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Dark Matter
Many indirect evidences, but no direct evidence.


Informations from the Bullet cluster : 

     DM hardly interacts with SM / self-interaction is very weak
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WIMP Dark Matter
General freeze-out process is 


Mass scale is                   for the relic density


Self-interaction of WIMP is negligible
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Direct Detection of WIMP

J. Cooley (2014), US Cosmic Visions Community Report (2017)

No direct evidence for WIMP


Parameter space for WIMP is closed soon


Research on light DM will become increasingly important
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Small Scale Problems
LCDM : successful for large scale and matter power spectrum


Controversy b/w simulations and observations for small scales


Core-Cusp / Too-big-to-fail

S. Tulin, H. B. Yu (2017), D. H. Weinberg et al (2013)
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Solution for SSPs
Self-Interacting dark matter can be a nice solution of SSPs


DMs near center get the energy to spread ourwards easily


Self interaction bound from the Bullet cluster and SSPs

S. Tulin, H. B. Yu (2017)

0.1 cm2/g . �self
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SIMP Dark Matter

Anni. Self.

Y. Hochberg, E. Kuflik, T. Volansky and J. G. Wacker (2014)

Strongly Interacting Massive Particle


Freeze-out process is 3 to 2 self-annihilation          


Mass scale :                           for            ,  

                    ( WIMP :                                      )
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SIMP = SIDM ?

SMC, Y. J. Kang, H. M. Lee, JHEP 1612 (2016) 099
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SIMP is a natural SIDM candidate


Self-annihilation is a kind of a self-interaction

↵ ⇠ O(1)
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The SIMPlest realization

Y. Hochberg, E. Kuflik, H. Murayama, T. Volansky and J. G. Wacker (2014)
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The most SIMPlest realization is contact interaction


Wess-Zumino-Witten term in the chiral perturbation theory


Global                                             by dark quark condensation


Assumption : pions have degenerated masses

SU(3)L ⇥ SU(3)R ! SU(3)V
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Minimal SIMP Model
The minimal SIMP Lagrangian comes from 

      CCWZ construction / mass term / WZW anomaly term


Only one self-interaction and self-annihilation diagram

M. Bando et al (1988), P. Ko (1991), SMC, H. M. Lee, P. Ko, A. Natale, Phys. Rev. D98 (2018) no.1, 015034

L = LCCWZ + Lmass + LWZW
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Perturbativity Problem

M. Hansen, K.Langaeble and F. Sannino (2015), SMC, H. M. Lee, P. Ko, A. Natale, Phys. Rev. D98 (2018) no.1, 015034
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Perturbativity problem for the pion SIMP


Leading order analysis will be broken

(m⇡/f⇡ ⇠ 2⇡)
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Vector Meson

M. Bando et al (1988), P. Ko (1991), SMC, H. M. Lee, P. Ko, A. Natale, Phys. Rev. D98 (2018) no.1, 015034

Non-linearly transformed 

= Integrating out the VM from linearly realized 


VMs are the massive gauge fields of a local


Assumption : VMs have degenerated masses

Gglobal ⇥Hlocal
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Diagrams
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M. Bando et al (1988), P. Ko (1991), SMC, H. M. Lee, P. Ko, A. Natale, Phys. Rev. D98 (2018) no.1, 015034

VMs interact with pions


7 Feynman diagrams for self-annihilation / 2 type resonances
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3-pion resonance

SMC, H. M. Lee, P. Ko, A. Natale, Phys. Rev. D98 (2018) no.1, 015034
SMC, H. M. Lee, Phys. Lett. B758 (2016) 47, SMC, H. M. Lee, M. S. Seo, JHEP 1704 (2017) 154

10-4

10-3

10-2

10-1

1

10

102

σself
mπ

σ
self /m

π , a = 0.01

σ
self /m

π , a = 0.1

〈σv
2 〉V, a =

0.01
〈σv

2 〉V, a =
0.1

Bullet & Small Scale

Mass range
for Bullet &
Small scale

10 102 103 104
10-1

1

10

102

mπ (MeV)

mπ

fπ

c1-c2 = -1, c3 = 1, ϵV = 0.1, mV ∼ 3mπ

10-4

10-3

10-2

10-1

1

10

102

σself
mπ

σ
self /m

π , a = 0.01

σ
self /m

π , a = 0.1

〈σv
2 〉V, a =

0.01
〈σv

2 〉V, a =
0.1

Mass range
for Bullet &
Small scale

Perturbativity

10 102 103 104
10-1

1

10

102

mπ (MeV)

mπ

fπ

c1-c2 = -1, c3 = 1, ϵV = 0.1, mV ∼ 3mπ

          can be smaller by VM mediated diagrams.


Leading order analysis is enough

m⇡/f⇡
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⇡
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          can be smaller by VM mediated diagrams.


Leading order analysis is enough

2-pion resonance
m⇡/f⇡
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We have considered a SIMP scenario of dark pions which are the pseudo-
Goldstones from dark flavor symmetry and strongly coupled from dark QCD 
interactions. 

Including vector mesons in the hidden gauge symmetry, we showed that the 
perturbativity problem of SIMP scenario in dark ChPT can be alleviated. 

To release heat to the SM sector, kinetic equilibrium b/w dark sector and SM 
sector is possible by the scattering with SM mediated by dark singlet scalar, 
sigma field or dark photon. 

More general cases with non-degenerate pion and vector meson masses can 
make many resonance points and it will give much larger parameter space. 
Also multi-component SIMP is possible.


Resonance masses of VMs can be searched through the kinetic mixing via 
dark photon.

Conclusion
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Back-up
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Small Scale Problems
LCDM Model is successful to explain the large scale structure 
formation and matter power spectrum

Controversy over the differences b/w simulations and observations 
for the small scales

Core-Cusp / Missing satellite / Too-big-to-fail / Diversity problem

S. Tulin, H. B. Yu (2017), Oman et al (2015)

> O (Mpc)
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Small Scale Problems
There are solutions for SSPs 
: Baryonic physics / Self-Interacting Dark Matter

As galaxies form, gas sinks into the inner halo to produce stars

Feedback from supernova-driven gas outflows and repeated bursts

Reduce the central density through a purely gravitational interaction 
between DM and baryons

S. Tulin, H. B. Yu (2017), Oman et al (2015), Bullock et al (2015)

Ultra-low density core

DM core formation

with feedback ?


2 < z < 4

vs


z < 2
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Small Scale Problems
There are solutions for SSPs 
: Baryonic physics / Self-Interacting Dark Matter

Self-Interacting dark matter can be a nice solution of SSPs

DMs near center get the energy to spread ourwards easily

Self interaction bound from the Bullet cluster and SSPs

S. Tulin, H. B. Yu (2017)

0.1cm2/g . �self

m�
. 1cm2/g
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S. M. Choi (CAU) Unitarizing SIMP scenario with dark vector resonances KIAS, 181030

There are several mechanisms for SIDM

Sommerfeld enhancement / Light dark matters / ...

Light dark matter : Standard Annihilating SIDM / 
       Forbidden Dark Matter / Strongly Interacting Massive Particle / ...

SMC, Y. J. Kang, H. M. Lee, JHEP 1612 (2016) 099
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S. M. Choi (CAU) Unitarizing SIMP scenario with dark vector resonances KIAS, 181030

There are several mechanisms for SIDM

Sommerfeld enhancement / Light dark matters / ...

Light dark matter : Standard Annihilating SIDM / 
       Forbidden Dark Matter / Strongly Interacting Massive Particle / ...

J. Ruderman et al (2015), SMC, Y. J. Kang, H. M. Lee, JHEP 1612 (2016) 099
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<latexit sha1_base64="wIQVEkw/0kF/SYziFyqIQ8SaN+k="></latexit><latexit sha1_base64="wIQVEkw/0kF/SYziFyqIQ8SaN+k="></latexit><latexit sha1_base64="wIQVEkw/0kF/SYziFyqIQ8SaN+k="></latexit><latexit sha1_base64="wIQVEkw/0kF/SYziFyqIQ8SaN+k="></latexit>

From                                    &                   ,m� < mF
<latexit sha1_base64="UQjqeoSoKTMyV1WtSactssfmTGU=">AAAB83icbZDLSgMxFIbP1Futt6pLN8EiuCozItSFi6IgLivYC3SGIZNm2tAkMyQZoQx9DTcuFHHry7jzbUzbWWjrD4GP/5zDOfmjlDNtXPfbKa2tb2xulbcrO7t7+wfVw6OOTjJFaJskPFG9CGvKmaRtwwynvVRRLCJOu9H4dlbvPlGlWSIfzSSlgcBDyWJGsLGWL0KfjBi6RiK8C6s1t+7OhVbBK6AGhVph9csfJCQTVBrCsdZ9z01NkGNlGOF0WvEzTVNMxnhI+xYlFlQH+fzmKTqzzgDFibJPGjR3f0/kWGg9EZHtFNiM9HJtZv5X62cmvgpyJtPMUEkWi+KMI5OgWQBowBQlhk8sYKKYvRWREVaYGBtTxYbgLX95FToXdc/yw2WteVPEUYYTOIVz8KABTbiHFrSBQArP8ApvTua8OO/Ox6K15BQzx/BHzucPzNaQ3A==</latexit><latexit sha1_base64="UQjqeoSoKTMyV1WtSactssfmTGU=">AAAB83icbZDLSgMxFIbP1Futt6pLN8EiuCozItSFi6IgLivYC3SGIZNm2tAkMyQZoQx9DTcuFHHry7jzbUzbWWjrD4GP/5zDOfmjlDNtXPfbKa2tb2xulbcrO7t7+wfVw6OOTjJFaJskPFG9CGvKmaRtwwynvVRRLCJOu9H4dlbvPlGlWSIfzSSlgcBDyWJGsLGWL0KfjBi6RiK8C6s1t+7OhVbBK6AGhVph9csfJCQTVBrCsdZ9z01NkGNlGOF0WvEzTVNMxnhI+xYlFlQH+fzmKTqzzgDFibJPGjR3f0/kWGg9EZHtFNiM9HJtZv5X62cmvgpyJtPMUEkWi+KMI5OgWQBowBQlhk8sYKKYvRWREVaYGBtTxYbgLX95FToXdc/yw2WteVPEUYYTOIVz8KABTbiHFrSBQArP8ApvTua8OO/Ox6K15BQzx/BHzucPzNaQ3A==</latexit><latexit sha1_base64="UQjqeoSoKTMyV1WtSactssfmTGU=">AAAB83icbZDLSgMxFIbP1Futt6pLN8EiuCozItSFi6IgLivYC3SGIZNm2tAkMyQZoQx9DTcuFHHry7jzbUzbWWjrD4GP/5zDOfmjlDNtXPfbKa2tb2xulbcrO7t7+wfVw6OOTjJFaJskPFG9CGvKmaRtwwynvVRRLCJOu9H4dlbvPlGlWSIfzSSlgcBDyWJGsLGWL0KfjBi6RiK8C6s1t+7OhVbBK6AGhVph9csfJCQTVBrCsdZ9z01NkGNlGOF0WvEzTVNMxnhI+xYlFlQH+fzmKTqzzgDFibJPGjR3f0/kWGg9EZHtFNiM9HJtZv5X62cmvgpyJtPMUEkWi+KMI5OgWQBowBQlhk8sYKKYvRWREVaYGBtTxYbgLX95FToXdc/yw2WteVPEUYYTOIVz8KABTbiHFrSBQArP8ApvTua8OO/Ox6K15BQzx/BHzucPzNaQ3A==</latexit><latexit sha1_base64="UQjqeoSoKTMyV1WtSactssfmTGU=">AAAB83icbZDLSgMxFIbP1Futt6pLN8EiuCozItSFi6IgLivYC3SGIZNm2tAkMyQZoQx9DTcuFHHry7jzbUzbWWjrD4GP/5zDOfmjlDNtXPfbKa2tb2xulbcrO7t7+wfVw6OOTjJFaJskPFG9CGvKmaRtwwynvVRRLCJOu9H4dlbvPlGlWSIfzSSlgcBDyWJGsLGWL0KfjBi6RiK8C6s1t+7OhVbBK6AGhVph9csfJCQTVBrCsdZ9z01NkGNlGOF0WvEzTVNMxnhI+xYlFlQH+fzmKTqzzgDFibJPGjR3f0/kWGg9EZHtFNiM9HJtZv5X62cmvgpyJtPMUEkWi+KMI5OgWQBowBQlhk8sYKKYvRWREVaYGBtTxYbgLX95FToXdc/yw2WteVPEUYYTOIVz8KABTbiHFrSBQArP8ApvTua8OO/Ox6K15BQzx/BHzucPzNaQ3A==</latexit>

Self-Interacting Dark Matter
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<latexit sha1_base64="FourDaB/4CcR1FBm4imvrZO9SN8="></latexit><latexit sha1_base64="FourDaB/4CcR1FBm4imvrZO9SN8="></latexit><latexit sha1_base64="FourDaB/4CcR1FBm4imvrZO9SN8="></latexit><latexit sha1_base64="FourDaB/4CcR1FBm4imvrZO9SN8="></latexit>

For the           couplingO(1)
<latexit sha1_base64="5FY02zR7gjMpALdpbbcKzoXGhL0=">AAAB8XicZVDLTgJBEJz1ifha9ejFyEWTkewSEk8mRi/exETEBAjpHZplwszOZGZQV8KHGC/G6MlP8Qv8G1ndg0idKt1dXd0VacGtC4Ivb25+YXFpubBSXF1b39j0t7ZvrBoahnWmhDK3EVgUPMG6407grTYIMhLYiAbnWb9xh8ZylVy7VGNbQpzwHmfgJqWOv9mS4PoMxOhyvHcQHnb8UlAOfrA3S8KclEiOWsf/bHUVG0pMHBNgbTOsaNcegXGcCRwXW0OLGtgAYhyBtDaVEWXcTXeaTEkN7iQsTxzaI8cHj0c9TBMJyfQGO7HoY5dC9Z53kWa3O6WEpX9X09iA7nP2QFHbHo9pjEqiMyntQcLSftdk45mWMtBZDjQyMEA3nnwf/v91ltxUymFQDq+qpdOzPIcC2SX75ICE5JickgtSI3XCyJA8kzfy7lnvyXvxXn9H57xcs0Om4H18A8nnj+Y=</latexit><latexit sha1_base64="5FY02zR7gjMpALdpbbcKzoXGhL0=">AAAB8XicZVDLTgJBEJz1ifha9ejFyEWTkewSEk8mRi/exETEBAjpHZplwszOZGZQV8KHGC/G6MlP8Qv8G1ndg0idKt1dXd0VacGtC4Ivb25+YXFpubBSXF1b39j0t7ZvrBoahnWmhDK3EVgUPMG6407grTYIMhLYiAbnWb9xh8ZylVy7VGNbQpzwHmfgJqWOv9mS4PoMxOhyvHcQHnb8UlAOfrA3S8KclEiOWsf/bHUVG0pMHBNgbTOsaNcegXGcCRwXW0OLGtgAYhyBtDaVEWXcTXeaTEkN7iQsTxzaI8cHj0c9TBMJyfQGO7HoY5dC9Z53kWa3O6WEpX9X09iA7nP2QFHbHo9pjEqiMyntQcLSftdk45mWMtBZDjQyMEA3nnwf/v91ltxUymFQDq+qpdOzPIcC2SX75ICE5JickgtSI3XCyJA8kzfy7lnvyXvxXn9H57xcs0Om4H18A8nnj+Y=</latexit><latexit sha1_base64="5FY02zR7gjMpALdpbbcKzoXGhL0=">AAAB8XicZVDLTgJBEJz1ifha9ejFyEWTkewSEk8mRi/exETEBAjpHZplwszOZGZQV8KHGC/G6MlP8Qv8G1ndg0idKt1dXd0VacGtC4Ivb25+YXFpubBSXF1b39j0t7ZvrBoahnWmhDK3EVgUPMG6407grTYIMhLYiAbnWb9xh8ZylVy7VGNbQpzwHmfgJqWOv9mS4PoMxOhyvHcQHnb8UlAOfrA3S8KclEiOWsf/bHUVG0pMHBNgbTOsaNcegXGcCRwXW0OLGtgAYhyBtDaVEWXcTXeaTEkN7iQsTxzaI8cHj0c9TBMJyfQGO7HoY5dC9Z53kWa3O6WEpX9X09iA7nP2QFHbHo9pjEqiMyntQcLSftdk45mWMtBZDjQyMEA3nnwf/v91ltxUymFQDq+qpdOzPIcC2SX75ICE5JickgtSI3XCyJA8kzfy7lnvyXvxXn9H57xcs0Om4H18A8nnj+Y=</latexit><latexit sha1_base64="5FY02zR7gjMpALdpbbcKzoXGhL0=">AAAB8XicZVDLTgJBEJz1ifha9ejFyEWTkewSEk8mRi/exETEBAjpHZplwszOZGZQV8KHGC/G6MlP8Qv8G1ndg0idKt1dXd0VacGtC4Ivb25+YXFpubBSXF1b39j0t7ZvrBoahnWmhDK3EVgUPMG6407grTYIMhLYiAbnWb9xh8ZylVy7VGNbQpzwHmfgJqWOv9mS4PoMxOhyvHcQHnb8UlAOfrA3S8KclEiOWsf/bHUVG0pMHBNgbTOsaNcegXGcCRwXW0OLGtgAYhyBtDaVEWXcTXeaTEkN7iQsTxzaI8cHj0c9TBMJyfQGO7HoY5dC9Z53kWa3O6WEpX9X09iA7nP2QFHbHo9pjEqiMyntQcLSftdk45mWMtBZDjQyMEA3nnwf/v91ltxUymFQDq+qpdOzPIcC2SX75ICE5JickgtSI3XCyJA8kzfy7lnvyXvxXn9H57xcs0Om4H18A8nnj+Y=</latexit>
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SIMP Dark Matter

Y. Hochberg, E. Kuflik, T. Volansky and J. G. Wacker (2014)

Strongly Interacting Massive Particle

Freeze-out process is 3 to 2 self-annihilation with           

Mass scale of SIMP is                           with the large coupling       
for the relic density 
                    ( WIMP :                                       )

Kinetic equilibrium with SM is essential part of SIMP for structure 
formation ( SIMP condition )

��� ! ��

h�v2i / ↵3/m5
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O(10� 100) MeV
<latexit sha1_base64="uqxyTZFowIKdNC8Y6+pMB8OvOYo=">AAACAHicZVDLahtBEJx1HlachzfJMRBEdFFgJHaEwKeASC6+GDtgPUArRO+otRo0szPMjGJvFl2MP8b4Eox98i/4C/I31iY6RFGdiu6qLqoTI4XzUfQ72Hny9Nnz3cqLvZevXr/ZD9++6zm9sBy7XEttBwk4lCLDrhde4sBYBJVI7Cfzb+W+/wOtEzo79bnBkYI0E1PBwa9G4/BjrMDPOMjieFlnUYNF0ee4WsRWVY+wtxyHtagZ/UF1m7A1qZE1TsbhQzzRfKEw81yCc0PWMn5UgPWCS1zuxQuHBvgcUixAOZerhHLhNzdDrpUB/4U1Vwmjwov5z8YU80xBtnnBrSJmOKHQPhMTpGUVr7V09N/TNLVgZoKfUzRuKlKaolbobU6nkPF8NrGlvPRSDqZ8C00szNGX7dn/XbdJr9VkUZN9b9c6X9d/qJAP5BOpE0YOSIcckhPSJZxckmtyS+6Ci+Aq+BXc/JXuBGvPe7KB4P4RSveVIQ==</latexit><latexit sha1_base64="uqxyTZFowIKdNC8Y6+pMB8OvOYo=">AAACAHicZVDLahtBEJx1HlachzfJMRBEdFFgJHaEwKeASC6+GDtgPUArRO+otRo0szPMjGJvFl2MP8b4Eox98i/4C/I31iY6RFGdiu6qLqoTI4XzUfQ72Hny9Nnz3cqLvZevXr/ZD9++6zm9sBy7XEttBwk4lCLDrhde4sBYBJVI7Cfzb+W+/wOtEzo79bnBkYI0E1PBwa9G4/BjrMDPOMjieFlnUYNF0ee4WsRWVY+wtxyHtagZ/UF1m7A1qZE1TsbhQzzRfKEw81yCc0PWMn5UgPWCS1zuxQuHBvgcUixAOZerhHLhNzdDrpUB/4U1Vwmjwov5z8YU80xBtnnBrSJmOKHQPhMTpGUVr7V09N/TNLVgZoKfUzRuKlKaolbobU6nkPF8NrGlvPRSDqZ8C00szNGX7dn/XbdJr9VkUZN9b9c6X9d/qJAP5BOpE0YOSIcckhPSJZxckmtyS+6Ci+Aq+BXc/JXuBGvPe7KB4P4RSveVIQ==</latexit><latexit sha1_base64="uqxyTZFowIKdNC8Y6+pMB8OvOYo=">AAACAHicZVDLahtBEJx1HlachzfJMRBEdFFgJHaEwKeASC6+GDtgPUArRO+otRo0szPMjGJvFl2MP8b4Eox98i/4C/I31iY6RFGdiu6qLqoTI4XzUfQ72Hny9Nnz3cqLvZevXr/ZD9++6zm9sBy7XEttBwk4lCLDrhde4sBYBJVI7Cfzb+W+/wOtEzo79bnBkYI0E1PBwa9G4/BjrMDPOMjieFlnUYNF0ee4WsRWVY+wtxyHtagZ/UF1m7A1qZE1TsbhQzzRfKEw81yCc0PWMn5UgPWCS1zuxQuHBvgcUixAOZerhHLhNzdDrpUB/4U1Vwmjwov5z8YU80xBtnnBrSJmOKHQPhMTpGUVr7V09N/TNLVgZoKfUzRuKlKaolbobU6nkPF8NrGlvPRSDqZ8C00szNGX7dn/XbdJr9VkUZN9b9c6X9d/qJAP5BOpE0YOSIcckhPSJZxckmtyS+6Ci+Aq+BXc/JXuBGvPe7KB4P4RSveVIQ==</latexit><latexit sha1_base64="uqxyTZFowIKdNC8Y6+pMB8OvOYo=">AAACAHicZVDLahtBEJx1HlachzfJMRBEdFFgJHaEwKeASC6+GDtgPUArRO+otRo0szPMjGJvFl2MP8b4Eox98i/4C/I31iY6RFGdiu6qLqoTI4XzUfQ72Hny9Nnz3cqLvZevXr/ZD9++6zm9sBy7XEttBwk4lCLDrhde4sBYBJVI7Cfzb+W+/wOtEzo79bnBkYI0E1PBwa9G4/BjrMDPOMjieFlnUYNF0ee4WsRWVY+wtxyHtagZ/UF1m7A1qZE1TsbhQzzRfKEw81yCc0PWMn5UgPWCS1zuxQuHBvgcUixAOZerhHLhNzdDrpUB/4U1Vwmjwov5z8YU80xBtnnBrSJmOKHQPhMTpGUVr7V09N/TNLVgZoKfUzRuKlKaolbobU6nkPF8NrGlvPRSDqZ8C00szNGX7dn/XbdJr9VkUZN9b9c6X9d/qJAP5BOpE0YOSIcckhPSJZxckmtyS+6Ci+Aq+BXc/JXuBGvPe7KB4P4RSveVIQ==</latexit>

↵ ⇠ 1
<latexit sha1_base64="zA7/tHdzeDJUvTCTkbt9cj1brDY=">AAAB7XicZVDLTgJBEJzFF+IL9eiFyMXDSHYJiScTohePmMgjAUJ6h2Z3wszOODOoK+EzjBdj9OTH+AX+jaAcROpU6a7qSnWoBbfO97+8zMrq2vpGdjO3tb2zu5ffP2hYNTIM60wJZVohWBQ8wbrjTmBLGwQZCmyGw8vZvnmHxnKV3LhUY1dClPABZ+Cmo24HhI6h0LFcFoJevuiX/B8UlkkwJ0UyR62X/+z0FRtJTBwTYG07KGvXHYNxnAmc5DojixrYECIcg7Q2lSFl3C1u2kxJDe48KE0TumPHh4+nA0wTCcniBTuNiLFPoXLP+0gluNgpJSz9e5pGBnTM2QNFbQc8ohEqic6kdAAJS+O+mclnXspAz35AQwNDdJNp++B/12XSKJcCvxRcV4rVi/kfsuSIHJMTEpAzUiVXpEbqhJFb8kzeyLunvCfvxXv9lWa8ueeQLMD7+AYEuo76</latexit><latexit sha1_base64="zA7/tHdzeDJUvTCTkbt9cj1brDY=">AAAB7XicZVDLTgJBEJzFF+IL9eiFyMXDSHYJiScTohePmMgjAUJ6h2Z3wszOODOoK+EzjBdj9OTH+AX+jaAcROpU6a7qSnWoBbfO97+8zMrq2vpGdjO3tb2zu5ffP2hYNTIM60wJZVohWBQ8wbrjTmBLGwQZCmyGw8vZvnmHxnKV3LhUY1dClPABZ+Cmo24HhI6h0LFcFoJevuiX/B8UlkkwJ0UyR62X/+z0FRtJTBwTYG07KGvXHYNxnAmc5DojixrYECIcg7Q2lSFl3C1u2kxJDe48KE0TumPHh4+nA0wTCcniBTuNiLFPoXLP+0gluNgpJSz9e5pGBnTM2QNFbQc8ohEqic6kdAAJS+O+mclnXspAz35AQwNDdJNp++B/12XSKJcCvxRcV4rVi/kfsuSIHJMTEpAzUiVXpEbqhJFb8kzeyLunvCfvxXv9lWa8ueeQLMD7+AYEuo76</latexit><latexit sha1_base64="zA7/tHdzeDJUvTCTkbt9cj1brDY=">AAAB7XicZVDLTgJBEJzFF+IL9eiFyMXDSHYJiScTohePmMgjAUJ6h2Z3wszOODOoK+EzjBdj9OTH+AX+jaAcROpU6a7qSnWoBbfO97+8zMrq2vpGdjO3tb2zu5ffP2hYNTIM60wJZVohWBQ8wbrjTmBLGwQZCmyGw8vZvnmHxnKV3LhUY1dClPABZ+Cmo24HhI6h0LFcFoJevuiX/B8UlkkwJ0UyR62X/+z0FRtJTBwTYG07KGvXHYNxnAmc5DojixrYECIcg7Q2lSFl3C1u2kxJDe48KE0TumPHh4+nA0wTCcniBTuNiLFPoXLP+0gluNgpJSz9e5pGBnTM2QNFbQc8ohEqic6kdAAJS+O+mclnXspAz35AQwNDdJNp++B/12XSKJcCvxRcV4rVi/kfsuSIHJMTEpAzUiVXpEbqhJFb8kzeyLunvCfvxXv9lWa8ueeQLMD7+AYEuo76</latexit><latexit sha1_base64="zA7/tHdzeDJUvTCTkbt9cj1brDY=">AAAB7XicZVDLTgJBEJzFF+IL9eiFyMXDSHYJiScTohePmMgjAUJ6h2Z3wszOODOoK+EzjBdj9OTH+AX+jaAcROpU6a7qSnWoBbfO97+8zMrq2vpGdjO3tb2zu5ffP2hYNTIM60wJZVohWBQ8wbrjTmBLGwQZCmyGw8vZvnmHxnKV3LhUY1dClPABZ+Cmo24HhI6h0LFcFoJevuiX/B8UlkkwJ0UyR62X/+z0FRtJTBwTYG07KGvXHYNxnAmc5DojixrYECIcg7Q2lSFl3C1u2kxJDe48KE0TumPHh4+nA0wTCcniBTuNiLFPoXLP+0gluNgpJSz9e5pGBnTM2QNFbQc8ohEqic6kdAAJS+O+mclnXspAz35AQwNDdJNp++B/12XSKJcCvxRcV4rVi/kfsuSIHJMTEpAzUiVXpEbqhJFb8kzeyLunvCfvxXv9lWa8ueeQLMD7+AYEuo76</latexit>
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<latexit sha1_base64="uC/ltYqM4WOgJ2aT3J0PfPF8jvY="></latexit><latexit sha1_base64="uC/ltYqM4WOgJ2aT3J0PfPF8jvY="></latexit><latexit sha1_base64="uC/ltYqM4WOgJ2aT3J0PfPF8jvY="></latexit><latexit sha1_base64="uC/ltYqM4WOgJ2aT3J0PfPF8jvY="></latexit>

� : Interaction Rate, Freeze-out Temperature
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<latexit sha1_base64="MRRxi3/Vc6KBtYCu5+v7MHpJn8A="></latexit><latexit sha1_base64="MRRxi3/Vc6KBtYCu5+v7MHpJn8A="></latexit><latexit sha1_base64="MRRxi3/Vc6KBtYCu5+v7MHpJn8A="></latexit><latexit sha1_base64="ck8pdC+ekZH4nUmSP+ZG7r8lEyk=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odOn4MoA7ncAFXEMIN3MEDdKALAhJ4hXdv4r15H6uuat66tDP4I+/zBzjGijg=</latexit><latexit sha1_base64="ZfqWE0DNv4Uj0p2A+DHv4LfBGOQ="></latexit><latexit sha1_base64="ZfqWE0DNv4Uj0p2A+DHv4LfBGOQ="></latexit><latexit sha1_base64="tp8hQwnZxAPqA62x6splPLzdMP8="></latexit><latexit sha1_base64="MRRxi3/Vc6KBtYCu5+v7MHpJn8A="></latexit><latexit sha1_base64="MRRxi3/Vc6KBtYCu5+v7MHpJn8A="></latexit><latexit sha1_base64="MRRxi3/Vc6KBtYCu5+v7MHpJn8A="></latexit><latexit sha1_base64="MRRxi3/Vc6KBtYCu5+v7MHpJn8A="></latexit><latexit sha1_base64="MRRxi3/Vc6KBtYCu5+v7MHpJn8A="></latexit><latexit sha1_base64="MRRxi3/Vc6KBtYCu5+v7MHpJn8A="></latexit>
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SIMP Dark Matter
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There are direct detection bounds for SIMP

SIMP is a testable mechanism
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Self-Interaction
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Self-annihilation
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Examples : Resonance

h�v2i3!2 ⌘
R
d3p1d3p2d3p3(�v2)3!2e�E1/T e�E2/T e�E3/T

R
d3p1d3p2d3p3e�E1/T e�E2/T e�E3/T

Resonance effect is important for the thermal-average of cross-section

Narrow Width Approximation makes the maximal resonance effect 
( QCD-like set of parameters :                                         )c1 � c2 ⇠ �1, c3 ⇠ 1, a ⇠ 2
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ṅ⇡ + 3Hn⇡ = � 1

64
h�v2i3!2(n
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2
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Dark Pions with Vector Mesons 
Varying the anomalous paremeters and mass difference are acceptable
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Kinetic Equilibrium
Kinetic equilibrium is important for the structure formation for SIMP

There are many ways to get a kinetic equilibrium in this model

H. M. Lee, M. S. Seo (2015), SMC, H. M. Lee, JHEP 1509 (2015) 063

SMC, Y. Hochberg, E. Kuflik, H. M. Lee, Y. Mambrini, H. Murayama, M. Pierre, JHEP 1710 (2017) 162

2. Dark Photon Portal by the Kinetic Mixing 

1. Dark Scalar Portal ( singlet / sigma field )

If dark pions are charged by dark local U(1) 
and dark photon is mixed with SM particle

Scattering b/w dark pion and 
( SM pion / neutrino / lepton )  

Scalar mixing with Higgs

Pion-electron scattering

Pion-dark Higgs scattering with decay


