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I. Introduction
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SIMP scenario :
(strong scale)



Multi-component DM
Majority of DM models suggest that DM particle is WIMP-
type and of only one kind.

Null results of direct search detections have cornered WIMP.

Dark sector may be plentiful as same as the visible sector.

It is reasonable to consider a scenario containing more than 
one species of DM beyond the WIMP paradigm.

ü e.g. hidden QCD, multi-component FIMP, multi-component SIMP,……
J Herms & A. Ibarra (2020)
S.P. Zakeri, et al. (2018)S.P. Zakeri, et al. (2018)

A. Katz, et al. (2020) S. M. Choi, et al. (2021)



Multi-component DM
In genuine multi-component DM models, it should be possible
for different DM species to have distinctive properties such
as mass, (dark) charge, and spin, etc.

Each DM particle should contribute to a sizable abundance to
the observed DM relic density.

Carl Sagan's dragon in garage
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What is the difference between single-component 
SIMP scenario & multi-component SIMP scenario?  
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two-loop 
topology
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rSIMP scenario :
will be explained later

Reshuffled SIMP (rSIMP)

number-conserving process
: redistribute/reshuffle the DM yields

number-changing process
: deplete the DM yields



II. Effective theory



EFT Model
Three representative EFT models for the rSIMP scenario.  

: complex scalar  : Dirac fermion



Model A & B : 
Model C :    

Annihilation process : F: S



If the symmetry is gauged, it is natural to introduce
vector-portal interactions between the dark sector and the
SM sector after SSB as

As we shall see soon, the rSIMP masses are tens of MeV
scale, we then focus on the DM and interactions.

DM-SM interaction

B. V. Lehmann & S. Profumo (2020)



III. Cosmological evolution



The Boltzmann equations of comoving number yields      ,
: SModel A :                  

: entropy density : Hubble parameter



: SModel A :                  

two-loop function (sunset diagram)

J. F. Yang, J. Zhou & C. Wu (2003)

The Boltzmann equations of comoving number yields      ,
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The 3 to 2 annihilation cross-sections w/ degenerate masses
Model B :                  : F: S

The 2 to 2 annihilation cross-sections

SO(9) inv. form S. M. Choi, H. M. Lee
& M. S. Seo (2017) 

p-wave dominate

fermion-number-violating Feynman rules A. Denner, et al. 92’



Model B :                  : F: S
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(iii)
reshuffled
period

(i) 
chemical 
equilibrium

(ii)
2 → 2 

hibernation

(iv)
frozen

Model C :                  : F: S
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IV. Kinetic equilibrium



Kinetic equilibrium
In the SIMP scenario, the DM particles should keep kinetic 
equilibrium with SM particles until the f.o. temperature

: S

S. M. Choi, et al. (2019) 

kinetic equilibrium condition

momentum 
relaxation rate

P. Gondolo, et al. (2012) 
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Kinetic equilibrium : S

kinetic equilibrium condition

S. M. Choi, et al. (2019) 

In the SIMP scenario, the DM particles should keep kinetic 
equilibrium with SM particles until the f.o. temperature

momentum 
relaxation rate
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Kinetic equilibrium : S

kinetic decoupling condition 

In the SIMP scenario, the DM particles should keep kinetic 
equilibrium with SM particles until the f.o. temperature



V. UV complete model



Particle content and charge assignment

ü ! and " are SIMP DM candidates in our setup.
ü # is a mediator connecting ! and ".
ü Φ develops vev that breaks the dark symmetry.

rSIMP model



Lagrangian : Scalar sector
rSIMP model



Lagrangian : Scalar sector
rSIMP model

3 to 2 process U(1)D symmetry breaking term

Vacuum stability & 
self-interacting of DM

Higgs invisible decay



Lagrangian : Yukawa sector
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Lagrangian : Gauge sector

rSIMP model

! is unstableor



Interactions for the annihilations
Annihilation process
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3 to 2 processes :
Annihilation cross section



3 to 2 processes :
Annihilation cross section

resonant SIMP
S. M. Choi, et al., 2016



2 to 2 processes :
Annihilation cross section



Two-loop functions :
Annihilation cross section



Two-loop functions :
Annihilation cross section

Preliminary Preliminary



UV model

EFT theory

UV model & EFT theory



Perturbativity

Unitarity

Constraints
S. M. Choi, et al., 2021
L. Allwicher, et al., 2021

M.H. Namjoo, et al., 2019



Vacuum stability
Constraints

S. M. Choi, et al., 2016



Effective number of neutrino species
Constraints

Planck 2018

C. Boehm, M. J. Dolan 
& C. McCabe (2013) 

B. V. Lehmann & S. Profumo (2020)



Kinetic mixing & dark gauge boson mass
Constraints

M. Fabbrichesi, et al., 2020



Kinetic mixing & dark gauge boson mass
Constraints

M. Fabbrichesi, et al., 2020



Boltzmann equation
Cosmological evolution of DM



Cosmological evolution w/o 2 to 2 process
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Cosmological evolution w/o 2 to 2 process
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Bouncing effect
!!! → #$#$

J. T. Ruderman
PASCOS 2021

Preliminary



Cosmological evolution w/ 2 to 2 process
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Cosmological evolution w/ 2 to 2 process
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Preliminary



SIMP condition
Thermalization

Suppression of WIMP annihilation

kinetic equilibrium condition



Self-interacting DM
Resolving the small-scale problems

The Bullet Cluster S. Tulin & H.B. Yu, 2018
X. Chu, et al., 2019

M. Markevitch et al., 2004
D. Clowe, et al., 2004

See H.M Lee
or Seongsik Kim’s 
Talks



Self-interacting DM
Self-interacting cross section



Self-interacting DM
Self-interacting cross section



Benchmark points
!"! → $"$

$"$ → !"!



We have built a UV complete DM model to realize the rSIMP
scenario with the following condition

In the rSIMP scenario, there is an inevitable two-loop induced
2 to 2 process which would redistribute the DM yields after
the chemical freeze-out of DM.

The rSIMP masses must be degenerate and                     to 
contribute sizable densities to the observed DM abundance.

Self-interacting of DM provides the observational signature 
to test the reshuffled effect in this model. 

Take home message


