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Why Long-lived Particles (LLP)?

Will discuss four examples that motive the LLP searches 

Higgs hierarchy problem

DM indirect detection signals

Matter / anti-matter asymmetry

Puzzles of DM halo structure

LLP  in
h125



LLP  and Higgs hierarchy problem

SM-like dark sector helps to stabilize Higgs mass

h125



SM-like dark sector helps to stabilize Higgs mass

=> dark-QCD, Higgs portal/photon mixing coupling
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SM-like dark sector helps to stabilize Higgs mass

=> dark-QCD, Higgs portal/photon mixing coupling

=> long-lived dark hadrons

LLP  and Higgs hierarchy problem h125



Hidden Naturalness scenario

Collider SearchesCosmological Probe

determines

signals

Higgs Hierarchy problem

Dark Sector Physics



One solution to the hierarchy problem: 
Supersymmetry
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The hope for symmetry
cancellation is fading…
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h

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 copy of the relevant particles
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Mirror Symmetric SM

 Choice II: 
Roughly Mirror

baryons &
leptons Craig, Katz, Strassler, 

Sundrum(2005)
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Mirror Symmetric 

baryons &
leptons

Collider!

 Choice II: 
Roughly Mirror

Hot Universe

Cosmology!

Chacko, Curtin, Geller, 
YT (2018)
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Cosmology!

Collider!

Collider Signature from Hidden Naturalness 

Chacko, Curtin, Geller, 
YT (2018



Production & decay of SM Higgs @ LHC
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SM B-mesons
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Showering/hadronization

SM QCD

(quark/anti-quark bound state)



Higgs decay into mirror particles

h Mirror B-mesons

g
p

p

ĥ

Higgs decay into mirror quarks via
Higgs mixing (BR < 10%)

mirror QCD

b̂

b̂ (b̂¯̂b)



Higgs decay into mirror particles
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Mirror mesons SLOWLY decay into SM particles

vector meson decay via photon mixing 

Cheng, Jung, Salvioni, YT (2015)mirror process
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8 TeV13 TeV
300 fb-1

ctU` < 0.1 mm: h Æ prompt ?

ctU` > 30 cm
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Cheng, Jung, Salvioni, YT (2015)
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BBN bound, decay < 30 cm 

Using CMS displaced 
di-muon search 

(1411.6977)
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We showed the
whole param-space 

is accessible!

Using CMS displaced 
di-muon search 

(1411.6977)
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Displaced jets from twin glueball decay

Scalar mesons/glueballs can decay into heavy quark paris

Craig, Katz, Strassler, Sundrum (2015)
Curtin, Verhaaren (2015)
Chacko, Curtin, Verhaaren (2015)

 displaced decay via Higgs portal
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Challenge: LLP with low mass & low energy

If produce many mirror mesons, average muon pT ~ few GeV
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LHCb constraint on the exotic Higgs decay
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LHCb can play
important roles
in more mirror-
symmetric twin

Higgs model



Probing the Light-Dark unification!
En

er
gy MirrorSM

Higgs/Photon QCD’, EW’ 
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QCD, EW
top

SM  AND Mirror charged particles



Probing the Light-Dark unification!
En

er
gy SM

Higgs/PhotonQCD, EW
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q̃SM  QCD Mirror Weak
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QCD’, EW’ 
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Cheng, Jung, Salvioni, YT (2015)
Can probe the twin structure
up to ~ 20x Higgs mass scale!

Probing the Light-Dark unification!



DV from a decay of EW-charged bound state

Resonance decays into SM + DV

EW-charged bound state from
twin QCD binding force
(can produce more than one G0’s)

Trigger using the hard lepton

Exot ic fermions decay
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DV signals from Neutral Naturalness models

Lots of assumptions in the mass/multiplicity/lifetime estimation
See the reference for details



LLP  and Baryogenesis

WIMP baryogenesis: One solution to TWO puzzles 



WIMP baryogenesis: One solution to TWO puzzles 
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WIMP baryogenesis: One solution to TWO puzzles 

=> baryon asymmetry + why baryon density      DM

=> B-number violating decay happens after freeze out
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WIMP baryogenesis: One solution to TWO puzzles 

=> baryon asymmetry + why baryon density      DM

=> slow decay into baryons

⇠<latexit sha1_base64="qH8GRiXRR4NU6D3R9JImit+zT1g=">AAAB63icjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMh81hmeoWw5Be8eFDEqz/kzb9xN8lBRcGChqKqm+6uKJHCoe9/eKWV1bX1jfJmZWt7Z3evun/Qdia1jLeYkcZ2I+q4FJq3UKDk3cRyqiLJO9HkuvA799w6YfQdThMeKjrSIhaMYiH1nVCDai2o+3OQv0kNlmgOqu/9oWGp4hqZpM71Aj/BMKMWBZN8VumnjieUTeiI93KqqeIuzOa3zshJrgxJbGxeGslc/TqRUeXcVEV5p6I4dj+9QvzN66UYX4aZ0EmKXLPFojiVBA0pHidDYTlDOc0JZVbktxI2ppYyzOOp/C+E9lk98OvB7XmtcbWMowxHcAynEMAFNOAGmtACBmN4gCd49pT36L14r4vWkrecOYRv8N4+ASQUjko=</latexit><latexit sha1_base64="qH8GRiXRR4NU6D3R9JImit+zT1g=">AAAB63icjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMh81hmeoWw5Be8eFDEqz/kzb9xN8lBRcGChqKqm+6uKJHCoe9/eKWV1bX1jfJmZWt7Z3evun/Qdia1jLeYkcZ2I+q4FJq3UKDk3cRyqiLJO9HkuvA799w6YfQdThMeKjrSIhaMYiH1nVCDai2o+3OQv0kNlmgOqu/9oWGp4hqZpM71Aj/BMKMWBZN8VumnjieUTeiI93KqqeIuzOa3zshJrgxJbGxeGslc/TqRUeXcVEV5p6I4dj+9QvzN66UYX4aZ0EmKXLPFojiVBA0pHidDYTlDOc0JZVbktxI2ppYyzOOp/C+E9lk98OvB7XmtcbWMowxHcAynEMAFNOAGmtACBmN4gCd49pT36L14r4vWkrecOYRv8N4+ASQUjko=</latexit><latexit sha1_base64="qH8GRiXRR4NU6D3R9JImit+zT1g=">AAAB63icjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMh81hmeoWw5Be8eFDEqz/kzb9xN8lBRcGChqKqm+6uKJHCoe9/eKWV1bX1jfJmZWt7Z3evun/Qdia1jLeYkcZ2I+q4FJq3UKDk3cRyqiLJO9HkuvA799w6YfQdThMeKjrSIhaMYiH1nVCDai2o+3OQv0kNlmgOqu/9oWGp4hqZpM71Aj/BMKMWBZN8VumnjieUTeiI93KqqeIuzOa3zshJrgxJbGxeGslc/TqRUeXcVEV5p6I4dj+9QvzN66UYX4aZ0EmKXLPFojiVBA0pHidDYTlDOc0JZVbktxI2ppYyzOOp/C+E9lk98OvB7XmtcbWMowxHcAynEMAFNOAGmtACBmN4gCd49pT36L14r4vWkrecOYRv8N4+ASQUjko=</latexit><latexit sha1_base64="qH8GRiXRR4NU6D3R9JImit+zT1g=">AAAB63icjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMh81hmeoWw5Be8eFDEqz/kzb9xN8lBRcGChqKqm+6uKJHCoe9/eKWV1bX1jfJmZWt7Z3evun/Qdia1jLeYkcZ2I+q4FJq3UKDk3cRyqiLJO9HkuvA799w6YfQdThMeKjrSIhaMYiH1nVCDai2o+3OQv0kNlmgOqu/9oWGp4hqZpM71Aj/BMKMWBZN8VumnjieUTeiI93KqqeIuzOa3zshJrgxJbGxeGslc/TqRUeXcVEV5p6I4dj+9QvzN66UYX4aZ0EmKXLPFojiVBA0pHidDYTlDOc0JZVbktxI2ppYyzOOp/C+E9lk98OvB7XmtcbWMowxHcAynEMAFNOAGmtACBmN4gCd49pT36L14r4vWkrecOYRv8N4+ASQUjko=</latexit>

=> B-number violating decay happens after freeze out

LLP  and Baryogenesis



WIMP Baryogenesis

�BG

baryogenesis (BG) particles 
annihilate into SM and freeze out 

�BG

SM

Cui, Sundrum (2012)



WIMP Baryogenesis

�BG

�BG

SM

(WIMP miracle) if all the particles are around 
EW energy scale

nBG ⇠ nDM
<latexit sha1_base64="LS4rckggSgLXke8gvDrRmcEez8k=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEV2VGBF2WKuhGqGAf0BmGTJppQ5PMkGSEMgxu/BU3LhRx61e4829M21lo64ELJ+fcS+49YcKo0o7zbZWWlldW18rrlY3Nre0de3evreJUYtLCMYtlN0SKMCpIS1PNSDeRBPGQkU44upz4nQciFY3FvR4nxOdoIGhEMdJGCuwDEWSe5LBxnXuKclg8r27zwK46NWcKuEjcglRBgWZgf3n9GKecCI0ZUqrnOon2MyQ1xYzkFS9VJEF4hAakZ6hAnCg/m56Qw2Oj9GEUS1NCw6n6eyJDXKkxD00nR3qo5r2J+J/XS3V04WdUJKkmAs8+ilIGdQwnecA+lQRrNjYEYUnNrhAPkURYm9QqJgR3/uRF0j6tuU7NvTur1htFHGVwCI7ACXDBOaiDG9AELYDBI3gGr+DNerJerHfrY9ZasoqZffAH1ucPZGmWxA==</latexit><latexit sha1_base64="LS4rckggSgLXke8gvDrRmcEez8k=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEV2VGBF2WKuhGqGAf0BmGTJppQ5PMkGSEMgxu/BU3LhRx61e4829M21lo64ELJ+fcS+49YcKo0o7zbZWWlldW18rrlY3Nre0de3evreJUYtLCMYtlN0SKMCpIS1PNSDeRBPGQkU44upz4nQciFY3FvR4nxOdoIGhEMdJGCuwDEWSe5LBxnXuKclg8r27zwK46NWcKuEjcglRBgWZgf3n9GKecCI0ZUqrnOon2MyQ1xYzkFS9VJEF4hAakZ6hAnCg/m56Qw2Oj9GEUS1NCw6n6eyJDXKkxD00nR3qo5r2J+J/XS3V04WdUJKkmAs8+ilIGdQwnecA+lQRrNjYEYUnNrhAPkURYm9QqJgR3/uRF0j6tuU7NvTur1htFHGVwCI7ACXDBOaiDG9AELYDBI3gGr+DNerJerHfrY9ZasoqZffAH1ucPZGmWxA==</latexit><latexit sha1_base64="LS4rckggSgLXke8gvDrRmcEez8k=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEV2VGBF2WKuhGqGAf0BmGTJppQ5PMkGSEMgxu/BU3LhRx61e4829M21lo64ELJ+fcS+49YcKo0o7zbZWWlldW18rrlY3Nre0de3evreJUYtLCMYtlN0SKMCpIS1PNSDeRBPGQkU44upz4nQciFY3FvR4nxOdoIGhEMdJGCuwDEWSe5LBxnXuKclg8r27zwK46NWcKuEjcglRBgWZgf3n9GKecCI0ZUqrnOon2MyQ1xYzkFS9VJEF4hAakZ6hAnCg/m56Qw2Oj9GEUS1NCw6n6eyJDXKkxD00nR3qo5r2J+J/XS3V04WdUJKkmAs8+ilIGdQwnecA+lQRrNjYEYUnNrhAPkURYm9QqJgR3/uRF0j6tuU7NvTur1htFHGVwCI7ACXDBOaiDG9AELYDBI3gGr+DNerJerHfrY9ZasoqZffAH1ucPZGmWxA==</latexit><latexit sha1_base64="LS4rckggSgLXke8gvDrRmcEez8k=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEV2VGBF2WKuhGqGAf0BmGTJppQ5PMkGSEMgxu/BU3LhRx61e4829M21lo64ELJ+fcS+49YcKo0o7zbZWWlldW18rrlY3Nre0de3evreJUYtLCMYtlN0SKMCpIS1PNSDeRBPGQkU44upz4nQciFY3FvR4nxOdoIGhEMdJGCuwDEWSe5LBxnXuKclg8r27zwK46NWcKuEjcglRBgWZgf3n9GKecCI0ZUqrnOon2MyQ1xYzkFS9VJEF4hAakZ6hAnCg/m56Qw2Oj9GEUS1NCw6n6eyJDXKkxD00nR3qo5r2J+J/XS3V04WdUJKkmAs8+ilIGdQwnecA+lQRrNjYEYUnNrhAPkURYm9QqJgR3/uRF0j6tuU7NvTur1htFHGVwCI7ACXDBOaiDG9AELYDBI3gGr+DNerJerHfrY9ZasoqZffAH1ucPZGmWxA==</latexit>

Cui, Sundrum (2012)

baryogenesis (BG) particles 
annihilate into SM and freeze out 



WIMP Baryogenesis

�BG

�BG

SM

CP-violation decay dominantly 
into baryon (but not anti-baryon)�BG

b
c

s

Cui, Sundrum (2012)

baryogenesis (BG) particles 
annihilate into SM and freeze out 

(WIMP miracle) if all the particles are around 
EW energy scale

nBG ⇠ nDM
<latexit sha1_base64="LS4rckggSgLXke8gvDrRmcEez8k=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEV2VGBF2WKuhGqGAf0BmGTJppQ5PMkGSEMgxu/BU3LhRx61e4829M21lo64ELJ+fcS+49YcKo0o7zbZWWlldW18rrlY3Nre0de3evreJUYtLCMYtlN0SKMCpIS1PNSDeRBPGQkU44upz4nQciFY3FvR4nxOdoIGhEMdJGCuwDEWSe5LBxnXuKclg8r27zwK46NWcKuEjcglRBgWZgf3n9GKecCI0ZUqrnOon2MyQ1xYzkFS9VJEF4hAakZ6hAnCg/m56Qw2Oj9GEUS1NCw6n6eyJDXKkxD00nR3qo5r2J+J/XS3V04WdUJKkmAs8+ilIGdQwnecA+lQRrNjYEYUnNrhAPkURYm9QqJgR3/uRF0j6tuU7NvTur1htFHGVwCI7ACXDBOaiDG9AELYDBI3gGr+DNerJerHfrY9ZasoqZffAH1ucPZGmWxA==</latexit><latexit sha1_base64="LS4rckggSgLXke8gvDrRmcEez8k=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEV2VGBF2WKuhGqGAf0BmGTJppQ5PMkGSEMgxu/BU3LhRx61e4829M21lo64ELJ+fcS+49YcKo0o7zbZWWlldW18rrlY3Nre0de3evreJUYtLCMYtlN0SKMCpIS1PNSDeRBPGQkU44upz4nQciFY3FvR4nxOdoIGhEMdJGCuwDEWSe5LBxnXuKclg8r27zwK46NWcKuEjcglRBgWZgf3n9GKecCI0ZUqrnOon2MyQ1xYzkFS9VJEF4hAakZ6hAnCg/m56Qw2Oj9GEUS1NCw6n6eyJDXKkxD00nR3qo5r2J+J/XS3V04WdUJKkmAs8+ilIGdQwnecA+lQRrNjYEYUnNrhAPkURYm9QqJgR3/uRF0j6tuU7NvTur1htFHGVwCI7ACXDBOaiDG9AELYDBI3gGr+DNerJerHfrY9ZasoqZffAH1ucPZGmWxA==</latexit><latexit sha1_base64="LS4rckggSgLXke8gvDrRmcEez8k=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEV2VGBF2WKuhGqGAf0BmGTJppQ5PMkGSEMgxu/BU3LhRx61e4829M21lo64ELJ+fcS+49YcKo0o7zbZWWlldW18rrlY3Nre0de3evreJUYtLCMYtlN0SKMCpIS1PNSDeRBPGQkU44upz4nQciFY3FvR4nxOdoIGhEMdJGCuwDEWSe5LBxnXuKclg8r27zwK46NWcKuEjcglRBgWZgf3n9GKecCI0ZUqrnOon2MyQ1xYzkFS9VJEF4hAakZ6hAnCg/m56Qw2Oj9GEUS1NCw6n6eyJDXKkxD00nR3qo5r2J+J/XS3V04WdUJKkmAs8+ilIGdQwnecA+lQRrNjYEYUnNrhAPkURYm9QqJgR3/uRF0j6tuU7NvTur1htFHGVwCI7ACXDBOaiDG9AELYDBI3gGr+DNerJerHfrY9ZasoqZffAH1ucPZGmWxA==</latexit><latexit sha1_base64="LS4rckggSgLXke8gvDrRmcEez8k=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEV2VGBF2WKuhGqGAf0BmGTJppQ5PMkGSEMgxu/BU3LhRx61e4829M21lo64ELJ+fcS+49YcKo0o7zbZWWlldW18rrlY3Nre0de3evreJUYtLCMYtlN0SKMCpIS1PNSDeRBPGQkU44upz4nQciFY3FvR4nxOdoIGhEMdJGCuwDEWSe5LBxnXuKclg8r27zwK46NWcKuEjcglRBgWZgf3n9GKecCI0ZUqrnOon2MyQ1xYzkFS9VJEF4hAakZ6hAnCg/m56Qw2Oj9GEUS1NCw6n6eyJDXKkxD00nR3qo5r2J+J/XS3V04WdUJKkmAs8+ilIGdQwnecA+lQRrNjYEYUnNrhAPkURYm9QqJgR3/uRF0j6tuU7NvTur1htFHGVwCI7ACXDBOaiDG9AELYDBI3gGr+DNerJerHfrY9ZasoqZffAH1ucPZGmWxA==</latexit>

nb ⇠ nDM ) ⇢b ⇠ ⇢DM
<latexit sha1_base64="8YAbsLs+LRB5muxAdqkOE7xCCj0=">AAACInicbZDLSgMxFIYzXmu9VV26CRbBVZkRQd0VdeFGqGIv0BmGTJq2obkMSUYpQ5/Fja/ixoWirgQfxnQ6grYeCHz85z+cnD+KGdXGdT+dufmFxaXlwkpxdW19Y7O0td3QMlGY1LFkUrUipAmjgtQNNYy0YkUQjxhpRoPzcb95R5SmUtyaYUwCjnqCdilGxkph6VSEaTTyNeXQkq84vLga+Te01zdIKXkPfdWXYQQzR8Y/prBUdituVnAWvBzKIK9aWHr3OxInnAiDGdK67bmxCVKkDMWMjIp+okmM8AD1SNuiQJzoIM1OHMF9q3RgVyr7hIGZ+nsiRVzrIY+skyPT19O9sfhfr52Y7kmQUhEnhgg8WdRNGDQSjvOCHaoINmxoAWFF7V8h7iOFsLGpFm0I3vTJs9A4rHhuxbs+KlfP8jgKYBfsgQPggWNQBZegBuoAgwfwBF7Aq/PoPDtvzsfEOufkMzvgTzlf37YLpFo=</latexit><latexit sha1_base64="8YAbsLs+LRB5muxAdqkOE7xCCj0=">AAACInicbZDLSgMxFIYzXmu9VV26CRbBVZkRQd0VdeFGqGIv0BmGTJq2obkMSUYpQ5/Fja/ixoWirgQfxnQ6grYeCHz85z+cnD+KGdXGdT+dufmFxaXlwkpxdW19Y7O0td3QMlGY1LFkUrUipAmjgtQNNYy0YkUQjxhpRoPzcb95R5SmUtyaYUwCjnqCdilGxkph6VSEaTTyNeXQkq84vLga+Te01zdIKXkPfdWXYQQzR8Y/prBUdituVnAWvBzKIK9aWHr3OxInnAiDGdK67bmxCVKkDMWMjIp+okmM8AD1SNuiQJzoIM1OHMF9q3RgVyr7hIGZ+nsiRVzrIY+skyPT19O9sfhfr52Y7kmQUhEnhgg8WdRNGDQSjvOCHaoINmxoAWFF7V8h7iOFsLGpFm0I3vTJs9A4rHhuxbs+KlfP8jgKYBfsgQPggWNQBZegBuoAgwfwBF7Aq/PoPDtvzsfEOufkMzvgTzlf37YLpFo=</latexit><latexit sha1_base64="8YAbsLs+LRB5muxAdqkOE7xCCj0=">AAACInicbZDLSgMxFIYzXmu9VV26CRbBVZkRQd0VdeFGqGIv0BmGTJq2obkMSUYpQ5/Fja/ixoWirgQfxnQ6grYeCHz85z+cnD+KGdXGdT+dufmFxaXlwkpxdW19Y7O0td3QMlGY1LFkUrUipAmjgtQNNYy0YkUQjxhpRoPzcb95R5SmUtyaYUwCjnqCdilGxkph6VSEaTTyNeXQkq84vLga+Te01zdIKXkPfdWXYQQzR8Y/prBUdituVnAWvBzKIK9aWHr3OxInnAiDGdK67bmxCVKkDMWMjIp+okmM8AD1SNuiQJzoIM1OHMF9q3RgVyr7hIGZ+nsiRVzrIY+skyPT19O9sfhfr52Y7kmQUhEnhgg8WdRNGDQSjvOCHaoINmxoAWFF7V8h7iOFsLGpFm0I3vTJs9A4rHhuxbs+KlfP8jgKYBfsgQPggWNQBZegBuoAgwfwBF7Aq/PoPDtvzsfEOufkMzvgTzlf37YLpFo=</latexit><latexit sha1_base64="8YAbsLs+LRB5muxAdqkOE7xCCj0=">AAACInicbZDLSgMxFIYzXmu9VV26CRbBVZkRQd0VdeFGqGIv0BmGTJq2obkMSUYpQ5/Fja/ixoWirgQfxnQ6grYeCHz85z+cnD+KGdXGdT+dufmFxaXlwkpxdW19Y7O0td3QMlGY1LFkUrUipAmjgtQNNYy0YkUQjxhpRoPzcb95R5SmUtyaYUwCjnqCdilGxkph6VSEaTTyNeXQkq84vLga+Te01zdIKXkPfdWXYQQzR8Y/prBUdituVnAWvBzKIK9aWHr3OxInnAiDGdK67bmxCVKkDMWMjIp+okmM8AD1SNuiQJzoIM1OHMF9q3RgVyr7hIGZ+nsiRVzrIY+skyPT19O9sfhfr52Y7kmQUhEnhgg8WdRNGDQSjvOCHaoINmxoAWFF7V8h7iOFsLGpFm0I3vTJs9A4rHhuxbs+KlfP8jgKYBfsgQPggWNQBZegBuoAgwfwBF7Aq/PoPDtvzsfEOufkMzvgTzlf37YLpFo=</latexit>



CPV decay needs to happen after freeze-out
Cui, Sundrum (2012)

�BG

Cui, Shuve (2015)

3 jets

3 jets

�BG
h/Z 0

<latexit sha1_base64="IqgEp+hDO3I/IIeWVJmG4pa+TzU=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbRU01E0GPRi8cK9gPbUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jps1BWx8MPN6bYWZekHCmjet+O6WV1bX1jfJmZWt7Z3evun/Q1nGqCG2RmMeqG2BNOZO0ZZjhtJsoikXAaScY3+Z+54kqzWL5YCYJ9QUeSRYygk0uReePp4Nqza27M6Bl4hWkBgWag+pXfxiTVFBpCMda9zw3MX6GlWGE02mln2qaYDLGI9qzVGJBtZ/Nbp2iE6sMURgrW9Kgmfp7IsNC64kIbKfAJtKLXi7+5/VSE177GZNJaqgk80VhypGJUf44GjJFieETSzBRzN6KSIQVJsbGU7EheIsvL5P2Rd1z6979Za1xU8RRhiM4hjPw4AoacAdNaAGBCJ7hFd4c4bw4787HvLXkFDOH8AfO5w9JeY26</latexit><latexit sha1_base64="IqgEp+hDO3I/IIeWVJmG4pa+TzU=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbRU01E0GPRi8cK9gPbUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jps1BWx8MPN6bYWZekHCmjet+O6WV1bX1jfJmZWt7Z3evun/Q1nGqCG2RmMeqG2BNOZO0ZZjhtJsoikXAaScY3+Z+54kqzWL5YCYJ9QUeSRYygk0uReePp4Nqza27M6Bl4hWkBgWag+pXfxiTVFBpCMda9zw3MX6GlWGE02mln2qaYDLGI9qzVGJBtZ/Nbp2iE6sMURgrW9Kgmfp7IsNC64kIbKfAJtKLXi7+5/VSE177GZNJaqgk80VhypGJUf44GjJFieETSzBRzN6KSIQVJsbGU7EheIsvL5P2Rd1z6979Za1xU8RRhiM4hjPw4AoacAdNaAGBCJ7hFd4c4bw4787HvLXkFDOH8AfO5w9JeY26</latexit><latexit sha1_base64="IqgEp+hDO3I/IIeWVJmG4pa+TzU=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbRU01E0GPRi8cK9gPbUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jps1BWx8MPN6bYWZekHCmjet+O6WV1bX1jfJmZWt7Z3evun/Q1nGqCG2RmMeqG2BNOZO0ZZjhtJsoikXAaScY3+Z+54kqzWL5YCYJ9QUeSRYygk0uReePp4Nqza27M6Bl4hWkBgWag+pXfxiTVFBpCMda9zw3MX6GlWGE02mln2qaYDLGI9qzVGJBtZ/Nbp2iE6sMURgrW9Kgmfp7IsNC64kIbKfAJtKLXi7+5/VSE177GZNJaqgk80VhypGJUf44GjJFieETSzBRzN6KSIQVJsbGU7EheIsvL5P2Rd1z6979Za1xU8RRhiM4hjPw4AoacAdNaAGBCJ7hFd4c4bw4787HvLXkFDOH8AfO5w9JeY26</latexit><latexit sha1_base64="IqgEp+hDO3I/IIeWVJmG4pa+TzU=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbRU01E0GPRi8cK9gPbUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jps1BWx8MPN6bYWZekHCmjet+O6WV1bX1jfJmZWt7Z3evun/Q1nGqCG2RmMeqG2BNOZO0ZZjhtJsoikXAaScY3+Z+54kqzWL5YCYJ9QUeSRYygk0uReePp4Nqza27M6Bl4hWkBgWag+pXfxiTVFBpCMda9zw3MX6GlWGE02mln2qaYDLGI9qzVGJBtZ/Nbp2iE6sMURgrW9Kgmfp7IsNC64kIbKfAJtKLXi7+5/VSE177GZNJaqgk80VhypGJUf44GjJFieETSzBRzN6KSIQVJsbGU7EheIsvL5P2Rd1z6979Za1xU8RRhiM4hjPw4AoacAdNaAGBCJ7hFd4c4bw4787HvLXkFDOH8AfO5w9JeY26</latexit> e.g. ATLAS displaced di-jets
(CMS-PAS-EXO-12-038) 

Trigger: total jet HT > 300 GeV, 
2 displaced jets, each pT > 60 GeV

) c⌧�BG!udd > cm
<latexit sha1_base64="zR/XWIJBjqwOkLO5+zE+fWm8fi4="></latexit><latexit sha1_base64="zR/XWIJBjqwOkLO5+zE+fWm8fi4="></latexit><latexit sha1_base64="zR/XWIJBjqwOkLO5+zE+fWm8fi4="></latexit><latexit sha1_base64="zR/XWIJBjqwOkLO5+zE+fWm8fi4="></latexit>

��BG!udd < H(T ⇠ T
freeze out

)
<latexit sha1_base64="4JXShXjY79Wh7FvdLfyYXRmtazE="></latexit><latexit sha1_base64="4JXShXjY79Wh7FvdLfyYXRmtazE="></latexit><latexit sha1_base64="4JXShXjY79Wh7FvdLfyYXRmtazE="></latexit><latexit sha1_base64="4JXShXjY79Wh7FvdLfyYXRmtazE="></latexit>

Two displaced jets



CPV decay needs to happen after freeze-out
Cui, Sundrum (2012)

Cui, Joglekar, Shuve, YT (in progress)

flavor tagging the CPV decays?
�BG

�BG
h/Z 0
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Self-interacting DM addresses mass deficit problems

=> force mediator decays into SM eventually

=> DM bound state decays into long-lived mediators

LLP  and Halo structure puzzles

=> light dark force mediator for DM scattering



Self-interacting DM & the mass deficit problem

radius (kpc)

stars move slower, lower mass density
than collisionless DM prediction

Kaplinghat, Tulin, Yu (2015)
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stars move slower, lower mass density
than collisionless DM prediction

Kaplinghat, Tulin, Yu (2015)
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For a review: Tulin, Yu (17’)
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radius (kpc)

Need sub-GeV mediator
to explain the puzzles from

dwarf galaxies to galaxy clusters

Kaplinghat, Tulin, Yu (2015)

Huo, Kaplinghat, Pan, Yu (2017)



DM annihilation at the LHC

two displaced lepton-jets 
from a resonance decay
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light mediator + strong coupling => DM bound state

kinetic mixing to SM photon

YT, Wang, Zhao (2015)





Future coverage on SIDM production

mq(q̄�5q)(�̄�5�)

vM2
⇤

Ren, YT, Yu, Xu (preliminary, in progress)
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Cosmic ray with broad & soft energy spectrum

=> can come from dark showering + light mesons 

=> need to be pretty isolated from us

=> dark meson is long-lived

LLP  and DM indirect detection signals



Goodenough & Hooper (0910.2998, 1010.2752), Hooper & Linden (1110.0006), 
Abazajian et al. (1011.4275, 1207.6047, 1402.4090), Boyarsky et al. (1012.5839); 
Gordon & Macias (1306.5725); Daylan et al. (1402.6703); Calore et al. (1409.0042)…DM?? Fermi

signal ~ spherically distributed

``IF”galactic center gamma-ray excess is DM

Calore, Cholis, Weniger (2014)

Still many debates, take it as an example for our LLP discussion
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May come from DM annihilation & showering

Cui, Yuan, Tsai, Fan (2017)

However, SM showering also produce anti-proton 
that is well constrained by other searches

anti-proton constraint

95% CL

dwarf



Freytsis, Knapen, Robinson, YT (2016)

Can even come from Twin Higgs model (doesn’t have to)

Idea: showering in the dark

ZB ⇡SM

⇡SM

DM

DM

Freytsis, Robinson, YT (2014)



Can provide the observed photon signals, while satisfying all the 
direct/indirect detection constraints 
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Freytsis, Knapen, Robinson, YT (2016)

Data prefer light dark mesons



Displaced/delayed photon signals

Considering various existing constraints, sub-GeV dark meson 
decay into photons has lifetime > 100 m (at least)
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However, if we don’t focus on the Fermi-anomaly, 
detector-size decay length can be easily achieved

Freytsis, Robinson, YT (2014)



Summary and outlook

LLP signatures show up in many physics scenarios

their collider signatures can be quite different

some signals (few displaced decays into muons/jets) are covered  
by existing searches

some signals (multiple final state, low energy, light LLP, photon)
    require different searching strategies

definitely worth the effort! once seeing the signal, we learn much 
more than simply missing energy signatures


