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Dark matter from sky

• Various evidences for dark matter from galaxy rotation 
curves, CMB, gravitational lensing, and large scale structure.

Non-gravitational evidence is missing!
What is particle nature of dark matter?



WIMP Paradigm
Dark matter once in thermal 
equilibrium with SM particles
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Interplay of direct, indirect and collider detections!



WIMP in challenge

No direct evidence for WIMP yet



Light dark matter
Below typical WIMP masses:
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: Small recoil energy

1 keV . mDM . 10GeV
<latexit sha1_base64="gIXZRBSTkt5Uu5XeowGRRQbpMto=">AAACHnicbVDLSgMxFM3UV62vqks3wSK4kDIj4mMjBQXdCBXsAzrDkElv29BkZkgyQhn6J278FTcuVARX+jem7YDaeiBwOOdcbu4JYs6Utu0vKzc3v7C4lF8urKyurW8UN7fqKkokhRqNeCSbAVHAWQg1zTSHZiyBiIBDI+hfjPzGPUjFovBOD2LwBOmGrMMo0Ubyi8eOe5C6UuA+1IcuB6UUE1j4Y+3y5kdy7Cx4ZYLYL5bssj0GniVORkooQ9UvfrjtiCYCQk05Uarl2LH2UiI1oxyGBTdREBPaJ11oGRoSAcpLx/cN8Z5R2rgTSfNCjcfq74mUCKUGIjBJQXRPTXsj8T+vlejOqZeyME40hHSyqJNwrCM8Kgu3mQSq+cAQQiUzf8W0RySh2lRaMCU40yfPktph+azs3B6VKudZG3m0g3bRPnLQCaqga1RFNUTRA3pCL+jVerSerTfrfRLNWdnMNvoD6/Mb4IOhzw==</latexit><latexit sha1_base64="gIXZRBSTkt5Uu5XeowGRRQbpMto=">AAACHnicbVDLSgMxFM3UV62vqks3wSK4kDIj4mMjBQXdCBXsAzrDkElv29BkZkgyQhn6J278FTcuVARX+jem7YDaeiBwOOdcbu4JYs6Utu0vKzc3v7C4lF8urKyurW8UN7fqKkokhRqNeCSbAVHAWQg1zTSHZiyBiIBDI+hfjPzGPUjFovBOD2LwBOmGrMMo0Ubyi8eOe5C6UuA+1IcuB6UUE1j4Y+3y5kdy7Cx4ZYLYL5bssj0GniVORkooQ9UvfrjtiCYCQk05Uarl2LH2UiI1oxyGBTdREBPaJ11oGRoSAcpLx/cN8Z5R2rgTSfNCjcfq74mUCKUGIjBJQXRPTXsj8T+vlejOqZeyME40hHSyqJNwrCM8Kgu3mQSq+cAQQiUzf8W0RySh2lRaMCU40yfPktph+azs3B6VKudZG3m0g3bRPnLQCaqga1RFNUTRA3pCL+jVerSerTfrfRLNWdnMNvoD6/Mb4IOhzw==</latexit><latexit sha1_base64="gIXZRBSTkt5Uu5XeowGRRQbpMto=">AAACHnicbVDLSgMxFM3UV62vqks3wSK4kDIj4mMjBQXdCBXsAzrDkElv29BkZkgyQhn6J278FTcuVARX+jem7YDaeiBwOOdcbu4JYs6Utu0vKzc3v7C4lF8urKyurW8UN7fqKkokhRqNeCSbAVHAWQg1zTSHZiyBiIBDI+hfjPzGPUjFovBOD2LwBOmGrMMo0Ubyi8eOe5C6UuA+1IcuB6UUE1j4Y+3y5kdy7Cx4ZYLYL5bssj0GniVORkooQ9UvfrjtiCYCQk05Uarl2LH2UiI1oxyGBTdREBPaJ11oGRoSAcpLx/cN8Z5R2rgTSfNCjcfq74mUCKUGIjBJQXRPTXsj8T+vlejOqZeyME40hHSyqJNwrCM8Kgu3mQSq+cAQQiUzf8W0RySh2lRaMCU40yfPktph+azs3B6VKudZG3m0g3bRPnLQCaqga1RFNUTRA3pCL+jVerSerTfrfRLNWdnMNvoD6/Mb4IOhzw==</latexit><latexit sha1_base64="gIXZRBSTkt5Uu5XeowGRRQbpMto=">AAACHnicbVDLSgMxFM3UV62vqks3wSK4kDIj4mMjBQXdCBXsAzrDkElv29BkZkgyQhn6J278FTcuVARX+jem7YDaeiBwOOdcbu4JYs6Utu0vKzc3v7C4lF8urKyurW8UN7fqKkokhRqNeCSbAVHAWQg1zTSHZiyBiIBDI+hfjPzGPUjFovBOD2LwBOmGrMMo0Ubyi8eOe5C6UuA+1IcuB6UUE1j4Y+3y5kdy7Cx4ZYLYL5bssj0GniVORkooQ9UvfrjtiCYCQk05Uarl2LH2UiI1oxyGBTdREBPaJ11oGRoSAcpLx/cN8Z5R2rgTSfNCjcfq74mUCKUGIjBJQXRPTXsj8T+vlejOqZeyME40hHSyqJNwrCM8Kgu3mQSq+cAQQiUzf8W0RySh2lRaMCU40yfPktph+azs3B6VKudZG3m0g3bRPnLQCaqga1RFNUTRA3pCL+jVerSerTfrfRLNWdnMNvoD6/Mb4IOhzw==</latexit>

Need to lower the detector threshold.

(Fermion DM)



Self-interacting dark matter
• Core-cusp problem:  Simulation with CDM (“cusp”) 

overshoots observed galaxy rotation curves (“core”).

CDM

• Related problems  missing satellites (fewer DM 
subhalos), too-big-to-fail (masses of dwarf galaxies)

Large self-interaction of dark matter solves small-scale problems.

cf. Bullet cluster:

See a review by D.H. Weinberg et al(2013).
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SIDM=SIMP
•Strong Interacting Massive Particles(SIMP) are in chemical 
equilibrium by self-interactions (3→2 process).

[Carlson,Machacek, Hall (1992);Hochberg 
et al, 2014;  S.-M.Choi, HML, 2015]

SIMP freeze-out:
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“Large 2→2 self-scattering”
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SIMP conditions

X

Y

X

Y

• Ineffective 2→2 annihilation needs

✏2

✏ < 2.4⇥ 10�6↵e↵

• SIMP is heated after annihilation:  kinetic equilibrium is 
necessary for a successful structure formation.

Kinetic equilibrium:

K: DM kinetic energy [de Laix et al, 1995; VSIMPers, 2017]
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SIMP & Z’-portal
• Z3 is the minimal discrete symmetry from a dark 

local U(1) and Z’ portal is built-in.

U(1)V ! Z3.h�i = 1p
2
v0

[S.-M.Choi, HML, 2015]

• Correlation btw self-scattering and 3→2 annihilation.
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Bounds on SIMP

Belle2, LHCb (Z’ production),
Beam dump exp, Meson decays, 

DM-electron scattering, etc.

[S.-M. Choi, HML, 2015]
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Vector SIMP & Higgs portal

hD hD

Xi Xi
• Massive SU(2)X gauge bosons + dark Higgs
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[S.-M. Choi, Y. Hochberg, E. Kuflic, Y. Mambrini, 
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SIMP direct detection

• DM-electron scattering:  Cooper-pairs in super-conductors
[Hochberg et al (2015)]

• DM-nucleon scattering: cryogenic semi-conductors
e.g. CDMSlite: Ge,  Eth=56eV mDM & 1.6GeV
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e.g. Al:  EF=11.7eV,  vrel~vF=10-2 
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SIMP threshold
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SIMP indirect detection

• No bound for scalar SIMP (p-wave suppressed annihilation).
• Gamma-ray & CMB can constrain SIMP DM.

"2
m⇡

Galactic Center CMB

[Essig et al, 2013]

, "2(v) = "2(vF )(v/vF )
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SIMP in merging galaxies
• SIMP self-interactions can make a separation of 

DM subhalo from bounded stars. 

starsDM

“Drag force” between DM subhalo 
and larger DM halo is greater than 

“gravity” between DM subhalo and star. 

e.g.  Abell 3827 cluster [Massey et al(2015)]

[Kahlhoefer et al(2015)]



SIMP mesons



HA $ HBZ2 : gA = gB ,

SU(4)/SU(3)

�m2
h =

3

4⇡2
(y2A � y2B)⇤

2 = 0.

LY = �yAHAqAu
c
A � yBHBqBu

c
B , yA = yB .

Dark QCD for naturalness

• Quadratic divergences of Higgs mass are cancelled by 
neutral quarks at one-loop.

[SU(3)A ⇥ SU(2)A]⇥ [SU(3)B ⇥ SU(2)B ]⇥ Z2

[Chacko,Goh,Harnik, 2005]

• Double the SM gauge groups with twin Higgs and matter.

Higgs = pseudo-Goldstone bosons on

“Dark QCD”
cf. General orbifold symmetries and QCD:  HML, talk 
at 2015 CERN TH workshop on neutral naturalness.



SIMPs from Dark QCD

• 5-point self-interactions from Wess-Zumino-Witten term 
for π5(G/H)=Z (i.e. Nf ≥3).   

NC  : topological invariant 
of 5-sphere (Q+Q’) in SU(3)

[Wess, Zumino,1971;Witten, 1983]

Dark fermions
G=SU(Nf)LxSU(Nf)R condensate of SU(Nc) 

dark fermions 

Dark mesons 
with SU(Nf)V 

flavor   

Dark mesons:  Strongly Interacting, Light & Stable.

⇡

F



WZW & SIMP process
•5-point scattering vs self-scattering for SIMP mesons

[Hochberg et al, 2014]

~const~1/Nf

SIMP process: Self-scattering:

degenerate quark masses

⇤0
QCD ⇠ ⇤QCD m2

⇡̃ ⇠ mq̃

(⇤0
QCD)

3

F 2
⇠ (100MeV)2

flavor symmetry,
degenerate meson masses

cf. mirror QCD in twin Higgs models.



[Hochberg, Kuflik, Murayama, Volansky, Wacker, 2014]

Bullet cluster, Halo shape

Parameters for SIMP mesons

Perturbativity

Self-scatt.
Perturbativity

Bullet cluster

SIMP relic

Bullet cluster & perturbativity bounds favor large Nc.

Nc=3 case is ruled out! Vector mesons



Equilibrium via Z’-portal

• Vectorial Z’ with no chiral anomalies in dark QCD.

SM SM

[HML, M. Seo, 2015]
Z’

Z’

QD =

0

@
1
3 0 0
0 � 1

3 0
0 0 � 1

3

1

A

•Small meson mass splitting for SIMP process: 
�Lm⇡ = ↵D⇤4Tr[QDUQDU�1] �m2

⇡ ⇠ ↵D⇤4/F 2 . 0.01m2
⇡,

Dark mesons SM

U(1)YU(1)’
Z’-portal
X



Bounds on SIMP mesons

SIMP 
conditions

(CMS 8TeV),  Drell-Yan, dileptons.

• SIMP parameter space can be probed by Z’ searches. 

[M.-S. Seo, HML, 2015]
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Resonant SIMPs



Perturbativity issue
• 2→2: LO,  3→2: NLO, in SIMP scenarios.

[Hansen et al, 2015]

NLO corrections enlarge 2→2 cross sections, making 
it harder to satisfy the self-scattering bound.

A larger color or a larger meson decay constant?

or additional 3→2 annihilation channels?



Resonant SIMPs
• Z5  is a minimal (gauged) discrete symmetry 

for 5-point interacting SIMP.

[S.-M.Choi, HML, 2016]
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• Thermal average of 3→2 cross section near resonances.

Averaging SIMPs

Breit-Wigner form for SIMP:

3 DM’s: higher dimensional phase space

enhanced 
at resonance

Thermal average with narrow width:

cf.  WIMP: 

[S.-M. Choi, HML, M.-S. Seo, 2017]

mR & 3mDM
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 Vector Mesons in dark ChPT

G=SU(Nf)VxSU(Nf)/SU(Nf)V 
+ Hlocal=SU(Nf)V hidden local symmetry

Extra chiral-invariant term (in unitary gauge):

cf. QCD: a ' 2
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SIMP mesons + Vector mesons in dark QCD:

VM-pion couplings:
VM masses: degenerate



 WZW with vector mesons
WZW terms gauged by Hlocal=SU(Nf)V 

C = � iNc

240⇡2
<latexit sha1_base64="AZ/0NIEehQwMrW/dedTTZwcT5G0=">AAACAHicbVBNS8NAEN34WetX1IvgZbEIXixJKagHpdCLJ6lgbKGJYbPdtEs3m7C7EUqIF/+KFw8qXv0Z3vw3btsctPXBwOO9GWbmBQmjUlnWt7GwuLS8slpaK69vbG5tmzu7dzJOBSYOjlksOgGShFFOHEUVI51EEBQFjLSDYXPstx+IkDTmt2qUEC9CfU5DipHSkm/uNy9O3FAgnNFrH+dZrW65Cb2v5b5ZsarWBHCe2AWpgAIt3/xyezFOI8IVZkjKrm0lysuQUBQzkpfdVJIE4SHqk66mHEVEetnkgxweaaUHw1jo4gpO1N8TGYqkHEWB7oyQGshZbyz+53VTFZ55GeVJqgjH00VhyqCK4TgO2KOCYMVGmiAsqL4V4gHSeSgdWlmHYM++PE+cWvW8at/UK43LIo0SOACH4BjY4BQ0wBVoAQdg8AiewSt4M56MF+Pd+Ji2LhjFzB74A+PzB3+5ldQ=</latexit><latexit sha1_base64="AZ/0NIEehQwMrW/dedTTZwcT5G0=">AAACAHicbVBNS8NAEN34WetX1IvgZbEIXixJKagHpdCLJ6lgbKGJYbPdtEs3m7C7EUqIF/+KFw8qXv0Z3vw3btsctPXBwOO9GWbmBQmjUlnWt7GwuLS8slpaK69vbG5tmzu7dzJOBSYOjlksOgGShFFOHEUVI51EEBQFjLSDYXPstx+IkDTmt2qUEC9CfU5DipHSkm/uNy9O3FAgnNFrH+dZrW65Cb2v5b5ZsarWBHCe2AWpgAIt3/xyezFOI8IVZkjKrm0lysuQUBQzkpfdVJIE4SHqk66mHEVEetnkgxweaaUHw1jo4gpO1N8TGYqkHEWB7oyQGshZbyz+53VTFZ55GeVJqgjH00VhyqCK4TgO2KOCYMVGmiAsqL4V4gHSeSgdWlmHYM++PE+cWvW8at/UK43LIo0SOACH4BjY4BQ0wBVoAQdg8AiewSt4M56MF+Pd+Ji2LhjFzB74A+PzB3+5ldQ=</latexit><latexit sha1_base64="AZ/0NIEehQwMrW/dedTTZwcT5G0=">AAACAHicbVBNS8NAEN34WetX1IvgZbEIXixJKagHpdCLJ6lgbKGJYbPdtEs3m7C7EUqIF/+KFw8qXv0Z3vw3btsctPXBwOO9GWbmBQmjUlnWt7GwuLS8slpaK69vbG5tmzu7dzJOBSYOjlksOgGShFFOHEUVI51EEBQFjLSDYXPstx+IkDTmt2qUEC9CfU5DipHSkm/uNy9O3FAgnNFrH+dZrW65Cb2v5b5ZsarWBHCe2AWpgAIt3/xyezFOI8IVZkjKrm0lysuQUBQzkpfdVJIE4SHqk66mHEVEetnkgxweaaUHw1jo4gpO1N8TGYqkHEWB7oyQGshZbyz+53VTFZ55GeVJqgjH00VhyqCK4TgO2KOCYMVGmiAsqL4V4gHSeSgdWlmHYM++PE+cWvW8at/UK43LIo0SOACH4BjY4BQ0wBVoAQdg8AiewSt4M56MF+Pd+Ji2LhjFzB74A+PzB3+5ldQ=</latexit><latexit sha1_base64="AZ/0NIEehQwMrW/dedTTZwcT5G0=">AAACAHicbVBNS8NAEN34WetX1IvgZbEIXixJKagHpdCLJ6lgbKGJYbPdtEs3m7C7EUqIF/+KFw8qXv0Z3vw3btsctPXBwOO9GWbmBQmjUlnWt7GwuLS8slpaK69vbG5tmzu7dzJOBSYOjlksOgGShFFOHEUVI51EEBQFjLSDYXPstx+IkDTmt2qUEC9CfU5DipHSkm/uNy9O3FAgnNFrH+dZrW65Cb2v5b5ZsarWBHCe2AWpgAIt3/xyezFOI8IVZkjKrm0lysuQUBQzkpfdVJIE4SHqk66mHEVEetnkgxweaaUHw1jo4gpO1N8TGYqkHEWB7oyQGshZbyz+53VTFZ55GeVJqgjH00VhyqCK4TgO2KOCYMVGmiAsqL4V4gHSeSgdWlmHYM++PE+cWvW8at/UK43LIo0SOACH4BjY4BQ0wBVoAQdg8AiewSt4M56MF+Pd+Ji2LhjFzB74A+PzB3+5ldQ=</latexit>

L1 = �L2 = �4gC

f3
⇡

Tr[Vµ@µ⇡@⇢⇡@�⇡],
<latexit sha1_base64="TcQBfsvHEVhLHJ8XSfDxlDMCSZg="></latexit><latexit sha1_base64="TcQBfsvHEVhLHJ8XSfDxlDMCSZg="></latexit><latexit sha1_base64="TcQBfsvHEVhLHJ8XSfDxlDMCSZg="></latexit><latexit sha1_base64="TcQBfsvHEVhLHJ8XSfDxlDMCSZg="></latexit>

L3 = �2igC

f⇡
Tr[@µV⌫(V⇢@�⇡ � @⇢⇡V�)].

<latexit sha1_base64="TApLA0oX+eqX3kvhDPU9LxAYH/M="></latexit><latexit sha1_base64="TApLA0oX+eqX3kvhDPU9LxAYH/M="></latexit><latexit sha1_base64="TApLA0oX+eqX3kvhDPU9LxAYH/M="></latexit><latexit sha1_base64="TApLA0oX+eqX3kvhDPU9LxAYH/M="></latexit>

FV = dV � igV 2
<latexit sha1_base64="8hSJE60mdxakxwt0J+EF5t8vuJU=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4sSRFUA9KQRCPFUxaaGPZbLbt0s0m7m4KJfR3ePGg4tU/481/47bNQVsfDDzem2FmXpBwprRtf1tLyyura+uFjeLm1vbObmlv31NxKgl1Scxj2QywopwJ6mqmOW0mkuIo4LQRDG4mfmNIpWKxeNCjhPoR7gnWZQRrI/m3He8q9E5ZD3mP1U6pbFfsKdAicXJShhz1TumrHcYkjajQhGOlWo6daD/DUjPC6bjYThVNMBngHm0ZKnBElZ9Njx6jY6OEqBtLU0Kjqfp7IsORUqMoMJ0R1n01703E/7xWqrsXfsZEkmoqyGxRN+VIx2iSAAqZpETzkSGYSGZuRaSPJSba5FQ0ITjzLy8St1q5rDj3Z+XadZ5GAQ7hCE7AgXOowR3UwQUCT/AMr/BmDa0X6936mLUuWfnMAfyB9fkDbWyQwQ==</latexit><latexit sha1_base64="8hSJE60mdxakxwt0J+EF5t8vuJU=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4sSRFUA9KQRCPFUxaaGPZbLbt0s0m7m4KJfR3ePGg4tU/481/47bNQVsfDDzem2FmXpBwprRtf1tLyyura+uFjeLm1vbObmlv31NxKgl1Scxj2QywopwJ6mqmOW0mkuIo4LQRDG4mfmNIpWKxeNCjhPoR7gnWZQRrI/m3He8q9E5ZD3mP1U6pbFfsKdAicXJShhz1TumrHcYkjajQhGOlWo6daD/DUjPC6bjYThVNMBngHm0ZKnBElZ9Njx6jY6OEqBtLU0Kjqfp7IsORUqMoMJ0R1n01703E/7xWqrsXfsZEkmoqyGxRN+VIx2iSAAqZpETzkSGYSGZuRaSPJSba5FQ0ITjzLy8St1q5rDj3Z+XadZ5GAQ7hCE7AgXOowR3UwQUCT/AMr/BmDa0X6936mLUuWfnMAfyB9fkDbWyQwQ==</latexit><latexit sha1_base64="8hSJE60mdxakxwt0J+EF5t8vuJU=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4sSRFUA9KQRCPFUxaaGPZbLbt0s0m7m4KJfR3ePGg4tU/481/47bNQVsfDDzem2FmXpBwprRtf1tLyyura+uFjeLm1vbObmlv31NxKgl1Scxj2QywopwJ6mqmOW0mkuIo4LQRDG4mfmNIpWKxeNCjhPoR7gnWZQRrI/m3He8q9E5ZD3mP1U6pbFfsKdAicXJShhz1TumrHcYkjajQhGOlWo6daD/DUjPC6bjYThVNMBngHm0ZKnBElZ9Njx6jY6OEqBtLU0Kjqfp7IsORUqMoMJ0R1n01703E/7xWqrsXfsZEkmoqyGxRN+VIx2iSAAqZpETzkSGYSGZuRaSPJSba5FQ0ITjzLy8St1q5rDj3Z+XadZ5GAQ7hCE7AgXOowR3UwQUCT/AMr/BmDa0X6936mLUuWfnMAfyB9fkDbWyQwQ==</latexit><latexit sha1_base64="8hSJE60mdxakxwt0J+EF5t8vuJU=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4sSRFUA9KQRCPFUxaaGPZbLbt0s0m7m4KJfR3ePGg4tU/481/47bNQVsfDDzem2FmXpBwprRtf1tLyyura+uFjeLm1vbObmlv31NxKgl1Scxj2QywopwJ6mqmOW0mkuIo4LQRDG4mfmNIpWKxeNCjhPoR7gnWZQRrI/m3He8q9E5ZD3mP1U6pbFfsKdAicXJShhz1TumrHcYkjajQhGOlWo6daD/DUjPC6bjYThVNMBngHm0ZKnBElZ9Njx6jY6OEqBtLU0Kjqfp7IsORUqMoMJ0R1n01703E/7xWqrsXfsZEkmoqyGxRN+VIx2iSAAqZpETzkSGYSGZuRaSPJSba5FQ0ITjzLy8St1q5rDj3Z+XadZ5GAQ7hCE7AgXOowR3UwQUCT/AMr/BmDa0X6936mLUuWfnMAfyB9fkDbWyQwQ==</latexit>

�anom =

Z
d4x[LWZW � 15(c1L1 + c2L2 + c3L3)]

<latexit sha1_base64="RL3eWBdZSjwT9hJu94g6ifg4/Ic="></latexit><latexit sha1_base64="RL3eWBdZSjwT9hJu94g6ifg4/Ic="></latexit><latexit sha1_base64="RL3eWBdZSjwT9hJu94g6ifg4/Ic="></latexit><latexit sha1_base64="RL3eWBdZSjwT9hJu94g6ifg4/Ic="></latexit>

cf. QCD:  VM-
photon mixing

! ! 3⇡
<latexit sha1_base64="Heh9QF2FdhsWnpWYX6lA9cFvh4s=">AAAB/nicbVDLSsNAFJ3UV62vqODGzWARXJVEBXUjBTcuKxhbaEKZTCft0HmEmYlSYhf+ihsXKm79Dnf+jdM2C209cOFwzr3ce0+cMqqN5307pYXFpeWV8mplbX1jc8vd3rnTMlOYBFgyqVox0oRRQQJDDSOtVBHEY0aa8eBq7DfvidJUilszTEnEUU/QhGJkrNRx90LJSQ+Fivb6BiklH+BJmNKOW/Vq3gRwnvgFqYICjY77FXYlzjgRBjOkddv3UhPlSBmKGRlVwkyTFOEB6pG2pQJxoqN8cv8IHlqlCxOpbAkDJ+rviRxxrYc8tp0cmb6e9cbif147M8l5lFORZoYIPF2UZAwaCcdhwC5VBBs2tARhRe2tEPeRQtjYyCo2BH/25XkSHNcuav7NabV+WaRRBvvgABwBH5yBOrgGDRAADB7BM3gFb86T8+K8Ox/T1pJTzOyCP3A+fwBwuZXp</latexit><latexit sha1_base64="Heh9QF2FdhsWnpWYX6lA9cFvh4s=">AAAB/nicbVDLSsNAFJ3UV62vqODGzWARXJVEBXUjBTcuKxhbaEKZTCft0HmEmYlSYhf+ihsXKm79Dnf+jdM2C209cOFwzr3ce0+cMqqN5307pYXFpeWV8mplbX1jc8vd3rnTMlOYBFgyqVox0oRRQQJDDSOtVBHEY0aa8eBq7DfvidJUilszTEnEUU/QhGJkrNRx90LJSQ+Fivb6BiklH+BJmNKOW/Vq3gRwnvgFqYICjY77FXYlzjgRBjOkddv3UhPlSBmKGRlVwkyTFOEB6pG2pQJxoqN8cv8IHlqlCxOpbAkDJ+rviRxxrYc8tp0cmb6e9cbif147M8l5lFORZoYIPF2UZAwaCcdhwC5VBBs2tARhRe2tEPeRQtjYyCo2BH/25XkSHNcuav7NabV+WaRRBvvgABwBH5yBOrgGDRAADB7BM3gFb86T8+K8Ox/T1pJTzOyCP3A+fwBwuZXp</latexit><latexit sha1_base64="Heh9QF2FdhsWnpWYX6lA9cFvh4s=">AAAB/nicbVDLSsNAFJ3UV62vqODGzWARXJVEBXUjBTcuKxhbaEKZTCft0HmEmYlSYhf+ihsXKm79Dnf+jdM2C209cOFwzr3ce0+cMqqN5307pYXFpeWV8mplbX1jc8vd3rnTMlOYBFgyqVox0oRRQQJDDSOtVBHEY0aa8eBq7DfvidJUilszTEnEUU/QhGJkrNRx90LJSQ+Fivb6BiklH+BJmNKOW/Vq3gRwnvgFqYICjY77FXYlzjgRBjOkddv3UhPlSBmKGRlVwkyTFOEB6pG2pQJxoqN8cv8IHlqlCxOpbAkDJ+rviRxxrYc8tp0cmb6e9cbif147M8l5lFORZoYIPF2UZAwaCcdhwC5VBBs2tARhRe2tEPeRQtjYyCo2BH/25XkSHNcuav7NabV+WaRRBvvgABwBH5yBOrgGDRAADB7BM3gFb86T8+K8Ox/T1pJTzOyCP3A+fwBwuZXp</latexit><latexit sha1_base64="Heh9QF2FdhsWnpWYX6lA9cFvh4s=">AAAB/nicbVDLSsNAFJ3UV62vqODGzWARXJVEBXUjBTcuKxhbaEKZTCft0HmEmYlSYhf+ihsXKm79Dnf+jdM2C209cOFwzr3ce0+cMqqN5307pYXFpeWV8mplbX1jc8vd3rnTMlOYBFgyqVox0oRRQQJDDSOtVBHEY0aa8eBq7DfvidJUilszTEnEUU/QhGJkrNRx90LJSQ+Fivb6BiklH+BJmNKOW/Vq3gRwnvgFqYICjY77FXYlzjgRBjOkddv3UhPlSBmKGRlVwkyTFOEB6pG2pQJxoqN8cv8IHlqlCxOpbAkDJ+rviRxxrYc8tp0cmb6e9cbif147M8l5lFORZoYIPF2UZAwaCcdhwC5VBBs2tARhRe2tEPeRQtjYyCo2BH/25XkSHNcuav7NabV+WaRRBvvgABwBH5yBOrgGDRAADB7BM3gFb86T8+K8Ox/T1pJTzOyCP3A+fwBwuZXp</latexit>

cf. QCD:
⇡0 ! 2�

<latexit sha1_base64="zCdWkrDnS/fr7W40jS1IOGydMOU=">AAACAHicbVBNS8NAEN34WetX1IvgZbEInkpSBPUiBS8eKxhbaGKZbDfp0t0k7G6UUurFv+LFg4pXf4Y3/43bNgdtfTDweG+GmXlhxpnSjvNtLSwuLa+sltbK6xubW9v2zu6tSnNJqEdSnspWCIpyllBPM81pK5MURMhpM+xfjv3mPZWKpcmNHmQ0EBAnLGIEtJE69r6fsTvHlyzuaZAyfcA1PwYhoGNXnKozAZ4nbkEqqECjY3/53ZTkgiaacFCq7TqZDoYgNSOcjsp+rmgGpA8xbRuagKAqGE4+GOEjo3RxlEpTicYT9ffEEIRSAxGaTgG6p2a9sfif1851dBYMWZLlmiZkuijKOdYpHseBu0xSovnAECCSmVsx6YEEok1oZROCO/vyPPFq1fOqe31SqV8UaZTQATpEx8hFp6iOrlADeYigR/SMXtGb9WS9WO/Wx7R1wSpm9tAfWJ8/k9yWhA==</latexit><latexit sha1_base64="zCdWkrDnS/fr7W40jS1IOGydMOU=">AAACAHicbVBNS8NAEN34WetX1IvgZbEInkpSBPUiBS8eKxhbaGKZbDfp0t0k7G6UUurFv+LFg4pXf4Y3/43bNgdtfTDweG+GmXlhxpnSjvNtLSwuLa+sltbK6xubW9v2zu6tSnNJqEdSnspWCIpyllBPM81pK5MURMhpM+xfjv3mPZWKpcmNHmQ0EBAnLGIEtJE69r6fsTvHlyzuaZAyfcA1PwYhoGNXnKozAZ4nbkEqqECjY3/53ZTkgiaacFCq7TqZDoYgNSOcjsp+rmgGpA8xbRuagKAqGE4+GOEjo3RxlEpTicYT9ffEEIRSAxGaTgG6p2a9sfif1851dBYMWZLlmiZkuijKOdYpHseBu0xSovnAECCSmVsx6YEEok1oZROCO/vyPPFq1fOqe31SqV8UaZTQATpEx8hFp6iOrlADeYigR/SMXtGb9WS9WO/Wx7R1wSpm9tAfWJ8/k9yWhA==</latexit><latexit sha1_base64="zCdWkrDnS/fr7W40jS1IOGydMOU=">AAACAHicbVBNS8NAEN34WetX1IvgZbEInkpSBPUiBS8eKxhbaGKZbDfp0t0k7G6UUurFv+LFg4pXf4Y3/43bNgdtfTDweG+GmXlhxpnSjvNtLSwuLa+sltbK6xubW9v2zu6tSnNJqEdSnspWCIpyllBPM81pK5MURMhpM+xfjv3mPZWKpcmNHmQ0EBAnLGIEtJE69r6fsTvHlyzuaZAyfcA1PwYhoGNXnKozAZ4nbkEqqECjY3/53ZTkgiaacFCq7TqZDoYgNSOcjsp+rmgGpA8xbRuagKAqGE4+GOEjo3RxlEpTicYT9ffEEIRSAxGaTgG6p2a9sfif1851dBYMWZLlmiZkuijKOdYpHseBu0xSovnAECCSmVsx6YEEok1oZROCO/vyPPFq1fOqe31SqV8UaZTQATpEx8hFp6iOrlADeYigR/SMXtGb9WS9WO/Wx7R1wSpm9tAfWJ8/k9yWhA==</latexit><latexit sha1_base64="zCdWkrDnS/fr7W40jS1IOGydMOU=">AAACAHicbVBNS8NAEN34WetX1IvgZbEInkpSBPUiBS8eKxhbaGKZbDfp0t0k7G6UUurFv+LFg4pXf4Y3/43bNgdtfTDweG+GmXlhxpnSjvNtLSwuLa+sltbK6xubW9v2zu6tSnNJqEdSnspWCIpyllBPM81pK5MURMhpM+xfjv3mPZWKpcmNHmQ0EBAnLGIEtJE69r6fsTvHlyzuaZAyfcA1PwYhoGNXnKozAZ4nbkEqqECjY3/53ZTkgiaacFCq7TqZDoYgNSOcjsp+rmgGpA8xbRuagKAqGE4+GOEjo3RxlEpTicYT9ffEEIRSAxGaTgG6p2a9sfif1851dBYMWZLlmiZkuijKOdYpHseBu0xSovnAECCSmVsx6YEEok1oZROCO/vyPPFq1fOqe31SqV8UaZTQATpEx8hFp6iOrlADeYigR/SMXtGb9WS9WO/Wx7R1wSpm9tAfWJ8/k9yWhA==</latexit>

Dark photon case:  
Berlin et al, 2018



Vector Meson resonances

Enhanced near resonances with 2π or 3π.

[S.-Choi, A. Natale, HML, P. Ko, 2018]

VM resonance is velocity-suppressed at 
galaxies and galaxy clusters.

2→2 self-scattering:

⇠ v2
<latexit sha1_base64="/2Yv8rBAVakBoawXHOgdQCQ5RcU=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9ktQvUiBS8eK7i20K4lm2bb0CS7JtlCWfonvHhQ8erv8ea/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48etBxqgj1Scxj1Q6xppxJ6htmOG0nimIRctoKRzczvzWmSrNY3ptJQgOBB5JFjGBjpXZXM4HGj7VeueJW3TnQKvFyUoEczV75q9uPSSqoNIRjrTuem5ggw8owwum01E01TTAZ4QHtWCqxoDrI5vdO0ZlV+iiKlS1p0Fz9PZFhofVEhLZTYDPUy95M/M/rpCa6DDImk9RQSRaLopQjE6PZ86jPFCWGTyzBRDF7KyJDrDAxNqKSDcFbfnmV+LXqVdW7u6g0rvM0inACp3AOHtShAbfQBB8IcHiGV3hznpwX5935WLQWnHzmGP7A+fwB5CCPZQ==</latexit><latexit sha1_base64="/2Yv8rBAVakBoawXHOgdQCQ5RcU=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9ktQvUiBS8eK7i20K4lm2bb0CS7JtlCWfonvHhQ8erv8ea/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48etBxqgj1Scxj1Q6xppxJ6htmOG0nimIRctoKRzczvzWmSrNY3ptJQgOBB5JFjGBjpXZXM4HGj7VeueJW3TnQKvFyUoEczV75q9uPSSqoNIRjrTuem5ggw8owwum01E01TTAZ4QHtWCqxoDrI5vdO0ZlV+iiKlS1p0Fz9PZFhofVEhLZTYDPUy95M/M/rpCa6DDImk9RQSRaLopQjE6PZ86jPFCWGTyzBRDF7KyJDrDAxNqKSDcFbfnmV+LXqVdW7u6g0rvM0inACp3AOHtShAbfQBB8IcHiGV3hznpwX5935WLQWnHzmGP7A+fwB5CCPZQ==</latexit><latexit sha1_base64="/2Yv8rBAVakBoawXHOgdQCQ5RcU=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9ktQvUiBS8eK7i20K4lm2bb0CS7JtlCWfonvHhQ8erv8ea/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48etBxqgj1Scxj1Q6xppxJ6htmOG0nimIRctoKRzczvzWmSrNY3ptJQgOBB5JFjGBjpXZXM4HGj7VeueJW3TnQKvFyUoEczV75q9uPSSqoNIRjrTuem5ggw8owwum01E01TTAZ4QHtWCqxoDrI5vdO0ZlV+iiKlS1p0Fz9PZFhofVEhLZTYDPUy95M/M/rpCa6DDImk9RQSRaLopQjE6PZ86jPFCWGTyzBRDF7KyJDrDAxNqKSDcFbfnmV+LXqVdW7u6g0rvM0inACp3AOHtShAbfQBB8IcHiGV3hznpwX5935WLQWnHzmGP7A+fwB5CCPZQ==</latexit><latexit sha1_base64="/2Yv8rBAVakBoawXHOgdQCQ5RcU=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9ktQvUiBS8eK7i20K4lm2bb0CS7JtlCWfonvHhQ8erv8ea/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48etBxqgj1Scxj1Q6xppxJ6htmOG0nimIRctoKRzczvzWmSrNY3ptJQgOBB5JFjGBjpXZXM4HGj7VeueJW3TnQKvFyUoEczV75q9uPSSqoNIRjrTuem5ggw8owwum01E01TTAZ4QHtWCqxoDrI5vdO0ZlV+iiKlS1p0Fz9PZFhofVEhLZTYDPUy95M/M/rpCa6DDImk9RQSRaLopQjE6PZ86jPFCWGTyzBRDF7KyJDrDAxNqKSDcFbfnmV+LXqVdW7u6g0rvM0inACp3AOHtShAbfQBB8IcHiGV3hznpwX5935WLQWnHzmGP7A+fwB5CCPZQ==</latexit>

⇠ v4
<latexit sha1_base64="Rm03shcGjXO+DD/lswmMmCnfiqY=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9mVQvUiBS8eK7i20K4lm2bb0CS7JtlCWfonvHhQ8erv8ea/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48etBxqgj1Scxj1Q6xppxJ6htmOG0nimIRctoKRzczvzWmSrNY3ptJQgOBB5JFjGBjpXZXM4HGj7VeueJW3TnQKvFyUoEczV75q9uPSSqoNIRjrTuem5ggw8owwum01E01TTAZ4QHtWCqxoDrI5vdO0ZlV+iiKlS1p0Fz9PZFhofVEhLZTYDPUy95M/M/rpCa6DDImk9RQSRaLopQjE6PZ86jPFCWGTyzBRDF7KyJDrDAxNqKSDcFbfnmV+BfVq6p3V6s0rvM0inACp3AOHtShAbfQBB8IcHiGV3hznpwX5935WLQWnHzmGP7A+fwB5yaPZw==</latexit><latexit sha1_base64="Rm03shcGjXO+DD/lswmMmCnfiqY=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9mVQvUiBS8eK7i20K4lm2bb0CS7JtlCWfonvHhQ8erv8ea/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48etBxqgj1Scxj1Q6xppxJ6htmOG0nimIRctoKRzczvzWmSrNY3ptJQgOBB5JFjGBjpXZXM4HGj7VeueJW3TnQKvFyUoEczV75q9uPSSqoNIRjrTuem5ggw8owwum01E01TTAZ4QHtWCqxoDrI5vdO0ZlV+iiKlS1p0Fz9PZFhofVEhLZTYDPUy95M/M/rpCa6DDImk9RQSRaLopQjE6PZ86jPFCWGTyzBRDF7KyJDrDAxNqKSDcFbfnmV+BfVq6p3V6s0rvM0inACp3AOHtShAbfQBB8IcHiGV3hznpwX5935WLQWnHzmGP7A+fwB5yaPZw==</latexit><latexit sha1_base64="Rm03shcGjXO+DD/lswmMmCnfiqY=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9mVQvUiBS8eK7i20K4lm2bb0CS7JtlCWfonvHhQ8erv8ea/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48etBxqgj1Scxj1Q6xppxJ6htmOG0nimIRctoKRzczvzWmSrNY3ptJQgOBB5JFjGBjpXZXM4HGj7VeueJW3TnQKvFyUoEczV75q9uPSSqoNIRjrTuem5ggw8owwum01E01TTAZ4QHtWCqxoDrI5vdO0ZlV+iiKlS1p0Fz9PZFhofVEhLZTYDPUy95M/M/rpCa6DDImk9RQSRaLopQjE6PZ86jPFCWGTyzBRDF7KyJDrDAxNqKSDcFbfnmV+BfVq6p3V6s0rvM0inACp3AOHtShAbfQBB8IcHiGV3hznpwX5935WLQWnHzmGP7A+fwB5yaPZw==</latexit><latexit sha1_base64="Rm03shcGjXO+DD/lswmMmCnfiqY=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9mVQvUiBS8eK7i20K4lm2bb0CS7JtlCWfonvHhQ8erv8ea/MW33oK0PBh7vzTAzL0w408Z1v53C2vrG5lZxu7Szu7d/UD48etBxqgj1Scxj1Q6xppxJ6htmOG0nimIRctoKRzczvzWmSrNY3ptJQgOBB5JFjGBjpXZXM4HGj7VeueJW3TnQKvFyUoEczV75q9uPSSqoNIRjrTuem5ggw8owwum01E01TTAZ4QHtWCqxoDrI5vdO0ZlV+iiKlS1p0Fz9PZFhofVEhLZTYDPUy95M/M/rpCa6DDImk9RQSRaLopQjE6PZ86jPFCWGTyzBRDF7KyJDrDAxNqKSDcFbfnmV+BfVq6p3V6s0rvM0inACp3AOHtShAbfQBB8IcHiGV3hznpwX5935WLQWnHzmGP7A+fwB5yaPZw==</latexit>

3→2 annihilation:



3-meson resonance
[S.-Choi, A. Natale, HML, P. Ko, 2018]

Vector mesons on-resonance improve perturbativity. 

cf. WZW terms only:

and m⇡ . 1GeV.for

Improvement persists for off-resonance too.
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m⇡/f⇡ . 6
<latexit sha1_base64="kgCkJ97N2lHsBQJXb5c5C9ojDio=">AAAB/XicbVDLSsNAFL3xWesrKq7cDBbBVU1EfGyk4MZlBWMLTSiT6aQdOpOEmYlQQsFfceNCxa3/4c6/cdJmoa0H7uVwzr3MnROmnCntON/WwuLS8spqZa26vrG5tW3v7D6oJJOEeiThiWyHWFHOYupppjltp5JiEXLaCoc3hd96pFKxJL7Xo5QGAvdjFjGCtZG69r7o+ik7iYruc6qUYgKdd+2aU3cmQPPELUkNSjS79pffS0gmaKwJx0p1XCfVQY6lZoTTcdXPFE0xGeI+7RgaY0FVkE/OH6Mjo/RQlEhTsUYT9fdGjoVSIxGaSYH1QM16hfif18l0dBnkLE4zTWMyfSjKONIJKrJAPSYp0XxkCCaSmVsRGWCJiTaJVU0I7uyX54l3Wr+qu3dntcZ1mUYFDuAQjsGFC2jALTTBAwI5PMMrvFlP1ov1bn1MRxescmcP/sD6/AEsvJUp</latexit><latexit sha1_base64="kgCkJ97N2lHsBQJXb5c5C9ojDio=">AAAB/XicbVDLSsNAFL3xWesrKq7cDBbBVU1EfGyk4MZlBWMLTSiT6aQdOpOEmYlQQsFfceNCxa3/4c6/cdJmoa0H7uVwzr3MnROmnCntON/WwuLS8spqZa26vrG5tW3v7D6oJJOEeiThiWyHWFHOYupppjltp5JiEXLaCoc3hd96pFKxJL7Xo5QGAvdjFjGCtZG69r7o+ik7iYruc6qUYgKdd+2aU3cmQPPELUkNSjS79pffS0gmaKwJx0p1XCfVQY6lZoTTcdXPFE0xGeI+7RgaY0FVkE/OH6Mjo/RQlEhTsUYT9fdGjoVSIxGaSYH1QM16hfif18l0dBnkLE4zTWMyfSjKONIJKrJAPSYp0XxkCCaSmVsRGWCJiTaJVU0I7uyX54l3Wr+qu3dntcZ1mUYFDuAQjsGFC2jALTTBAwI5PMMrvFlP1ov1bn1MRxescmcP/sD6/AEsvJUp</latexit><latexit sha1_base64="kgCkJ97N2lHsBQJXb5c5C9ojDio=">AAAB/XicbVDLSsNAFL3xWesrKq7cDBbBVU1EfGyk4MZlBWMLTSiT6aQdOpOEmYlQQsFfceNCxa3/4c6/cdJmoa0H7uVwzr3MnROmnCntON/WwuLS8spqZa26vrG5tW3v7D6oJJOEeiThiWyHWFHOYupppjltp5JiEXLaCoc3hd96pFKxJL7Xo5QGAvdjFjGCtZG69r7o+ik7iYruc6qUYgKdd+2aU3cmQPPELUkNSjS79pffS0gmaKwJx0p1XCfVQY6lZoTTcdXPFE0xGeI+7RgaY0FVkE/OH6Mjo/RQlEhTsUYT9fdGjoVSIxGaSYH1QM16hfif18l0dBnkLE4zTWMyfSjKONIJKrJAPSYp0XxkCCaSmVsRGWCJiTaJVU0I7uyX54l3Wr+qu3dntcZ1mUYFDuAQjsGFC2jALTTBAwI5PMMrvFlP1ov1bn1MRxescmcP/sD6/AEsvJUp</latexit><latexit sha1_base64="kgCkJ97N2lHsBQJXb5c5C9ojDio=">AAAB/XicbVDLSsNAFL3xWesrKq7cDBbBVU1EfGyk4MZlBWMLTSiT6aQdOpOEmYlQQsFfceNCxa3/4c6/cdJmoa0H7uVwzr3MnROmnCntON/WwuLS8spqZa26vrG5tW3v7D6oJJOEeiThiWyHWFHOYupppjltp5JiEXLaCoc3hd96pFKxJL7Xo5QGAvdjFjGCtZG69r7o+ik7iYruc6qUYgKdd+2aU3cmQPPELUkNSjS79pffS0gmaKwJx0p1XCfVQY6lZoTTcdXPFE0xGeI+7RgaY0FVkE/OH6Mjo/RQlEhTsUYT9fdGjoVSIxGaSYH1QM16hfif18l0dBnkLE4zTWMyfSjKONIJKrJAPSYp0XxkCCaSmVsRGWCJiTaJVU0I7uyX54l3Wr+qu3dntcZ1mUYFDuAQjsGFC2jALTTBAwI5PMMrvFlP1ov1bn1MRxescmcP/sD6/AEsvJUp</latexit>

gV ⇡⇡ . 6
<latexit sha1_base64="p3BXbSbaJlDU832535dOLARt6qs=">AAAB/XicbVDLSsNAFJ3UV62vqLhyM1gEVyUR8bGRghuXFYwtNCFMpjft0MkkzEyEEgr+ihsXKm79D3f+jdM2C2093AuHc+5l7pwo40xpx/m2KkvLK6tr1fXaxubW9o69u/eg0lxS8GjKU9mJiALOBHiaaQ6dTAJJIg7taHgz8duPIBVLxb0eZRAkpC9YzCjRRgrtg35YPPgZMzX2OSilWILPQ7vuNJwp8CJxS1JHJVqh/eX3UponIDTlRKmu62Q6KIjUjHIY1/xcQUbokPSha6ggCaigmJ4/xsdG6eE4laaFxlP190ZBEqVGSWQmE6IHat6biP953VzHl0HBRJZrEHT2UJxzrFM8yQL3mASq+cgQQiUzt2I6IJJQbRKrmRDc+S8vEu+0cdVw787qzesyjSo6REfoBLnoAjXRLWohD1FUoGf0it6sJ+vFerc+ZqMVq9zZR39gff4AsCGVfQ==</latexit><latexit sha1_base64="p3BXbSbaJlDU832535dOLARt6qs=">AAAB/XicbVDLSsNAFJ3UV62vqLhyM1gEVyUR8bGRghuXFYwtNCFMpjft0MkkzEyEEgr+ihsXKm79D3f+jdM2C2093AuHc+5l7pwo40xpx/m2KkvLK6tr1fXaxubW9o69u/eg0lxS8GjKU9mJiALOBHiaaQ6dTAJJIg7taHgz8duPIBVLxb0eZRAkpC9YzCjRRgrtg35YPPgZMzX2OSilWILPQ7vuNJwp8CJxS1JHJVqh/eX3UponIDTlRKmu62Q6KIjUjHIY1/xcQUbokPSha6ggCaigmJ4/xsdG6eE4laaFxlP190ZBEqVGSWQmE6IHat6biP953VzHl0HBRJZrEHT2UJxzrFM8yQL3mASq+cgQQiUzt2I6IJJQbRKrmRDc+S8vEu+0cdVw787qzesyjSo6REfoBLnoAjXRLWohD1FUoGf0it6sJ+vFerc+ZqMVq9zZR39gff4AsCGVfQ==</latexit><latexit sha1_base64="p3BXbSbaJlDU832535dOLARt6qs=">AAAB/XicbVDLSsNAFJ3UV62vqLhyM1gEVyUR8bGRghuXFYwtNCFMpjft0MkkzEyEEgr+ihsXKm79D3f+jdM2C2093AuHc+5l7pwo40xpx/m2KkvLK6tr1fXaxubW9o69u/eg0lxS8GjKU9mJiALOBHiaaQ6dTAJJIg7taHgz8duPIBVLxb0eZRAkpC9YzCjRRgrtg35YPPgZMzX2OSilWILPQ7vuNJwp8CJxS1JHJVqh/eX3UponIDTlRKmu62Q6KIjUjHIY1/xcQUbokPSha6ggCaigmJ4/xsdG6eE4laaFxlP190ZBEqVGSWQmE6IHat6biP953VzHl0HBRJZrEHT2UJxzrFM8yQL3mASq+cgQQiUzt2I6IJJQbRKrmRDc+S8vEu+0cdVw787qzesyjSo6REfoBLnoAjXRLWohD1FUoGf0it6sJ+vFerc+ZqMVq9zZR39gff4AsCGVfQ==</latexit><latexit sha1_base64="p3BXbSbaJlDU832535dOLARt6qs=">AAAB/XicbVDLSsNAFJ3UV62vqLhyM1gEVyUR8bGRghuXFYwtNCFMpjft0MkkzEyEEgr+ihsXKm79D3f+jdM2C2093AuHc+5l7pwo40xpx/m2KkvLK6tr1fXaxubW9o69u/eg0lxS8GjKU9mJiALOBHiaaQ6dTAJJIg7taHgz8duPIBVLxb0eZRAkpC9YzCjRRgrtg35YPPgZMzX2OSilWILPQ7vuNJwp8CJxS1JHJVqh/eX3UponIDTlRKmu62Q6KIjUjHIY1/xcQUbokPSha6ggCaigmJ4/xsdG6eE4laaFxlP190ZBEqVGSWQmE6IHat6biP953VzHl0HBRJZrEHT2UJxzrFM8yQL3mASq+cgQQiUzt2I6IJJQbRKrmRDc+S8vEu+0cdVw787qzesyjSo6REfoBLnoAjXRLWohD1FUoGf0it6sJ+vFerc+ZqMVq9zZR39gff4AsCGVfQ==</latexit>

mV = 3m⇡

p
1 + ✏V

<latexit sha1_base64="teRjYme/0/JLkh/G3zB7CbekUEs=">AAACB3icbVDLSsNAFJ3UV62vqEsXDhZBEErio7ULpeDGZQXTFpoQJtNJO3QmiTMToYQu3fgrblyouPUX3Pk3Th8LbT1w4XDOvdx7T5AwKpVlfRu5hcWl5ZX8amFtfWNzy9zeacg4FZg4OGaxaAVIEkYj4iiqGGklgiAeMNIM+tcjv/lAhKRxdKcGCfE46kY0pBgpLfnmPvcbl6eQ+25CoSvvhcrsY5ckkjJtN4a+WbRKVrlarpxDTcaA9iwpginqvvnldmKcchIpzJCUbdtKlJchoShmZFhwU0kShPuoS9qaRogT6WXjR4bwUCsdGMZCV6TgWP09kSEu5YAHupMj1ZOz3kj8z2unKrzwMholqSIRniwKUwZVDEepwA4VBCs20ARhQfWtEPeQQFjp7Ao6hLmX54lzUqqW7NuzYu1qmkYe7IEDcARsUAE1cAPqwAEYPIJn8ArejCfjxXg3PiatOWM6swv+wPj8AWgsmSs=</latexit><latexit sha1_base64="teRjYme/0/JLkh/G3zB7CbekUEs=">AAACB3icbVDLSsNAFJ3UV62vqEsXDhZBEErio7ULpeDGZQXTFpoQJtNJO3QmiTMToYQu3fgrblyouPUX3Pk3Th8LbT1w4XDOvdx7T5AwKpVlfRu5hcWl5ZX8amFtfWNzy9zeacg4FZg4OGaxaAVIEkYj4iiqGGklgiAeMNIM+tcjv/lAhKRxdKcGCfE46kY0pBgpLfnmPvcbl6eQ+25CoSvvhcrsY5ckkjJtN4a+WbRKVrlarpxDTcaA9iwpginqvvnldmKcchIpzJCUbdtKlJchoShmZFhwU0kShPuoS9qaRogT6WXjR4bwUCsdGMZCV6TgWP09kSEu5YAHupMj1ZOz3kj8z2unKrzwMholqSIRniwKUwZVDEepwA4VBCs20ARhQfWtEPeQQFjp7Ao6hLmX54lzUqqW7NuzYu1qmkYe7IEDcARsUAE1cAPqwAEYPIJn8ArejCfjxXg3PiatOWM6swv+wPj8AWgsmSs=</latexit><latexit sha1_base64="teRjYme/0/JLkh/G3zB7CbekUEs=">AAACB3icbVDLSsNAFJ3UV62vqEsXDhZBEErio7ULpeDGZQXTFpoQJtNJO3QmiTMToYQu3fgrblyouPUX3Pk3Th8LbT1w4XDOvdx7T5AwKpVlfRu5hcWl5ZX8amFtfWNzy9zeacg4FZg4OGaxaAVIEkYj4iiqGGklgiAeMNIM+tcjv/lAhKRxdKcGCfE46kY0pBgpLfnmPvcbl6eQ+25CoSvvhcrsY5ckkjJtN4a+WbRKVrlarpxDTcaA9iwpginqvvnldmKcchIpzJCUbdtKlJchoShmZFhwU0kShPuoS9qaRogT6WXjR4bwUCsdGMZCV6TgWP09kSEu5YAHupMj1ZOz3kj8z2unKrzwMholqSIRniwKUwZVDEepwA4VBCs20ARhQfWtEPeQQFjp7Ao6hLmX54lzUqqW7NuzYu1qmkYe7IEDcARsUAE1cAPqwAEYPIJn8ArejCfjxXg3PiatOWM6swv+wPj8AWgsmSs=</latexit><latexit sha1_base64="teRjYme/0/JLkh/G3zB7CbekUEs=">AAACB3icbVDLSsNAFJ3UV62vqEsXDhZBEErio7ULpeDGZQXTFpoQJtNJO3QmiTMToYQu3fgrblyouPUX3Pk3Th8LbT1w4XDOvdx7T5AwKpVlfRu5hcWl5ZX8amFtfWNzy9zeacg4FZg4OGaxaAVIEkYj4iiqGGklgiAeMNIM+tcjv/lAhKRxdKcGCfE46kY0pBgpLfnmPvcbl6eQ+25CoSvvhcrsY5ckkjJtN4a+WbRKVrlarpxDTcaA9iwpginqvvnldmKcchIpzJCUbdtKlJchoShmZFhwU0kShPuoS9qaRogT6WXjR4bwUCsdGMZCV6TgWP09kSEu5YAHupMj1ZOz3kj8z2unKrzwMholqSIRniwKUwZVDEepwA4VBCs20ARhQfWtEPeQQFjp7Ao6hLmX54lzUqqW7NuzYu1qmkYe7IEDcARsUAE1cAPqwAEYPIJn8ArejCfjxXg3PiatOWM6swv+wPj8AWgsmSs=</latexit>

m⇡/f⇡ . 15.
<latexit sha1_base64="p7qjOIx67hIZCCaMcKFDvRjIrjM=">AAAB/3icdVDLSsNAFJ3UV62vqgsXbgaL4ComfVk3UnDjsoKxhSaEyXTSDp1JwsxEKKEbf8WNCxW3/oY7/8ZJW0FFD9zL4Zx7mbknSBiVyrI+jMLS8srqWnG9tLG5tb1T3t27lXEqMHFwzGLRC5AkjEbEUVQx0ksEQTxgpBuML3O/e0eEpHF0oyYJ8TgaRjSkGCkt+eUD7rsJPQ3z7jIipaQc2g3TL1cs07JqtWoL5qTRbNg5qdWaVh3aWslRAQt0/PK7O4hxykmkMENS9m0rUV6GhKKYkWnJTSVJEB6jIelrGiFOpJfNDpjCY60MYBgLXZGCM/X7Roa4lBMe6EmO1Ej+9nLxL6+fqrDlZTRKUkUiPH8oTBlUMczTgAMqCFZsognCguq/QjxCAmGlMyvpEL4uhf8Tp2qem/Z1vdK+WKRRBIfgCJwAG5yBNrgCHeAADKbgATyBZ+PeeDRejNf5aMFY7OyDHzDePgFbr5XM</latexit><latexit sha1_base64="p7qjOIx67hIZCCaMcKFDvRjIrjM=">AAAB/3icdVDLSsNAFJ3UV62vqgsXbgaL4ComfVk3UnDjsoKxhSaEyXTSDp1JwsxEKKEbf8WNCxW3/oY7/8ZJW0FFD9zL4Zx7mbknSBiVyrI+jMLS8srqWnG9tLG5tb1T3t27lXEqMHFwzGLRC5AkjEbEUVQx0ksEQTxgpBuML3O/e0eEpHF0oyYJ8TgaRjSkGCkt+eUD7rsJPQ3z7jIipaQc2g3TL1cs07JqtWoL5qTRbNg5qdWaVh3aWslRAQt0/PK7O4hxykmkMENS9m0rUV6GhKKYkWnJTSVJEB6jIelrGiFOpJfNDpjCY60MYBgLXZGCM/X7Roa4lBMe6EmO1Ej+9nLxL6+fqrDlZTRKUkUiPH8oTBlUMczTgAMqCFZsognCguq/QjxCAmGlMyvpEL4uhf8Tp2qem/Z1vdK+WKRRBIfgCJwAG5yBNrgCHeAADKbgATyBZ+PeeDRejNf5aMFY7OyDHzDePgFbr5XM</latexit><latexit sha1_base64="p7qjOIx67hIZCCaMcKFDvRjIrjM=">AAAB/3icdVDLSsNAFJ3UV62vqgsXbgaL4ComfVk3UnDjsoKxhSaEyXTSDp1JwsxEKKEbf8WNCxW3/oY7/8ZJW0FFD9zL4Zx7mbknSBiVyrI+jMLS8srqWnG9tLG5tb1T3t27lXEqMHFwzGLRC5AkjEbEUVQx0ksEQTxgpBuML3O/e0eEpHF0oyYJ8TgaRjSkGCkt+eUD7rsJPQ3z7jIipaQc2g3TL1cs07JqtWoL5qTRbNg5qdWaVh3aWslRAQt0/PK7O4hxykmkMENS9m0rUV6GhKKYkWnJTSVJEB6jIelrGiFOpJfNDpjCY60MYBgLXZGCM/X7Roa4lBMe6EmO1Ej+9nLxL6+fqrDlZTRKUkUiPH8oTBlUMczTgAMqCFZsognCguq/QjxCAmGlMyvpEL4uhf8Tp2qem/Z1vdK+WKRRBIfgCJwAG5yBNrgCHeAADKbgATyBZ+PeeDRejNf5aMFY7OyDHzDePgFbr5XM</latexit><latexit sha1_base64="p7qjOIx67hIZCCaMcKFDvRjIrjM=">AAAB/3icdVDLSsNAFJ3UV62vqgsXbgaL4ComfVk3UnDjsoKxhSaEyXTSDp1JwsxEKKEbf8WNCxW3/oY7/8ZJW0FFD9zL4Zx7mbknSBiVyrI+jMLS8srqWnG9tLG5tb1T3t27lXEqMHFwzGLRC5AkjEbEUVQx0ksEQTxgpBuML3O/e0eEpHF0oyYJ8TgaRjSkGCkt+eUD7rsJPQ3z7jIipaQc2g3TL1cs07JqtWoL5qTRbNg5qdWaVh3aWslRAQt0/PK7O4hxykmkMENS9m0rUV6GhKKYkWnJTSVJEB6jIelrGiFOpJfNDpjCY60MYBgLXZGCM/X7Roa4lBMe6EmO1Ej+9nLxL6+fqrDlZTRKUkUiPH8oTBlUMczTgAMqCFZsognCguq/QjxCAmGlMyvpEL4uhf8Tp2qem/Z1vdK+WKRRBIfgCJwAG5yBNrgCHeAADKbgATyBZ+PeeDRejNf5aMFY7OyDHzDePgFbr5XM</latexit>
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2-meson resonance
[S.-Choi, A. Natale, HML, P. Ko, 2018]
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Self-scatt.

SIMP relic

Vector mesons on-resonance improve perturbativity. 

cf. WZW terms only:

and m⇡ . 1GeV.for

m⇡/f⇡ . 15.
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Conclusions
• SIMP dark matter is a sub-GeV SIDM produced via 3→2 

freeze-out process and SIMP conditions can be tested by 
various intensity experiments.

• Dark mesons are natural candidates for SIMPs in dark 
confining gauge groups with flavor symmetries.

• Vector mesons unitarize SIMP mesons scenarios and 
maintain them as valid solutions to small-scale problems.

• Kinetic equilibrium conditions for SIMPs via Higgs or Z’ 
portals could reveal the nature of SIMP sector.


