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One solution to the hierarchy problem: 
Supersymmetry
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Mirror top
carries mirror gauge charges

+

 Top
carries SM gauge charges

A concrete example: Twin Higgs
Chacko, Goh, Harnik (2005)
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Mirror Symmetric SM
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 Choice I: 
Mirror Symmetric SM

 Choice II: 
Roughly Mirror

baryons &
leptons Craig, Katz, Strassler, 

Sundrum(2005)
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Collider!

 Choice II: 
Roughly Mirror
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Roughly Mirror

missing energy
(hard)
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Mirror Symmetric 
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Collider!

 Choice II: 
Roughly Mirror

Hot Universe

Dark Particles!



Proton

Electron
Photon

gravity
perturbation

Dark Particles
galaxy

structure

CMB

Study Dark Particles through gravity perturbation

Large scale
structure
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Mirror Symmetric 

baryons &
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Collider!

 Choice II: 
Roughly Mirror

Hot Universe

Cosmology!
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Collider Signature from Hidden Naturalness 
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Production & decay of SM Higgs @ LHC
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SM QCD

(quark/anti-quark bound state)



Higgs decay into mirror particles
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Higgs decay into mirror quarks via
Higgs mixing

twin QCD
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Higgs decay into mirror particles
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Twin hadrons SLOWLY decay into SM particles

photon mixing 
Cheng, Jung, Salvioni, YT (2015)
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If the coupling is so small => Long-lived particles

ECAL
HCAL

Muon System
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Decay
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IP



``Naturalness” predicts twin particle masses

Twin sector has the same gauge/top yukawa couplings



satisfy Higgs coupling constraint while remaining natural
(better than 10% tuning) 3  vtwin/vSM  5

<latexit sha1_base64="ePYoevcP+x3HfJepEpd3nZp0Q7s=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxlaQpgrGChQWpCPqQmqpyXLe16jjBdoqqKD/Awq+wMIAQKzsbf4ObthJQjnSl43Pule89XsioVJb1ZWQWFpeWV7KrubX1jc0tc3unJoNIYFLFAQtEw0OSMMpJVVHFSCMUBPkeI3VvcDH260MiJA34rRqFpOWjHqddipHSUts8cFxG7uCwHbvCh+qe8uR4+ri5SmBqnrTNvFWwUkBNHKdUdKA9U2YkD6aotM1PtxPgyCdcYYakbNpWqFoxEopiRpKcG0kSIjxAPdLUlCOfyFacXpPAQ610YDcQuriCqfpzIka+lCPf050+Un351xuL/3nNSHXPWjHlYaQIx5OPuhGDKoDjaGCHCoIVG2mCsKB6V4j7SCCsdIA5HcLcyfOkVizYVsG+LuXL59M4smAP7IMjYINTUAaXoAKqAIMH8ARewKvxaDwbb8b7pDVjTGd2wS8YH99GZpsI</latexit><latexit sha1_base64="ePYoevcP+x3HfJepEpd3nZp0Q7s=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxlaQpgrGChQWpCPqQmqpyXLe16jjBdoqqKD/Awq+wMIAQKzsbf4ObthJQjnSl43Pule89XsioVJb1ZWQWFpeWV7KrubX1jc0tc3unJoNIYFLFAQtEw0OSMMpJVVHFSCMUBPkeI3VvcDH260MiJA34rRqFpOWjHqddipHSUts8cFxG7uCwHbvCh+qe8uR4+ri5SmBqnrTNvFWwUkBNHKdUdKA9U2YkD6aotM1PtxPgyCdcYYakbNpWqFoxEopiRpKcG0kSIjxAPdLUlCOfyFacXpPAQ610YDcQuriCqfpzIka+lCPf050+Un351xuL/3nNSHXPWjHlYaQIx5OPuhGDKoDjaGCHCoIVG2mCsKB6V4j7SCCsdIA5HcLcyfOkVizYVsG+LuXL59M4smAP7IMjYINTUAaXoAKqAIMH8ARewKvxaDwbb8b7pDVjTGd2wS8YH99GZpsI</latexit><latexit sha1_base64="ePYoevcP+x3HfJepEpd3nZp0Q7s=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxlaQpgrGChQWpCPqQmqpyXLe16jjBdoqqKD/Awq+wMIAQKzsbf4ObthJQjnSl43Pule89XsioVJb1ZWQWFpeWV7KrubX1jc0tc3unJoNIYFLFAQtEw0OSMMpJVVHFSCMUBPkeI3VvcDH260MiJA34rRqFpOWjHqddipHSUts8cFxG7uCwHbvCh+qe8uR4+ri5SmBqnrTNvFWwUkBNHKdUdKA9U2YkD6aotM1PtxPgyCdcYYakbNpWqFoxEopiRpKcG0kSIjxAPdLUlCOfyFacXpPAQ610YDcQuriCqfpzIka+lCPf050+Un351xuL/3nNSHXPWjHlYaQIx5OPuhGDKoDjaGCHCoIVG2mCsKB6V4j7SCCsdIA5HcLcyfOkVizYVsG+LuXL59M4smAP7IMjYINTUAaXoAKqAIMH8ARewKvxaDwbb8b7pDVjTGd2wS8YH99GZpsI</latexit><latexit sha1_base64="ePYoevcP+x3HfJepEpd3nZp0Q7s=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxlaQpgrGChQWpCPqQmqpyXLe16jjBdoqqKD/Awq+wMIAQKzsbf4ObthJQjnSl43Pule89XsioVJb1ZWQWFpeWV7KrubX1jc0tc3unJoNIYFLFAQtEw0OSMMpJVVHFSCMUBPkeI3VvcDH260MiJA34rRqFpOWjHqddipHSUts8cFxG7uCwHbvCh+qe8uR4+ri5SmBqnrTNvFWwUkBNHKdUdKA9U2YkD6aotM1PtxPgyCdcYYakbNpWqFoxEopiRpKcG0kSIjxAPdLUlCOfyFacXpPAQ610YDcQuriCqfpzIka+lCPf050+Un351xuL/3nNSHXPWjHlYaQIx5OPuhGDKoDjaGCHCoIVG2mCsKB6V4j7SCCsdIA5HcLcyfOkVizYVsG+LuXL59M4smAP7IMjYINTUAaXoAKqAIMH8ARewKvxaDwbb8b7pDVjTGd2wS8YH99GZpsI</latexit>

``Naturalness” predicts twin particle masses

Twin sector has the same gauge/top yukawa couplings



satisfy Higgs coupling constraint while remaining natural
(better than 10% tuning) 3  vtwin/vSM  5

<latexit sha1_base64="ePYoevcP+x3HfJepEpd3nZp0Q7s=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxlaQpgrGChQWpCPqQmqpyXLe16jjBdoqqKD/Awq+wMIAQKzsbf4ObthJQjnSl43Pule89XsioVJb1ZWQWFpeWV7KrubX1jc0tc3unJoNIYFLFAQtEw0OSMMpJVVHFSCMUBPkeI3VvcDH260MiJA34rRqFpOWjHqddipHSUts8cFxG7uCwHbvCh+qe8uR4+ri5SmBqnrTNvFWwUkBNHKdUdKA9U2YkD6aotM1PtxPgyCdcYYakbNpWqFoxEopiRpKcG0kSIjxAPdLUlCOfyFacXpPAQ610YDcQuriCqfpzIka+lCPf050+Un351xuL/3nNSHXPWjHlYaQIx5OPuhGDKoDjaGCHCoIVG2mCsKB6V4j7SCCsdIA5HcLcyfOkVizYVsG+LuXL59M4smAP7IMjYINTUAaXoAKqAIMH8ARewKvxaDwbb8b7pDVjTGd2wS8YH99GZpsI</latexit><latexit sha1_base64="ePYoevcP+x3HfJepEpd3nZp0Q7s=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxlaQpgrGChQWpCPqQmqpyXLe16jjBdoqqKD/Awq+wMIAQKzsbf4ObthJQjnSl43Pule89XsioVJb1ZWQWFpeWV7KrubX1jc0tc3unJoNIYFLFAQtEw0OSMMpJVVHFSCMUBPkeI3VvcDH260MiJA34rRqFpOWjHqddipHSUts8cFxG7uCwHbvCh+qe8uR4+ri5SmBqnrTNvFWwUkBNHKdUdKA9U2YkD6aotM1PtxPgyCdcYYakbNpWqFoxEopiRpKcG0kSIjxAPdLUlCOfyFacXpPAQ610YDcQuriCqfpzIka+lCPf050+Un351xuL/3nNSHXPWjHlYaQIx5OPuhGDKoDjaGCHCoIVG2mCsKB6V4j7SCCsdIA5HcLcyfOkVizYVsG+LuXL59M4smAP7IMjYINTUAaXoAKqAIMH8ARewKvxaDwbb8b7pDVjTGd2wS8YH99GZpsI</latexit><latexit sha1_base64="ePYoevcP+x3HfJepEpd3nZp0Q7s=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxlaQpgrGChQWpCPqQmqpyXLe16jjBdoqqKD/Awq+wMIAQKzsbf4ObthJQjnSl43Pule89XsioVJb1ZWQWFpeWV7KrubX1jc0tc3unJoNIYFLFAQtEw0OSMMpJVVHFSCMUBPkeI3VvcDH260MiJA34rRqFpOWjHqddipHSUts8cFxG7uCwHbvCh+qe8uR4+ri5SmBqnrTNvFWwUkBNHKdUdKA9U2YkD6aotM1PtxPgyCdcYYakbNpWqFoxEopiRpKcG0kSIjxAPdLUlCOfyFacXpPAQ610YDcQuriCqfpzIka+lCPf050+Un351xuL/3nNSHXPWjHlYaQIx5OPuhGDKoDjaGCHCoIVG2mCsKB6V4j7SCCsdIA5HcLcyfOkVizYVsG+LuXL59M4smAP7IMjYINTUAaXoAKqAIMH8ARewKvxaDwbb8b7pDVjTGd2wS8YH99GZpsI</latexit><latexit sha1_base64="ePYoevcP+x3HfJepEpd3nZp0Q7s=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxlaQpgrGChQWpCPqQmqpyXLe16jjBdoqqKD/Awq+wMIAQKzsbf4ObthJQjnSl43Pule89XsioVJb1ZWQWFpeWV7KrubX1jc0tc3unJoNIYFLFAQtEw0OSMMpJVVHFSCMUBPkeI3VvcDH260MiJA34rRqFpOWjHqddipHSUts8cFxG7uCwHbvCh+qe8uR4+ri5SmBqnrTNvFWwUkBNHKdUdKA9U2YkD6aotM1PtxPgyCdcYYakbNpWqFoxEopiRpKcG0kSIjxAPdLUlCOfyFacXpPAQ610YDcQuriCqfpzIka+lCPf050+Un351xuL/3nNSHXPWjHlYaQIx5OPuhGDKoDjaGCHCoIVG2mCsKB6V4j7SCCsdIA5HcLcyfOkVizYVsG+LuXL59M4smAP7IMjYINTUAaXoAKqAIMH8ARewKvxaDwbb8b7pDVjTGd2wS8YH99GZpsI</latexit>

can estimate the confinement scale from RG running 
(~ 5 GeV minimal TH)

``Naturalness” predicts twin particle masses

mĜ0++
⇡ 6.8 ⇤̂3

<latexit sha1_base64="5xmcVg8hbSOmvyG/gxfHSCHlhHw="></latexit><latexit sha1_base64="5xmcVg8hbSOmvyG/gxfHSCHlhHw="></latexit><latexit sha1_base64="5xmcVg8hbSOmvyG/gxfHSCHlhHw="></latexit><latexit sha1_base64="5xmcVg8hbSOmvyG/gxfHSCHlhHw="></latexit>

m
(b̂¯̂b)

⇡ 2mb̂ +O(1) ⇤̂3
<latexit sha1_base64="z1MiMi3pHcgXDCHukmPgiZc74Fs="></latexit><latexit sha1_base64="z1MiMi3pHcgXDCHukmPgiZc74Fs="></latexit><latexit sha1_base64="z1MiMi3pHcgXDCHukmPgiZc74Fs="></latexit><latexit sha1_base64="z1MiMi3pHcgXDCHukmPgiZc74Fs="></latexit>

Morningstar, Peardon (1999)
Chen, Alexandru, Dong, Draper, Horvath (2006)

Twin sector has the same gauge/top yukawa couplings



However, need more precise number for 
twin hadron decay 

ĥ h b

b
Ĝ0++

<latexit sha1_base64="8JDPGqOZzYL2ek+NQ7Q4VuA5znI=">AAAB+XicdVDLSsNAFJ34rPUVdelmsAhCIUxCre2u6EKXFewD2hgm00k7dPJgZlIoIX/ixoUibv0Td/6N04egogcuHM65l3vv8RPOpELow1hZXVvf2CxsFbd3dvf2zYPDtoxTQWiLxDwWXR9LyllEW4opTruJoDj0Oe3446uZ35lQIVkc3alpQt0QDyMWMIKVljzT7I+wyq5zL0P3Wbmc555ZQla9XnMcBJGFbKdiVzWxz+uVqg1tC81RAks0PfO9P4hJGtJIEY6l7NkoUW6GhWKE07zYTyVNMBnjIe1pGuGQSjebX57DU60MYBALXZGCc/X7RIZDKaehrztDrEbytzcT//J6qQpqbsaiJFU0IotFQcqhiuEsBjhgghLFp5pgIpi+FZIRFpgoHVZRh/D1KfyftB3L1sncVkqNy2UcBXAMTsAZsMEFaIAb0AQtQMAEPIAn8GxkxqPxYrwuWleM5cwR+AHj7ROPs5Oc</latexit><latexit sha1_base64="8JDPGqOZzYL2ek+NQ7Q4VuA5znI=">AAAB+XicdVDLSsNAFJ34rPUVdelmsAhCIUxCre2u6EKXFewD2hgm00k7dPJgZlIoIX/ixoUibv0Td/6N04egogcuHM65l3vv8RPOpELow1hZXVvf2CxsFbd3dvf2zYPDtoxTQWiLxDwWXR9LyllEW4opTruJoDj0Oe3446uZ35lQIVkc3alpQt0QDyMWMIKVljzT7I+wyq5zL0P3Wbmc555ZQla9XnMcBJGFbKdiVzWxz+uVqg1tC81RAks0PfO9P4hJGtJIEY6l7NkoUW6GhWKE07zYTyVNMBnjIe1pGuGQSjebX57DU60MYBALXZGCc/X7RIZDKaehrztDrEbytzcT//J6qQpqbsaiJFU0IotFQcqhiuEsBjhgghLFp5pgIpi+FZIRFpgoHVZRh/D1KfyftB3L1sncVkqNy2UcBXAMTsAZsMEFaIAb0AQtQMAEPIAn8GxkxqPxYrwuWleM5cwR+AHj7ROPs5Oc</latexit><latexit sha1_base64="8JDPGqOZzYL2ek+NQ7Q4VuA5znI=">AAAB+XicdVDLSsNAFJ34rPUVdelmsAhCIUxCre2u6EKXFewD2hgm00k7dPJgZlIoIX/ixoUibv0Td/6N04egogcuHM65l3vv8RPOpELow1hZXVvf2CxsFbd3dvf2zYPDtoxTQWiLxDwWXR9LyllEW4opTruJoDj0Oe3446uZ35lQIVkc3alpQt0QDyMWMIKVljzT7I+wyq5zL0P3Wbmc555ZQla9XnMcBJGFbKdiVzWxz+uVqg1tC81RAks0PfO9P4hJGtJIEY6l7NkoUW6GhWKE07zYTyVNMBnjIe1pGuGQSjebX57DU60MYBALXZGCc/X7RIZDKaehrztDrEbytzcT//J6qQpqbsaiJFU0IotFQcqhiuEsBjhgghLFp5pgIpi+FZIRFpgoHVZRh/D1KfyftB3L1sncVkqNy2UcBXAMTsAZsMEFaIAb0AQtQMAEPIAn8GxkxqPxYrwuWleM5cwR+AHj7ROPs5Oc</latexit><latexit sha1_base64="8JDPGqOZzYL2ek+NQ7Q4VuA5znI=">AAAB+XicdVDLSsNAFJ34rPUVdelmsAhCIUxCre2u6EKXFewD2hgm00k7dPJgZlIoIX/ixoUibv0Td/6N04egogcuHM65l3vv8RPOpELow1hZXVvf2CxsFbd3dvf2zYPDtoxTQWiLxDwWXR9LyllEW4opTruJoDj0Oe3446uZ35lQIVkc3alpQt0QDyMWMIKVljzT7I+wyq5zL0P3Wbmc555ZQla9XnMcBJGFbKdiVzWxz+uVqg1tC81RAks0PfO9P4hJGtJIEY6l7NkoUW6GhWKE07zYTyVNMBnjIe1pGuGQSjebX57DU60MYBALXZGCc/X7RIZDKaehrztDrEbytzcT//J6qQpqbsaiJFU0IotFQcqhiuEsBjhgghLFp5pgIpi+FZIRFpgoHVZRh/D1KfyftB3L1sncVkqNy2UcBXAMTsAZsMEFaIAb0AQtQMAEPIAn8GxkxqPxYrwuWleM5cwR+AHj7ROPs5Oc</latexit>

✓
↵̂QCD

6⇡

vSM
v2twin

◆
h Ĝa

µ⌫Ĝ
µ⌫
a

<latexit sha1_base64="2TdixBWTW5FsSErIOTqTPmf+xpY="></latexit><latexit sha1_base64="2TdixBWTW5FsSErIOTqTPmf+xpY="></latexit><latexit sha1_base64="2TdixBWTW5FsSErIOTqTPmf+xpY="></latexit><latexit sha1_base64="2TdixBWTW5FsSErIOTqTPmf+xpY="></latexit>

⇠
✓
↵̂QCD

6⇡

vSM
v2twin

◆
h f0 Ĝ0++

<latexit sha1_base64="xkX5fCzKiOWZhMDtkg1QnFaQsH0="></latexit><latexit sha1_base64="xkX5fCzKiOWZhMDtkg1QnFaQsH0="></latexit><latexit sha1_base64="xkX5fCzKiOWZhMDtkg1QnFaQsH0="></latexit><latexit sha1_base64="xkX5fCzKiOWZhMDtkg1QnFaQsH0="></latexit>

4⇡ ↵̂QCD f0 = 3.06m3
0++

<latexit sha1_base64="ZSK4ED8Fayp3l+HlHbDMgi54QhQ="></latexit><latexit sha1_base64="ZSK4ED8Fayp3l+HlHbDMgi54QhQ="></latexit><latexit sha1_base64="ZSK4ED8Fayp3l+HlHbDMgi54QhQ="></latexit><latexit sha1_base64="ZSK4ED8Fayp3l+HlHbDMgi54QhQ="></latexit>

c⌧0++ ⇠ 18m⇥
✓
10GeV

m0++

◆7 ⇣ vtwin

750GeV

⌘4

<latexit sha1_base64="EPbLgxvY4BjWn+eIoCROG80eJQo="></latexit><latexit sha1_base64="EPbLgxvY4BjWn+eIoCROG80eJQo="></latexit><latexit sha1_base64="EPbLgxvY4BjWn+eIoCROG80eJQo="></latexit><latexit sha1_base64="EPbLgxvY4BjWn+eIoCROG80eJQo="></latexit>

The result is extremely sensitive to glueball mass/decay constant!

Chen et al. (2006)



Lattice result determines if we can see 
collider signals or not

c⌧0++ ⇠ 18m⇥
✓
10GeV

m0++

◆7 ⇣ vtwin

750GeV

⌘4

<latexit sha1_base64="EPbLgxvY4BjWn+eIoCROG80eJQo="></latexit><latexit sha1_base64="EPbLgxvY4BjWn+eIoCROG80eJQo="></latexit><latexit sha1_base64="EPbLgxvY4BjWn+eIoCROG80eJQo="></latexit><latexit sha1_base64="EPbLgxvY4BjWn+eIoCROG80eJQo="></latexit>

Craig, Katz, Strassler, Sundrum (2015)

vtwin
<latexit sha1_base64="nPOHte2BXpbkLTobPFlpxlTjoik=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68VjBfkATyma7aZduNmF3Uimhf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo5bJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8PR3cxvj7k2IlGPOEl5ENOBEpFgFK3kj3u5r2OCT0JNe5WqW3PnIKvEK0gVCjR6lS+/n7As5gqZpMZ0PT fFIKcaBZN8WvYzw1PKRnTAu5YqGnMT5PObp+TcKn0SJdqWQjJXf0/kNDZmEoe2M6Y4NMveTPzP62YY3QS5UGmGXLHFoiiTBBMyC4D0heYM5cQSyrSwtxI2pJoytDGVbQje8surpHVZ89ya93BVrd8WcZTgFM7gAjy4hjrcQwOawCCFZ3iFNydzXpx352PRuuYUMyfwB87nD1R+kdw=</latexit><latexit sha1_base64="nPOHte2BXpbkLTobPFlpxlTjoik=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68VjBfkATyma7aZduNmF3Uimhf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo5bJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8PR3cxvj7k2IlGPOEl5ENOBEpFgFK3kj3u5r2OCT0JNe5WqW3PnIKvEK0gVCjR6lS+/n7As5gqZpMZ0PT fFIKcaBZN8WvYzw1PKRnTAu5YqGnMT5PObp+TcKn0SJdqWQjJXf0/kNDZmEoe2M6Y4NMveTPzP62YY3QS5UGmGXLHFoiiTBBMyC4D0heYM5cQSyrSwtxI2pJoytDGVbQje8surpHVZ89ya93BVrd8WcZTgFM7gAjy4hjrcQwOawCCFZ3iFNydzXpx352PRuuYUMyfwB87nD1R+kdw=</latexit><latexit sha1_base64="nPOHte2BXpbkLTobPFlpxlTjoik=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68VjBfkATyma7aZduNmF3Uimhf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo5bJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8PR3cxvj7k2IlGPOEl5ENOBEpFgFK3kj3u5r2OCT0JNe5WqW3PnIKvEK0gVCjR6lS+/n7As5gqZpMZ0PT fFIKcaBZN8WvYzw1PKRnTAu5YqGnMT5PObp+TcKn0SJdqWQjJXf0/kNDZmEoe2M6Y4NMveTPzP62YY3QS5UGmGXLHFoiiTBBMyC4D0heYM5cQSyrSwtxI2pJoytDGVbQje8surpHVZ89ya93BVrd8WcZTgFM7gAjy4hjrcQwOawCCFZ3iFNydzXpx352PRuuYUMyfwB87nD1R+kdw=</latexit><latexit sha1_base64="nPOHte2BXpbkLTobPFlpxlTjoik=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68VjBfkATyma7aZduNmF3Uimhf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo5bJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8PR3cxvj7k2IlGPOEl5ENOBEpFgFK3kj3u5r2OCT0JNe5WqW3PnIKvEK0gVCjR6lS+/n7As5gqZpMZ0PT fFIKcaBZN8WvYzw1PKRnTAu5YqGnMT5PObp+TcKn0SJdqWQjJXf0/kNDZmEoe2M6Y4NMveTPzP62YY3QS5UGmGXLHFoiiTBBMyC4D0heYM5cQSyrSwtxI2pJoytDGVbQje8surpHVZ89ya93BVrd8WcZTgFM7gAjy4hjrcQwOawCCFZ3iFNydzXpx352PRuuYUMyfwB87nD1R+kdw=</latexit>

4⇡ ↵̂QCD f0 = 3.06m3
0++

<latexit sha1_base64="ZSK4ED8Fayp3l+HlHbDMgi54QhQ="></latexit><latexit sha1_base64="ZSK4ED8Fayp3l+HlHbDMgi54QhQ="></latexit><latexit sha1_base64="ZSK4ED8Fayp3l+HlHbDMgi54QhQ="></latexit><latexit sha1_base64="ZSK4ED8Fayp3l+HlHbDMgi54QhQ="></latexit>



Similarly for bottomonium decay

Cheng, Jung, Salvioni, YT (2015)

µ+

µ�

b̂

b̂



Other uncertainty, showering & hadronization

Twin hadron multiplicity?
Relative number between different hadrons?

Energy distribution? …

h
p

p

ĥ

twin QCD

b̂

b̂

Ĝ0++,2++,...
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Collider!

Cosmological Signature from Hidden Naturalness 

Cosmology!



A long time ago, when  T ~ MeV  (~1 sec)

(p, n, e, �, ⌫)SM

(p̂, n̂, ê, �̂, ⌫̂)Mirror



Big-bang Nucleosynthesis (~1 sec, T ~ MeV)

Nucleosynthesis



Two important BBN processes

neutron/proton 
freeze out
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 binding energy? 

Cosmology is very sensitive to twin baryon masses!

twin neutron/proton
mass splitting?
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A rough estimation of twin baryon masses

from RGE

from lattice result, Borsanyi et al. (2014)

For                        , twin proton ~ 30% heavier than SM proton
                                twin neutron/proton splitting ~ 5.6 MeV

vB/vA = 3
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Estimate twin 2H binding energy 
from lattice calculation 

Orginos et al. (2015)



Mirror helium dominates twin matter density
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Large Scale Structure of Universe

Mirror helium dominates twin matter density

Mirror: ~ 75% mass is in mirror He
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Era for the Large Scale Structure & CMB

Large Scale Structure

Matter-radiation 
equilibrium

Nucleosynthesis



Structure formation of collision-less DM

DM

higher density -> larger gravity -> even higher density…



Large Scale Structure of the Universe
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Matter power spectrum of the Universe

P (k)s / k�3h�s(k, a)2i
 Density Perturbation 
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DES: 1507.05552

Fourier transform into
frequency modes
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Structure formation of collision-less DM

DM

higher density -> larger gravity -> even higher density…
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Structure formation of mirror baryons   
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The scattering forbids mirror
baryons to form structure
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baryons to form structure

Twin baryon acoustic oscillations (TBAO)
suppress matter density perturbation



Quantify the suppression of matter structure

With mirror oscillations

Without mirror oscillations

Twin acoustic oscillations P.S. Ratio < 1
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Effect is sensitive to baryon composition
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Precision measurement of the LSS

LSST (2019)

Euclid (2020)

WFIRST (2020)

Precent level precision 
in ~ 10 years



Large Scale Structure as dark atom spectroscopy
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Conclusion

Hidden Naturalness scenarios solve the hierarchy problem 
    and provide non-trivial DM model with a dark QCD  

We can use cosmological data to examine the idea, or design
    Long-lived Particle searches at colliders to look for twin hadrons

Both of the cosmology & collider signatures are highly sensitive 
to hidden hadron mass/decay constant from lattice calculations


