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New physics beyond SM

• Other good motivations for new physics: dark 
matter, QCD axion, new forces, origin of baryon 
asymmetry, neutrino interactions, etc.

• New symmetry for solving the hierarchy problem 
predicts new particles at weak scale.

No direct hint yet for new physics.

But, we don’t have a good understanding
on how new physics is realized.

Extensive searches are needed.



WIMP dark matter
Dark matter abundance is 
determined by freeze-out.
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Predictive for direct, indirect and collider detections!



WIMP in challenge

No direct evidence for WIMP yet.



Light dark matter
Below typical WIMP masses:

ER =
~q2

2mN
=

(mDMv)2

2mN
. keV

<latexit sha1_base64="ATPh6cKNYiUx7dMu0/Xm+F0oFeQ="></latexit><latexit sha1_base64="ATPh6cKNYiUx7dMu0/Xm+F0oFeQ="></latexit><latexit sha1_base64="ATPh6cKNYiUx7dMu0/Xm+F0oFeQ="></latexit><latexit sha1_base64="ATPh6cKNYiUx7dMu0/Xm+F0oFeQ="></latexit>

: Small recoil energy
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Challenging for lower detector threshold.

(Fermion DM)



Status of DM models

Light dark matter models have started being developed.

New production mechanisms call for detection strategies.

US Cosmic Visions, 1707.04591



Beyond  WIMP

• Core-cusp problem:  galaxy rotation curves favor cored 
DM profile, in conflict with N-body simulations.

[Spergel, Steinhardt, 2000;  Weinberg et al, 2013]

Baryons (SN feedback) erase small structures, but 
many dwarf galaxies are lack of baryons.

May need Self-Interacting Dark Matter!
�self

mDM
⇠ 1cm2/s
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cf. missing satellites, too-big-to-fail problems.



How to approach new physics

• New physics couples too weakly.

• New physics not far from weak scale.

• New dynamics of early cosmology.

“Neutral naturalness”

“Scale invariance”

“Cosmological relaxion”

M2
P ⇠ ⇠h�2i,
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[Chacko et al, 2005]

[W.Bardeen, 1995;
Shaposhnikov, Zenhausern, 2008;

Ghilencea, HML, 2018] 

 [D.E. Kaplan et al, 2015;
A. Hook, 2016] 

neutral top partners

True solutions might be combinations thereof.



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 .

Naturalness and dark QCD

• Neutral top partners cancel quadratic divergences of 
Higgs mass 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 = pBGBs on

“Neutral naturalness”

: SU(4) SU(3) “15 - 8 = 7 pNGBs”
✓
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WIMP from neutral partners

• Twin taus can be WIMP dark matter.

[Craig et al; March-Russell et al, 2015]

• U(1)Y loops to Higgs mass is about 100GeV for Λ ~ 5 TeV.

No need of twin U(1)Y.

Similar arguments apply to twin light fermions.

“Fraternal” twin Higgs:

m⌧̂ ⇠ y⌧̂f ⇠ 100GeV
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(Also to avoid too large Neff.)

,
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twin W/Z +

[Craig et al, 2015]



SIDM from Dark QCD

Dark light fermions
G=SU(Nf)LxSU(Nf)R

dark condensate

Dark mesons 
SU(Nf)V flavor sym.   

Dark mesons:  self-interacting in dark ChPT

�m2
⇡ Tr[⇡

2]
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Higgs mass from gluon loops “Dark QCD”

Massive “dark U(1)” decouples before dark condensate.

[Hochberg et al, 2014, 
2018; Seo, HML, 2015]

Mediator for kinetic equilibrium of dark mesons.
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Relic density:

[Carlson et al (1992); Hochberg et al (2014)]

SIMP production
• Strongly Interacting Massive Particles (SIMP) in 

chemical equilibrium by self-interactions (3→2).
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h�e↵vi = nDMh�v2i⌧ �self
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Large self-scattering vs small annihilation:

cf. forbidden channels,  coscattering, etc.
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SIMP in equilibrium
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• Equilibriate SIMP kinetic energy by kinetic equilibrium for 
the structure formation.

Kinetic equilibrium:

[de Laix et al, 1995; Murayama, HML et al, 2017]
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SIMP direct detection

• DM-electron scattering:  break Cooper-pairs and scatter
[Hochberg et al (2015)]

• DM-nucleon scattering: cryogenic semi-conductors
e.g. CDMSlite: Ge,  Eth=56eV mDM & 1.6GeV

<latexit sha1_base64="W2nJF4tnbwzlZ4MufsWf0o/v4C8=">AAACCHicbVDLSsNAFJ34rPUVdelmsAguJCQiPjZSUNCNUMG0hSaEyXTSDp1JwsxEKCFbN/6KGxcqbv0Ed/6N07QLbT0wcDjnXO7cE6aMSmXb38bc/MLi0nJlpbq6tr6xaW5tN2WSCUxcnLBEtEMkCaMxcRVVjLRTQRAPGWmFg8uR33ogQtIkvlfDlPgc9WIaUYyUlgIT8iD3BIdXt4XXUzrHoWOdeIeleE2aRWDWbMsuAWeJMyE1MEEjML+8boIzTmKFGZKy49ip8nMkFMWMFFUvkyRFeIB6pKNpjDiRfl5eUsB9rXRhlAj9YgVL9fdEjriUQx7qJEeqL6e9kfif18lUdObnNE4zRWI8XhRlDKoEjmqBXSoIVmyoCcKC6r9C3EcCYaXLq+oSnOmTZ4l7ZJ1bzt1xrX4xaaMCdsEeOAAOOAV1cAMawAUYPIJn8ArejCfjxXg3PsbROWMyswP+wPj8ATaJmO8=</latexit><latexit sha1_base64="W2nJF4tnbwzlZ4MufsWf0o/v4C8=">AAACCHicbVDLSsNAFJ34rPUVdelmsAguJCQiPjZSUNCNUMG0hSaEyXTSDp1JwsxEKCFbN/6KGxcqbv0Ed/6N07QLbT0wcDjnXO7cE6aMSmXb38bc/MLi0nJlpbq6tr6xaW5tN2WSCUxcnLBEtEMkCaMxcRVVjLRTQRAPGWmFg8uR33ogQtIkvlfDlPgc9WIaUYyUlgIT8iD3BIdXt4XXUzrHoWOdeIeleE2aRWDWbMsuAWeJMyE1MEEjML+8boIzTmKFGZKy49ip8nMkFMWMFFUvkyRFeIB6pKNpjDiRfl5eUsB9rXRhlAj9YgVL9fdEjriUQx7qJEeqL6e9kfif18lUdObnNE4zRWI8XhRlDKoEjmqBXSoIVmyoCcKC6r9C3EcCYaXLq+oSnOmTZ4l7ZJ1bzt1xrX4xaaMCdsEeOAAOOAV1cAMawAUYPIJn8ArejCfjxXg3PsbROWMyswP+wPj8ATaJmO8=</latexit><latexit sha1_base64="W2nJF4tnbwzlZ4MufsWf0o/v4C8=">AAACCHicbVDLSsNAFJ34rPUVdelmsAguJCQiPjZSUNCNUMG0hSaEyXTSDp1JwsxEKCFbN/6KGxcqbv0Ed/6N07QLbT0wcDjnXO7cE6aMSmXb38bc/MLi0nJlpbq6tr6xaW5tN2WSCUxcnLBEtEMkCaMxcRVVjLRTQRAPGWmFg8uR33ogQtIkvlfDlPgc9WIaUYyUlgIT8iD3BIdXt4XXUzrHoWOdeIeleE2aRWDWbMsuAWeJMyE1MEEjML+8boIzTmKFGZKy49ip8nMkFMWMFFUvkyRFeIB6pKNpjDiRfl5eUsB9rXRhlAj9YgVL9fdEjriUQx7qJEeqL6e9kfif18lUdObnNE4zRWI8XhRlDKoEjmqBXSoIVmyoCcKC6r9C3EcCYaXLq+oSnOmTZ4l7ZJ1bzt1xrX4xaaMCdsEeOAAOOAV1cAMawAUYPIJn8ArejCfjxXg3PsbROWMyswP+wPj8ATaJmO8=</latexit><latexit sha1_base64="W2nJF4tnbwzlZ4MufsWf0o/v4C8=">AAACCHicbVDLSsNAFJ34rPUVdelmsAguJCQiPjZSUNCNUMG0hSaEyXTSDp1JwsxEKCFbN/6KGxcqbv0Ed/6N07QLbT0wcDjnXO7cE6aMSmXb38bc/MLi0nJlpbq6tr6xaW5tN2WSCUxcnLBEtEMkCaMxcRVVjLRTQRAPGWmFg8uR33ogQtIkvlfDlPgc9WIaUYyUlgIT8iD3BIdXt4XXUzrHoWOdeIeleE2aRWDWbMsuAWeJMyE1MEEjML+8boIzTmKFGZKy49ip8nMkFMWMFFUvkyRFeIB6pKNpjDiRfl5eUsB9rXRhlAj9YgVL9fdEjriUQx7qJEeqL6e9kfif18lUdObnNE4zRWI8XhRlDKoEjmqBXSoIVmyoCcKC6r9C3EcCYaXLq+oSnOmTZ4l7ZJ1bzt1xrX4xaaMCdsEeOAAOOAV1cAMawAUYPIJn8ArejCfjxXg3PsbROWMyswP+wPj8ATaJmO8=</latexit>

e.g. Al:  EF=11.7eV,  vrel~vF=10-2 

mDM & me :
<latexit sha1_base64="+J7LkjXm+aduzo1ZiFlKDRr/pok=">AAAB/nicbVDLSsNAFJ34rPUVFdy4GSyCq5KI4GMhBV24ESpYW2hCmEwn7dCZJMzcCCV24a+4caHi1u9w5984bbPQ1gMDh3PO5d45YSq4Bsf5tubmFxaXlksr5dW19Y1Ne2v7XieZoqxBE5GoVkg0EzxmDeAgWCtVjMhQsGbYvxz5zQemNE/iOxikzJekG/OIUwJGCuxdGeSekvjqZuh1weQklgE7D+yKU3XGwLPELUgFFagH9pfXSWgmWQxUEK3brpOCnxMFnAo2LHuZZimhfdJlbUNjIpn28/H9Q3xglA6OEmVeDHis/p7IidR6IEOTlAR6etobif957QyiUz/ncZoBi+lkUZQJDAkelYE7XDEKYmAIoYqbWzHtEUUomMrKpgR3+suzpHFUPau6t8eV2kXRRgntoX10iFx0gmroGtVRA1H0iJ7RK3qznqwX6936mETnrGJmB/2B9fkD05aVhA==</latexit><latexit sha1_base64="+J7LkjXm+aduzo1ZiFlKDRr/pok=">AAAB/nicbVDLSsNAFJ34rPUVFdy4GSyCq5KI4GMhBV24ESpYW2hCmEwn7dCZJMzcCCV24a+4caHi1u9w5984bbPQ1gMDh3PO5d45YSq4Bsf5tubmFxaXlksr5dW19Y1Ne2v7XieZoqxBE5GoVkg0EzxmDeAgWCtVjMhQsGbYvxz5zQemNE/iOxikzJekG/OIUwJGCuxdGeSekvjqZuh1weQklgE7D+yKU3XGwLPELUgFFagH9pfXSWgmWQxUEK3brpOCnxMFnAo2LHuZZimhfdJlbUNjIpn28/H9Q3xglA6OEmVeDHis/p7IidR6IEOTlAR6etobif957QyiUz/ncZoBi+lkUZQJDAkelYE7XDEKYmAIoYqbWzHtEUUomMrKpgR3+suzpHFUPau6t8eV2kXRRgntoX10iFx0gmroGtVRA1H0iJ7RK3qznqwX6936mETnrGJmB/2B9fkD05aVhA==</latexit><latexit sha1_base64="+J7LkjXm+aduzo1ZiFlKDRr/pok=">AAAB/nicbVDLSsNAFJ34rPUVFdy4GSyCq5KI4GMhBV24ESpYW2hCmEwn7dCZJMzcCCV24a+4caHi1u9w5984bbPQ1gMDh3PO5d45YSq4Bsf5tubmFxaXlksr5dW19Y1Ne2v7XieZoqxBE5GoVkg0EzxmDeAgWCtVjMhQsGbYvxz5zQemNE/iOxikzJekG/OIUwJGCuxdGeSekvjqZuh1weQklgE7D+yKU3XGwLPELUgFFagH9pfXSWgmWQxUEK3brpOCnxMFnAo2LHuZZimhfdJlbUNjIpn28/H9Q3xglA6OEmVeDHis/p7IidR6IEOTlAR6etobif957QyiUz/ncZoBi+lkUZQJDAkelYE7XDEKYmAIoYqbWzHtEUUomMrKpgR3+suzpHFUPau6t8eV2kXRRgntoX10iFx0gmroGtVRA1H0iJ7RK3qznqwX6936mETnrGJmB/2B9fkD05aVhA==</latexit><latexit sha1_base64="+J7LkjXm+aduzo1ZiFlKDRr/pok=">AAAB/nicbVDLSsNAFJ34rPUVFdy4GSyCq5KI4GMhBV24ESpYW2hCmEwn7dCZJMzcCCV24a+4caHi1u9w5984bbPQ1gMDh3PO5d45YSq4Bsf5tubmFxaXlksr5dW19Y1Ne2v7XieZoqxBE5GoVkg0EzxmDeAgWCtVjMhQsGbYvxz5zQemNE/iOxikzJekG/OIUwJGCuxdGeSekvjqZuh1weQklgE7D+yKU3XGwLPELUgFFagH9pfXSWgmWQxUEK3brpOCnxMFnAo2LHuZZimhfdJlbUNjIpn28/H9Q3xglA6OEmVeDHis/p7IidR6IEOTlAR6etobif957QyiUz/ncZoBi+lkUZQJDAkelYE7XDEKYmAIoYqbWzHtEUUomMrKpgR3+suzpHFUPau6t8eV2kXRRgntoX10iFx0gmroGtVRA1H0iJ7RK3qznqwX6936mETnrGJmB/2B9fkD05aVhA==</latexit>

ER . 20 eV
<latexit sha1_base64="zoYk4VDBide6ldoZRvjp4U4zH1g=">AAACAHicbVBNSwMxEM36WetX1YvgJVgED1J2i6BepCCCxypuW+iWkk1n29AkuyRZoSz14l/x4kHFqz/Dm//G9OOgrQ8GHu/NMDMvTDjTxnW/nYXFpeWV1dxafn1jc2u7sLNb03GqKPg05rFqhEQDZxJ8wwyHRqKAiJBDPexfjfz6AyjNYnlvBgm0BOlKFjFKjJXahf3r9l3AQWvNBC67wUkWKIGhNmwXim7JHQPPE29KimiKarvwFXRimgqQhnKiddNzE9PKiDKMchjmg1RDQmifdKFpqSQCdCsbfzDER1bp4ChWtqTBY/X3REaE1gMR2k5BTE/PeiPxP6+Zmui8lTGZpAYknSyKUo5NjEdx4A5TQA0fWEKoYvZWTHtEEWpsaHkbgjf78jzxy6WLknd7WqxcTtPIoQN0iI6Rh85QBd2gKvIRRY/oGb2iN+fJeXHenY9J64IzndlDf+B8/gCDjpXV</latexit><latexit sha1_base64="zoYk4VDBide6ldoZRvjp4U4zH1g=">AAACAHicbVBNSwMxEM36WetX1YvgJVgED1J2i6BepCCCxypuW+iWkk1n29AkuyRZoSz14l/x4kHFqz/Dm//G9OOgrQ8GHu/NMDMvTDjTxnW/nYXFpeWV1dxafn1jc2u7sLNb03GqKPg05rFqhEQDZxJ8wwyHRqKAiJBDPexfjfz6AyjNYnlvBgm0BOlKFjFKjJXahf3r9l3AQWvNBC67wUkWKIGhNmwXim7JHQPPE29KimiKarvwFXRimgqQhnKiddNzE9PKiDKMchjmg1RDQmifdKFpqSQCdCsbfzDER1bp4ChWtqTBY/X3REaE1gMR2k5BTE/PeiPxP6+Zmui8lTGZpAYknSyKUo5NjEdx4A5TQA0fWEKoYvZWTHtEEWpsaHkbgjf78jzxy6WLknd7WqxcTtPIoQN0iI6Rh85QBd2gKvIRRY/oGb2iN+fJeXHenY9J64IzndlDf+B8/gCDjpXV</latexit><latexit sha1_base64="zoYk4VDBide6ldoZRvjp4U4zH1g=">AAACAHicbVBNSwMxEM36WetX1YvgJVgED1J2i6BepCCCxypuW+iWkk1n29AkuyRZoSz14l/x4kHFqz/Dm//G9OOgrQ8GHu/NMDMvTDjTxnW/nYXFpeWV1dxafn1jc2u7sLNb03GqKPg05rFqhEQDZxJ8wwyHRqKAiJBDPexfjfz6AyjNYnlvBgm0BOlKFjFKjJXahf3r9l3AQWvNBC67wUkWKIGhNmwXim7JHQPPE29KimiKarvwFXRimgqQhnKiddNzE9PKiDKMchjmg1RDQmifdKFpqSQCdCsbfzDER1bp4ChWtqTBY/X3REaE1gMR2k5BTE/PeiPxP6+Zmui8lTGZpAYknSyKUo5NjEdx4A5TQA0fWEKoYvZWTHtEEWpsaHkbgjf78jzxy6WLknd7WqxcTtPIoQN0iI6Rh85QBd2gKvIRRY/oGb2iN+fJeXHenY9J64IzndlDf+B8/gCDjpXV</latexit><latexit sha1_base64="zoYk4VDBide6ldoZRvjp4U4zH1g=">AAACAHicbVBNSwMxEM36WetX1YvgJVgED1J2i6BepCCCxypuW+iWkk1n29AkuyRZoSz14l/x4kHFqz/Dm//G9OOgrQ8GHu/NMDMvTDjTxnW/nYXFpeWV1dxafn1jc2u7sLNb03GqKPg05rFqhEQDZxJ8wwyHRqKAiJBDPexfjfz6AyjNYnlvBgm0BOlKFjFKjJXahf3r9l3AQWvNBC67wUkWKIGhNmwXim7JHQPPE29KimiKarvwFXRimgqQhnKiddNzE9PKiDKMchjmg1RDQmifdKFpqSQCdCsbfzDER1bp4ChWtqTBY/X3REaE1gMR2k5BTE/PeiPxP6+Zmui8lTGZpAYknSyKUo5NjEdx4A5TQA0fWEKoYvZWTHtEEWpsaHkbgjf78jzxy6WLknd7WqxcTtPIoQN0iI6Rh85QBd2gKvIRRY/oGb2iN+fJeXHenY9J64IzndlDf+B8/gCDjpXV</latexit>

SIMP threshold

mDMv2 & � ⇠ meV
<latexit sha1_base64="24aDAsPxVDrQ5vfRsWaOTmudG3c=">AAACEXicbVBNS8NAFNz4bf2qevSyWAS9lKQI6kUEPXgRFEwrNLVstq/t0t0k7L4IJfQ3ePGvePGg4tWbN/+Nm5qDVgcWhpl5vH0TJlIYdN1PZ2p6ZnZufmGxtLS8srpWXt+omzjVHHwey1jfhMyAFBH4KFDCTaKBqVBCIxyc5n7jDrQRcXSNwwRaivUi0RWcoZXa5T3VzgKt6NnF6O62FvTQRhUNzkAiC3I6dhXUR+1yxa26Y9C/xCtIhRS4bJc/gk7MUwURcsmMaXpugq2MaRRcwqgUpAYSxgesB01LI6bAtLLxSSO6Y5UO7cbavgjpWP05kTFlzFCFNqkY9s2kl4v/ec0Uu4etTERJihDx70XdVFKMad4P7QgNHOXQEsa1sH+lvM8042hbLNkSvMmT/xK/Vj2qelf7lZPjoo0FskW2yS7xyAE5IefkkviEk3vySJ7Ji/PgPDmvztt3dMopZjbJLzjvXzjcnWM=</latexit><latexit sha1_base64="24aDAsPxVDrQ5vfRsWaOTmudG3c=">AAACEXicbVBNS8NAFNz4bf2qevSyWAS9lKQI6kUEPXgRFEwrNLVstq/t0t0k7L4IJfQ3ePGvePGg4tWbN/+Nm5qDVgcWhpl5vH0TJlIYdN1PZ2p6ZnZufmGxtLS8srpWXt+omzjVHHwey1jfhMyAFBH4KFDCTaKBqVBCIxyc5n7jDrQRcXSNwwRaivUi0RWcoZXa5T3VzgKt6NnF6O62FvTQRhUNzkAiC3I6dhXUR+1yxa26Y9C/xCtIhRS4bJc/gk7MUwURcsmMaXpugq2MaRRcwqgUpAYSxgesB01LI6bAtLLxSSO6Y5UO7cbavgjpWP05kTFlzFCFNqkY9s2kl4v/ec0Uu4etTERJihDx70XdVFKMad4P7QgNHOXQEsa1sH+lvM8042hbLNkSvMmT/xK/Vj2qelf7lZPjoo0FskW2yS7xyAE5IefkkviEk3vySJ7Ji/PgPDmvztt3dMopZjbJLzjvXzjcnWM=</latexit><latexit sha1_base64="24aDAsPxVDrQ5vfRsWaOTmudG3c=">AAACEXicbVBNS8NAFNz4bf2qevSyWAS9lKQI6kUEPXgRFEwrNLVstq/t0t0k7L4IJfQ3ePGvePGg4tWbN/+Nm5qDVgcWhpl5vH0TJlIYdN1PZ2p6ZnZufmGxtLS8srpWXt+omzjVHHwey1jfhMyAFBH4KFDCTaKBqVBCIxyc5n7jDrQRcXSNwwRaivUi0RWcoZXa5T3VzgKt6NnF6O62FvTQRhUNzkAiC3I6dhXUR+1yxa26Y9C/xCtIhRS4bJc/gk7MUwURcsmMaXpugq2MaRRcwqgUpAYSxgesB01LI6bAtLLxSSO6Y5UO7cbavgjpWP05kTFlzFCFNqkY9s2kl4v/ec0Uu4etTERJihDx70XdVFKMad4P7QgNHOXQEsa1sH+lvM8042hbLNkSvMmT/xK/Vj2qelf7lZPjoo0FskW2yS7xyAE5IefkkviEk3vySJ7Ji/PgPDmvztt3dMopZjbJLzjvXzjcnWM=</latexit><latexit sha1_base64="24aDAsPxVDrQ5vfRsWaOTmudG3c=">AAACEXicbVBNS8NAFNz4bf2qevSyWAS9lKQI6kUEPXgRFEwrNLVstq/t0t0k7L4IJfQ3ePGvePGg4tWbN/+Nm5qDVgcWhpl5vH0TJlIYdN1PZ2p6ZnZufmGxtLS8srpWXt+omzjVHHwey1jfhMyAFBH4KFDCTaKBqVBCIxyc5n7jDrQRcXSNwwRaivUi0RWcoZXa5T3VzgKt6NnF6O62FvTQRhUNzkAiC3I6dhXUR+1yxa26Y9C/xCtIhRS4bJc/gk7MUwURcsmMaXpugq2MaRRcwqgUpAYSxgesB01LI6bAtLLxSSO6Y5UO7cbavgjpWP05kTFlzFCFNqkY9s2kl4v/ec0Uu4etTERJihDx70XdVFKMad4P7QgNHOXQEsa1sH+lvM8042hbLNkSvMmT/xK/Vj2qelf7lZPjoo0FskW2yS7xyAE5IefkkviEk3vySJ7Ji/PgPDmvztt3dMopZjbJLzjvXzjcnWM=</latexit>



SIMP indirect detection

• Need of velocity suppression:  scalar SIMP ~ p-wave
• Gamma-ray & CMB can constrain SIMP DM.

"2
m⇡

Galactic Center CMB

[Essig et al, 2013]

, "2(v) = "2(vF )(v/vF )
<latexit sha1_base64="Z5eOw4AAfA9rlMdgwByN7TnmvSA=">AAACGXicbZBNS8MwGMfT+TbnW9Wjl+AQNpDZDkE9KANBPE6wbrCWkqbpFpa+mKSFMfY5vPhVvHhQ8agnv43p1oNOHwj58/s/D8nz9xJGhTSML620sLi0vFJeraytb2xu6ds7dyJOOSYWjlnMux4ShNGIWJJKRroJJyj0GOl4w8vc72SECxpHt3KUECdE/YgGFCOpkKubh/Z9inxoZ4iTRFCmYLOW1c/ngHtVr2VH+eXqVaNhTAv+FWYhqqCotqt/2H6M05BEEjMkRM80EumMEZcUMzKp2KkgCcJD1Cc9JSMUEuGMp6tN4IEiPgxirk4k4ZT+nBijUIhR6KnOEMmBmPdy+J/XS2Vw6oxplKSSRHj2UJAyKGOY5wR9ygmWbKQEwpyqv0I8QBxhqdKsqBDM+ZX/CqvZOGuYN8fV1kWRRhnsgX1QAyY4AS1wDdrAAhg8gCfwAl61R+1Ze9PeZ60lrZjZBb9K+/wGvSGfmQ==</latexit><latexit sha1_base64="Z5eOw4AAfA9rlMdgwByN7TnmvSA=">AAACGXicbZBNS8MwGMfT+TbnW9Wjl+AQNpDZDkE9KANBPE6wbrCWkqbpFpa+mKSFMfY5vPhVvHhQ8agnv43p1oNOHwj58/s/D8nz9xJGhTSML620sLi0vFJeraytb2xu6ds7dyJOOSYWjlnMux4ShNGIWJJKRroJJyj0GOl4w8vc72SECxpHt3KUECdE/YgGFCOpkKubh/Z9inxoZ4iTRFCmYLOW1c/ngHtVr2VH+eXqVaNhTAv+FWYhqqCotqt/2H6M05BEEjMkRM80EumMEZcUMzKp2KkgCcJD1Cc9JSMUEuGMp6tN4IEiPgxirk4k4ZT+nBijUIhR6KnOEMmBmPdy+J/XS2Vw6oxplKSSRHj2UJAyKGOY5wR9ygmWbKQEwpyqv0I8QBxhqdKsqBDM+ZX/CqvZOGuYN8fV1kWRRhnsgX1QAyY4AS1wDdrAAhg8gCfwAl61R+1Ze9PeZ60lrZjZBb9K+/wGvSGfmQ==</latexit><latexit sha1_base64="Z5eOw4AAfA9rlMdgwByN7TnmvSA=">AAACGXicbZBNS8MwGMfT+TbnW9Wjl+AQNpDZDkE9KANBPE6wbrCWkqbpFpa+mKSFMfY5vPhVvHhQ8agnv43p1oNOHwj58/s/D8nz9xJGhTSML620sLi0vFJeraytb2xu6ds7dyJOOSYWjlnMux4ShNGIWJJKRroJJyj0GOl4w8vc72SECxpHt3KUECdE/YgGFCOpkKubh/Z9inxoZ4iTRFCmYLOW1c/ngHtVr2VH+eXqVaNhTAv+FWYhqqCotqt/2H6M05BEEjMkRM80EumMEZcUMzKp2KkgCcJD1Cc9JSMUEuGMp6tN4IEiPgxirk4k4ZT+nBijUIhR6KnOEMmBmPdy+J/XS2Vw6oxplKSSRHj2UJAyKGOY5wR9ygmWbKQEwpyqv0I8QBxhqdKsqBDM+ZX/CqvZOGuYN8fV1kWRRhnsgX1QAyY4AS1wDdrAAhg8gCfwAl61R+1Ze9PeZ60lrZjZBb9K+/wGvSGfmQ==</latexit><latexit sha1_base64="Z5eOw4AAfA9rlMdgwByN7TnmvSA=">AAACGXicbZBNS8MwGMfT+TbnW9Wjl+AQNpDZDkE9KANBPE6wbrCWkqbpFpa+mKSFMfY5vPhVvHhQ8agnv43p1oNOHwj58/s/D8nz9xJGhTSML620sLi0vFJeraytb2xu6ds7dyJOOSYWjlnMux4ShNGIWJJKRroJJyj0GOl4w8vc72SECxpHt3KUECdE/YgGFCOpkKubh/Z9inxoZ4iTRFCmYLOW1c/ngHtVr2VH+eXqVaNhTAv+FWYhqqCotqt/2H6M05BEEjMkRM80EumMEZcUMzKp2KkgCcJD1Cc9JSMUEuGMp6tN4IEiPgxirk4k4ZT+nBijUIhR6KnOEMmBmPdy+J/XS2Vw6oxplKSSRHj2UJAyKGOY5wR9ygmWbKQEwpyqv0I8QBxhqdKsqBDM+ZX/CqvZOGuYN8fV1kWRRhnsgX1QAyY4AS1wDdrAAhg8gCfwAl61R+1Ze9PeZ60lrZjZBb9K+/wGvSGfmQ==</latexit>



SIMP in merging galaxies
• DM subhalo can be separated from its bounded 

stars due to DM self-interactions. 

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)]



Models of SIMP

• Composite scalars (dark mesons)

• Fundamental scalars with Z3

• Non-abelian vectors (minimal: SU(2))

• Fermions (assisted SIMP)

 [Bernal et al (2015); Choi, HML (2015)]

 [Hochberg et al (2014); Seo, HML (2015)]

 [Bernal et al (2015); Murayama, HML et al (2017)]

 [J. Cline et al (2017)]

• Generalizations
 [Choi, Seo, HML (2017)]

• 4→2 processes and more



Scalar SIMP
• 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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Some stories on dark 
mesons



 Dark meson dark matter

[Hochberg et al, 2014]SIMP process:

degenerate dark quarks

⇤0
QCD ⇠ ⇤QCD m2

⇡̃ ⇠ mq̃

(⇤0
QCD)
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F 2
⇠ (100MeV)2

degenerate meson masses

Dark QCD

• 5-point self-interactions from Wess-Zumino-Witten term 
for π5(G/H)=Z (i.e. Nf ≥3).   [Wess, Zumino,1971;Witten, 1983]

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



Z’-portal for dark mesons

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

SM SM

[HML, M. Seo, 2015]
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•Small meson mass splitting for SIMP process: 
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[Hochberg, Kuflik, Murayama, Volansky, Wacker, 2014]

Bullet cluster, Halo shape

 Dark meson relics

Perturbativity

Self-scatt.
Perturbativity

Bullet cluster

SIMP relic

Bullet cluster & perturbativity bounds favor large Nc.



Bounds on dark 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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Perturbative mesons?
• 2→2: LO,  3→2: NLO, in SIMP meson scenarios.

[Hansen et al, 2015]

NLO corrections enlarge 2→2 cross sections, 
making it harder to satisfy the Bullet cluster 

bound within perturbativity.

Additional 3→2 annihilation channels?



Resonant annihilations
• Z5  is the minimal (gauged) discrete symmetry 

for 5-point interactions for SIMP.

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

Averaging on resonances

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 Meson resonances

Enhanced near resonances with 2π or 3π.

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

VM-induced self-scattering is velocity-
suppressed at galaxies and galaxy clusters.

2→2 self-scattering:

⇠ v2
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⇠ v4
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3→2 annihilation: See also P. Ko’s talk!



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

Vector mesons on-resonance improve perturbativity. 

cf. WZW terms only:

and m⇡ . 1GeV.for

10-4

10-3

10-2

10-1

1

10

102

σself
mπ

σ
self /m

π (WZW
)

〈σv
2 〉 WZW

σself /m
π , a = 0.01

σself /m
π , a = 0.1

〈σv
2 〉V, a =

0.01
〈σv

2 〉V, a =
0.1

10 102 103 104
10-1

1

10

102

mπ (MeV)

mπ

fπ

c1-c2 = -1, ϵV = 0.1, mV ∼ 3mπ

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>
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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.
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Similar improvement at 2-meson resonance.



Conclusions
• Naturalness of Higgs mass and dark matter need new 

strategies beyond SM and will drive us in next generations. 

• Dark mesons are natural candidates for dark matter in 
models of neutral naturalness where dark QCD and Z’ 
interactions exist by construction.

• SIMP dark matter is a sub-GeV SIDM produced via 3→2 
freeze-out process, with testable signatures from 
astrophysical and Earth-based experiments.

• SIMP meson scenarios may be valid solutions to small-
scale problems.



Backup



 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
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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



2-meson resonance
[S.-Choi, A. Natale, HML, P. Ko, 2018]
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SIMP relic

Vector mesons on-resonance improve perturbativity. 

cf. WZW terms only:

and m⇡ . 1GeV.for

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>

m⇡/f⇡ . 4
<latexit sha1_base64="LIJLZZ911smXC8XS5Uq0Nxi67Qo=">AAAB/XicbVBNS8NAEJ34WetXVTx5WSyCp5pIQb1IwYvHCsYWmhA22027dDcJuxuhhIJ/xYsHFa/+D2/+GzdtDtr6YIbHezPs7AtTzpS27W9raXlldW29slHd3Nre2a3t7T+oJJOEuiThieyGWFHOYupqpjntppJiEXLaCUc3hd95pFKxJL7X45T6Ag9iFjGCtZGC2qEIvJSdRUX3OFVKMYGaQa1uN+wp0CJxSlKHEu2g9uX1E5IJGmvCsVI9x061n2OpGeF0UvUyRVNMRnhAe4bGWFDl59PzJ+jEKH0UJdJUrNFU/b2RY6HUWIRmUmA9VPNeIf7n9TIdXfo5i9NM05jMHooyjnSCiixQn0lKNB8bgolk5lZEhlhiok1iVROCM//lReKeN64azl2z3rou06jAERzDKThwAS24hTa4QCCHZ3iFN+vJerHerY/Z6JJV7hzAH1ifPym2lSc=</latexit><latexit sha1_base64="LIJLZZ911smXC8XS5Uq0Nxi67Qo=">AAAB/XicbVBNS8NAEJ34WetXVTx5WSyCp5pIQb1IwYvHCsYWmhA22027dDcJuxuhhIJ/xYsHFa/+D2/+GzdtDtr6YIbHezPs7AtTzpS27W9raXlldW29slHd3Nre2a3t7T+oJJOEuiThieyGWFHOYupqpjntppJiEXLaCUc3hd95pFKxJL7X45T6Ag9iFjGCtZGC2qEIvJSdRUX3OFVKMYGaQa1uN+wp0CJxSlKHEu2g9uX1E5IJGmvCsVI9x061n2OpGeF0UvUyRVNMRnhAe4bGWFDl59PzJ+jEKH0UJdJUrNFU/b2RY6HUWIRmUmA9VPNeIf7n9TIdXfo5i9NM05jMHooyjnSCiixQn0lKNB8bgolk5lZEhlhiok1iVROCM//lReKeN64azl2z3rou06jAERzDKThwAS24hTa4QCCHZ3iFN+vJerHerY/Z6JJV7hzAH1ifPym2lSc=</latexit><latexit sha1_base64="LIJLZZ911smXC8XS5Uq0Nxi67Qo=">AAAB/XicbVBNS8NAEJ34WetXVTx5WSyCp5pIQb1IwYvHCsYWmhA22027dDcJuxuhhIJ/xYsHFa/+D2/+GzdtDtr6YIbHezPs7AtTzpS27W9raXlldW29slHd3Nre2a3t7T+oJJOEuiThieyGWFHOYupqpjntppJiEXLaCUc3hd95pFKxJL7X45T6Ag9iFjGCtZGC2qEIvJSdRUX3OFVKMYGaQa1uN+wp0CJxSlKHEu2g9uX1E5IJGmvCsVI9x061n2OpGeF0UvUyRVNMRnhAe4bGWFDl59PzJ+jEKH0UJdJUrNFU/b2RY6HUWIRmUmA9VPNeIf7n9TIdXfo5i9NM05jMHooyjnSCiixQn0lKNB8bgolk5lZEhlhiok1iVROCM//lReKeN64azl2z3rou06jAERzDKThwAS24hTa4QCCHZ3iFN+vJerHerY/Z6JJV7hzAH1ifPym2lSc=</latexit><latexit sha1_base64="LIJLZZ911smXC8XS5Uq0Nxi67Qo=">AAAB/XicbVBNS8NAEJ34WetXVTx5WSyCp5pIQb1IwYvHCsYWmhA22027dDcJuxuhhIJ/xYsHFa/+D2/+GzdtDtr6YIbHezPs7AtTzpS27W9raXlldW29slHd3Nre2a3t7T+oJJOEuiThieyGWFHOYupqpjntppJiEXLaCUc3hd95pFKxJL7X45T6Ag9iFjGCtZGC2qEIvJSdRUX3OFVKMYGaQa1uN+wp0CJxSlKHEu2g9uX1E5IJGmvCsVI9x061n2OpGeF0UvUyRVNMRnhAe4bGWFDl59PzJ+jEKH0UJdJUrNFU/b2RY6HUWIRmUmA9VPNeIf7n9TIdXfo5i9NM05jMHooyjnSCiixQn0lKNB8bgolk5lZEhlhiok1iVROCM//lReKeN64azl2z3rou06jAERzDKThwAS24hTa4QCCHZ3iFN+vJerHerY/Z6JJV7hzAH1ifPym2lSc=</latexit>

gV ⇡⇡ . 1.3
<latexit sha1_base64="yOnMgPf7u5lZyry8TEoNYuku1kM=">AAAB/3icbVC7TsMwFHXKq5RXgIGBxaJCYooSQAIWVImFsUiEVmqiyHGd1qrtRLaDVEVZ+BUWBkCs/AYbf4PbZoCWo3ulo3PulX1PnDGqtOt+W7Wl5ZXVtfp6Y2Nza3vH3t17UGkuMfFxylLZjZEijAria6oZ6WaSIB4z0olHNxO/80ikoqm41+OMhBwNBE0oRtpIkX0wiIqHIKOmyoARpRTl0HPOIrvpOu4UcJF4FWmCCu3I/gr6Kc45ERozpFTPczMdFkhqihkpG0GuSIbwCA1Iz1CBOFFhMT2ghMdG6cMklaaFhlP190aBuFJjHptJjvRQzXsT8T+vl+vkMiyoyHJNBJ49lOQM6hRO0oB9KgnWbGwIwpKav0I8RBJhbTJrmBC8+ZMXiX/qXDne3XmzdV2lUQeH4AicAA9cgBa4BW3gAwxK8AxewZv1ZL1Y79bHbLRmVTv74A+szx+WHpXt</latexit><latexit sha1_base64="yOnMgPf7u5lZyry8TEoNYuku1kM=">AAAB/3icbVC7TsMwFHXKq5RXgIGBxaJCYooSQAIWVImFsUiEVmqiyHGd1qrtRLaDVEVZ+BUWBkCs/AYbf4PbZoCWo3ulo3PulX1PnDGqtOt+W7Wl5ZXVtfp6Y2Nza3vH3t17UGkuMfFxylLZjZEijAria6oZ6WaSIB4z0olHNxO/80ikoqm41+OMhBwNBE0oRtpIkX0wiIqHIKOmyoARpRTl0HPOIrvpOu4UcJF4FWmCCu3I/gr6Kc45ERozpFTPczMdFkhqihkpG0GuSIbwCA1Iz1CBOFFhMT2ghMdG6cMklaaFhlP190aBuFJjHptJjvRQzXsT8T+vl+vkMiyoyHJNBJ49lOQM6hRO0oB9KgnWbGwIwpKav0I8RBJhbTJrmBC8+ZMXiX/qXDne3XmzdV2lUQeH4AicAA9cgBa4BW3gAwxK8AxewZv1ZL1Y79bHbLRmVTv74A+szx+WHpXt</latexit><latexit sha1_base64="yOnMgPf7u5lZyry8TEoNYuku1kM=">AAAB/3icbVC7TsMwFHXKq5RXgIGBxaJCYooSQAIWVImFsUiEVmqiyHGd1qrtRLaDVEVZ+BUWBkCs/AYbf4PbZoCWo3ulo3PulX1PnDGqtOt+W7Wl5ZXVtfp6Y2Nza3vH3t17UGkuMfFxylLZjZEijAria6oZ6WaSIB4z0olHNxO/80ikoqm41+OMhBwNBE0oRtpIkX0wiIqHIKOmyoARpRTl0HPOIrvpOu4UcJF4FWmCCu3I/gr6Kc45ERozpFTPczMdFkhqihkpG0GuSIbwCA1Iz1CBOFFhMT2ghMdG6cMklaaFhlP190aBuFJjHptJjvRQzXsT8T+vl+vkMiyoyHJNBJ49lOQM6hRO0oB9KgnWbGwIwpKav0I8RBJhbTJrmBC8+ZMXiX/qXDne3XmzdV2lUQeH4AicAA9cgBa4BW3gAwxK8AxewZv1ZL1Y79bHbLRmVTv74A+szx+WHpXt</latexit><latexit sha1_base64="yOnMgPf7u5lZyry8TEoNYuku1kM=">AAAB/3icbVC7TsMwFHXKq5RXgIGBxaJCYooSQAIWVImFsUiEVmqiyHGd1qrtRLaDVEVZ+BUWBkCs/AYbf4PbZoCWo3ulo3PulX1PnDGqtOt+W7Wl5ZXVtfp6Y2Nza3vH3t17UGkuMfFxylLZjZEijAria6oZ6WaSIB4z0olHNxO/80ikoqm41+OMhBwNBE0oRtpIkX0wiIqHIKOmyoARpRTl0HPOIrvpOu4UcJF4FWmCCu3I/gr6Kc45ERozpFTPczMdFkhqihkpG0GuSIbwCA1Iz1CBOFFhMT2ghMdG6cMklaaFhlP190aBuFJjHptJjvRQzXsT8T+vl+vkMiyoyHJNBJ49lOQM6hRO0oB9KgnWbGwIwpKav0I8RBJhbTJrmBC8+ZMXiX/qXDne3XmzdV2lUQeH4AicAA9cgBa4BW3gAwxK8AxewZv1ZL1Y79bHbLRmVTv74A+szx+WHpXt</latexit>

mV = 2m⇡

p
1 + ✏V

<latexit sha1_base64="AGC98wYS2sg2XEVrGaxynCW6GvY=">AAACBnicbVDLSgMxFM34rPU16lKQYBEEocwUa3WhFNy4rOC0hc4wZNK0DU0yY5IRytCdG3/FjQsVt36DO//G9LHQ1gMXDufcy733RAmjSjvOt7WwuLS8sppby69vbG5t2zu7dRWnEhMPxyyWzQgpwqggnqaakWYiCeIRI42ofz3yGw9EKhqLOz1ISMBRV9AOxUgbKbQPeFi/LPHQTyj01b3UmXvik0RRZtz6MLQLTtGplM/KZWjIGNCdJQUwRS20v/x2jFNOhMYMKdVynUQHGZKaYkaGeT9VJEG4j7qkZahAnKggG/8xhEdGacNOLE0JDcfq74kMcaUGPDKdHOmemvVG4n9eK9Wd8yCjIkk1EXiyqJMyqGM4CgW2qSRYs4EhCEtqboW4hyTC2kSXNyHMvTxPvFLxoujenhaqV9M0cmAfHIJj4IIKqIIbUAMewOARPINX8GY9WS/Wu/UxaV2wpjN74A+szx8E4Jj7</latexit><latexit sha1_base64="AGC98wYS2sg2XEVrGaxynCW6GvY=">AAACBnicbVDLSgMxFM34rPU16lKQYBEEocwUa3WhFNy4rOC0hc4wZNK0DU0yY5IRytCdG3/FjQsVt36DO//G9LHQ1gMXDufcy733RAmjSjvOt7WwuLS8sppby69vbG5t2zu7dRWnEhMPxyyWzQgpwqggnqaakWYiCeIRI42ofz3yGw9EKhqLOz1ISMBRV9AOxUgbKbQPeFi/LPHQTyj01b3UmXvik0RRZtz6MLQLTtGplM/KZWjIGNCdJQUwRS20v/x2jFNOhMYMKdVynUQHGZKaYkaGeT9VJEG4j7qkZahAnKggG/8xhEdGacNOLE0JDcfq74kMcaUGPDKdHOmemvVG4n9eK9Wd8yCjIkk1EXiyqJMyqGM4CgW2qSRYs4EhCEtqboW4hyTC2kSXNyHMvTxPvFLxoujenhaqV9M0cmAfHIJj4IIKqIIbUAMewOARPINX8GY9WS/Wu/UxaV2wpjN74A+szx8E4Jj7</latexit><latexit sha1_base64="AGC98wYS2sg2XEVrGaxynCW6GvY=">AAACBnicbVDLSgMxFM34rPU16lKQYBEEocwUa3WhFNy4rOC0hc4wZNK0DU0yY5IRytCdG3/FjQsVt36DO//G9LHQ1gMXDufcy733RAmjSjvOt7WwuLS8sppby69vbG5t2zu7dRWnEhMPxyyWzQgpwqggnqaakWYiCeIRI42ofz3yGw9EKhqLOz1ISMBRV9AOxUgbKbQPeFi/LPHQTyj01b3UmXvik0RRZtz6MLQLTtGplM/KZWjIGNCdJQUwRS20v/x2jFNOhMYMKdVynUQHGZKaYkaGeT9VJEG4j7qkZahAnKggG/8xhEdGacNOLE0JDcfq74kMcaUGPDKdHOmemvVG4n9eK9Wd8yCjIkk1EXiyqJMyqGM4CgW2qSRYs4EhCEtqboW4hyTC2kSXNyHMvTxPvFLxoujenhaqV9M0cmAfHIJj4IIKqIIbUAMewOARPINX8GY9WS/Wu/UxaV2wpjN74A+szx8E4Jj7</latexit><latexit sha1_base64="AGC98wYS2sg2XEVrGaxynCW6GvY=">AAACBnicbVDLSgMxFM34rPU16lKQYBEEocwUa3WhFNy4rOC0hc4wZNK0DU0yY5IRytCdG3/FjQsVt36DO//G9LHQ1gMXDufcy733RAmjSjvOt7WwuLS8sppby69vbG5t2zu7dRWnEhMPxyyWzQgpwqggnqaakWYiCeIRI42ofz3yGw9EKhqLOz1ISMBRV9AOxUgbKbQPeFi/LPHQTyj01b3UmXvik0RRZtz6MLQLTtGplM/KZWjIGNCdJQUwRS20v/x2jFNOhMYMKdVynUQHGZKaYkaGeT9VJEG4j7qkZahAnKggG/8xhEdGacNOLE0JDcfq74kMcaUGPDKdHOmemvVG4n9eK9Wd8yCjIkk1EXiyqJMyqGM4CgW2qSRYs4EhCEtqboW4hyTC2kSXNyHMvTxPvFLxoujenhaqV9M0cmAfHIJj4IIKqIIbUAMewOARPINX8GY9WS/Wu/UxaV2wpjN74A+szx8E4Jj7</latexit>
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c1-c2 = -1, c3 = 1, ϵV = 0.1, mV ∼ 2mπ

Bullet cluster & SSP


