios with vector mesons
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Backup

HLS Lagrangian
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Backup

NLO Lagrangian
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Backup

SIMP models
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