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Dark Sectors

• The visible part of the Universe is extraordinarily complex. 

The hidden part(s) could well display similar complexity 

• A light hidden sector that couples weakly to the Standard Model 

is an important possibility for New Physics 

• Perhaps, less exotic than one may think: amusing analogy with neutrinos 
“Hidden sector” coupled feebly to already-known particles. 

The W and Z are “heavy mediators” giving dimension-6 operators at low energies
<latexit sha1_base64="FcZiFy38f0wnJVgM/96GI9U2Lq4="></latexit>
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Theoretical proposal 1930 (Pauli) 

Experimental discovery 1956 (Cowan & Reines) 

Mediators produced on shell 1983 (UA1 & UA2)

[Contino, Max, Mishra 2012.08537]

…
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Dark Sectors

• Range of options for a dark sector is huge 

• Motivations from outstanding problems of the SM are key: 

Hierarchy problem, Dark Matter front and center (though, by no means the only ones) 

Help to identify targets & chart progress 

• Confining hidden sectors with mass scale 

can address either problem (or even both): Neutral Naturalness,  

strongly interacting Dark Matter, … 

• The LHC plays unique role in testing these scenarios.  

But, not out of the box: dedicated strategies needed for event selection & analysis

<latexit sha1_base64="/oUKYg0b+ncEbw1FmdRR3rkZ8as="></latexit>
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Dark Sectors

• Range of options for a dark sector is enormous 

• Motivations from outstanding problems of the SM are key to progress: 

Hierarchy problem, Dark Matter front and center (although not the only ones). 

Help to identify targets & chart progress 

• Confining hidden sectors with mass scale 

can address either problem (or even both): Neutral Naturalness,  

strongly interacting Dark Matter, … 

• The LHC plays unique role in testing these scenarios.  

But, not out of the box: dedicated strategies needed for event selection & analysis
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few ⇥ 100 MeV . ⇤ . few ⇥ 10 GeV

This talk: confining hidden sectors with heavy mediators. 

Broad theory motivations, “elusive” by nature 

Still much to do (EXP and TH) to ensure they won’t be missed @ LHC
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• Introduction 

•  Theory motivation 

•  Case study: Z portal to dark QCD 
✓  Prompt light resonances 
✓  LLPs and dark showers 

•  Invisibly-decaying dark photons

Plan
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Typical setup: “dark QCD”

•  gauge theory,*    light dark quarks 

• Confinement at scale , dark hadrons form 

• Other key ingredients for pheno:  

✓ explicit symmetry breaking (quark masses, …)  

✓ which portals to SM? 

• Theory motivations sharpen the focus. 

Aim to identify representative cases with distinct signatures 

• Important examples: Neutral Naturalness, SIMP Dark Matter

SU(Nd) Nf

Λ

Ennio Salvioni

* for simplicity, but  or  possible tooSO(Nd) Sp(Nd)
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Neutral Naturalness
• Models of EW symmetry breaking with QCD-neutral top partners 

• How? Exchange symmetry relates SM and hidden sector:

Ennio Salvioni

Hidden sector

⇤UV ⇠ 5 -10 TeV
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• Cancellation of top + “top partner” loop requires  hidden colors 

•  implies hidden confinement at 

• (Dimension-6) Higgs portal always present. 
Often not alone

Nd = 3

gs(ΛUV) ≃ ̂gs(ΛUV)

[Chacko, Goh, Harnik 2005] 
[Craig, Katz, Strassler, Sundrum 2015]

0.1 . ⇤/GeV . 10
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SIMP Dark Matter
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mDM ⇠ ↵
⇣T 2

eqMPl

x4
fo

⌘1/3
⇠ ↵⇥ 100 MeV
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dark strong coupling
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2m⇡̂ < mA0 . 100 GeV

EW precision tests (  -  mixing)A′� Z

• “Dark pion DM:” thermal relic abundance set by number-changing processes  

 within hidden sector 

Anomalous    processes require   

• Suitable symmetries render dark pions stable (or extremely long lived) 

• Some mediator to SM is needed. Appealing, popular option: kinetically mixed     

dark photon. Cannot be too light, otherwise semi-annihilations dominate freeze out

3 → 2 Nf ≥ 3

[Hochberg, Kuflik, Volansky, Wacker 2014]  
[+ Murayama 2014] 
[Lee, Seo 2015], [Hochberg, Kuflik, Murayama 2015] 6
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Standard Model

ĝ
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Higgs & Z portals to hidden sector

• Motivated by Neutral Naturalness (but keep discussion general)

[Cheng, Li, Salvioni, Verhaaren 1906.02198]
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 i

hidden color
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Y

fermion mediator, mass M ∼ TeV

E

<latexit sha1_base64="EXp88w2+/f4hJ5sy1103sSYhe5Q=">AAACTnicpVC9TsMwGHTKXwl/LYwsFlWlslQJIGCsxMJYBGkrtVHlOE5r1XEi2ylEUR+FFV6HlRdhQ+CmGaBl4yRLp7vv/H06L2ZUKst6N0pr6xubW+Vtc2d3b/+gUj3syCgRmDg4YpHoeUgSRjlxFFWM9GJBUOgx0vUmN3O/OyVC0og/qDQmbohGnAYUI6WlYaU6yP/IRgKls3uncX46rNSsppUDrhK7IDVQoD2sGvWBH+EkJFxhhqTs21as3AwJRTEjM3OQSBIjPEEj0teUo5BIN8v3zmBdKz4MIqEfVzBXfyYyFEqZhp6eDJEay2VvLv7l9RMVXLsZ5XGiCMeLRUHCoIrgvAjoU0GwYqkmCAuqb4V4jATCStdl1v91dN+f0lgWmadFyNTF2ss1rpLOWdO+bFp3F7XWWVFxGRyDE9AANrgCLXAL2sABGDyCZ/ACXo0348P4NL4WoyWjyByBXyiVvwFdw7Pd</latexit>

SU(3)

Hidden QCD
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ĝ
<latexit sha1_base64="kndtGZKxCJzod9dBc1L2jjcwi88=">AAAB8HicbVA9TwJBEJ3DL8Qv1NLmIphYkTsspCSxscREQAMXsrfswYbdvcvunAm58CtsLDTG1p9j579xgSsUfMkkL+/NZGZemAhu0PO+ncLG5tb2TnG3tLd/cHhUPj7pmDjVlLVpLGL9EBLDBFesjRwFe0g0IzIUrBtObuZ+94lpw2N1j9OEBZKMFI84JWilx2p/TDAbzaqDcsWreQu468TPSQVytAblr/4wpqlkCqkgxvR8L8EgIxo5FWxW6qeGJYROyIj1LFVEMhNki4Nn7oVVhm4Ua1sK3YX6eyIj0pipDG2nJDg2q95c/M/rpRg1goyrJEWm6HJRlAoXY3f+vTvkmlEUU0sI1dze6tIx0YSizahkQ/BXX14nnXrNv6rV7+qVZiOPowhncA6X4MM1NOEWWtAGChKe4RXeHO28OO/Ox7K14OQzp/AHzucPTzyQDA==</latexit>

Ennio Salvioni

Higgs & Z portals to hidden sector

• Motivated by Neutral Naturalness (but keep discussion general)

[Cheng, Li, Salvioni, Verhaaren 1906.02198]

<latexit sha1_base64="sq/dCRxeLDgUCCSNuy5AQrlOOUA=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV2R6DHgxWME84BkCbOT2WTM7Mwy0yuEkH/w4kERr/6PN//GSbIHTSxoKKq66e6KUiks+v63t7a+sbm1Xdgp7u7tHxyWjo6bVmeG8QbTUpt2RC2XQvEGCpS8nRpOk0jyVjS6nfmtJ26s0OoBxykPEzpQIhaMopOa3dSKnuiVyn7Fn4OskiAnZchR75W+un3NsoQrZJJa2wn8FMMJNSiY5NNiN7M8pWxEB7zjqKIJt+Fkfu2UnDulT2JtXCkkc/X3xIQm1o6TyHUmFId22ZuJ/3mdDOObcCJUmiFXbLEoziRBTWavk74wnKEcO0KZEe5WwobUUIYuoKILIVh+eZU0LytBteLfX5Vr1TyOApzCGVxAANdQgzuoQwMYPMIzvMKbp70X7937WLSuefnMCfyB9/kDnv2PHw==</latexit>

 i
<latexit sha1_base64="EXp88w2+/f4hJ5sy1103sSYhe5Q=">AAACTnicpVC9TsMwGHTKXwl/LYwsFlWlslQJIGCsxMJYBGkrtVHlOE5r1XEi2ylEUR+FFV6HlRdhQ+CmGaBl4yRLp7vv/H06L2ZUKst6N0pr6xubW+Vtc2d3b/+gUj3syCgRmDg4YpHoeUgSRjlxFFWM9GJBUOgx0vUmN3O/OyVC0og/qDQmbohGnAYUI6WlYaU6yP/IRgKls3uncX46rNSsppUDrhK7IDVQoD2sGvWBH+EkJFxhhqTs21as3AwJRTEjM3OQSBIjPEEj0teUo5BIN8v3zmBdKz4MIqEfVzBXfyYyFEqZhp6eDJEay2VvLv7l9RMVXLsZ5XGiCMeLRUHCoIrgvAjoU0GwYqkmCAuqb4V4jATCStdl1v91dN+f0lgWmadFyNTF2ss1rpLOWdO+bFp3F7XWWVFxGRyDE9AANrgCLXAL2sABGDyCZ/ACXo0348P4NL4WoyWjyByBXyiVvwFdw7Pd</latexit>

SU(3)

hidden color

E

At , effects of mediator described byE ≪ M

<latexit sha1_base64="66J1fgkwKTGybVGTRKAMgVmsxW4=">AAACUXicpVDLSsNAFL2Jr5r6aNWdm2ApuCpJEXVZcOOygn1AEspkMmmGTh7MTIo19F/c6u+48lPcOW0jaOvOC8MczrmHOXP8jFEhLetD07e2d3b3KvtG9eDw6LhWP+mLNOeY9HDKUj70kSCMJqQnqWRkmHGCYp+RgT+5W+iDKeGCpsmjnGXEi9E4oSHFSCpqVDuLXJmaboRkMZ5/36Naw2pZyzE3gV2CBpTTHdW1phukOI9JIjFDQji2lUmvQFxSzMjccHNBMoQnaEwcBRMUE+EVy/hzs6mYwAxTrk4izSX701GgWIhZ7KvNGMlIrGsL8i/NyWV46xU0yXJJErx6KMyZqX686MIMKCdYspkCCHOqspo4QhxhqRozmv8K7QRTmonS87QyGapYe73GTdBvt+zrlvVw1ei0y4orcA4XcAk23EAH7qELPcDwDC/wCm/au/apg66vVnWt9JzCr9GrX2gZs4I=</latexit>

h ! ĝĝ

Z portal Higgs portal

<latexit sha1_base64="M5HwoIw0fQI5SHi6nbBmvvIemws=">AAACVnicpVBdS8MwFE2rc7N+dfokvgTHwKfRiqiPA198nOA+sC0jTbMtLG1Kkg5HGf4aX/Xv6J8R060PuvnmgcDJufck954wZVQqx/k0zK3tyk61tmvt7R8cHtn1457kmcCkiznjYhAiSRhNSFdRxcggFQTFISP9cHpX1PszIiTlyaOapySI0TihI4qR0tLQPn3yFYd+Kin0uW4s3smL62JoN5yWswTcJG5JGqBEZ1g3mn7EcRaTRGGGpPRcJ1VBjoSimJGF5WeSpAhP0Zh4miYoJjLIlzssYFMrERxxoU+i4FL96chRLOU8DnVnjNRErtcK8a+al6nRbZDTJM0USfDqo1HGoF67CARGVBCs2FwThAXVs0I8QQJhpWOzmv8a2otmNJWl53llsnSw7nqMm6R32XKvW87DVaN9WUZcA2fgHFwAF9yANrgHHdAFGLyAV/AG3o0P48usmNVVq2mUnhPwC6b9DQ8htb4=</latexit>

Z !   

<latexit sha1_base64="ifDTP7jjJ9OASGiheIFCNR0gOyg="></latexit>

L6 ⇠ Y
2

M2

⇣
H

†
DµH �

µ
 +

↵̂s

12⇡
|H|2Ĝµ⌫Ĝ

µ⌫
⌘

Standard Model Hidden QCD
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Ennio Salvioni

Higgs portalZ portal

Higgs vs Z portal
<latexit sha1_base64="+8Dlc/ktqEA9Wok0jHYeurRBrJU="></latexit>

L6 ⇠ Y
2

M2

⇣
H

†
DµH �

µ
 +

↵̂s

12⇡
|H|2Ĝµ⌫Ĝ

µ⌫
⌘

<latexit sha1_base64="U3pULObOizpoyQVVZM3r+kCujUY=">AAACqHicpVFNaxsxFNRu0yZ1P+K0x15EjMEp1OyapC30EppLLwU3xHZayzFaWWsLa1dCehtixP7IHvtLcq3W3kC+bnkgGM178zSMEi2FhSj6F4TPtp6/2N552Xj1+s3b3ebeu6FVhWF8wJRU5jyhlkuR8wEIkPxcG06zRPJRsjyp+qNLbqxQ+RmsNJ9kdJ6LVDAKnpo2lySjsDCZ+35adv4QUJhoK4jymmqlq27lASZUa6OucK /bwwRExi2Oowv36ajERPIUOpikhjLXI99uFp7xYVm6n37AiPkCDi4Op81W1I3WhR+CuAYtVFd/uhe0yUyxIuM5MEmtHceRhomjBgSTvGyQwnJN2ZLO+djDnHpjE7dOpcRtz8xwqow/OeA1e1vhaGbtKkv8ZGXZ3u9V5GO9cQHp14kTuS6A52zzUFpI7MOrIsYzYTgDufKAMiO8V8wW1McD/iMa7SeZHs8uhba15mojavhg4/sxPgTDXjf+3I1+HbaOozriHfQB7aMOitEXdIx+oD4aIIb+ousABUH4MeyHo/D3ZjQMas17dKfC5D+dDNHj</latexit>

BR(Z !   ) ⇡ 2.2⇥ 10�5

✓
2 TeV

M

◆4
<latexit sha1_base64="UZGxww3cSdpI/hDB6OmSWXMnVyA="></latexit>

BR(h ! ĝĝ) ⇡ 1.6⇥ 10�5

✓
2 TeV

M

◆4 ✓ ↵̂s

0.2

◆2

(take )Y = yt ≈ 1

• @ LHC, 13 TeV:
<latexit sha1_base64="YOzvplxJ9ZBA/+zC3Tkl6a3//VI=">AAACXXicpVDNTgIxGOyuooiIoAcPXhoJiSeyS0RNvJB48YiJ/ESWkG4p0NB2m7ZLIBuuPo1XfRdPvooF9qDozUmaTOb7Jt90QsmoNp734bg7u5m9/exB7jB/VDgulk7aOooVJi0csUh1Q6QJo4K0DDWMdKUiiIeMdMLp/WremRGlaSSezEKSPkdjQUcUI2OlQREGmo45GjzDAEmpojms14O7gCMzUTwR4XJQLHtVbw34m/gpKYMUzUHJqQTDCMecCIMZ0rrne9L0E6QMxYwsc0GsiUR4isakZ6lAnOh+sv7KElasMoSjSNknDFyr3x0J4loveGg3Vxn19mwl/jXrxWZ020+okLEhAm8OjWIGTQRXvcAhVQQbtrAEYUVtVognSCFsbHu5yr9C94YzKnXqmW9MOVusv13jb9KuVf3rqvd4VW7U0oqz4BxcgEvggxvQAA+gCVoAgxfwCt7Au/PpZty8W9isuk7qOQU/4J59ATKUty4=</latexit>

�Z ⇡ 55 nb
<latexit sha1_base64="3vUK9O2DXExnJRHb5kbD4iEyRwU=">AAACXXicpVDNTgIxGOyuooiIoAcPXhoJiSeyS4g/8ULixSMm8pPsEtItBRra3abtEsiGq0/jVd/Fk69iF/ag4M1Jmkzm+ybfdALBqNKO82nZe/u5g8P8UeG4eFI6LVfOuiqKJSYdHLFI9gOkCKMh6WiqGekLSRAPGOkFs8d03psTqWgUvuilIAOOJiEdU4y0kYZl6Cs64Wg4hT4SQkYL2Lz3H3yO9FTyRASrYbnq1J014C5xM1IFGdrDilXzRxGOOQk1Zkgpz3WEHiRIaooZWRX8WBGB8AxNiGdoiDhRg2T9lRWsGWUEx5E0L9Rwrf50JIgrteSB2Uwzqu1ZKv4182I9vhskNBSxJiHeHBrHDOoIpr3AEZUEa7Y0BGFJTVaIp0girE17hdq/QnujORUq8yw2poIp1t2ucZd0G3X3pu48N6utRlZxHlyCK3ANXHALWuAJtEEHYPAK3sA7+LC+7JxdtEubVdvKPOfgF+yLb1cWt0E=</latexit>

�h ⇡ 49 pb
Z decays to hidden sector dominate

 @ HL-LHC!> 1011 Z
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Ennio Salvioni

Higgs portalZ portal

Higgs vs Z portal
<latexit sha1_base64="+8Dlc/ktqEA9Wok0jHYeurRBrJU="></latexit>

L6 ⇠ Y
2

M2

⇣
H

†
DµH �

µ
 +

↵̂s

12⇡
|H|2Ĝµ⌫Ĝ

µ⌫
⌘

<latexit sha1_base64="U3pULObOizpoyQVVZM3r+kCujUY=">AAACqHicpVFNaxsxFNRu0yZ1P+K0x15EjMEp1OyapC30EppLLwU3xHZayzFaWWsLa1dCehtixP7IHvtLcq3W3kC+bnkgGM178zSMEi2FhSj6F4TPtp6/2N552Xj1+s3b3ebeu6FVhWF8wJRU5jyhlkuR8wEIkPxcG06zRPJRsjyp+qNLbqxQ+RmsNJ9kdJ6LVDAKnpo2lySjsDCZ+35adv4QUJhoK4jymmqlq27lASZUa6OucK /bwwRExi2Oowv36ajERPIUOpikhjLXI99uFp7xYVm6n37AiPkCDi4Op81W1I3WhR+CuAYtVFd/uhe0yUyxIuM5MEmtHceRhomjBgSTvGyQwnJN2ZLO+djDnHpjE7dOpcRtz8xwqow/OeA1e1vhaGbtKkv8ZGXZ3u9V5GO9cQHp14kTuS6A52zzUFpI7MOrIsYzYTgDufKAMiO8V8wW1McD/iMa7SeZHs8uhba15mojavhg4/sxPgTDXjf+3I1+HbaOozriHfQB7aMOitEXdIx+oD4aIIb+ousABUH4MeyHo/D3ZjQMas17dKfC5D+dDNHj</latexit>

BR(Z !   ) ⇡ 2.2⇥ 10�5

✓
2 TeV

M

◆4
<latexit sha1_base64="UZGxww3cSdpI/hDB6OmSWXMnVyA="></latexit>

BR(h ! ĝĝ) ⇡ 1.6⇥ 10�5

✓
2 TeV

M

◆4 ✓ ↵̂s

0.2

◆2

(take )Y = yt ≈ 1

• @ LHC, 13 TeV:
<latexit sha1_base64="YOzvplxJ9ZBA/+zC3Tkl6a3//VI=">AAACXXicpVDNTgIxGOyuooiIoAcPXhoJiSeyS0RNvJB48YiJ/ESWkG4p0NB2m7ZLIBuuPo1XfRdPvooF9qDozUmaTOb7Jt90QsmoNp734bg7u5m9/exB7jB/VDgulk7aOooVJi0csUh1Q6QJo4K0DDWMdKUiiIeMdMLp/WremRGlaSSezEKSPkdjQUcUI2OlQREGmo45GjzDAEmpojms14O7gCMzUTwR4XJQLHtVbw34m/gpKYMUzUHJqQTDCMecCIMZ0rrne9L0E6QMxYwsc0GsiUR4isakZ6lAnOh+sv7KElasMoSjSNknDFyr3x0J4loveGg3Vxn19mwl/jXrxWZ020+okLEhAm8OjWIGTQRXvcAhVQQbtrAEYUVtVognSCFsbHu5yr9C94YzKnXqmW9MOVusv13jb9KuVf3rqvd4VW7U0oqz4BxcgEvggxvQAA+gCVoAgxfwCt7Au/PpZty8W9isuk7qOQU/4J59ATKUty4=</latexit>

�Z ⇡ 55 nb
<latexit sha1_base64="3vUK9O2DXExnJRHb5kbD4iEyRwU=">AAACXXicpVDNTgIxGOyuooiIoAcPXhoJiSeyS4g/8ULixSMm8pPsEtItBRra3abtEsiGq0/jVd/Fk69iF/ag4M1Jmkzm+ybfdALBqNKO82nZe/u5g8P8UeG4eFI6LVfOuiqKJSYdHLFI9gOkCKMh6WiqGekLSRAPGOkFs8d03psTqWgUvuilIAOOJiEdU4y0kYZl6Cs64Wg4hT4SQkYL2Lz3H3yO9FTyRASrYbnq1J014C5xM1IFGdrDilXzRxGOOQk1Zkgpz3WEHiRIaooZWRX8WBGB8AxNiGdoiDhRg2T9lRWsGWUEx5E0L9Rwrf50JIgrteSB2Uwzqu1ZKv4182I9vhskNBSxJiHeHBrHDOoIpr3AEZUEa7Y0BGFJTVaIp0girE17hdq/QnujORUq8yw2poIp1t2ucZd0G3X3pu48N6utRlZxHlyCK3ANXHALWuAJtEEHYPAK3sA7+LC+7JxdtEubVdvKPOfgF+yLb1cWt0E=</latexit>

�h ⇡ 49 pb
Z decays to hidden sector dominate

• How many flavors of hidden quarks?
<latexit sha1_base64="7O0tVMQSrwBmnLxp+y3NCQroOqk=">AAACQnicpVDLSgMxFL2przq+Wl26CZaCqzJTRN0IBTeupIJ9wHQomTTThmYeJJliGfoRbvV3/Al/wZ24dWHazkKtOw8EDufewz05fiK40rb9igpr6xubW8Vta2d3b/+gVD5sqziVlLVoLGLZ9YligkespbkWrJtIRkJfsI4/vp7POxMmFY+jez1NmBeSYcQDTok2Uue2H+Ar7PRLFbtmL4BXiZOTCuRo9suo2hvENA1ZpKkgSrmOnWgvI1JzKtjM6qWKJYSOyZC5hkYkZMrLFnlnuGqUAQ5iaV6k8UL97shIqNQ09M1mSPRI/Z7Nxb9mbqqDSy/jUZJqFtHloSAVWMd4/nk84JJRLaaGECq5yYrpiEhCtanIqv4rtDuY8ETlnoelyTLFOr9rXCXtes05r9l3Z5VGPa+4CMdwAqfgwAU04Aaa0AIKY3iEJ3hGL+gNvaOP5WoB5Z4j+AH0+QXJ9q+2</latexit>

Nf = 1
<latexit sha1_base64="XxgT9kQWCFzECkwg5/X5jMdV+/0=">AAACRXicpVDLSgMxFE3qq46vVpdugqXgqswUUZcFN66kgn3gdCiZTKYNzWTGJFMsQ//Crf6O3+BHuBO3mraz0NadBwKHc+/hnhw/4Uxp236DhbX1jc2t4ra1s7u3f1AqH7ZVnEpCWyTmsez6WFHOBG1ppjntJpLiyOe044+uZvPOmErFYnGnJwn1IjwQLGQEayPd3/RD1BvQB1Tvlyp2zZ4DrRInJxWQo9kvw2oviEkaUaEJx0q5jp1oL8NSM8Lp1OqliiaYjPCAuoYKHFHlZfPIU1Q1SoDCWJonNJqrPx0ZjpSaRL7ZjLAequXZTPxr5qY6vPQyJpJUU0EWh8KUIx2j2f9RwCQlmk8MwUQykxWRIZaYaNOSVf1XaDcYs0TlnseFyTLFOss1rpJ2veac1+zbs0qjnldcBMfgBJwCB1yABrgGTdACBAjwBJ7BC3yF7/ADfi5WCzD3HIFfgF/fxgWxMQ==</latexit>

Nf � 2

- no light “pions,” spectrum (in principle)  
fully computable on lattice 

- vector meson decays to SM 
- original motivation from Neutral Naturalness

- light “pions” are present, dominate the  
dark parton showers 

- vector meson can decay to   
- much larger freedom as to symmetry pattern

ππ

[Cheng, Li, Salvioni, Verhaaren 1906.02198] [Cheng, Li, Salvioni, Verhaaren in progress]

 @ HL-LHC!> 1011 Z
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• SU(3) QCD with 1 flavor: no chiral symmetry             no Goldstone bosons 

• Partial results available from lattice:  

   Baryons significantly heavier than mesons 

   Ratio of scalar/pseudoscalar meson masses: 

   No info on vector meson 

Hidden hadron spectrum

mŜ/mP̂ ⇡ 1.5
<latexit sha1_base64="yEsQOcZGwW6Tzq2xm5KIN+M41xE=">AAACEHicbVC7TsMwFHXKq5RXgJHFokUwhaQI0bESC2MR9CE1UeS4TmvVTiLbQVRRP4GFX2FhACFWRjb+BrcNErQcydK559yr63uChFGpbPvLKCwtr6yuFddLG5tb2zvm7l5LxqnApIljFotOgCRhNCJNRRUjnUQQxANG2sHwcuK374iQNI5u1SghHkf9iIYUI6Ul3zyucD9zB0hlN+MxPIU/VUNXLkoSEd9Dxzqv+GbZtuwp4CJxclIGORq++en2YpxyEinMkJRdx06UlyGhKGZkXHJTSRKEh6hPuppGiBPpZdODxvBIKz0YxkK/SMGp+nsiQ1zKEQ90J0dqIOe9ifif101VWPMyGiWpIhGeLQpTBlUMJ+nAHhUEKzbSBGFB9V8hHiCBsNIZlnQIzvzJi6RVtZwzq3pdLddreRxFcAAOwQlwwAWogyvQAE2AwQN4Ai/g1Xg0no03433WWjDymX3wB8bHNyfUm/c=</latexit>

Ennio Salvioni

m2
⌘0 / Nf/Nc

<latexit sha1_base64="7OdnPvnXqycgrfylCatb10F6bus=">AAACDnicbVC7TsMwFHXKq5RXgZHFoq3EVJKqAsZKLEyoSPQh9RE57k1r1U4i20Gqon4BC7/CwgBCrMxs/A1umwFarmTfo3PulX2OF3GmtG1/W5m19Y3Nrex2bmd3b/8gf3jUVGEsKTRoyEPZ9ogCzgJoaKY5tCMJRHgcWt74eqa3HkAqFgb3ehJBT5BhwHxGiTaUmy8VRb/iJl3QpN+NJBMwxaaHkQ7xrevjc3PTopsv2GV7XngVOCkooLTqbv6rOwhpLCDQlBOlOo4d6V5CpGaUwzTXjRVEhI7JEDoGBkSA6iVzO1NcMswA+6E0J9B4zv7eSIhQaiI8MymIHqllbUb+p3Vi7V/1EhZEsYaALh7yY46N11k2eMAkUM0nBhAqmfkrpiMiCdUmwZwJwVm2vAqalbJTLVfvKoXaRRpHFp2gU3SGHHSJaugG1VEDUfSIntErerOerBfr3fpYjGasdOcY/Snr8wdOXZrx</latexit>

[Farchioni et al. 2007]
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• SU(3) QCD with 1 flavor: no chiral symmetry             no Goldstone bosons 

• Partial results available from lattice:  

   Baryons significantly heavier than mesons 

   Ratio of scalar/pseudoscalar meson masses: 

   No info on vector meson 

• Take spectrum 

• All mesons decay back to SM through Z and h portals

mŜ/mP̂ ⇡ 1.5
<latexit sha1_base64="yEsQOcZGwW6Tzq2xm5KIN+M41xE=">AAACEHicbVC7TsMwFHXKq5RXgJHFokUwhaQI0bESC2MR9CE1UeS4TmvVTiLbQVRRP4GFX2FhACFWRjb+BrcNErQcydK559yr63uChFGpbPvLKCwtr6yuFddLG5tb2zvm7l5LxqnApIljFotOgCRhNCJNRRUjnUQQxANG2sHwcuK374iQNI5u1SghHkf9iIYUI6Ul3zyucD9zB0hlN+MxPIU/VUNXLkoSEd9Dxzqv+GbZtuwp4CJxclIGORq++en2YpxyEinMkJRdx06UlyGhKGZkXHJTSRKEh6hPuppGiBPpZdODxvBIKz0YxkK/SMGp+nsiQ1zKEQ90J0dqIOe9ifif101VWPMyGiWpIhGeLQpTBlUMJ+nAHhUEKzbSBGFB9V8hHiCBsNIZlnQIzvzJi6RVtZwzq3pdLddreRxFcAAOwQlwwAWogyvQAE2AwQN4Ai/g1Xg0no03433WWjDymX3wB8bHNyfUm/c=</latexit>

0�+
<latexit sha1_base64="vWEwUMJ7vf95Us34M0eJEatx3xM=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BFtBEMtuPSieCl48VrAf0K4lm2bb0Gx2TbJCWfonvHhQxKt/x5v/xrTdg7Y+GHi8N8PMPD8WXBvH+Ua5ldW19Y38ZmFre2d3r7h/0NRRoihr0EhEqu0TzQSXrGG4EawdK0ZCX7CWP7qZ+q0npjSP5L0Zx8wLyUDygFNirNQuOw/p+dmk3CuWnIozA14mbkZKkKHeK351+xFNQiYNFUTrjuvExkuJMpwKNil0E81iQkdkwDqWShIy7aWzeyf4xCp9HETKljR4pv6eSEmo9Tj0bWdIzFAvelPxP6+TmODKS7mME8MknS8KEoFNhKfP4z5XjBoxtoRQxe2tmA6JItTYiAo2BHfx5WXSrFbci0r1rlqqXWdx5OEIjuEUXLiEGtxCHRpAQcAzvMIbekQv6B19zFtzKJs5hD9Anz96EY7q</latexit>

1��
<latexit sha1_base64="jbBcaltm4ixPv5ICA74mjq0TZt8=">AAAB73icbVA9TwJBEJ3FL8Qv1NJmI5jYQO6w0FiR2FhiIh8JnGRv2YMNe3vn7p4JufAnbCw0xta/Y+e/cYErFHzJJC/vzWRmnh8Lro3jfKPc2vrG5lZ+u7Czu7d/UDw8aukoUZQ1aSQi1fGJZoJL1jTcCNaJFSOhL1jbH9/M/PYTU5pH8t5MYuaFZCh5wCkxVuqU3Ye0UpmW+8WSU3XmwKvEzUgJMjT6xa/eIKJJyKShgmjddZ3YeClRhlPBpoVeollM6JgMWddSSUKmvXR+7xSfWWWAg0jZkgbP1d8TKQm1noS+7QyJGellbyb+53UTE1x5KZdxYpiki0VBIrCJ8Ox5POCKUSMmlhCquL0V0xFRhBobUcGG4C6/vEpatap7Ua3d1Ur16yyOPJzAKZyDC5dQh1toQBMoCHiGV3hDj+gFvaOPRWsOZTPH8Afo8wd+p47t</latexit>

0++
<latexit sha1_base64="1Z9zqvlubGDFEvnKetYP88ov9pA=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BFtBKJTdelA8Fbx4rGA/oF1LNs22odnsmmSFsvRPePGgiFf/jjf/jWm7B219MPB4b4aZeX4suDaO841ya+sbm1v57cLO7t7+QfHwqKWjRFHWpJGIVMcnmgkuWdNwI1gnVoyEvmBtf3wz89tPTGkeyXsziZkXkqHkAafEWKlTdh7SSmVa7hdLTtWZA68SNyMlyNDoF796g4gmIZOGCqJ113Vi46VEGU4FmxZ6iWYxoWMyZF1LJQmZ9tL5vVN8ZpUBDiJlSxo8V39PpCTUehL6tjMkZqSXvZn4n9dNTHDlpVzGiWGSLhYFicAmwrPn8YArRo2YWEKo4vZWTEdEEWpsRAUbgrv88ipp1aruRbV2VyvVr7M48nACp3AOLlxCHW6hAU2gIOAZXuENPaIX9I4+Fq05lM0cwx+gzx93A47o</latexit>

mP̂ . mV̂ < mŜ
<latexit sha1_base64="F2YKb1DB4PtOay9IP6uP5InloxQ=">AAACGXicbZDLSgMxFIYz9VbrbdSlm2AruCozdaGIi4IblxXtBdphyKSZNjTJDElGKMO8hhtfxY0LRVzqyrcxbUfR1h8Cf75zDsn5g5hRpR3n0yosLa+srhXXSxubW9s79u5eS0WJxKSJIxbJToAUYVSQpqaakU4sCeIBI+1gdDmpt++IVDQSt3ocE4+jgaAhxUgb5NtOhftpb4h02sgy2GNEKUU5/IYtAy9+bjdZVvHtslN1poKLxs1NGeRq+PZ7rx/hhBOhMUNKdV0n1l6KpKaYkazUSxSJER6hAekaKxAnykunm2XwyJA+DCNpjtBwSn9PpIgrNeaB6eRID9V8bQL/q3UTHZ55KRVxoonAs4fChEEdwUlMsE8lwZqNjUFYUvNXiIdIIqxNmCUTgju/8qJp1aruSbV2XSvXz/M4iuAAHIJj4IJTUAdXoAGaAIN78AiewYv1YD1Zr9bbrLVg5TP74I+sjy/4vaDd</latexit>

(JPC)
<latexit sha1_base64="qKjIlox+Y8GRa9dLV5vM8v2PWp0=">AAAB8XicbVBNT8JAEJ3iF+IX6tHLRjDBC2nrQY4kXIwnTOQjQiXbZQsbtttmd2tCGv6FFw8a49V/481/4wI9KPiSSV7em8nMPD/mTGnb/rZyG5tb2zv53cLe/sHhUfH4pK2iRBLaIhGPZNfHinImaEszzWk3lhSHPqcdf9KY+50nKhWLxL2extQL8UiwgBGsjfRQrtw+ps3G7LI8KJbsqr0AWidORkqQoTkofvWHEUlCKjThWKmeY8faS7HUjHA6K/QTRWNMJnhEe4YKHFLlpYuLZ+jCKEMURNKU0Gih/p5IcajUNPRNZ4j1WK16c/E/r5fooOalTMSJpoIsFwUJRzpC8/fRkElKNJ8agolk5lZExlhiok1IBROCs/ryOmm7Veeq6t65pXotiyMPZ3AOFXDgGupwA01oAQEBz/AKb5ayXqx362PZmrOymVP4A+vzB8Qdj6I=</latexit>

Ennio Salvioni

m2
⌘0 / Nf/Nc

<latexit sha1_base64="7OdnPvnXqycgrfylCatb10F6bus=">AAACDnicbVC7TsMwFHXKq5RXgZHFoq3EVJKqAsZKLEyoSPQh9RE57k1r1U4i20Gqon4BC7/CwgBCrMxs/A1umwFarmTfo3PulX2OF3GmtG1/W5m19Y3Nrex2bmd3b/8gf3jUVGEsKTRoyEPZ9ogCzgJoaKY5tCMJRHgcWt74eqa3HkAqFgb3ehJBT5BhwHxGiTaUmy8VRb/iJl3QpN+NJBMwxaaHkQ7xrevjc3PTopsv2GV7XngVOCkooLTqbv6rOwhpLCDQlBOlOo4d6V5CpGaUwzTXjRVEhI7JEDoGBkSA6iVzO1NcMswA+6E0J9B4zv7eSIhQaiI8MymIHqllbUb+p3Vi7V/1EhZEsYaALh7yY46N11k2eMAkUM0nBhAqmfkrpiMiCdUmwZwJwVm2vAqalbJTLVfvKoXaRRpHFp2gU3SGHHSJaugG1VEDUfSIntErerOerBfr3fpYjGasdOcY/Snr8wdOXZrx</latexit>

[Farchioni et al. 2007]

Hidden hadron spectrum
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• It turns out, all lightest mesons decay dominantly via Z portal 

• Pseudoscalar 

• Vector 

• Scalar

Hidden meson decays

P̂<latexit sha1_base64="JOd2sQncLYSrqcSkbWmkiYyY/7Y=">AAAB8HicbVA9TwJBEJ3DL8Qv1NLmIphYkTssNFYkNpaYCGjgQvaWPdiwu3fZnTMhF36FjYXG2Ppz7Pw3LnCFgi+Z5OW9mczMCxPBDXret1NYW9/Y3Cpul3Z29/YPyodHbROnmrIWjUWsH0JimOCKtZCjYA+JZkSGgnXC8c3M7zwxbXis7nGSsECSoeIRpwSt9FjtjQhmzWm1X654NW8Od5X4OalAjma//NUbxDSVTCEVxJiu7yUYZEQjp4JNS73UsITQMRmyrqWKSGaCbH7w1D2zysCNYm1LoTtXf09kRBozkaHtlARHZtmbif953RSjqyDjKkmRKbpYFKXCxdidfe8OuGYUxcQSQjW3t7p0RDShaDMq2RD85ZdXSbte8y9q9bt6pXGdx1GEEziFc/DhEhpwC01oAQUJz/AKb452Xpx352PRWnDymWP4A+fzByzMj/c=</latexit>

ZL
<latexit sha1_base64="zVsoDSrtpN28PalgMZAsj79T2RQ=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTssNFYkNhYWmHhAhAvZW/Zgw97uZXfPhFz4DTYWGmPrD7Lz37jAFQq+ZJKX92YyMy9MONPGdb+dwtr6xuZWcbu0s7u3f1A+PGppmSpCfSK5VJ0Qa8qZoL5hhtNOoiiOQ07b4fhm5refqNJMigczSWgQ46FgESPYWMmvPvbvqv1yxa25c6BV4uWkAjma/fJXbyBJGlNhCMdadz03MUGGlWGE02mpl2qaYDLGQ9q1VOCY6iCbHztFZ1YZoEgqW8Kgufp7IsOx1pM4tJ0xNiO97M3E/7xuaqKrIGMiSQ0VZLEoSjkyEs0+RwOmKDF8YgkmitlbERlhhYmx+ZRsCN7yy6ukVa95F7X6fb3SuM7jKMIJnMI5eHAJDbiFJvhAgMEzvMKbI5wX5935WLQWnHzmGP7A+fwBvbWN8w==</latexit>

V̂
<latexit sha1_base64="BirNpsXaX1bG5q+BhGA4TKmYA9I=">AAAB8HicbVA9TwJBEJ3DL8Qv1NLmIphYkTssNFYkNpaYCGjgQvaWPdiwu3fZnTMhF36FjYXG2Ppz7Pw3LnCFgi+Z5OW9mczMCxPBDXret1NYW9/Y3Cpul3Z29/YPyodHbROnmrIWjUWsH0JimOCKtZCjYA+JZkSGgnXC8c3M7zwxbXis7nGSsECSoeIRpwSt9FjtjQhm7Wm1X654NW8Od5X4OalAjma//NUbxDSVTCEVxJiu7yUYZEQjp4JNS73UsITQMRmyrqWKSGaCbH7w1D2zysCNYm1LoTtXf09kRBozkaHtlARHZtmbif953RSjqyDjKkmRKbpYFKXCxdidfe8OuGYUxcQSQjW3t7p0RDShaDMq2RD85ZdXSbte8y9q9bt6pXGdx1GEEziFc/DhEhpwC01oAQUJz/AKb452Xpx352PRWnDymWP4A+fzBzXwj/0=</latexit>

ZT
<latexit sha1_base64="NGpIkhM3MQJQOeEG1F2BhKmDZwU=">AAAB7HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTssNFYkNpaYcECEC9lb9mDD3u5ld8+EXPgNNhYaY+sPsvPfuMAVCr5kkpf3ZjIzL0w408Z1v53CxubW9k5xt7S3f3B4VD4+aWuZKkJ9IrlU3RBrypmgvmGG026iKI5DTjvh5G7ud56o0kyKlpkmNIjxSLCIEWys5FcfB63qoFxxa+4CaJ14OalAjuag/NUfSpLGVBjCsdY9z01MkGFlGOF0VuqnmiaYTPCI9iwVOKY6yBbHztCFVYYoksqWMGih/p7IcKz1NA5tZ4zNWK96c/E/r5ea6CbImEhSQwVZLopSjoxE88/RkClKDJ9agoli9lZExlhhYmw+JRuCt/ryOmnXa95Vrf5QrzRu8ziKcAbncAkeXEMD7qEJPhBg8Ayv8OYI58V5dz6WrQUnnzmFP3A+fwDJ3Y37</latexit>

f
<latexit sha1_base64="PaD4lz5TYvx5l/jBM1GhO+P42us=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmI5hYkTssNFYkNpYYBUngQvaWPdiwt3fZnTMhF36CjYXG2PqL7Pw3LnCFgi+Z5OW9mczMCxIpDLrut1NYW9/Y3Cpul3Z29/YPyodHbROnmvEWi2WsOwE1XArFWyhQ8k6iOY0CyR+D8c3Mf3zi2ohYPeAk4X5Eh0qEglG00n01rPbLFbfmzkFWiZeTCuRo9stfvUHM0ogrZJIa0/XcBP2MahRM8mmplxqeUDamQ961VNGIGz+bnzolZ1YZkDDWthSSufp7IqORMZMosJ0RxZFZ9mbif143xfDKz4RKUuSKLRaFqSQYk9nfZCA0ZygnllCmhb2VsBHVlKFNp2RD8JZfXiXtes27qNXv6pXGdR5HEU7gFM7Bg0towC00oQUMhvAMr/DmSOfFeXc+Fq0FJ585hj9wPn8AgN6NQA==</latexit>

f̄
<latexit sha1_base64="5l4uEfGaNc45gxlFPb09TJap4aA=">AAAB8HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTssNFYkNpaYCGjgQvaWPdiwH5fdPRNy4VfYWGiMrT/Hzn/jAlco+JJJXt6bycy8KOHMWN//9gpr6xubW8Xt0s7u3v5B+fCobVSqCW0RxZV+iLChnEnassxy+pBoikXEaSca38z8zhPVhil5bycJDQUeShYzgq2THqu9COssnlb75Ypf8+dAqyTISQVyNPvlr95AkVRQaQnHxnQDP7FhhrVlhNNpqZcammAyxkPadVRiQU2YzQ+eojOnDFCstCtp0Vz9PZFhYcxERK5TYDsyy95M/M/rpja+CjMmk9RSSRaL4pQjq9DsezRgmhLLJ45gopm7FZER1phYl1HJhRAsv7xK2vVacFGr39Urjes8jiKcwCmcQwCX0IBbaEILCAh4hld487T34r17H4vWgpfPHMMfeJ8/QgSQBQ==</latexit>

f
<latexit sha1_base64="PaD4lz5TYvx5l/jBM1GhO+P42us=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmI5hYkTssNFYkNpYYBUngQvaWPdiwt3fZnTMhF36CjYXG2PqL7Pw3LnCFgi+Z5OW9mczMCxIpDLrut1NYW9/Y3Cpul3Z29/YPyodHbROnmvEWi2WsOwE1XArFWyhQ8k6iOY0CyR+D8c3Mf3zi2ohYPeAk4X5Eh0qEglG00n01rPbLFbfmzkFWiZeTCuRo9stfvUHM0ogrZJIa0/XcBP2MahRM8mmplxqeUDamQ961VNGIGz+bnzolZ1YZkDDWthSSufp7IqORMZMosJ0RxZFZ9mbif143xfDKz4RKUuSKLRaFqSQYk9nfZCA0ZygnllCmhb2VsBHVlKFNp2RD8JZfXiXtes27qNXv6pXGdR5HEU7gFM7Bg0towC00oQUMhvAMr/DmSOfFeXc+Fq0FJ585hj9wPn8AgN6NQA==</latexit>

f̄
<latexit sha1_base64="5l4uEfGaNc45gxlFPb09TJap4aA=">AAAB8HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTssNFYkNpaYCGjgQvaWPdiwH5fdPRNy4VfYWGiMrT/Hzn/jAlco+JJJXt6bycy8KOHMWN//9gpr6xubW8Xt0s7u3v5B+fCobVSqCW0RxZV+iLChnEnassxy+pBoikXEaSca38z8zhPVhil5bycJDQUeShYzgq2THqu9COssnlb75Ypf8+dAqyTISQVyNPvlr95AkVRQaQnHxnQDP7FhhrVlhNNpqZcammAyxkPadVRiQU2YzQ+eojOnDFCstCtp0Vz9PZFhYcxERK5TYDsyy95M/M/rpja+CjMmk9RSSRaL4pQjq9DsezRgmhLLJ45gopm7FZER1phYl1HJhRAsv7xK2vVacFGr39Urjes8jiKcwCmcQwCX0IBbaEILCAh4hld487T34r17H4vWgpfPHMMfeJ8/QgSQBQ==</latexit>

Z⇤
<latexit sha1_base64="kFIwQanxjUuPkODjTB8S+i5BuDI=">AAAB73icbVA9TwJBEJ3zE/ELtbTZCCZW5A4LjRWJjSUm8hHhJHvLHmzY2zt350wI4U/YWGiMrX/Hzn/jAlco+JJJXt6bycy8IJHCoOt+Oyura+sbm7mt/PbO7t5+4eCwYeJUM15nsYx1K6CGS6F4HQVK3ko0p1EgeTMYXk/95hPXRsTqDkcJ9yPaVyIUjKKVWqX7hw41WOoWim7ZnYEsEy8jRchQ6xa+Or2YpRFXyCQ1pu25CfpjqlEwySf5Tmp4QtmQ9nnbUkUjbvzx7N4JObVKj4SxtqWQzNTfE2MaGTOKAtsZURyYRW8q/ue1Uwwv/bFQSYpcsfmiMJUEYzJ9nvSE5gzlyBLKtLC3EjagmjK0EeVtCN7iy8ukUSl75+XKbaVYvcriyMExnMAZeHABVbiBGtSBgYRneIU359F5cd6dj3nripPNHMEfOJ8/OruPaA==</latexit>

Ŝ
<latexit sha1_base64="wk6WUc1Pb/e4XqpKO3YDVqbY2qU=">AAAB8HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTssNFYkNpYY5cPAhewtC2zYvbvszpmQC7/CxkJjbP05dv4bF7hCwZdM8vLeTGbmBbEUBl3328mtrW9sbuW3Czu7e/sHxcOjpokSzXiDRTLS7YAaLkXIGyhQ8nasOVWB5K1gfDPzW09cGxGFDziJua/oMBQDwSha6bHcHVFM76flXrHkVtw5yCrxMlKCDPVe8avbj1iieIhMUmM6nhujn1KNgkk+LXQTw2PKxnTIO5aGVHHjp/ODp+TMKn0yiLStEMlc/T2RUmXMRAW2U1EcmWVvJv7ndRIcXPmpCOMEecgWiwaJJBiR2fekLzRnKCeWUKaFvZWwEdWUoc2oYEPwll9eJc1qxbuoVO+qpdp1FkceTuAUzsGDS6jBLdShAQwUPMMrvDnaeXHenY9Fa87JZo7hD5zPHzFej/o=</latexit>

V̂
<latexit sha1_base64="BirNpsXaX1bG5q+BhGA4TKmYA9I=">AAAB8HicbVA9TwJBEJ3DL8Qv1NLmIphYkTssNFYkNpaYCGjgQvaWPdiwu3fZnTMhF36FjYXG2Ppz7Pw3LnCFgi+Z5OW9mczMCxPBDXret1NYW9/Y3Cpul3Z29/YPyodHbROnmrIWjUWsH0JimOCKtZCjYA+JZkSGgnXC8c3M7zwxbXis7nGSsECSoeIRpwSt9FjtjQhm7Wm1X654NW8Od5X4OalAjma//NUbxDSVTCEVxJiu7yUYZEQjp4JNS73UsITQMRmyrqWKSGaCbH7w1D2zysCNYm1LoTtXf09kRBozkaHtlARHZtmbif953RSjqyDjKkmRKbpYFKXCxdidfe8OuGYUxcQSQjW3t7p0RDShaDMq2RD85ZdXSbte8y9q9bt6pXGdx1GEEziFc/DhEhpwC01oAQUJz/AKb452Xpx352PRWnDymWP4A+fzBzXwj/0=</latexit>

Ŝ
<latexit sha1_base64="wk6WUc1Pb/e4XqpKO3YDVqbY2qU=">AAAB8HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTssNFYkNpYY5cPAhewtC2zYvbvszpmQC7/CxkJjbP05dv4bF7hCwZdM8vLeTGbmBbEUBl3328mtrW9sbuW3Czu7e/sHxcOjpokSzXiDRTLS7YAaLkXIGyhQ8nasOVWB5K1gfDPzW09cGxGFDziJua/oMBQDwSha6bHcHVFM76flXrHkVtw5yCrxMlKCDPVe8avbj1iieIhMUmM6nhujn1KNgkk+LXQTw2PKxnTIO5aGVHHjp/ODp+TMKn0yiLStEMlc/T2RUmXMRAW2U1EcmWVvJv7ndRIcXPmpCOMEecgWiwaJJBiR2fekLzRnKCeWUKaFvZWwEdWUoc2oYEPwll9eJc1qxbuoVO+qpdp1FkceTuAUzsGDS6jBLdShAQwUPMMrvDnaeXHenY9Fa87JZo7hD5zPHzFej/o=</latexit>

h
<latexit sha1_base64="o6lKlVntQXVese0qUPT8s1zNCMo=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmI5hYkTssNFYkNpYYBUngQvaWPdiwt3fZnTMhF36CjYXG2PqL7Pw3LnCFgi+Z5OW9mczMCxIpDLrut1NYW9/Y3Cpul3Z29/YPyodHbROnmvEWi2WsOwE1XArFWyhQ8k6iOY0CyR+D8c3Mf3zi2ohYPeAk4X5Eh0qEglG00n11VO2XK27NnYOsEi8nFcjR7Je/eoOYpRFXyCQ1puu5CfoZ1SiY5NNSLzU8oWxMh7xrqaIRN342P3VKzqwyIGGsbSkkc/X3REYjYyZRYDsjiiOz7M3E/7xuiuGVnwmVpMgVWywKU0kwJrO/yUBozlBOLKFMC3srYSOqKUObTsmG4C2/vEra9Zp3Uavf1SuN6zyOIpzAKZyDB5fQgFtoQgsYDOEZXuHNkc6L8+58LFoLTj5zDH/gfP4Ag+iNQg==</latexit>�

<latexit sha1_base64="98PbOyM3nvZypwLwVgNgEzVEqGY=">AAAB7HicbVBNS8NAEJ2tX7V+VT16WWwFTyWpBz0WBPFYwbSFNpTNdpMu3WzC7kYoob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMC1LBtXGcb1Ta2Nza3invVvb2Dw6PqscnHZ1kijKPJiJRvYBoJrhknuFGsF6qGIkDwbrB5Hbud5+Y0jyRj2aaMj8mkeQhp8RYyasPoqg+rNachrMAXiduQWpQoD2sfg1GCc1iJg0VROu+66TGz4kynAo2qwwyzVJCJyRifUsliZn288WxM3xhlREOE2VLGrxQf0/kJNZ6Gge2MyZmrFe9ufif189MeOPnXKaZYZIuF4WZwCbB88/xiCtGjZhaQqji9lZMx0QRamw+FRuCu/ryOuk0G+5Vo/nQrLXuijjKcAbncAkuXEML7qENHlDg8Ayv8IYkekHv6GPZWkLFzCn8Afr8AfmWjiQ=</latexit>

fh
<latexit sha1_base64="HmImLMlgK11GrHE3bxhPDyklgnc=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBhPBU9iNB8VTwIvHCOYByRJmJ7PJkHksM71CWPIZXjwo4tWv8ebfOEn2oIkFDUVVN91dUSK4Bd//9gobm1vbO8Xd0t7+weFR+fikbXVqKGtRLbTpRsQywRVrAQfBuolhREaCdaLJ3dzvPDFjuVaPME1YKMlI8ZhTAk7qVeNB1jcSj2fVQbni1/wF8DoJclJBOZqD8ld/qGkqmQIqiLW9wE8gzIgBTgWblfqpZQmhEzJiPUcVkcyG2eLkGb5wyhDH2rhSgBfq74mMSGunMnKdksDYrnpz8T+vl0J8E2ZcJSkwRZeL4lRg0Hj+Px5ywyiIqSOEGu5uxXRMDKHgUiq5EILVl9dJu14Lrmr1h3qlcZvHUURn6BxdogBdowa6R03UQhRp9Ixe0ZsH3ov37n0sWwtePnOK/sD7/AFugJCq</latexit>

f̄h
<latexit sha1_base64="iVsXz58Kreh3xiYSgNMWq3KsRCE=">AAAB+nicbVBNT8JAEJ3iF+JX0aOXjWDiibR40Hgi8eIREwETaJrtsoUN222zu9WQ2p/ixYPGePWXePPfuEAPCr5kkpf3ZjIzL0g4U9pxvq3S2vrG5lZ5u7Kzu7d/YFcPuypOJaEdEvNY3gdYUc4E7WimOb1PJMVRwGkvmFzP/N4DlYrF4k5PE+pFeCRYyAjWRvLtan0QYJmFuZ8NZITGed23a07DmQOtErcgNSjQ9u2vwTAmaUSFJhwr1XedRHsZlpoRTvPKIFU0wWSCR7RvqMARVV42Pz1Hp0YZojCWpoRGc/X3RIYjpaZRYDojrMdq2ZuJ/3n9VIeXXsZEkmoqyGJRmHKkYzTLAQ2ZpETzqSGYSGZuRWSMJSbapFUxIbjLL6+SbrPhnjeat81a66qIowzHcAJn4MIFtOAG2tABAo/wDK/wZj1ZL9a79bFoLVnFzBH8gfX5A7xBk6A=</latexit>

fh
<latexit sha1_base64="HmImLMlgK11GrHE3bxhPDyklgnc=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBhPBU9iNB8VTwIvHCOYByRJmJ7PJkHksM71CWPIZXjwo4tWv8ebfOEn2oIkFDUVVN91dUSK4Bd//9gobm1vbO8Xd0t7+weFR+fikbXVqKGtRLbTpRsQywRVrAQfBuolhREaCdaLJ3dzvPDFjuVaPME1YKMlI8ZhTAk7qVeNB1jcSj2fVQbni1/wF8DoJclJBOZqD8ld/qGkqmQIqiLW9wE8gzIgBTgWblfqpZQmhEzJiPUcVkcyG2eLkGb5wyhDH2rhSgBfq74mMSGunMnKdksDYrnpz8T+vl0J8E2ZcJSkwRZeL4lRg0Hj+Px5ywyiIqSOEGu5uxXRMDKHgUiq5EILVl9dJu14Lrmr1h3qlcZvHUURn6BxdogBdowa6R03UQhRp9Ixe0ZsH3ov37n0sWwtePnOK/sD7/AFugJCq</latexit>

f̄h
<latexit sha1_base64="iVsXz58Kreh3xiYSgNMWq3KsRCE=">AAAB+nicbVBNT8JAEJ3iF+JX0aOXjWDiibR40Hgi8eIREwETaJrtsoUN222zu9WQ2p/ixYPGePWXePPfuEAPCr5kkpf3ZjIzL0g4U9pxvq3S2vrG5lZ5u7Kzu7d/YFcPuypOJaEdEvNY3gdYUc4E7WimOb1PJMVRwGkvmFzP/N4DlYrF4k5PE+pFeCRYyAjWRvLtan0QYJmFuZ8NZITGed23a07DmQOtErcgNSjQ9u2vwTAmaUSFJhwr1XedRHsZlpoRTvPKIFU0wWSCR7RvqMARVV42Pz1Hp0YZojCWpoRGc/X3RIYjpaZRYDojrMdq2ZuJ/3n9VIeXXsZEkmoqyGJRmHKkYzTLAQ2ZpETzqSGYSGZuRWSMJSbapFUxIbjLL6+SbrPhnjeat81a66qIowzHcAJn4MIFtOAG2tABAo/wDK/wZj1ZL9a79bFoLVnFzBH8gfX5A7xBk6A=</latexit>

Ennio Salvioni

[Cheng, Li, Salvioni,  
Verhaaren 1906.02198]

“democratic”

helicity suppressed
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Hidden meson lifetimes

decay length  
[meters]

⇤ [GeV]
<latexit sha1_base64="w18UI+m7q5toVkgbHirNaF5KIMA=">AAAB+HicbVC7TsMwFHXKq5RHA4wsFi0SU5WUgY6VGGBgKBJ9SGlUOc5Na9VxIttBKlW/hIUBhFj5FDb+BrfNAC1HsnR0zrm61ydIOVPacb6twsbm1vZOcbe0t39wWLaPjjsqySSFNk14InsBUcCZgLZmmkMvlUDigEM3GF/P/e4jSMUS8aAnKfgxGQoWMUq0kQZ2udq/M+mQVLF3Ax1/YFecmrMAXiduTiooR2tgf/XDhGYxCE05UcpznVT7UyI1oxxmpX6mICV0TIbgGSpIDMqfLg6f4XOjhDhKpHlC44X6e2JKYqUmcWCSMdEjterNxf88L9NRw58ykWYaBF0uijKOdYLnLeCQSaCaTwwhVDJzK6YjIgnVpquSKcFd/fI66dRr7mWtfl+vNBt5HUV0is7QBXLRFWqiW9RCbURRhp7RK3qznqwX6936WEYLVj5zgv7A+vwB/Z6R+A==</latexit>

M = 2 TeV
<latexit sha1_base64="1uW7ViKUXkq9KASMBqt/yDPUUH4=">AAAB8nicbVA9SwNBEN2LXzF+RS1tFhPBKtzFwjRCwMZGiJDEwOUIe5u5ZMne7rG7J4QjP8PGQhFbf42d/8ZNcoUmPhh4vDfDzLww4Uwb1/12ChubW9s7xd3S3v7B4VH5+KSrZaoodKjkUvVCooEzAR3DDIdeooDEIYfHcHI79x+fQGkmRdtMEwhiMhIsYpQYK/nVe3yD61Xchu6gXHFr7gJ4nXg5qaAcrUH5qz+UNI1BGMqJ1r7nJibIiDKMcpiV+qmGhNAJGYFvqSAx6CBbnDzDF1YZ4kgqW8Lghfp7IiOx1tM4tJ0xMWO96s3F/zw/NVEjyJhIUgOCLhdFKcdG4vn/eMgUUMOnlhCqmL0V0zFRhBqbUsmG4K2+vE669Zp3Vas/1CvNRh5HEZ2hc3SJPHSNmugOtVAHUSTRM3pFb45xXpx352PZWnDymVP0B87nD2Bdj1M=</latexit>

mP̂ = mV̂ = 2⇤
<latexit sha1_base64="IABxYQAyMwGFWAW8pQI6ucfpmsQ=">AAACEnicbVDLSsNAFJ3UV62vqEs3g62gICWJC10oFNy4cFHBPqAJYTKZtEMnD2YmQgn5Bjf+ihsXirh15c6/cZpG0OqBgXPPuXdm7vESRoU0jE+tsrC4tLxSXa2trW9sbunbO10RpxyTDo5ZzPseEoTRiHQklYz0E05Q6DHS88aXU793R7igcXQrJwlxQjSMaEAxkkpy9aNG6Gb2CMmsnefwAn5X3aKy7GNoX6vbfNRw9brRNArAv8QsSR2UaLv6h+3HOA1JJDFDQgxMI5FOhrikmJG8ZqeCJAiP0ZAMFI1QSISTFSvl8EApPgxirk4kYaH+nMhQKMQk9FRniORIzHtT8T9vkMrgzMlolKSSRHj2UJAyKGM4zQf6lBMs2UQRhDlVf4V4hDjCUqVYUyGY8yv/JV2raZ40rRur3jov46iCPbAPDoEJTkELXIE26AAM7sEjeAYv2oP2pL1qb7PWilbO7IJf0N6/AODMnEo=</latexit>

• Hidden strong scale 

• Mediation scale

⇤
<latexit sha1_base64="euZxYq4vqPjiANt/ZXDLGfcny0E=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBFvBVZmpC8VVwY0LFxXsQ9qhZDKZNjTJDElGKEO/wo0LRdz6Oe78G9N2Ftp6IHA451xy7wkSzrRx3W+nsLa+sblV3C7t7O7tH5QPj9o6ThWhLRLzWHUDrClnkrYMM5x2E0WxCDjtBOObmd95okqzWD6YSUJ9gYeSRYxgY6XHav/OZkNcHZQrbs2dA60SLycVyNEclL/6YUxSQaUhHGvd89zE+BlWhhFOp6V+qmmCyRgPac9SiQXVfjZfeIrOrBKiKFb2SYPm6u+JDAutJyKwSYHNSC97M/E/r5ea6MrPmExSQyVZfBSlHJkYza5HIVOUGD6xBBPF7K6IjLDCxNiOSrYEb/nkVdKu17yLWv2+Xmlc53UU4QRO4Rw8uIQG3EITWkBAwDO8wpujnBfn3flYRAtOPnMMf+B8/gDEqo+z</latexit>

M
<latexit sha1_base64="jvIWCf705GtVZma2L5eFaBcBILs=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFhPBKtzFQrEK2NgIEc0HJEfY2+wlS/b2jt05IYT8BBsLRWz9RXb+GzfJFZr4YODx3gwz84JECoOu++3k1tY3Nrfy24Wd3b39g+LhUdPEqWa8wWIZ63ZADZdC8QYKlLydaE6jQPJWMLqZ+a0nro2I1SOOE+5HdKBEKBhFKz2U78q9YsmtuHOQVeJlpAQZ6r3iV7cfszTiCpmkxnQ8N0F/QjUKJvm00E0NTygb0QHvWKpoxI0/mZ86JWdW6ZMw1rYUkrn6e2JCI2PGUWA7I4pDs+zNxP+8TorhlT8RKkmRK7ZYFKaSYExmf5O+0JyhHFtCmRb2VsKGVFOGNp2CDcFbfnmVNKsV76JSva+WatdZHHk4gVM4Bw8uoQa3UIcGMBjAM7zCmyOdF+fd+Vi05pxs5hj+wPn8AVrhjSc=</latexit>

Two main parameters determine pheno:

Ennio Salvioni

1 mm

14



Constraints on the mediation scale

• Electroweak precision � bT . 10�3 ! M & 0.9 TeV
<latexit sha1_base64="s0SWScbuigX/2zFG8lYBdPT4gBs="></latexit>

Ennio Salvioni

<latexit sha1_base64="bYixMbu1zPWN0fdT7DogesU8QNc="></latexit>

y
2
t

M2
H

†
DµH  �

µ
 

• Invisible Z width
<latexit sha1_base64="Vva5V3zM5e3hfAWQMo8BzFWILqE=">AAACHHicjVBNSwMxFHypVmv9avXoJVgET2VXinosePHYgv3AdinZNNuGZrNLkhXL0l/gVa/+Gm/iVfDfmLZ7sVVw4MEw84bkjR8Lro3jfKHcxmZ+a7uwU9zd2z84LJWP2jpKFGUtGolIdX2imeCStQw3gnVjxUjoC9bxJzdzv/PAlOaRvDPTmHkhGUkecEqMlZr3g1LFqToL4HXiZqQCGRqDMsr3hxFNQiYNFUTrnuvExkuJMpwKNiv2E81iQidkxHqWShIy7aWLn87wmVWGOIiUHWnwQv0j8fjPSEpCraehbzdDYsZ61ZuLv3m9xATXXsplnBgm6fKhIBHYRHjeFB5yxagRU0sIVdyeh+mYKEKN7bNoi3NXa1on7Yuqe1l1mrVKvZZVWIATOIVzcOEK6nALDWgBBQZP8Awv6BW9oXf0sVzNoSxzDD+APr8BMYigqA==</latexit>

Z

<latexit sha1_base64="nBs2X5bxLloKxxu7APZxnbszOKc=">AAACH3icjVBNSwMxFHypVmv9avXoJVgET2VXinosePFYwX5Au5Rsmm1Ds9klyYpl6V/wqld/jTfx2n9jtt2LrYIDD4aZNyRv/FhwbRxngQpb28Wd3dJeef/g8Oi4Uj3p6ChRlLVpJCLV84lmgkvWNtwI1osVI6EvWNef3mV+94kpzSP5aGYx80IyljzglJhMGsSaDys1p+4sgTeJm5Ma5GgNq6g4GEU0CZk0VBCt+64TGy8lynAq2Lw8SDSLCZ2SMetbKknItJcuPzvHF1YZ4SBSdqTBS/WPxPM/IykJtZ6Fvt0MiZnodS8Tf/P6iQluvZTLODFM0tVDQSKwiXBWFh5xxagRM0sIVdyeh+mEKEKNrbRsi3PXa9oknau6e113Hhq1ZiOvsARncA6X4MINNOEeWtAGChN4gVd4Q+/oA32ir9VqAeWZU/gBtPgG4WuiFA==</latexit>

 

<latexit sha1_base64="fdGg7I9HaA5AhGLP9wEbAReiEj8=">AAACLHicjVBNSwMxFHxbrdb60VaPXoJF8FR2RdRjwYvHCvYD2qVk02wbmk2WJCuWpb/Eq179NV5EvPo7zLZ7sVVw4MEw84bkTRBzpo3rvjuFjc3i1nZpp7y7t39QqdYOO1omitA2kVyqXoA15UzQtmGG016sKI4CTrvB9Cbzuw9UaSbFvZnF1I/wWLCQEWysNKxWBtLaWTodxJrNh9W623AXQOvEy0kdcrSGNac4GEmSRFQYwrHWfc+NjZ9iZRjhdF4eJJrGmEzxmPYtFTii2k8XP5+jU6uMUCiVHWHQQv0j8fjPSIojrWdRYDcjbCZ61cvE37x+YsJrP2UiTgwVZPlQmHBkJMqaQyOmKDF8ZgkmitnzEJlghYmx/ZZtcd5qTeukc97wLhvu3UW9eZFXWIJjOIEz8OAKmnALLWgDgQSe4BlenFfnzflwPperBSfPHMEPOF/fPoqnaw==</latexit>

 

<latexit sha1_base64="IoqESHR1UjOGCSKjbL4DBTPdQaI="></latexit>

��inv
Z < 2 MeV ! M & 0.8 TeV

• Direct searches @ LEP (  Z’s ): possibly marginal sensitivity for ∼ 2 × 107 <latexit sha1_base64="zy6NSkY0kzantEiB5e9EWvVCmpc=">AAACM3icjVDNSgMxGMxWq7X+tQpevASL4KnsFlGPBS9ehAr9g3Yp2fTbNjTZXZKsWNa+jFe9+jDiTbz6DmbbvdgqOBAYZr4hzHgRZ0rb9puVW1vPb2wWtorbO7t7+6XyQVuFsaTQoiEPZdcjCjgLoKWZ5tCNJBDhceh4k+vU79yDVCwMmnoagSvIKGA+o0QbaVA6uu1zUEoxgfuC6LEUSRPas0GpYlftOfAqcTJSQRkag7KV7w9DGgsINOVEqZ5jR9pNiNSMcpgV+7GCiNAJGUHP0IAIUG4yLzDDp0YZYj+U5gUaz9U/Eg//jCREKDUVnrlMe6llLxV/83qx9q/chAVRrCGgi4/8mGMd4nRAPGQSqOZTQwiVzNTDdEwkodrMXDTDOcszrZJ2repcVO2780q9lk1YQMfoBJ0hB12iOrpBDdRCFD2iJ/SMXqxX6936sD4XpzkryxyiH7C+vgFzvKoE</latexit>

M . TeV

• Direct searches @LHC: EW-charged vectorlike fermions, pair produced 

is wide open
<latexit sha1_base64="n1q64yV+8aO5WAMYbjcn2MkD0q8="></latexit>

M & 1 TeV
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• Introduction 

•  Theory motivation 

•  Case study: Z portal to dark QCD 
✓  Prompt light resonances 
✓  LLPs and dark showers 

•  Invisibly-decaying dark photons

Plan



Hidden meson lifetimes

decay length  
[meters]

⇤ [GeV]
<latexit sha1_base64="w18UI+m7q5toVkgbHirNaF5KIMA=">AAAB+HicbVC7TsMwFHXKq5RHA4wsFi0SU5WUgY6VGGBgKBJ9SGlUOc5Na9VxIttBKlW/hIUBhFj5FDb+BrfNAC1HsnR0zrm61ydIOVPacb6twsbm1vZOcbe0t39wWLaPjjsqySSFNk14InsBUcCZgLZmmkMvlUDigEM3GF/P/e4jSMUS8aAnKfgxGQoWMUq0kQZ2udq/M+mQVLF3Ax1/YFecmrMAXiduTiooR2tgf/XDhGYxCE05UcpznVT7UyI1oxxmpX6mICV0TIbgGSpIDMqfLg6f4XOjhDhKpHlC44X6e2JKYqUmcWCSMdEjterNxf88L9NRw58ykWYaBF0uijKOdYLnLeCQSaCaTwwhVDJzK6YjIgnVpquSKcFd/fI66dRr7mWtfl+vNBt5HUV0is7QBXLRFWqiW9RCbURRhp7RK3qznqwX6936WEYLVj5zgv7A+vwB/Z6R+A==</latexit>

M = 2 TeV
<latexit sha1_base64="1uW7ViKUXkq9KASMBqt/yDPUUH4=">AAAB8nicbVA9SwNBEN2LXzF+RS1tFhPBKtzFwjRCwMZGiJDEwOUIe5u5ZMne7rG7J4QjP8PGQhFbf42d/8ZNcoUmPhh4vDfDzLww4Uwb1/12ChubW9s7xd3S3v7B4VH5+KSrZaoodKjkUvVCooEzAR3DDIdeooDEIYfHcHI79x+fQGkmRdtMEwhiMhIsYpQYK/nVe3yD61Xchu6gXHFr7gJ4nXg5qaAcrUH5qz+UNI1BGMqJ1r7nJibIiDKMcpiV+qmGhNAJGYFvqSAx6CBbnDzDF1YZ4kgqW8Lghfp7IiOx1tM4tJ0xMWO96s3F/zw/NVEjyJhIUgOCLhdFKcdG4vn/eMgUUMOnlhCqmL0V0zFRhBqbUsmG4K2+vE669Zp3Vas/1CvNRh5HEZ2hc3SJPHSNmugOtVAHUSTRM3pFb45xXpx352PZWnDymVP0B87nD2Bdj1M=</latexit>

mP̂ = mV̂ = 2⇤
<latexit sha1_base64="IABxYQAyMwGFWAW8pQI6ucfpmsQ=">AAACEnicbVDLSsNAFJ3UV62vqEs3g62gICWJC10oFNy4cFHBPqAJYTKZtEMnD2YmQgn5Bjf+ihsXirh15c6/cZpG0OqBgXPPuXdm7vESRoU0jE+tsrC4tLxSXa2trW9sbunbO10RpxyTDo5ZzPseEoTRiHQklYz0E05Q6DHS88aXU793R7igcXQrJwlxQjSMaEAxkkpy9aNG6Gb2CMmsnefwAn5X3aKy7GNoX6vbfNRw9brRNArAv8QsSR2UaLv6h+3HOA1JJDFDQgxMI5FOhrikmJG8ZqeCJAiP0ZAMFI1QSISTFSvl8EApPgxirk4kYaH+nMhQKMQk9FRniORIzHtT8T9vkMrgzMlolKSSRHj2UJAyKGM4zQf6lBMs2UQRhDlVf4V4hDjCUqVYUyGY8yv/JV2raZ40rRur3jov46iCPbAPDoEJTkELXIE26AAM7sEjeAYv2oP2pL1qb7PWilbO7IJf0N6/AODMnEo=</latexit>

Ennio Salvioni

1 mm

 hidden mesons, all decays are promptΛ ∼ 10 GeV : Z → 2
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Prompt signatures/1

Z ! (bb̄)(µµ) +X
<latexit sha1_base64="YtTaIxOHxCivjYtQNS7Z09AEZeA=">AAACB3icbVDLSgMxFM3UV62vUZeCBFuhRSgzdaELFwU3LivYB3aGkkkzbWiSGZKMUIbu3Pgrblwo4tZfcOffmLaz0NYDFw7n3EtyThAzqrTjfFu5ldW19Y38ZmFre2d3z94/aKkokZg0ccQi2QmQIowK0tRUM9KJJUE8YKQdjK6nfvuBSEUjcafHMfE5GggaUoy0kXr2cene0xEsB16AZBpMKmWPJ9BMBZ7BTqlnF52qMwNcJm5GiiBDo2d/ef0IJ5wIjRlSqus6sfZTJDXFjEwKXqJIjPAIDUjXUIE4UX46yzGBp0bpwzCSZoSGM/X3RYq4UmMemE2O9FAtelPxP6+b6PDST6mIE00Enj8UJgya5NNSYJ9KgjUbG4KwpOavEA+RRFib6gqmBHcx8jJp1aruebV2WyvWr7I68uAInIAycMEFqIMb0ABNgMEjeAav4M16sl6sd+tjvpqzsptD8AfW5w+F2pci</latexit>

Ennio Salvioni

• No dedicated LHC search (yet), but can learn from searches for  

•   cuts are key factor

h → aa → (bb̄)(μμ)

pT

[CMS, 1812.06359][ATLAS, 1807.00539]

• For , the Z decays promptly to 2 light resonances.  

Leading process:

Λ ∼ 10 GeV

17



• CMS  selection: 

• For Z signal, total efficiency  

~ 10 times smaller than for Higgs

h → aa

13 TeV, 35.9 fb�1
<latexit sha1_base64="zsQfyHhTX9OUefk7KbqsULMQgDo=">AAAB/3icbVDLSgNBEOyNrxhfq4IXL4OJ4EHD7gZRbwEvHiPkBckaZiezccjsg5lZIaw5+CtePCji1d/w5t84SfagiQUNRVU33V1ezJlUlvVt5JaWV1bX8uuFjc2t7R1zd68po0QQ2iARj0Tbw5JyFtKGYorTdiwoDjxOW97weuK3HqiQLArrahRTN8CDkPmMYKWlnnlgV1CdNk9R5bx8hXyvdJee2eNSzyxaZWsKtEjsjBQhQ61nfnX7EUkCGirCsZQd24qVm2KhGOF0XOgmksaYDPGAdjQNcUClm07vH6NjrfSRHwldoUJT9fdEigMpR4GnOwOs7uW8NxH/8zqJ8i/dlIVxomhIZov8hCMVoUkYqM8EJYqPNMFEMH0rIvdYYKJ0ZAUdgj3/8iJpOmW7UnZunWLVyeLIwyEcwQnYcAFVuIEaNIDAIzzDK7wZT8aL8W58zFpzRjazD39gfP4AVhCTCw==</latexit>

Ennio Salvioni

<latexit sha1_base64="WWUfY6msRLcnTu8syGmBEE8wm8w="></latexit>

pµ 1,2
T > 20, 9 GeV, pb 1,2T > 20, 15 GeV

[CMS, 1812.06359]

<latexit sha1_base64="LBOktUU/v+DQUHZjz3Y0ydEDwEg=">AAACY3icpVBLTsMwFHTCr7R82sIOIVlUQayipHwlNpXYsCwS/UhNVTmu01q1k8h2KqqoN+A0bOEiHIB74LRZQMuOZ1kaz7zRex4/ZlQqx/k0zI3Nre2dwm6xtLd/cFiuVNsySgQmLRyxSHR9JAmjIWkpqhjpxoIg7jPS8ScPmd6ZEiFpFD6rWUz6HI1CGlCMlKYG5XNPUg4d+9KzoHevD0dqLHg6lfPsCTP52rMG5ZpjO4uC68DNQQ3k1RxUDMsbRjjhJFSYISl7rhOrfoqEopiRedFLJIkRnqAR6WkYIk5kP118aA4tzQxhEAl9QwUX7E9HiriUM+7rzmxfuapl5F9aL1HBXT+lYZwoEuLloCBhUEUwSwcOqSBYsZkGCAuqd4V4jATCSmdYtP61dG84pbHMPS9LU1EH667GuA7addu9sZ2nq1qjnkdcACfgDFwAF9yCBngETdACGLyCN/AOPowvs2RWzeNlq2nkniPwq8zTbz93t/Q=</latexit>

⇠ 0.3% vs ⇠ 5%

relative “softness” of events evident from total invariant mass

<latexit sha1_base64="3GXEwJNdDt7Im7RNFUhc0LI2iuo=">AAACTHicpVDLSsNAFJ3UV42Ptrp0EywFVyUpoi4LblxWsA9MQ5hMJu3QmUmYmRRD6Je41d9x73+4E8FpmoW27jwwcDjnnrmXEySUSGXb70Zla3tnd6+6bx4cHh3X6o2TgYxTgXAfxTQWowBKTAnHfUUUxaNEYMgCiofB7HbpD+dYSBLzB5Ul2GNwwklEEFRa8uu1cfFHPhEwWzD/0a837bZdwNokTkmaoETPbxitcRijlGGuEIVSuo6dKC+HQhFE8cIcpxInEM3gBLuacsiw9PJi68JqaSW0oljox5VVqD8TOWRSZizQkwyqqVz3luJfnpuq6MbLCU9ShTlaLYpSaqnYWtZghURgpGimCUSC6FstNIUCIqXLMlv/OtoN5ySRZeZpFTJ1sc56jZtk0Gk7V237/rLZ7ZQVV8EZOAcXwAHXoAvuQA/0AQIpeAYv4NV4Mz6MT+NrNVoxyswp+IXK7jf727PD</latexit>mZ

<latexit sha1_base64="Hz/9lsSRH9WYXiWsYno+yywqjiE=">AAACRnicpVBLS8NAGPxSXzW+Wj16WSyFgqUkIuqx4MVjBfvANJTNZtOubh7sbool9Gd41b/jX/BPeBOvbtsctPXmwMIw8w07jJdwJpVlvRuFtfWNza3itrmzu7d/UCofdmScCkLbJOax6HlYUs4i2lZMcdpLBMWhx2nXe7ye+d0xFZLF0Z2aJNQN8TBiASNYacm5R6fIqtuoX38YlCpWw5oDrRI7JxXI0RqUjWrfj0ka0kgRjqV0bCtRboaFYoTTqdlPJU0wecRD6mga4ZBKN5t3nqKqVnwUxEK/SKG5+jOR4VDKSejpyxCrkVz2ZuJfnpOq4MrNWJSkikZk8VGQcqRiNBsA+UxQovhEE0wE010RGWGBidIzmdV/lXb8MUtknnlahEw9rL084yrpnDXsi4Z1e15p1vKJi3AMJ1ADGy6hCTfQgjYQiOEZXuDVeDM+jE/ja3FaMPLMEfxCAb4BjFeveA==</latexit>

Z + 0, 1 j
MG5+Pythia8+Delphes3

<latexit sha1_base64="Kmm1CUXVmFj8gxf2UdA9SiszEQQ=">AAACUnicpVLLSsNAFJ3EV41VW8WVm8FScCEhKUVduCi4cVnBPiAJYTKZtEMnD2YmxZL2Y9zq77jxV1w5bbNQ684DA4dz7uFeDhNkjAppWR+avrW9s7tX2TcOqodHx7X6SV+kOcekh1OW8mGABGE0IT1JJSPDjBMUB4wMgsn90h9MCRc0TZ7kLCNejEYJjShGUkl+7WzuEon8wo3zKxgs5vAOtsy2X2tYprUC3CR2SRqgRNeva003THEek0RihoRwbCuTXoG4pJiRheHmgmQIT9CIOIomKCbCK1b3L2BTKSGMUq5eIuFK/Z4oUCzELA7UZIzkWPz2luJfnpPL6NYraJLlkiR4vSjKGZQpXJYBQ8oJlmymCMKcqlshHiOOsFSVGc1/He2EU5qJMvO8DhmqWPt3jZuk3zLta9N6bDc6rbLiCjgHF+AS2OAGdMAD6IIewKAAL+AVvGnv2qeufsl6VNfKzCn4Ab36Bc7zspY=</latexit>

|⌘µ,b| < 2.4

Prompt signatures/1
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• CMS  selection: 

• For Z signal, total efficiency  

~ 10 times smaller than for Higgs

h → aa

13 TeV, 35.9 fb�1
<latexit sha1_base64="zsQfyHhTX9OUefk7KbqsULMQgDo=">AAAB/3icbVDLSgNBEOyNrxhfq4IXL4OJ4EHD7gZRbwEvHiPkBckaZiezccjsg5lZIaw5+CtePCji1d/w5t84SfagiQUNRVU33V1ezJlUlvVt5JaWV1bX8uuFjc2t7R1zd68po0QQ2iARj0Tbw5JyFtKGYorTdiwoDjxOW97weuK3HqiQLArrahRTN8CDkPmMYKWlnnlgV1CdNk9R5bx8hXyvdJee2eNSzyxaZWsKtEjsjBQhQ61nfnX7EUkCGirCsZQd24qVm2KhGOF0XOgmksaYDPGAdjQNcUClm07vH6NjrfSRHwldoUJT9fdEigMpR4GnOwOs7uW8NxH/8zqJ8i/dlIVxomhIZov8hCMVoUkYqM8EJYqPNMFEMH0rIvdYYKJ0ZAUdgj3/8iJpOmW7UnZunWLVyeLIwyEcwQnYcAFVuIEaNIDAIzzDK7wZT8aL8W58zFpzRjazD39gfP4AVhCTCw==</latexit>

Ennio Salvioni

<latexit sha1_base64="WWUfY6msRLcnTu8syGmBEE8wm8w="></latexit>

pµ 1,2
T > 20, 9 GeV, pb 1,2T > 20, 15 GeV

[CMS, 1812.06359]

<latexit sha1_base64="LBOktUU/v+DQUHZjz3Y0ydEDwEg=">AAACY3icpVBLTsMwFHTCr7R82sIOIVlUQayipHwlNpXYsCwS/UhNVTmu01q1k8h2KqqoN+A0bOEiHIB74LRZQMuOZ1kaz7zRex4/ZlQqx/k0zI3Nre2dwm6xtLd/cFiuVNsySgQmLRyxSHR9JAmjIWkpqhjpxoIg7jPS8ScPmd6ZEiFpFD6rWUz6HI1CGlCMlKYG5XNPUg4d+9KzoHevD0dqLHg6lfPsCTP52rMG5ZpjO4uC68DNQQ3k1RxUDMsbRjjhJFSYISl7rhOrfoqEopiRedFLJIkRnqAR6WkYIk5kP118aA4tzQxhEAl9QwUX7E9HiriUM+7rzmxfuapl5F9aL1HBXT+lYZwoEuLloCBhUEUwSwcOqSBYsZkGCAuqd4V4jATCSmdYtP61dG84pbHMPS9LU1EH667GuA7addu9sZ2nq1qjnkdcACfgDFwAF9yCBngETdACGLyCN/AOPowvs2RWzeNlq2nkniPwq8zTbz93t/Q=</latexit>

⇠ 0.3% vs ⇠ 5%

relative “softness” of events evident from total invariant mass

<latexit sha1_base64="3GXEwJNdDt7Im7RNFUhc0LI2iuo=">AAACTHicpVDLSsNAFJ3UV42Ptrp0EywFVyUpoi4LblxWsA9MQ5hMJu3QmUmYmRRD6Je41d9x73+4E8FpmoW27jwwcDjnnrmXEySUSGXb70Zla3tnd6+6bx4cHh3X6o2TgYxTgXAfxTQWowBKTAnHfUUUxaNEYMgCiofB7HbpD+dYSBLzB5Ul2GNwwklEEFRa8uu1cfFHPhEwWzD/0a837bZdwNokTkmaoETPbxitcRijlGGuEIVSuo6dKC+HQhFE8cIcpxInEM3gBLuacsiw9PJi68JqaSW0oljox5VVqD8TOWRSZizQkwyqqVz3luJfnpuq6MbLCU9ShTlaLYpSaqnYWtZghURgpGimCUSC6FstNIUCIqXLMlv/OtoN5ySRZeZpFTJ1sc56jZtk0Gk7V237/rLZ7ZQVV8EZOAcXwAHXoAvuQA/0AQIpeAYv4NV4Mz6MT+NrNVoxyswp+IXK7jf727PD</latexit>mZ

<latexit sha1_base64="Hz/9lsSRH9WYXiWsYno+yywqjiE=">AAACRnicpVBLS8NAGPxSXzW+Wj16WSyFgqUkIuqx4MVjBfvANJTNZtOubh7sbool9Gd41b/jX/BPeBOvbtsctPXmwMIw8w07jJdwJpVlvRuFtfWNza3itrmzu7d/UCofdmScCkLbJOax6HlYUs4i2lZMcdpLBMWhx2nXe7ye+d0xFZLF0Z2aJNQN8TBiASNYacm5R6fIqtuoX38YlCpWw5oDrRI7JxXI0RqUjWrfj0ka0kgRjqV0bCtRboaFYoTTqdlPJU0wecRD6mga4ZBKN5t3nqKqVnwUxEK/SKG5+jOR4VDKSejpyxCrkVz2ZuJfnpOq4MrNWJSkikZk8VGQcqRiNBsA+UxQovhEE0wE010RGWGBidIzmdV/lXb8MUtknnlahEw9rL084yrpnDXsi4Z1e15p1vKJi3AMJ1ADGy6hCTfQgjYQiOEZXuDVeDM+jE/ja3FaMPLMEfxCAb4BjFeveA==</latexit>

Z + 0, 1 j
MG5+Pythia8+Delphes3

• Soften cuts: pµ1,2T > 17, 8 GeV, pbT > 15 GeV
<latexit sha1_base64="+EFINGI96ZdypzeI9b9VBX/mMqE=">AAACG3icbVDLSsNAFJ34rPUVdelmsC24KCWJaAuCFFzoskJf0MQwmU7boZMHMxOhhP6HG3/FjQtFXAku/BunaRbaeuDC4Zx7ufceL2JUSMP41lZW19Y3NnNb+e2d3b19/eCwLcKYY9LCIQt510OCMBqQlqSSkW7ECfI9Rjre+Hrmdx4IFzQMmnISEcdHw4AOKEZSSa5uFSO3eZ/YfgzNsjWFV9CslmGtCG9IuwyL9iVMfS91zlPZ1QtGxUgBl4mZkQLI0HD1T7sf4tgngcQMCdEzjUg6CeKSYkameTsWJEJ4jIakp2iAfCKcJP1tCktK6cNByFUFEqbq74kE+UJMfHVgyUdyJBa9mfif14vloOYkNIhiSQI8XzSIGZQhnAUF+5QTLNlEEYQ5VbdCPEIcYanizKsQzMWXl0nbqphnFevOKtQvsjhy4BicgFNggiqog1vQAC2AwSN4Bq/gTXvSXrR37WPeuqJlM0fgD7SvH2Msm/s=</latexit>

efficiency ~ doubles

• ATLAS analysis has slightly tighter selection, sensitivity is negligible

[ATLAS, 1807.00539]
<latexit sha1_base64="m/Mr3GjW/tiS1ah3zN4jfTlPeUo="></latexit>

pµ 1,2
T > 27, 7 GeV, pbT > 20 GeV

(HLT thresholds)

<latexit sha1_base64="Kmm1CUXVmFj8gxf2UdA9SiszEQQ=">AAACUnicpVLLSsNAFJ3EV41VW8WVm8FScCEhKUVduCi4cVnBPiAJYTKZtEMnD2YmxZL2Y9zq77jxV1w5bbNQ684DA4dz7uFeDhNkjAppWR+avrW9s7tX2TcOqodHx7X6SV+kOcekh1OW8mGABGE0IT1JJSPDjBMUB4wMgsn90h9MCRc0TZ7kLCNejEYJjShGUkl+7WzuEon8wo3zKxgs5vAOtsy2X2tYprUC3CR2SRqgRNeva003THEek0RihoRwbCuTXoG4pJiRheHmgmQIT9CIOIomKCbCK1b3L2BTKSGMUq5eIuFK/Z4oUCzELA7UZIzkWPz2luJfnpPL6NYraJLlkiR4vSjKGZQpXJYBQ8oJlmymCMKcqlshHiOOsFSVGc1/He2EU5qJMvO8DhmqWPt3jZuk3zLta9N6bDc6rbLiCjgHF+AS2OAGdMAD6IIewKAAL+AVvGnv2qeufsl6VNfKzCn4Ab36Bc7zspY=</latexit>

|⌘µ,b| < 2.4

Prompt signatures/1
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Going a different path

Ennio Salvioni

pµT > 4 GeV

<latexit sha1_base64="XImd20X2mb/vF2/8txmDeaWypo8=">AAAB+nicbVDLSgMxFM34rPU11aWbYCu4KjOlYFdScKHLCn1BOw6ZNNOGJpkhyShlrH/ixoUibv0Sd/6NaTsLbT1w4XDOvdx7TxAzqrTjfFtr6xubW9u5nfzu3v7BoV04aqsokZi0cMQi2Q2QIowK0tJUM9KNJUE8YKQTjK9mfueeSEUj0dSTmHgcDQUNKUbaSL5dKMV+867PE3gJq6Wna9L27aJTduaAq8TNSBFkaPj2V38Q4YQToTFDSvVcJ9ZeiqSmmJFpvp8oEiM8RkPSM1QgTpSXzk+fwjOjDGAYSVNCw7n6eyJFXKkJD0wnR3qklr2Z+J/XS3RY81Iq4kQTgReLwoRBHcFZDnBAJcGaTQxBWFJzK8QjJBHWJq28CcFdfnmVtCtlt1qu3laK9VoWRw6cgFNwDlxwAergBjRAC2DwAJ7BK3izHq0X6936WLSuWdnMMfgD6/MHC52SiQ==</latexit>

[Boveia, ATL-DAQ-SLIDE-2019-888]

[CMS, 1912.04776]

• Scouting/Trigger Level Analysis 

• Store only HLT reconstruction. Typical event size ~ 5 kB, can operate @ higher rates 

E.g. up to 26 kHz for ATLAS low-mass dijets 

• Dimuon scouting @ CMS: only limited by L1 trigger rate, threshold 

for both muons (!!). Qualitative improvement 

• Recently applied to inclusive dimuon resonance search
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Going a different path

Ennio Salvioni

pµT > 4 GeV

<latexit sha1_base64="XImd20X2mb/vF2/8txmDeaWypo8=">AAAB+nicbVDLSgMxFM34rPU11aWbYCu4KjOlYFdScKHLCn1BOw6ZNNOGJpkhyShlrH/ixoUibv0Sd/6NaTsLbT1w4XDOvdx7TxAzqrTjfFtr6xubW9u5nfzu3v7BoV04aqsokZi0cMQi2Q2QIowK0tJUM9KNJUE8YKQTjK9mfueeSEUj0dSTmHgcDQUNKUbaSL5dKMV+867PE3gJq6Wna9L27aJTduaAq8TNSBFkaPj2V38Q4YQToTFDSvVcJ9ZeiqSmmJFpvp8oEiM8RkPSM1QgTpSXzk+fwjOjDGAYSVNCw7n6eyJFXKkJD0wnR3qklr2Z+J/XS3RY81Iq4kQTgReLwoRBHcFZDnBAJcGaTQxBWFJzK8QjJBHWJq28CcFdfnmVtCtlt1qu3laK9VoWRw6cgFNwDlxwAergBjRAC2DwAJ7BK3izHq0X6936WLSuWdnMMfgD6/MHC52SiQ==</latexit>

[Boveia, ATL-DAQ-SLIDE-2019-888]

[CMS, 1912.04776]

• Scouting/Trigger Level Analysis 

• Store only HLT reconstruction. Typical event size ~ 5 kB, can operate @ higher rates 

E.g. up to 26 kHz for ATLAS low-mass dijets 

• Dimuon scouting @ CMS: only limited by L1 trigger rate, threshold 

for both muons (!!). Qualitative improvement 

• Recently applied to inclusive dimuon resonance search 

• For , limit from inclusive search is comparable to naive    recast m ̂V = 20 GeV h → aa

Mincl & 0.9 TeV
⇣

BP̂ Ŝ
1

⌘1/4

<latexit sha1_base64="ox/lWR0X6W6rfk1z4JQVXvrXjh0="></latexit>

Mh!aa & 1.25 TeV
⇣

BP̂ Ŝ
1

⌘1/4

<latexit sha1_base64="aGY9A15M9OiLH5g7Snuxyj9Dhkc="></latexit>

Let’s look at the b-jets…
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Going a different path

• Dimuon scouting @ CMS: only limited by  
L1 trigger rate, threshold 
for both muons

Ennio Salvioni

pµT > 4 GeV

<latexit sha1_base64="XImd20X2mb/vF2/8txmDeaWypo8=">AAAB+nicbVDLSgMxFM34rPU11aWbYCu4KjOlYFdScKHLCn1BOw6ZNNOGJpkhyShlrH/ixoUibv0Sd/6NaTsLbT1w4XDOvdx7TxAzqrTjfFtr6xubW9u5nfzu3v7BoV04aqsokZi0cMQi2Q2QIowK0tJUM9KNJUE8YKQTjK9mfueeSEUj0dSTmHgcDQUNKUbaSL5dKMV+867PE3gJq6Wna9L27aJTduaAq8TNSBFkaPj2V38Q4YQToTFDSvVcJ9ZeiqSmmJFpvp8oEiM8RkPSM1QgTpSXzk+fwjOjDGAYSVNCw7n6eyJFXKkJD0wnR3qklr2Z+J/XS3RY81Iq4kQTgReLwoRBHcFZDnBAJcGaTQxBWFJzK8QjJBHWJq28CcFdfnmVtCtlt1qu3laK9VoWRw6cgFNwDlxwAergBjRAC2DwAJ7BK3izHq0X6936WLSuWdnMMfgD6/MHC52SiQ==</latexit>

[Boveia, ATL-DAQ-SLIDE-2019-888]

leading

trailing

b-jet transverse momenta for signal,  
after scouting selection on dimuons

• Feasible to tag these soft b’s @ HLT?

challenging, but potential  
gain is qualitative 

• In ATLAS, important results with TLA  
for “low-mass” dijets 

Presumably, similar efforts are ongoing in other 
channels: leptons, photons… (?)



Upgrade opportunities 

Ennio Salvioni

b-jet transverse momenta for signal,  
after selecting 2 muons with pT > 4 GeV

• Alternative strategy: phase II dedicated dimuon triggers, expected threshold  

Record full event, offline (low- ) b-tagging 

• Two prompt muons pointing to IP.  
Different (easier) compared to collimated or non-pointing case studies

pT ≳ 10 GeV
pT

leading

trailing

[ATL-PHYS-PUB-2019-002]
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Prompt signatures/2
•  Subleading mode (needs chirality flip), but very clean final state:

Z ! V̂ Ŝ ! (µµ)(µµ) +X
<latexit sha1_base64="Tew7DxjvKNNb5oQHuAc6iLYxjbs=">AAACGXicbVDLSgMxFM3UV62vUZdugq1QEcpMBXVZcOOyon1gZyiZNNOGJpkhyQhl6G+48VfcuFDEpa78G9N2QG29JNzDOfeSnBPEjCrtOF9Wbml5ZXUtv17Y2Nza3rF395oqSiQmDRyxSLYDpAijgjQ01Yy0Y0kQDxhpBcPLid66J1LRSNzqUUx8jvqChhQjbaiu7ZTuPB1Bb4B02hzP+o3phit7PDHn+AecwHapaxedijMtuAjcDBRBVvWu/eH1IpxwIjRmSKmO68TaT5HUFDMyLniJIjHCQ9QnHQMF4kT56dTZGB4ZpgfDSJorNJyyvzdSxJUa8cBMcqQHal6bkP9pnUSHF35KRZxoIvDsoTBh0PiexAR7VBKs2cgAhCU1f4V4gCTC2oRZMCG485YXQbNacU8r1etqsXaWxZEHB+AQlIELzkENXIE6aAAMHsATeAGv1qP1bL1Z77PRnJXt7IM/ZX1+Ax/Qnmk=</latexit>

Ennio Salvioni

•  Here, extract bounds by recasting CMS search for light    Z-prime. 

 Adapt selection to new signal topology

U(1)μ−τ

13 TeV, 77.3 fb�1
<latexit sha1_base64="QGXRO4WkwWYU5jpOjlHThdMpJ0Y=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWAjuNCQpIu6LLhxWaEvaGOZTCft0MkkzEyEEurGX3HjQhG3/oU7/8Zpm4W2HrhwOOde7r0nSBiVynG+jcLa+sbmVnG7tLO7t39gHh61ZJwKTJo4ZrHoBEgSRjlpKqoY6SSCoChgpB2Mb2Z++4EISWPeUJOE+BEachpSjJSW+uaJ5VYs2CCtS1it2hUYBtZ9duVOrb5ZdmxnDrhK3JyUQY563/zqDWKcRoQrzJCUXddJlJ8hoShmZFrqpZIkCI/RkHQ15Sgi0s/mH0zhuVYGMIyFLq7gXP09kaFIykkU6M4IqZFc9mbif143VeG1n1GepIpwvFgUpgyqGM7igAMqCFZsognCgupbIR4hgbDSoZV0CO7yy6uk5dluxfbuvHLNy+MoglNwBi6AC6qgBm5BHTQBBo/gGbyCN+PJeDHejY9Fa8HIZ47BHxifPxQbk2c=</latexit>

MG5+Pythia8+Delphes3

<latexit sha1_base64="Hz/9lsSRH9WYXiWsYno+yywqjiE=">AAACRnicpVBLS8NAGPxSXzW+Wj16WSyFgqUkIuqx4MVjBfvANJTNZtOubh7sbool9Gd41b/jX/BPeBOvbtsctPXmwMIw8w07jJdwJpVlvRuFtfWNza3itrmzu7d/UCofdmScCkLbJOax6HlYUs4i2lZMcdpLBMWhx2nXe7ye+d0xFZLF0Z2aJNQN8TBiASNYacm5R6fIqtuoX38YlCpWw5oDrRI7JxXI0RqUjWrfj0ka0kgRjqV0bCtRboaFYoTTqdlPJU0wecRD6mga4ZBKN5t3nqKqVnwUxEK/SKG5+jOR4VDKSejpyxCrkVz2ZuJfnpOq4MrNWJSkikZk8VGQcqRiNBsA+UxQovhEE0wE010RGWGBidIzmdV/lXb8MUtknnlahEw9rL084yrpnDXsi4Z1e15p1vKJi3AMJ1ADGy6hCTfQgjYQiOEZXuDVeDM+jE/ja3FaMPLMEfxCAb4BjFeveA==</latexit>

Z + 0, 1 jand require two-resonance structure

triggers:  2μ , pT > 17, 8 GeV
3μ , pT > 12, 10, 5 GeV

[CMS, 1808.03684]
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•  Subleading mode (needs chirality flip), but very clean final state:

Z ! V̂ Ŝ ! (µµ)(µµ) +X
<latexit sha1_base64="Tew7DxjvKNNb5oQHuAc6iLYxjbs=">AAACGXicbVDLSgMxFM3UV62vUZdugq1QEcpMBXVZcOOyon1gZyiZNNOGJpkhyQhl6G+48VfcuFDEpa78G9N2QG29JNzDOfeSnBPEjCrtOF9Wbml5ZXUtv17Y2Nza3rF395oqSiQmDRyxSLYDpAijgjQ01Yy0Y0kQDxhpBcPLid66J1LRSNzqUUx8jvqChhQjbaiu7ZTuPB1Bb4B02hzP+o3phit7PDHn+AecwHapaxedijMtuAjcDBRBVvWu/eH1IpxwIjRmSKmO68TaT5HUFDMyLniJIjHCQ9QnHQMF4kT56dTZGB4ZpgfDSJorNJyyvzdSxJUa8cBMcqQHal6bkP9pnUSHF35KRZxoIvDsoTBh0PiexAR7VBKs2cgAhCU1f4V4gCTC2oRZMCG485YXQbNacU8r1etqsXaWxZEHB+AQlIELzkENXIE6aAAMHsATeAGv1qP1bL1Z77PRnJXt7IM/ZX1+Ax/Qnmk=</latexit>

Ennio Salvioni

[CMS, 1808.03684]

13 TeV, 77.3 fb�1
<latexit sha1_base64="QGXRO4WkwWYU5jpOjlHThdMpJ0Y=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWAjuNCQpIu6LLhxWaEvaGOZTCft0MkkzEyEEurGX3HjQhG3/oU7/8Zpm4W2HrhwOOde7r0nSBiVynG+jcLa+sbmVnG7tLO7t39gHh61ZJwKTJo4ZrHoBEgSRjlpKqoY6SSCoChgpB2Mb2Z++4EISWPeUJOE+BEachpSjJSW+uaJ5VYs2CCtS1it2hUYBtZ9duVOrb5ZdmxnDrhK3JyUQY563/zqDWKcRoQrzJCUXddJlJ8hoShmZFrqpZIkCI/RkHQ15Sgi0s/mH0zhuVYGMIyFLq7gXP09kaFIykkU6M4IqZFc9mbif143VeG1n1GepIpwvFgUpgyqGM7igAMqCFZsognCgupbIR4hgbDSoZV0CO7yy6uk5dluxfbuvHLNy+MoglNwBi6AC6qgBm5BHTQBBo/gGbyCN+PJeDHejY9Fa8HIZ47BHxifPxQbk2c=</latexit>

MG5+Pythia8+Delphes3
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Z + 0, 1 jRun 2

HL-LHC

(I) M & 1.5, 2.0, 3.3 TeV
⇣
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<latexit sha1_base64="s0aj2Aa3g0kK46GRIG6vdqdZVA0="></latexit>

•  Here, extract bounds by recasting CMS search for light    Z-prime. 

 Adapt selection to new signal topology

U(1)μ−τ

Prompt signatures/2
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• Introduction 

•  Theory motivation 

•  Case study: Z portal to dark QCD 
✓  Prompt light resonances 
✓  LLPs and dark showers 

•  Invisibly-decaying dark photons

Plan



Hidden meson lifetimes

decay length  
[meters]

⇤ [GeV]
<latexit sha1_base64="w18UI+m7q5toVkgbHirNaF5KIMA=">AAAB+HicbVC7TsMwFHXKq5RHA4wsFi0SU5WUgY6VGGBgKBJ9SGlUOc5Na9VxIttBKlW/hIUBhFj5FDb+BrfNAC1HsnR0zrm61ydIOVPacb6twsbm1vZOcbe0t39wWLaPjjsqySSFNk14InsBUcCZgLZmmkMvlUDigEM3GF/P/e4jSMUS8aAnKfgxGQoWMUq0kQZ2udq/M+mQVLF3Ax1/YFecmrMAXiduTiooR2tgf/XDhGYxCE05UcpznVT7UyI1oxxmpX6mICV0TIbgGSpIDMqfLg6f4XOjhDhKpHlC44X6e2JKYqUmcWCSMdEjterNxf88L9NRw58ykWYaBF0uijKOdYLnLeCQSaCaTwwhVDJzK6YjIgnVpquSKcFd/fI66dRr7mWtfl+vNBt5HUV0is7QBXLRFWqiW9RCbURRhp7RK3qznqwX6936WEYLVj5zgv7A+vwB/Z6R+A==</latexit>

M = 2 TeV
<latexit sha1_base64="1uW7ViKUXkq9KASMBqt/yDPUUH4=">AAAB8nicbVA9SwNBEN2LXzF+RS1tFhPBKtzFwjRCwMZGiJDEwOUIe5u5ZMne7rG7J4QjP8PGQhFbf42d/8ZNcoUmPhh4vDfDzLww4Uwb1/12ChubW9s7xd3S3v7B4VH5+KSrZaoodKjkUvVCooEzAR3DDIdeooDEIYfHcHI79x+fQGkmRdtMEwhiMhIsYpQYK/nVe3yD61Xchu6gXHFr7gJ4nXg5qaAcrUH5qz+UNI1BGMqJ1r7nJibIiDKMcpiV+qmGhNAJGYFvqSAx6CBbnDzDF1YZ4kgqW8Lghfp7IiOx1tM4tJ0xMWO96s3F/zw/NVEjyJhIUgOCLhdFKcdG4vn/eMgUUMOnlhCqmL0V0zFRhBqbUsmG4K2+vE669Zp3Vas/1CvNRh5HEZ2hc3SJPHSNmugOtVAHUSTRM3pFb45xXpx352PZWnDymVP0B87nD2Bdj1M=</latexit>

mP̂ = mV̂ = 2⇤
<latexit sha1_base64="IABxYQAyMwGFWAW8pQI6ucfpmsQ=">AAACEnicbVDLSsNAFJ3UV62vqEs3g62gICWJC10oFNy4cFHBPqAJYTKZtEMnD2YmQgn5Bjf+ihsXirh15c6/cZpG0OqBgXPPuXdm7vESRoU0jE+tsrC4tLxSXa2trW9sbunbO10RpxyTDo5ZzPseEoTRiHQklYz0E05Q6DHS88aXU793R7igcXQrJwlxQjSMaEAxkkpy9aNG6Gb2CMmsnefwAn5X3aKy7GNoX6vbfNRw9brRNArAv8QsSR2UaLv6h+3HOA1JJDFDQgxMI5FOhrikmJG8ZqeCJAiP0ZAMFI1QSISTFSvl8EApPgxirk4kYaH+nMhQKMQk9FRniORIzHtT8T9vkMrgzMlolKSSRHj2UJAyKGM4zQf6lBMs2UQRhDlVf4V4hDjCUqVYUyGY8yv/JV2raZ40rRur3jov46iCPbAPDoEJTkELXIE26AAM7sEjeAYv2oP2pL1qb7PWilbO7IJf0N6/AODMnEo=</latexit>

Ennio Salvioni

1 mm

hidden jets, all dark mesons are long-livedΛ ∼ 1 GeV : Z →
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Dark showers/1

Ennio Salvioni

• For  all mesons are long lived, so the Z decays to 2 “hidden jets” 

• Related to emerging jets/semi-visible jets, but with important differences

Λ ∼ 1 GeV

- pseudoscalar  is collider-stable, vector  decays democratically  
to SM, including leptons  sizable missing energy fraction 

- production mode is relatively soft (on-shell Z).  
Very different from e.g. emerging jets @ CMS, here trigger is main issue

̂P ̂V
→

[Schwaller, Stolarski, Weiler 2015] 
[Cohen, Lisanti, Lou 2015] 
[CMS 1810.10069] 

adapted from Tanedo, Zeppenfeld
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Dark showers/1

Ennio Salvioni

• For  all mesons are long lived, so the Z decays to 2 “hidden jets” 

• Related to emerging jets/semi-visible jets, but with important differences

Λ ∼ 1 GeV

- pseudoscalar  is collider-stable, vector  decays democratically  
to SM, including leptons  sizable missing energy fraction 

- production mode is relatively soft (on-shell Z).  
Very different from e.g. emerging jets @ CMS, here trigger is main issue

̂P ̂V
→

[Schwaller, Stolarski, Weiler 2015] 
[Cohen, Lisanti, Lou 2015] 
[CMS 1810.10069] 

• In [1906.02198] tried , . Alas, no match to reach of LHCb 
Pick up single  decay inside the VELO

Z + jets Z(V → ℓℓ)
̂V → μμ

[Ilten, Soreq, Thaler, Williams, Xue 2016] 
[Pierce, Shakya, Tsai, Zhao 2017]

B
R
(Z
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)

<latexit sha1_base64="QHHrtCWNBiofnz4uxOhJsenGM3s=">AAACEHicbVC7TsMwFHV4lvIKMLJYtIiyVElVAWMFC2NB9CGaqHJcp7XqOJHtIFVRPoGFX2FhACFWRjb+BqfNAC1XsnV07j32PceLGJXKsr6NpeWV1bX1wkZxc2t7Z9fc22/LMBaYtHDIQtH1kCSMctJSVDHSjQRBgcdIxxtfZf3OAxGShvxOTSLiBmjIqU8xUprqmydlJ0BqJILk8jat3DsqhE6oBdl7iRNJmmbXablvlqyqNS24COwclEBezb755QxCHAeEK8yQlD3bipSbIKEoZiQtOrEkEcJjNCQ9DTkKiHSTqaEUHmtmAP1Q6MMVnLK/FQkKpJwEnp7MtpfzvYz8r9eLlX/hJpRHsSIczz7yYwa17SwdOKCCYMUmGiAsqN4V4hESCCudYVGHYM9bXgTtWtWuV+s3tVLjLI+jAA7BEagAG5yDBrgGTdACGDyCZ/AK3own48V4Nz5mo0tGrjkAf8r4/AGtVpz1</latexit>

BR ⇡ 10�2

c⌧V̂ /cm

<latexit sha1_base64="ZJ5fijNzPrfN3cdqbxFOSf8+OvQ="></latexit>

Z portal prediction
<latexit sha1_base64="p2JqBcWl9dPWhFuHW8U1w4SPIaA=">AAACR3icjVDNSgMxGMxWq7X+tXr0EiyCSCm7RargpeDFY4X+QXdZsmnahibZJcmKy9J38Gm86tVH8Cm8iUfTdi+2Cg4EhplvknwTRIwqbdvvVm5jM7+1Xdgp7u7tHxyWykddFcYSkw4OWSj7AVKEUUE6mmpG+pEkiAeM9ILp7dzvPRCpaCjaOomIx9FY0BHFSBvJL124izvSsUTJzCWM+W3oUgEHjWq97rk3Lkd6InnK+cwvVeyavQBcJ05GKiBDyy9beXcY4pgToTFDSg0cO9JeiqSmmJFZ0Y0ViRCeojEZGCoQJ8pLFx+awTOjDOEolOYIDRfqH4nHf0ZSxJVKeGAm52upVW8u/uYNYj269lIqolgTgZcPjWIGdQjnpcIhlQRrlhiCsKRmPYgnSCKsTfVFU5yzWtM66dZrTqNm319WmtWswgI4AafgHDjgCjTBHWiBDsDgCTyDF/BqvVkf1qf1tRzNWVnmGPxAzvoGTAuwww==</latexit>

`T 2 [6, 22] mm
<latexit sha1_base64="FVGQKI0fxlttbO7EeWCenVmU4Xk=">AAACSHicjVBPS8MwHE2r0zn/bXr0EhyCoIxWRAVBBh70OGH/YJ0jzdItLE1Lkoqj9EP4abzq1W/gt/Am3ky7XtwUfBB4vPd7SX7PDRmVyrLeDXNpubCyWlwrrW9sbm2XKzttGUQCkxYOWCC6LpKEUU5aiipGuqEgyHcZ6biT69TvPBAhacCbahqSvo9GnHoUI6WlQfnIye6IRwJNk3DQvI+dMVJxO0ngFbSdS8dHaiz8+Ia0k0G5atWsDHCR2DmpghyNQcUoOMMARz7hCjMkZc+2QtWPkVAUM5KUnEiSEOEJGpGephz5RPbj7EcJPNDKEHqB0IcrmKl/JB7/GYmRL+XUd/Vkupec91LxN68XKe+iH1MeRopwPHvIixhUAUxbhUMqCFZsqgnCgur1IB4jgbDS3Zd0cfZ8TYukfVKzz2rW3Wm1fpxXWAR7YB8cAhucgzq4BQ3QAhg8gWfwAl6NN+PD+DS+ZqOmkWd2wQ+Y5jdBCrHH</latexit>

pV̂T > 1 GeV

Benchmark: mP̂ = mV̂ = 1 GeV

<latexit sha1_base64="iPlgqwEcimhUlSVzN2lqqJ7Vm4c=">AAACDHicbVDLSgMxFM34rPVVdekm2Aquykwp6kYouNBlBTsttEPJpJk2NMkMSUYow7h346+4caGIWz/AnX9jOh1BWw8Ezj3nXm7u8SNGlbbtL2tpeWV1bb2wUdzc2t7ZLe3tuyqMJSYtHLJQdnykCKOCtDTVjHQiSRD3GWn748up374jUtFQ3OpJRDyOhoIGFCNtpH6pXOH9pDdCOmmmKbyAP5WbVU7l/oq4psuu2hngInFyUgY5mv3SZ28Q4pgToTFDSnUdO9JegqSmmJG02IsViRAeoyHpGioQJ8pLsmNSeGyUAQxCaZ7QMFN/TySIKzXhvunkSI/UvDcV//O6sQ7OvYSKKNZE4NmiIGZQh3CaDBxQSbBmE0MQltT8FeIRkghrk1/RhODMn7xI3FrVqVfrN7Vy4zSPowAOwRE4AQ44Aw1wDZqgBTB4AE/gBbxaj9az9Wa9z1qXrHzmAPyB9fENAsmaRQ==</latexit>

hNP̂ i
hNV̂ i = 1

3

<latexit sha1_base64="Qgj2xV8C1+qwG3pQD3602X9e6gA=">AAACOHicbVDLSsNAFJ3UV62vqEs3g63gqiS1YDdCwY0rrWAf0IQymU7aoZNJmJkIJeSz3PgZ7sSNC0Xc+gVO0yxq64GBwzn3Mfd4EaNSWdarUVhb39jcKm6Xdnb39g/Mw6OODGOBSRuHLBQ9D0nCKCdtRRUjvUgQFHiMdL3J9czvPhIhacgf1DQiboBGnPoUI6WlgXlXcXyBcOIwxEeMwNtB4oyRSlppCh2RaemK2Vkw4RWcT7DT5CKtDMyyVbUywFVi56QMcrQG5oszDHEcEK4wQ1L2bStSboKEoliPLzmxJBHCEzQifU05Coh0k+zwFJ5pZQj9UOjHFczUxY4EBVJOA09XBkiN5bI3E//z+rHyG25CeRQrwvF8kR8zqEI4SxEOqSBYsakmCAuq/wrxGOkYlM66pEOwl09eJZ1a1a5X6/e1crORx1EEJ+AUnAMbXIImuAEt0AYYPIE38AE+jWfj3fgyvuelBSPvOQZ/YPz8AtTzrY8=</latexit>

<latexit sha1_base64="jlPGqYm1JsyTsb1ZK4lqIRR6B04=">AAACVHicjVFNSwMxFMyuVmvV2urRS7AInsquiBV6Ebx4VLC20C0lm762sdkkJFmxLP0p/hqvehX8Lx5M6wp+ggOBycx7vLxJrDgzNghePH9pubCyWlwrrW9slrcq1e1rI1NNoUUll7oTEwOcCWhZZjl0lAaSxBza8eRs7rdvQRsmxZWdKuglZCTYkFFindSvNCKilJZ3uBE1cZQQO9ZJloCRwsyi5oegQH+63YCd9Su1oB4sgH+SMCc1lOOiX/UK0UDSNAFhKSfGdMNA2V5GtGWUw6wUpQYUoRMygq6jgrhX9LLFhjO875QBHkrtjrB4of7RcffPlowkxkyT2FXO9zLfvbn4m9dN7fCklzGhUguCvg8aphxbiecJ4wHTQC2fOkKoZm49TMdEE2rdP5RccOH3mH6S68N6eFwPLo9qp0EeYRHtoj10gELUQKfoHF2gFqLoHj2gR/TkPXuv/pJfeC/1vbxnB32BX34Dl5+1gg==</latexit>

⇡ 7 mesons per jet

<latexit sha1_base64="8eHSBUmosnfX/VBd5fJZroabcDg=">AAACO3icjVDNS8MwHE2m0zm/Nj0KEhzCvIx2B/U48LLjBPcBWxlpmm5haVqSVCxlN/8ar3r1D/HsTbx6N+t6cVPwQeDx3u/9kjw34kxpy3qDhY3N4tZ2aae8u7d/cFipHvVUGEtCuyTkoRy4WFHOBO1qpjkdRJLiwOW0785uFn7/nkrFQnGnk4g6AZ4I5jOCtZHGldNRtiOdSJzM651ETxlG7R4KQi/m9GJcqVkNKwNaJ3ZOaiBHZ1yFxZEXkjigQhOOlRraVqSdFEvNCKfz8ihWNMJkhid0aKjAAVVOmj1ijs6N4iE/lOYIjTL1j8TDPyMpDpRKAtdMBlhP1aq3EH/zhrH2r52UiSjWVJDlRX7MkQ7RokjkMUmJ5okhmEhmvofIFEtMtKm7bIqzV2taJ71mw75sWLfNWqueV1gCJ+AM1IENrkALtEEHdAEBj+AJPIMX+Arf4Qf8XI4WYJ45Bj8Av74BXaus3Q==</latexit>

(Pythia HV module)
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Dark showers/1

Ennio Salvioni

• For  all mesons are long lived, so the Z decays to 2 “hidden jets” 

• Related to emerging jets/semi-visible jets, but with important differences

Λ ∼ 1 GeV

- pseudoscalar  is collider-stable, vector  decays democratically  
to SM, including leptons  sizable missing energy fraction 

- production mode is relatively soft (on-shell Z).  
Very different from e.g. emerging jets @ CMS, here trigger is main issue

̂P ̂V
→

[Schwaller, Stolarski, Weiler 2015] 
[Cohen, Lisanti, Lou 2015] 
[CMS 1810.10069] 

• In [1906.02198] tried , . Alas, no match to reach of LHCb 
Pick up single  decay inside the VELO

Z + jets Z(V → ℓℓ)
̂V → μμ

[Ilten, Soreq, Thaler, Williams, Xue 2016] 
[Pierce, Shakya, Tsai, Zhao 2017]

Benchmark: mP̂ = mV̂ = 1 GeV

<latexit sha1_base64="iPlgqwEcimhUlSVzN2lqqJ7Vm4c=">AAACDHicbVDLSgMxFM34rPVVdekm2Aquykwp6kYouNBlBTsttEPJpJk2NMkMSUYow7h346+4caGIWz/AnX9jOh1BWw8Ezj3nXm7u8SNGlbbtL2tpeWV1bb2wUdzc2t7ZLe3tuyqMJSYtHLJQdnykCKOCtDTVjHQiSRD3GWn748up374jUtFQ3OpJRDyOhoIGFCNtpH6pXOH9pDdCOmmmKbyAP5WbVU7l/oq4psuu2hngInFyUgY5mv3SZ28Q4pgToTFDSnUdO9JegqSmmJG02IsViRAeoyHpGioQJ8pLsmNSeGyUAQxCaZ7QMFN/TySIKzXhvunkSI/UvDcV//O6sQ7OvYSKKNZE4NmiIGZQh3CaDBxQSbBmE0MQltT8FeIRkghrk1/RhODMn7xI3FrVqVfrN7Vy4zSPowAOwRE4AQ44Aw1wDZqgBTB4AE/gBbxaj9az9Wa9z1qXrHzmAPyB9fENAsmaRQ==</latexit>

hNP̂ i
hNV̂ i = 1

3

<latexit sha1_base64="Qgj2xV8C1+qwG3pQD3602X9e6gA=">AAACOHicbVDLSsNAFJ3UV62vqEs3g63gqiS1YDdCwY0rrWAf0IQymU7aoZNJmJkIJeSz3PgZ7sSNC0Xc+gVO0yxq64GBwzn3Mfd4EaNSWdarUVhb39jcKm6Xdnb39g/Mw6OODGOBSRuHLBQ9D0nCKCdtRRUjvUgQFHiMdL3J9czvPhIhacgf1DQiboBGnPoUI6WlgXlXcXyBcOIwxEeMwNtB4oyRSlppCh2RaemK2Vkw4RWcT7DT5CKtDMyyVbUywFVi56QMcrQG5oszDHEcEK4wQ1L2bStSboKEoliPLzmxJBHCEzQifU05Coh0k+zwFJ5pZQj9UOjHFczUxY4EBVJOA09XBkiN5bI3E//z+rHyG25CeRQrwvF8kR8zqEI4SxEOqSBYsakmCAuq/wrxGOkYlM66pEOwl09eJZ1a1a5X6/e1crORx1EEJ+AUnAMbXIImuAEt0AYYPIE38AE+jWfj3fgyvuelBSPvOQZ/YPz8AtTzrY8=</latexit>

<latexit sha1_base64="jlPGqYm1JsyTsb1ZK4lqIRR6B04=">AAACVHicjVFNSwMxFMyuVmvV2urRS7AInsquiBV6Ebx4VLC20C0lm762sdkkJFmxLP0p/hqvehX8Lx5M6wp+ggOBycx7vLxJrDgzNghePH9pubCyWlwrrW9slrcq1e1rI1NNoUUll7oTEwOcCWhZZjl0lAaSxBza8eRs7rdvQRsmxZWdKuglZCTYkFFindSvNCKilJZ3uBE1cZQQO9ZJloCRwsyi5oegQH+63YCd9Su1oB4sgH+SMCc1lOOiX/UK0UDSNAFhKSfGdMNA2V5GtGWUw6wUpQYUoRMygq6jgrhX9LLFhjO875QBHkrtjrB4of7RcffPlowkxkyT2FXO9zLfvbn4m9dN7fCklzGhUguCvg8aphxbiecJ4wHTQC2fOkKoZm49TMdEE2rdP5RccOH3mH6S68N6eFwPLo9qp0EeYRHtoj10gELUQKfoHF2gFqLoHj2gR/TkPXuv/pJfeC/1vbxnB32BX34Dl5+1gg==</latexit>

⇡ 7 mesons per jet
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<latexit sha1_base64="QHHrtCWNBiofnz4uxOhJsenGM3s=">AAACEHicbVC7TsMwFHV4lvIKMLJYtIiyVElVAWMFC2NB9CGaqHJcp7XqOJHtIFVRPoGFX2FhACFWRjb+BqfNAC1XsnV07j32PceLGJXKsr6NpeWV1bX1wkZxc2t7Z9fc22/LMBaYtHDIQtH1kCSMctJSVDHSjQRBgcdIxxtfZf3OAxGShvxOTSLiBmjIqU8xUprqmydlJ0BqJILk8jat3DsqhE6oBdl7iRNJmmbXablvlqyqNS24COwclEBezb755QxCHAeEK8yQlD3bipSbIKEoZiQtOrEkEcJjNCQ9DTkKiHSTqaEUHmtmAP1Q6MMVnLK/FQkKpJwEnp7MtpfzvYz8r9eLlX/hJpRHsSIczz7yYwa17SwdOKCCYMUmGiAsqN4V4hESCCudYVGHYM9bXgTtWtWuV+s3tVLjLI+jAA7BEagAG5yDBrgGTdACGDyCZ/AK3own48V4Nz5mo0tGrjkAf8r4/AGtVpz1</latexit>

BR ⇡ 10�2

c⌧V̂ /cm

<latexit sha1_base64="ZJ5fijNzPrfN3cdqbxFOSf8+OvQ="></latexit>

Z portal prediction
“standard” bkg

zero bkg
<latexit sha1_base64="atWkfo/6wdOid8uzIlX/truDruE="></latexit>

M > 1.8 (2.7) TeV

<latexit sha1_base64="HvbWDlnr0xGoBBtNj9DM4sUmU80="></latexit>

M > 1.6 (2.0) TeV
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Dark showers/2

Ennio Salvioni

• More recent: search for two “dark photon jets” with dedicated triggers. 
Long-lived DPs decaying to muons in MS or to  in HCAL 

• Similar: targets ~ GeV mass scale, partly-invisible decay chain. 
Different: dark shower has larger multiplicity, smaller average boost, 

 decays to neutrinos.

e/π

̂V

[ATLAS 1909.01246]

e.g.  trigger,  3μ pT > 6 GeV

efficiency reduction, if only one dark photon per side

• Recast would be clearly interesting
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Dark showers/2

Ennio Salvioni

• More recent: search for two “dark photon jets” with dedicated triggers. 
Long-lived DPs decaying to muons in MS or to  in HCAL 

• Similar: targets ~ GeV mass scale, partly-invisible decay chain. 
Different: dark shower has larger multiplicity, smaller average boost, 

 decays to neutrinos.

e/π

̂V

[ATLAS 1909.01246]

e.g.  trigger,  3μ pT > 6 GeV

efficiency reduction, if only one dark photon per side

• Recast would be clearly interesting

Trigger level analysis for displaced dimuons?

 to reach MS, but requiring only 2 soft muons can be critical for some signatures pT ≳ 3 GeV
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Intensity frontier

•  For                      , intensity frontier experiments are potentially relevant. 

 Production via Bremsstrahlung, meson decays, Drell-Yan, … 

• Hidden fermion constituents are electrically neutral, vector meson couples 
dominantly to neutral current 

• No global analysis available yet for this scenario.  

Estimate by approximating      as kinetically mixed dark photon

mV̂ . GeV
<latexit sha1_base64="uelnRn3aAu/tn3S08wd6mcqtmDM=">AAACDXicbVBNS8NAEN3Ur1q/oh69LLaCBylJBfVY8KDHCvYDmlI222m7dDcJuxuhhPwBL/4VLx4U8erdm//GTZuDtj4YeLw3w8w8P+JMacf5tgorq2vrG8XN0tb2zu6evX/QUmEsKTRpyEPZ8YkCzgJoaqY5dCIJRPgc2v7kOvPbDyAVC4N7PY2gJ8goYENGiTZS365URD/xxkQnrTTFHgelFBPemSeIHkuR3EArrfTtslN1ZsDLxM1JGeVo9O0vbxDSWECgKSdKdV0n0r2ESM0oh7TkxQoiQidkBF1DAyJA9ZLZNyk+McoAD0NpKtB4pv6eSIhQaip805kdqRa9TPzP68Z6eNVLWBDFGgI6XzSMOdYhzqLBAyaBaj41hFDJzK2YjokkVJsASyYEd/HlZdKqVd3zau2uVq5f5HEU0RE6RqfIRZeojm5RAzURRY/oGb2iN+vJerHerY95a8HKZw7RH1ifP6S3m98=</latexit>

V̂
<latexit sha1_base64="3depJuvSS2cb+pMlbLxVm1nug1U=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69BFvBU0kqqMeCF48VbKu0oWy2m3bp7ibsToQS+iu8eFDEqz/Hm//GbZuDtj4YeLw3w8y8MBHcoOd9O4W19Y3NreJ2aWd3b/+gfHjUNnGqKWvRWMT6ISSGCa5YCzkK9pBoRmQoWCcc38z8zhPThsfqHicJCyQZKh5xStBKj9XeiGDWnlb75YpX8+ZwV4mfkwrkaPbLX71BTFPJFFJBjOn6XoJBRjRyKti01EsNSwgdkyHrWqqIZCbI5gdP3TOrDNwo1rYUunP190RGpDETGdpOSXBklr2Z+J/XTTG6DjKukhSZootFUSpcjN3Z9+6Aa0ZRTCwhVHN7q0tHRBOKNqOSDcFffnmVtOs1/6JWv6tXGpd5HEU4gVM4Bx+uoAG30IQWUJDwDK/w5mjnxXl3PhatBSefOYY/cD5/ADS8j/k=</latexit>

Ennio Salvioni

generic light dark vector

<latexit sha1_base64="e7m+2VkXNB3aJ8ufbUZrB2bV5fk="></latexit>

"e↵ ⇡ 10�7
⇣ mV̂

GeV

⌘2⇣2 TeV

M

⌘2

neglects differences between EM and weak charges
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•  For                      , intensity frontier experiments are potentially relevant. 

 Production via Bremsstrahlung, meson decays, Drell-Yan, … 

• Hidden fermion constituents are electrically neutral, vector meson couples 
dominantly to neutral current 

• No global analysis available yet for this scenario.  

Estimate by approximating      as kinetically mixed dark photon

mV̂ . GeV
<latexit sha1_base64="uelnRn3aAu/tn3S08wd6mcqtmDM=">AAACDXicbVBNS8NAEN3Ur1q/oh69LLaCBylJBfVY8KDHCvYDmlI222m7dDcJuxuhhPwBL/4VLx4U8erdm//GTZuDtj4YeLw3w8w8P+JMacf5tgorq2vrG8XN0tb2zu6evX/QUmEsKTRpyEPZ8YkCzgJoaqY5dCIJRPgc2v7kOvPbDyAVC4N7PY2gJ8goYENGiTZS365URD/xxkQnrTTFHgelFBPemSeIHkuR3EArrfTtslN1ZsDLxM1JGeVo9O0vbxDSWECgKSdKdV0n0r2ESM0oh7TkxQoiQidkBF1DAyJA9ZLZNyk+McoAD0NpKtB4pv6eSIhQaip805kdqRa9TPzP68Z6eNVLWBDFGgI6XzSMOdYhzqLBAyaBaj41hFDJzK2YjokkVJsASyYEd/HlZdKqVd3zau2uVq5f5HEU0RE6RqfIRZeojm5RAzURRY/oGb2iN+vJerHerY95a8HKZw7RH1ifP6S3m98=</latexit>

V̂
<latexit sha1_base64="3depJuvSS2cb+pMlbLxVm1nug1U=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69BFvBU0kqqMeCF48VbKu0oWy2m3bp7ibsToQS+iu8eFDEqz/Hm//GbZuDtj4YeLw3w8y8MBHcoOd9O4W19Y3NreJ2aWd3b/+gfHjUNnGqKWvRWMT6ISSGCa5YCzkK9pBoRmQoWCcc38z8zhPThsfqHicJCyQZKh5xStBKj9XeiGDWnlb75YpX8+ZwV4mfkwrkaPbLX71BTFPJFFJBjOn6XoJBRjRyKti01EsNSwgdkyHrWqqIZCbI5gdP3TOrDNwo1rYUunP190RGpDETGdpOSXBklr2Z+J/XTTG6DjKukhSZootFUSpcjN3Z9+6Aa0ZRTCwhVHN7q0tHRBOKNqOSDcFffnmVtOs1/6JWv6tXGpd5HEU4gVM4Bx+uoAG30IQWUJDwDK/w5mjnxXl3PhatBSefOYY/cD5/ADS8j/k=</latexit>

Ennio Salvioni

generic light dark vector

<latexit sha1_base64="e7m+2VkXNB3aJ8ufbUZrB2bV5fk="></latexit>

"e↵ ⇡ 10�7
⇣ mV̂

GeV

⌘2⇣2 TeV

M

⌘2

neglects differences between EM and weak charges

"
<latexit sha1_base64="fLCXNrrY0V67rvVJQ16d8PiuUmU=">AAAB9HicbVDLTgJBEOzFF+IL9ehlI5h4Irt4kCOJF4+YyCOBDZkdemHC7Mw6M0tCNnyHFw8a49WP8ebfODwOClbSSaWqO91dYcKZNp737eS2tnd29/L7hYPDo+OT4ulZS8tUUWxSyaXqhEQjZwKbhhmOnUQhiUOO7XB8N/fbE1SaSfFopgkGMRkKFjFKjJWCcm9CFCaacSnK/WLJq3gLuJvEX5ESrNDoF796A0nTGIWhnGjd9b3EBBlRhlGOs0Iv1ZgQOiZD7FoqSIw6yBZHz9wrqwzcSCpbwrgL9fdERmKtp3FoO2NiRnrdm4v/ed3URLUgYyJJDQq6XBSl3DXSnSfgDphCavjUEkIVs7e6dEQUocbmVLAh+Osvb5JWteLfVKoP1VK9toojDxdwCdfgwy3U4R4a0AQKT/AMr/DmTJwX5935WLbmnNXMOfyB8/kDdOuR2w==</latexit>

mV̂ [GeV]
<latexit sha1_base64="LCDgCeMOSItWa3QGS6GO6dOBDvA=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WWwFTyWpgh4LHvRYwcZCGsJmu2mX7m7C7kYIof4VLx4U8eoP8ea/cdvmoK0PBh7vzTAzL0oZVdpxvq3K2vrG5lZ1u7azu7d/YB8eeSrJJCY9nLBE9iOkCKOC9DTVjPRTSRCPGHmIJtcz/+GRSEUTca/zlAQcjQSNKUbaSKFdb/KwGIyRLrzptAn9G+IFod1wWs4ccJW4JWmAEt3Q/hoME5xxIjRmSCnfdVIdFEhqihmZ1gaZIinCEzQivqECcaKCYn78FJ4aZQjjRJoSGs7V3xMF4krlPDKdHOmxWvZm4n+en+n4KiioSDNNBF4sijMGdQJnScAhlQRrlhuCsKTmVojHSCKsTV41E4K7/PIq8dot97zVvms3OhdlHFVwDE7AGXDBJeiAW9AFPYBBDp7BK3iznqwX6936WLRWrHKmDv7A+vwBzHWUKg==</latexit>

[bounds from PBC, 1901.09966]

effect of

BR(V̂ ! ⌫⌫)
<latexit sha1_base64="rJ5EoKCXgy/fuAv0dFlZKQHzoeY=">AAACC3icbVC7TsMwFHV4lvIKMLJYbZHKUiUFCcYKFsaC6ENqospx3daq7US2g1RF2Vn4FRYGEGLlB9j4G5w2A7Rc6UpH59yre88JIkaVdpxva2V1bX1js7BV3N7Z3du3Dw7bKowlJi0cslB2A6QIo4K0NNWMdCNJEA8Y6QST60zvPBCpaCju9TQiPkcjQYcUI22ovl2qeBzpseTJ1V1a9cZIJ+0UejqEnoizPq307bJTc2YFl4GbgzLIq9m3v7xBiGNOhMYMKdVznUj7CZKaYkbSohcrEiE8QSPSM1AgTpSfzLyk8MQwAzgMpWmh4Yz9vZEgrtSUB2Yye1wtahn5n9aL9fDST6iIYk0Enh8axgwaq1kwcEAlwZpNDUBYUvMrxGMkEdYmvqIJwV20vAza9Zp7Vqvf1suN8zyOAjgGJVAFLrgADXADmqAFMHgEz+AVvFlP1ov1bn3MR1esfOcI/Cnr8weBTJoB</latexit>

Z portal @ intensity frontier
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Dark showers/3

Ennio Salvioni

• Partly-invisible dark shower with heavier mesons ( )  
also studied recently. Hadronic-only decays 

• ATLAS reconstruction gives bias towards lower DV masses, efficiency loss 

Can be improved by relaxing ,  
or including tracks with  in mass reco

mDV > 10 GeV

mDV > 5 GeV
d0 < 2 mm

[Bernreuther et al. 2011.06604]

[ATLAS 1710.04901]

34



More LLP opportunities

Ennio Salvioni

• Proposal for displaced dimuon trigger @ CMS phase II 

• Track stubs in outer tracker enable L1 track triggering. 
Applied to reconstruct vertices with displacement up to ~ 10 cm 
& matched to MS activity to reduce rate

[Gershtein, Knapen 1907.00007]

for dark showers: second DV in event? muon  thresholdspT

• Competitive with LHCb for exotic B decays
<latexit sha1_base64="HfjjQT0AuqCHdhn+6ahmwHQqNis=">AAACR3icjVDNSgMxGEyq1Vr/Wj16CRZBPJTdIuqx6MVjBfsD3WXJZtM2NJvdJtliWfoOPo1XvfoIPoU38WjaLoitgkMCk5lvCN/4MWdKW9YbzK2t5zc2C1vF7Z3dvf1S+aClokQS2iQRj2THx4pyJmhTM81pJ5YUhz6nbX94M/PbYyoVi8S9nsTUDXFfsB4jWBvJK51dOzpCHU8hZ4xlPGDIGY0SHHw/je2EiTleqWJVrTnQKrEzUgEZGl4Z5p0gIklIhSYcK9W1rVi7KZaaEU6nRSdRNMZkiPu0a6jAIVVuOl9qik6MEqBeJM0VGs3VPxIP/4ykOFRqEvpmMsR6oJa9mfib101078pNmYgTTQVZfNRLODLdzEpFAZOUaD4xBBPJzHqIDLDERJvqi6Y4e7mmVdKqVe2LqnV3XqnXsgoL4Agcg1Ngg0tQB7egAZqAgEfwBJ7BC3yF7/ADfi5GczDLHIIfyMEvwy2wgg==</latexit>

B ! Xs' ' ! µµ

[Evans, Gandrakota, Knapen, Routray 2008.06918]

• Also proposed for hadronic DV, physics case from light CP-even scalars (and ALPs)

[Gershtein, Knapen, Redigolo 2012.07864]
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• Introduction 

•  Theory motivation 

•  Case study: Z portal to dark QCD 
✓  Prompt light resonances 
✓  LLPs and dark showers 

•  Invisibly-decaying dark photons

Plan



✓   coupling to SM electromagnetic current, 

✓  dominant decay mode is invisible (  , decays to DM)

ε
mA′� > 2 mπDM

"ecwQf f̄�
µfA0

µ

<latexit sha1_base64="zPKKf102/bf63Y5lVYCR9RgDB8E="></latexit>

Ennio Salvioni

[Katz, Salvioni, Shakya, 2006.15148]

[Izaguirre et al., Essig et al. 2013] 
[Fox, Harnik, Kopp, Tsai 2011] 

[Shoemaker, Vecchi 2011] 
[Curtin, Essig, Gori, Shelton 2014] 
[Hochberg, Kuflik, Murayama 2015] 

[LDMX 2018] 
…

• Dark photon in mass range  

can be portal to SIMP dark matter 

• Properties:

100 MeV ≲ mA′ � ≲ 100 GeV
<latexit sha1_base64="TkEuCTSjl+/rIaqPtV1topMcxKA=">AAACSHicjVDLSgMxFM3UVx1frS7dBEvFVZkRUZcFXbgRKtgHdIaSyWTa0EwmJJnSMvQ33Or3+Af+hTtxZ9rOpo+FBwKHc+65SU4gGFXacb6swtb2zu5ecd8+ODw6PimVT1sqSSUmTZywRHYCpAijnDQ11Yx0hCQoDhhpB8OHmd8eEalowl/1RBA/Rn1OI4qRNpLnCdrLPBnDx+dpr1Rxas4ccJ24OamAHI1e2br0wgSnMeEaM6RU13WE9jMkNcWMTG0vVUQgPER90jWUo5goP5s/egqrRglhlEhzuIZzdSkRjqhQeWa8CNnVzSvH/9yZoVipSRyYyRjpgVr1ZuImr5vq6N7PKBepJhwvLopSBnUCZ63CkEqCNZsYgrCk5v8QD5BEWJvubdOsu9rjOmld19zbmvNyU6k7ecdFcA4uwBVwwR2ogyfQAE2AgQBv4B18WJ/Wt/Vj/S5GC1aeOQNLKBT+AN/ishw=</latexit>⇡DM

<latexit sha1_base64="TkEuCTSjl+/rIaqPtV1topMcxKA=">AAACSHicjVDLSgMxFM3UVx1frS7dBEvFVZkRUZcFXbgRKtgHdIaSyWTa0EwmJJnSMvQ33Or3+Af+hTtxZ9rOpo+FBwKHc+65SU4gGFXacb6swtb2zu5ecd8+ODw6PimVT1sqSSUmTZywRHYCpAijnDQ11Yx0hCQoDhhpB8OHmd8eEalowl/1RBA/Rn1OI4qRNpLnCdrLPBnDx+dpr1Rxas4ccJ24OamAHI1e2br0wgSnMeEaM6RU13WE9jMkNcWMTG0vVUQgPER90jWUo5goP5s/egqrRglhlEhzuIZzdSkRjqhQeWa8CNnVzSvH/9yZoVipSRyYyRjpgVr1ZuImr5vq6N7PKBepJhwvLopSBnUCZ63CkEqCNZsYgrCk5v8QD5BEWJvubdOsu9rjOmld19zbmvNyU6k7ecdFcA4uwBVwwR2ogyfQAE2AgQBv4B18WJ/Wt/Vj/S5GC1aeOQNLKBT+AN/ishw=</latexit>⇡DM

<latexit sha1_base64="iZQgDzn7YmA1rHTlsSGjrl7TX6A=">AAACRnicjVDLSgMxFL1TX7W+Wl26CZaKqzIjoi4LbtwIFe0D26FkMpk2mMkMSaa0DP0Lt/o9/oI/4U7cmraz6WPhgcDhnHtukuPFnClt219WbmNza3snv1vY2z84PCqWjpsqSiShDRLxSLY9rChngjY005y2Y0lx6HHa8l7vpn5rSKVikXjW45i6Ie4LFjCCtZFegl7alSF6epj0imW7as+AVomTkTJkqPdK1nnXj0gSUqEJx0p1HDvWboqlZoTTSaGbKBpj8or7tGOowCFVbjp78gRVjOKjIJLmCI1m6kLCH7JYZZnRPFSorF85+ufOFIdKjUPPTIZYD9SyNxXXeZ1EB7duykScaCrI/KIg4UhHaNop8pmkRPOxIZhIZv6PyABLTLRpvmCadZZ7XCXNy6pzXbUfr8o1O+s4D6dwBhfgwA3U4B7q0AACAt7gHT6sT+vb+rF+56M5K8ucwAJy8AcqKrFI</latexit>

fSM
<latexit sha1_base64="iZQgDzn7YmA1rHTlsSGjrl7TX6A=">AAACRnicjVDLSgMxFL1TX7W+Wl26CZaKqzIjoi4LbtwIFe0D26FkMpk2mMkMSaa0DP0Lt/o9/oI/4U7cmraz6WPhgcDhnHtukuPFnClt219WbmNza3snv1vY2z84PCqWjpsqSiShDRLxSLY9rChngjY005y2Y0lx6HHa8l7vpn5rSKVikXjW45i6Ie4LFjCCtZFegl7alSF6epj0imW7as+AVomTkTJkqPdK1nnXj0gSUqEJx0p1HDvWboqlZoTTSaGbKBpj8or7tGOowCFVbjp78gRVjOKjIJLmCI1m6kLCH7JYZZnRPFSorF85+ufOFIdKjUPPTIZYD9SyNxXXeZ1EB7duykScaCrI/KIg4UhHaNop8pmkRPOxIZhIZv6PyABLTLRpvmCadZZ7XCXNy6pzXbUfr8o1O+s4D6dwBhfgwA3U4B7q0AACAt7gHT6sT+vb+rF+56M5K8ucwAJy8AcqKrFI</latexit>

fSM

<latexit sha1_base64="/lcUe9qax0VtA3liXFAHA0n5fSQ=">AAACPnicjVDNTgIxGGzxD9c/0KOXRoJ6IrvEqEeMF49o5CeBDel2u9DQ7W7aLoFseAOv+jy+hi/gzXj1aIG9CBycpMlk5puv7XgxZ0rb9gfMbWxube/kd629/YPDo0LxuKmiRBLaIBGPZNvDinImaEMzzWk7lhSHHqctb3g/81sjKhWLxLOexNQNcV+wgBGsjfR0d9ErlOyKPQdaJU5GSiBDvVeE510/IklIhSYcK9Vx7Fi7KZaaEU6nVjdRNMZkiPu0Y6jAIVVuOn/qFJWN4qMgkuYIjebqn4Q/YrHKMuNFyCqvXzn+584Uh0pNQs9MhlgP1LI3E9d5nUQHt27KRJxoKsjioiDhSEdo1iXymaRE84khmEhm/o/IAEtMtGncMs06yz2ukma14lxX7MerUq2adZwHp+AMXAIH3IAaeAB10AAEBOAFvII3+A4/4Rf8XozmYJY5AX8Af34B0VeuqQ==</latexit>

A0
<latexit sha1_base64="nzheopFjJ5to/gfa5tASWSt1Jyg=">AAACSXicjVDLTgIxFO2ADxxfoEs3jQTjiswQoy5J3LjERB4JTEincwcaOp2x7RAI4Tvc6vf4BX6GO+PKArNBWHiSJifn3HPbHj/hTGnH+bRy+Z3dvf3CgX14dHxyWiydtVScSgpNGvNYdnyigDMBTc00h04igUQ+h7Y/elj47TFIxWLxrKcJeBEZCBYySrSRPMC9MZGQKMZj0S+WnaqzBN4kbkbKKEOjX7KuekFM0wiEppwo1XWdRHszIjWjHOZ2L1WQEDoiA+gaKkgEypstXz3HFaMEOIylOULjpbqWCMYsUVlmsgrZle0rJ//cOSORUtPIN5MR0UP111uI27xuqsN7b8ZEkmoQdHVRmHKsY7yoFQdMAtV8agihkpn/YzokklBtyrdNs+7fHjdJq1Z1b6vO0025Xss6LqALdImukYvuUB09ogZqIope0Ct6Q+/Wh/VlfVs/q9GclWXO0Rpy+V9G7LLU</latexit>e"

<latexit sha1_base64="CZNDYl871+FpnDCRvcp7gJv1eRg=">AAACQ3icjVDLSgMxFE3qq46vVpduBkvFVZkpoi4LblxWsA9oh5LJ3LahmcyQZErL0I9wq9/jR/gN7sStYNrOpo+FBwKHc+65SY4fc6a043zi3M7u3v5B/tA6Oj45PSsUz5sqSiSFBo14JNs+UcCZgIZmmkM7lkBCn0PLHz3O/dYYpGKReNHTGLyQDATrM0q0kVrdIdEpzHqFklNxFrA3iZuREspQ7xXxdTeIaBKC0JQTpTquE2svJVIzymFmdRMFMaEjMoCOoYKEoLx08d6ZXTZKYPcjaY7Q9kJdSQRjFqssM1mGrPL2lZN/7kxJqNQ09M1kSPRQrXtzcZvXSXT/wUuZiBMNgi4v6ifc1pE9L9QOmASq+dQQQiUz/7fpkEhCtandMs266z1ukma14t5VnOfbUq2adZxHl+gK3SAX3aMaekJ11EAUjdArekPv+AN/4W/8sxzN4SxzgVaAf/8ATHSxaQ==</latexit>

ê

• Searched for at range of experiments, but important “holes” remain

Invisible resonance: dark photon
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Ennio Salvioni

m2
A0 = s� 2

p
sE⇤

�

<latexit sha1_base64="Fjxt98mbx8LDXqcM2qKpa0ij7E8=">AAACEnicbVDLSgNBEJz1bXxFPXoZDKKCht0gPg6CIoJHBRMD2bj0TiZxcGZ3nekVwpJv8OKvePGgiFdP3vwbJ4+DRgsaiqpuurvCRAqDrvvljIyOjU9MTk3nZmbn5hfyi0sVE6ea8TKLZayrIRguRcTLKFDyaqI5qFDyq/D2pOtf3XNtRBxdYjvhdQWtSDQFA7RSkN9UQXa83rku0UNq6DYtUd/cacxMx9+ip4HfAqXg2geDQb7gFt0e6F/iDUiBDHAe5D/9RsxSxSNkEoypeW6C9Qw0CiZ5J+enhifAbqHFa5ZGoLipZ72XOnTNKg3ajLWtCGlP/TmRgTKmrULbqQBvzLDXFf/zaik29+uZiJIUecT6i5qppBjTbj60ITRnKNuWANPC3krZDWhgaFPM2RC84Zf/kkqp6O0UDy52Cke7gzimyApZJRvEI3vkiJyRc1ImjDyQJ/JCXp1H59l5c977rSPOYGaZ/ILz8Q0qX5vu</latexit>

fixed-target experiments

<latexit sha1_base64="7yyznmo9VH3/+WQjKefcfjIK6tI=">AAACP3icjVDNTgIxGGzxD9c/0KOXRoIx0ZBdY9QjiRePGOUngZV0u11o6HY3bZdANjyCV30eH8Mn8Ga8erPAXgAPTtJkMvPN13a8mDOlbfsD5tbWNza38tvWzu7e/kGheNhQUSIJrZOIR7LlYUU5E7Sumea0FUuKQ4/Tpje4m/rNIZWKReJJj2PqhrgnWMAI1kZ6pM/n3ULJrtgzoFXiZKQEMtS6RXja8SOShFRowrFSbceOtZtiqRnhdGJ1EkVjTAa4R9uGChxS5aazt05Q2Sg+CiJpjtBopi4k/CGLVZYZzUNW+e+Vo3/uTHGo1Dj0zGSIdV8te1PxL6+d6ODWTZmIE00FmV8UJBzpCE3LRD6TlGg+NgQTycz/EeljiYk2lVumWWe5x1XSuKw41xX74apUvcg6zoNjcALOgANuQBXcgxqoAwJ64AW8gjf4Dj/hF/yej+ZgljkCC4A/v+1QrzM=</latexit>

e+

<latexit sha1_base64="VlmNRz6mbMgF7/wHXfJ+RyV43g0=">AAACP3icjVDNTgIxGGzxD9c/0KOXRoLxoGTXGPVI4sUjRvlJYCXdbhcaut1N2yWQDY/gVZ/Hx/AJvBmv3iywF8CDkzSZzHzztR0v5kxp2/6AubX1jc2t/La1s7u3f1AoHjZUlEhC6yTikWx5WFHOBK1rpjltxZLi0OO06Q3upn5zSKVikXjS45i6Ie4JFjCCtZEe6fNFt1CyK/YMaJU4GSmBDLVuEZ52/IgkIRWacKxU27Fj7aZYakY4nVidRNEYkwHu0bahAodUuensrRNUNoqPgkiaIzSaqQsJf8hilWVG85BV/nvl6J87UxwqNQ49Mxli3VfL3lT8y2snOrh1UybiRFNB5hcFCUc6QtMykc8kJZqPDcFEMvN/RPpYYqJN5ZZp1lnucZU0LivOdcV+uCpVz7OO8+AYnIAz4IAbUAX3oAbqgIAeeAGv4A2+w0/4Bb/nozmYZY7AAuDPL/ECrzU=</latexit>

e� mono-photon at  
low-energy e+e−

Below 8 GeV, strong sensitivity (past, running or planned)

Invisible resonance: dark photon

37



Ennio Salvioni

current ATLAS/CMS monojet bounds  
are weaker than CDF

searches for visible decays @ LHC

<latexit sha1_base64="nWbOSO4xeANMIcTHuLDxPlgafjQ="></latexit>

� ⇥ BR / "4

but very sensitive searches

here, LHC is likely 
the only game in town

<latexit sha1_base64="A/5ySQxND3lZkJSX3c9Q5h+7ENM=">AAACRXicjVDLTgIxFG3xheMLdOlmIkFdGDJjjLrEuHGJiTwUJqTT6UBDO9O0HQIhfIVb/R6/wY9wZ9xqgdnwWHiSJifn3HPbHl8wqrTjfMLM2vrG5lZ229rZ3ds/yOUPaypOJCZVHLNYNnykCKMRqWqqGWkISRD3Gan7vfuJX+8TqWgcPemhIB5HnYiGFCNtpGchWjq2X+7O2rmCU3KmsJeJm5ICSFFp5+FpK4hxwkmkMUNKNV1HaG+EpKaYkbHVShQRCPdQhzQNjRAnyhtNXzy2i0YJ7DCW5kTanqpziaBPhUozg1nIKq5eOfjnzhHiSg25byY50l216E3EVV4z0eGtN6KRSDSJ8OyiMGG2aW5SqR1QSbBmQ0MQltT838ZdJBHWpnjLNOsu9rhMapcl97rkPF4Vyhdpx1lwDE7AOXDBDSiDB1ABVYABB6/gDbzDD/gFv+HPbDQD08wRmAP8/QOvJ7GC</latexit>

pp ! ZA0

<latexit sha1_base64="eDZBIBnU+kZrtqINO9W8ZFOH0Io=">AAACVnicjVFNS8NAEN1Ea2v8SvUieFksVQ9SEhH1WPHisYL9wKaUzXbbLt0ky+6mtJT6a7zq79E/I27SXPpxcGCHx5t5M8xbnzMqleP8GObWdm4nX9i19vYPDo/s4nFDRrHApI4jFomWjyRhNCR1RRUjLS4ICnxGmv7oKak3x0RIGoWvaspJJ0CDkPYpRkpTXfuUc09F8A0m+fESeoSxNHXtklNx0oDrwM1ACWRR6xaNC68X4TggocIMSdl2Ha46MyQUxYzMLS+WhCM8QgPS1jBEAZGdWXrCHJY104P9SOgXKpiyS4remHKZaSYLkVXePHLyz5kzFEg5DXzdGSA1lKu1hNxUa8eq/9CZ0ZDHioR4sagfM6gtTDyGPSoIVmyqAcKC6vshHiKBsNI/YWln3VUf10HjpuLeVZyX21L1OvO4AM7AObgCLrgHVfAMaqAOMHgHH+ATfBnfxq+ZM/OLVtPINCdgKUz7D42ztD0=</latexit>

pp ! Z ! A0``
<latexit sha1_base64="BpYNn2xxS9hF895cPc5YuxlNqZA=">AAACUHicjVHJTsMwEJ2UrYStLUcuEVVREVWVIAQcK3HhWCS6SE1UOY7bGpxFtlO1ivorXOF7uPEn3MBpw6HLgZEsP72ZN+N5diNGhTTNLy23tb2zu5ff1w8Oj45PCsVSW4Qxx6SFQxbyrosEYTQgLUklI92IE+S7jHTc14c03xkTLmgYPMtpRBwfDQM6oBhJRfULpeqVXbN9JEfcT16IFLPLfqFs1s15GOvAykAZsmj2i9qF7YU49kkgMUNC9Cwzkk6CuKSYkZlux4JECL+iIekpGCCfCCeZP35mVBTjGYOQqxNIY84uKbwxjUSmmSxEemVzy8k/eybIF2Lqu6oyXV2s5lJyU64Xy8G9k9AgiiUJ8GLQIGaGDI3UXcOjnGDJpgogzKna38AjxBGW6g905ay16uM6aF/Xrdu6+XRTbtQyj/NwBudQBQvuoAGP0IQWYJjAG7zDh/apfWs/OW1R+nfDKSxFTv8FJTqzpQ==</latexit>

(+ jets)
<latexit sha1_base64="Mwoo+8EqkgtLbw1CMFtPuUoIxE4=">AAACQnicjVDLSgMxFE181vpqdekmWCoupMyIqMuCG5cV7APaoWQymTY2kwxJprQM/Qe3+j3+hL/gTty6MG1n08fCA4HDOffcJMePOdPGcT7hxubW9s5ubi+/f3B4dFwonjS0TBShdSK5VC0fa8qZoHXDDKetWFEc+Zw2/cHD1G8OqdJMimczjqkX4Z5gISPYWKnR4YE0ulsoORVnBrRK3IyUQIZatwgvOoEkSUSFIRxr3Xad2HgpVoYRTif5TqJpjMkA92jbUoEjqr109twJKlslQKFU9giDZupCIhiyWGeZ0TyUL69fOfrnzhRHWo8j305G2PT1sjcV13ntxIT3XspEnBgqyPyiMOHISDTtEwVMUWL42BJMFLP/R6SPFSbGtp63zbrLPa6SxnXFva04Tzel6lXWcQ6cgXNwCVxwB6rgEdRAHRDwAl7BG3iHH/ALfsOf+egGzDKnYAHw9w9Mj7Dl</latexit>. . .

Above 8 GeV, a challenge (new ideas needed)

strong theory motivation

Invisible resonance: dark photon

38



Ennio Salvioni

Outlook

• Strongly coupled hidden sectors @ 
and interacting through heavy mediators 
have important motivations from addressing outstanding questions 

• We may have gotten the big picture right (the weak scale is natural, DM is a thermal relic) 
but the details differ from “traditional” views: Neutral Naturalness, SIMP DM, … 

• Require innovative experimental strategies. The LHC has unique role to play, often the 
only environment where these dark sectors can be probed

<latexit sha1_base64="/oUKYg0b+ncEbw1FmdRR3rkZ8as="></latexit>

few ⇥ 100 MeV . ⇤ . few ⇥ 10 GeV

• I discussed a few examples highlighting the variety of signatures. 
They range from prompt decays, to dark showers with LLPs, to invisible resonances, … 

• Plenty of opportunities for qualitative progress, both in developing new trigger strategies 
and in analysis techniques. Further exploration necessary on theory side as well 

• Much more I haven’t touched upon! Looking forward to the discussion
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• If only Higgs portal is present,   are metastable and can easily conflict with BBN. 

Can happen for instance in fraternal Twin Higgs  

• Include dark photon portal, makes  decay efficiently. 

Lightest  depleted via (forbidden) conversion to vectors, 

 strong upper bound on  lifetime to have viable cosmology, promising for LHC

̂P, ̂V

̂V
̂P

̂V

Interplay with cosmology

<latexit sha1_base64="Qu2CdkmeuZLexDs830WC3L84zsI=">AAACXnicjVFNT8JAEN1WRawioBcTLxsJxhNpiVGPJF48YiIfCTRku93Chu222d0SSMPVX+NV/4s3f4oLrQc+Dk6ymZc382Yyb72YUals+9swDw6PCsfFE+v0rHRerlQvujJKBCYdHLFI9D0kCaOcdBRVjPRjQVDoMdLzps+rem9GhKQRf1OLmLghGnMaUIyUpkYVOJwglbaXf0lFGdNd5mlUqdkNex1wFzg5qIE82qOqcTv0I5yEhCvMkJQDx46VmyKhKGZkaQ0TSWKEp2hMBhpyFBLpputTlrCuGR8GkdCPK7hmNxT+jMYy18wzkVXfP3L+z5kpCqVchJ7uDJGayO3aitxXGyQqeHJTyuNEEY6zRUHCoDZx5TX0qSBYsYUGCAuq74d4ggTCSv+IpZ11tn3cBd1mw3lo2K/3tVYz97gIrsENuAMOeAQt8ALaoAMweAcf4BN8GT9mwSyZ5azVNHLNJdgI8+oXOiK4kQ==</latexit>

P̂ P̂ ! V̂ V̂

�m2
h ⇠ 3y2

t g
2
s

4⇡4 ⇤2
<latexit sha1_base64="XLVERuYUunKI0zciuJ2lbgGM9UU="></latexit><latexit sha1_base64="XLVERuYUunKI0zciuJ2lbgGM9UU="></latexit><latexit sha1_base64="XLVERuYUunKI0zciuJ2lbgGM9UU="></latexit><latexit sha1_base64="XLVERuYUunKI0zciuJ2lbgGM9UU="></latexit>

gAs ⇠ gBs
<latexit sha1_base64="agqKxyKOyY9X+f/ONZVqOdpzHNI=">AAAB+3icbZDLSsNAFIZP6q3WW6xLN4Ot4KokBdFl1Y3LCvYCbQyT6aQdOpmEmYlYSl/FjQtF3Poi7nwbJ20W2vrDwMd/zuGc+YOEM6Ud59sqrK1vbG4Vt0s7u3v7B/Zhua3iVBLaIjGPZTfAinImaEszzWk3kRRHAaedYHyT1TuPVCoWi3s9SagX4aFgISNYG8u3y9Whrx6uUF+xCGV4XfXtilNz5kKr4OZQgVxN3/7qD2KSRlRowrFSPddJtDfFUjPC6azUTxVNMBnjIe0ZFDiiypvOb5+hU+MMUBhL84RGc/f3xBRHSk2iwHRGWI/Uci0z/6v1Uh1eelMmklRTQRaLwpQjHaMsCDRgkhLNJwYwkczcisgIS0y0iatkQnCXv7wK7XrNdWruXb3SOM/jKMIxnMAZuHABDbiFJrSAwBM8wyu8WTPrxXq3PhatBSufOYI/sj5/AC+fky4=</latexit><latexit sha1_base64="agqKxyKOyY9X+f/ONZVqOdpzHNI=">AAAB+3icbZDLSsNAFIZP6q3WW6xLN4Ot4KokBdFl1Y3LCvYCbQyT6aQdOpmEmYlYSl/FjQtF3Poi7nwbJ20W2vrDwMd/zuGc+YOEM6Ud59sqrK1vbG4Vt0s7u3v7B/Zhua3iVBLaIjGPZTfAinImaEszzWk3kRRHAaedYHyT1TuPVCoWi3s9SagX4aFgISNYG8u3y9Whrx6uUF+xCGV4XfXtilNz5kKr4OZQgVxN3/7qD2KSRlRowrFSPddJtDfFUjPC6azUTxVNMBnjIe0ZFDiiypvOb5+hU+MMUBhL84RGc/f3xBRHSk2iwHRGWI/Uci0z/6v1Uh1eelMmklRTQRaLwpQjHaMsCDRgkhLNJwYwkczcisgIS0y0iatkQnCXv7wK7XrNdWruXb3SOM/jKMIxnMAZuHABDbiFJrSAwBM8wyu8WTPrxXq3PhatBSufOYI/sj5/AC+fky4=</latexit><latexit sha1_base64="agqKxyKOyY9X+f/ONZVqOdpzHNI=">AAAB+3icbZDLSsNAFIZP6q3WW6xLN4Ot4KokBdFl1Y3LCvYCbQyT6aQdOpmEmYlYSl/FjQtF3Poi7nwbJ20W2vrDwMd/zuGc+YOEM6Ud59sqrK1vbG4Vt0s7u3v7B/Zhua3iVBLaIjGPZTfAinImaEszzWk3kRRHAaedYHyT1TuPVCoWi3s9SagX4aFgISNYG8u3y9Whrx6uUF+xCGV4XfXtilNz5kKr4OZQgVxN3/7qD2KSRlRowrFSPddJtDfFUjPC6azUTxVNMBnjIe0ZFDiiypvOb5+hU+MMUBhL84RGc/f3xBRHSk2iwHRGWI/Uci0z/6v1Uh1eelMmklRTQRaLwpQjHaMsCDRgkhLNJwYwkczcisgIS0y0iatkQnCXv7wK7XrNdWruXb3SOM/jKMIxnMAZuHABDbiFJrSAwBM8wyu8WTPrxXq3PhatBSufOYI/sj5/AC+fky4=</latexit><latexit sha1_base64="agqKxyKOyY9X+f/ONZVqOdpzHNI=">AAAB+3icbZDLSsNAFIZP6q3WW6xLN4Ot4KokBdFl1Y3LCvYCbQyT6aQdOpmEmYlYSl/FjQtF3Poi7nwbJ20W2vrDwMd/zuGc+YOEM6Ud59sqrK1vbG4Vt0s7u3v7B/Zhua3iVBLaIjGPZTfAinImaEszzWk3kRRHAaedYHyT1TuPVCoWi3s9SagX4aFgISNYG8u3y9Whrx6uUF+xCGV4XfXtilNz5kKr4OZQgVxN3/7qD2KSRlRowrFSPddJtDfFUjPC6azUTxVNMBnjIe0ZFDiiypvOb5+hU+MMUBhL84RGc/f3xBRHSk2iwHRGWI/Uci0z/6v1Uh1eelMmklRTQRaLwpQjHaMsCDRgkhLNJwYwkczcisgIS0y0iatkQnCXv7wK7XrNdWruXb3SOM/jKMIxnMAZuHABDbiFJrSAwBM8wyu8WTPrxXq3PhatBSufOYI/sj5/AC+fky4=</latexit>

Disfavored by cosmology

<latexit sha1_base64="6KyECiTg6x0x2Zj4KZSkoIRDBBI="></latexit>

h ! V̂ V̂ ! (µµ)DV +X

[Cheng, Jung, Salvioni, Tsai 1512.02647][CMS 1411.6977]

<latexit sha1_base64="MxUSqAG+JG6H9cBPumB8D83/26U=">AAACXnicjVFNS8QwEE2rrlo/dtWL4CW4KJ6WVkUFQQQvHhXcVdiWkqapGzZpSzIVl9Krv8ar/hdv/hTT3V78ODgQeLw3b4Z5iXLBNbjuh2XPzS+0FpeWnZXVtfV2Z2NzoLNCUdanmcjUQ0Q0EzxlfeAg2EOuGJGRYPfR+KrW75+Y0jxL72CSs0CSx5QnnBIwVNjBPpAiLP0RgXJQVfgCH7n+uS8JjJQsqazCTtftudPCv4HXgC5q6ibcsPb9OKOFZClQQbQeem4OQUkUcCpY5fiFZjmhY/LIhgamRDIdlNNTKrxnmBgnmTIvBTxlvzniJ57rxvM8Mzl7f498/ufMkkitJzIynfXd+qdWk39pwwKSs6DkaV4AS+lsUVIIDBmus8YxV4yCmBhAqOLmfkxHRBEK5kcck6z3M8ffYHDY80567u1x9/KgyXgJ7aBddIA8dIou0TW6QX1E0Qt6RW/o3fq0W/aa3Z612lbj2ULfyt7+AoDYt6E=</latexit>

⌧V̂ > 30 cm

<latexit sha1_base64="s/d0rqwm/yXZWFArF4JbEer+YlM="></latexit>

⌧V̂ < 0.1 mm : h ! prompt

<latexit sha1_base64="j93Rcr6dVtCGTiSALAgeF6H4rWc="></latexit>

log10
⇥ m2

A0

(100 GeV)2
10�3

"

⇤

[Cheng, Jung, Salvioni, Tsai 2015]

more detailed analysis in 
[Li, Tsai 1901.09936]



Hidden meson decays

decay length  
[meters]

M = 2 TeV
<latexit sha1_base64="1uW7ViKUXkq9KASMBqt/yDPUUH4=">AAAB8nicbVA9SwNBEN2LXzF+RS1tFhPBKtzFwjRCwMZGiJDEwOUIe5u5ZMne7rG7J4QjP8PGQhFbf42d/8ZNcoUmPhh4vDfDzLww4Uwb1/12ChubW9s7xd3S3v7B4VH5+KSrZaoodKjkUvVCooEzAR3DDIdeooDEIYfHcHI79x+fQGkmRdtMEwhiMhIsYpQYK/nVe3yD61Xchu6gXHFr7gJ4nXg5qaAcrUH5qz+UNI1BGMqJ1r7nJibIiDKMcpiV+qmGhNAJGYFvqSAx6CBbnDzDF1YZ4kgqW8Lghfp7IiOx1tM4tJ0xMWO96s3F/zw/NVEjyJhIUgOCLhdFKcdG4vn/eMgUUMOnlhCqmL0V0zFRhBqbUsmG4K2+vE669Zp3Vas/1CvNRh5HEZ2hc3SJPHSNmugOtVAHUSTRM3pFb45xXpx352PZWnDymVP0B87nD2Bdj1M=</latexit>

mP̂ = mV̂ = 2⇤
<latexit sha1_base64="IABxYQAyMwGFWAW8pQI6ucfpmsQ=">AAACEnicbVDLSsNAFJ3UV62vqEs3g62gICWJC10oFNy4cFHBPqAJYTKZtEMnD2YmQgn5Bjf+ihsXirh15c6/cZpG0OqBgXPPuXdm7vESRoU0jE+tsrC4tLxSXa2trW9sbunbO10RpxyTDo5ZzPseEoTRiHQklYz0E05Q6DHS88aXU793R7igcXQrJwlxQjSMaEAxkkpy9aNG6Gb2CMmsnefwAn5X3aKy7GNoX6vbfNRw9brRNArAv8QsSR2UaLv6h+3HOA1JJDFDQgxMI5FOhrikmJG8ZqeCJAiP0ZAMFI1QSISTFSvl8EApPgxirk4kYaH+nMhQKMQk9FRniORIzHtT8T9vkMrgzMlolKSSRHj2UJAyKGM4zQf6lBMs2UQRhDlVf4V4hDjCUqVYUyGY8yv/JV2raZ40rRur3jov46iCPbAPDoEJTkELXIE26AAM7sEjeAYv2oP2pL1qb7PWilbO7IJf0N6/AODMnEo=</latexit>

⇤/2 < �m < 3⇤/2
<latexit sha1_base64="0u/2/tsPd5txt4q1cK6m9qxJ8gk=">AAACD3icbVC7TsMwFHXKq5RXgJHFogUxlSQd6MBQCQYGhiLRh9REleM4rVXHiWwHqYr6Byz8CgsDCLGysvE3uG0GaDmSpaNzztX1PX7CqFSW9W0UVlbX1jeKm6Wt7Z3dPXP/oC3jVGDSwjGLRddHkjDKSUtRxUg3EQRFPiMdf3Q19TsPREga83s1TogXoQGnIcVIaalvnlbcW50O0Dl04CV0rwlTCEaa1nIDaqfSN8tW1ZoBLhM7J2WQo9k3v9wgxmlEuMIMSdmzrUR5GRKKYkYmJTeVJEF4hAakpylHEZFeNrtnAk+0EsAwFvpxBWfq74kMRVKOI18nI6SGctGbiv95vVSFdS+jPEkV4Xi+KEwZVDGclgMDKghWbKwJwoLqv0I8RAJhpSss6RLsxZOXSdup2rWqc+eUG/W8jiI4AsfgDNjgAjTADWiCFsDgETyDV/BmPBkvxrvxMY8WjHzmEPyB8fkD7WmYwQ==</latexit>

Ŝ
<latexit sha1_base64="wk6WUc1Pb/e4XqpKO3YDVqbY2qU=">AAAB8HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTssNFYkNpYY5cPAhewtC2zYvbvszpmQC7/CxkJjbP05dv4bF7hCwZdM8vLeTGbmBbEUBl3328mtrW9sbuW3Czu7e/sHxcOjpokSzXiDRTLS7YAaLkXIGyhQ8nasOVWB5K1gfDPzW09cGxGFDziJua/oMBQDwSha6bHcHVFM76flXrHkVtw5yCrxMlKCDPVe8avbj1iieIhMUmM6nh ujn1KNgkk+LXQTw2PKxnTIO5aGVHHjp/ODp+TMKn0yiLStEMlc/T2RUmXMRAW2U1EcmWVvJv7ndRIcXPmpCOMEecgWiwaJJBiR2fekLzRnKCeWUKaFvZWwEdWUoc2oYEPwll9eJc1qxbuoVO+qpdp1FkceTuAUzsGDS6jBLdShAQwUPMMrvDnaeXHenY9Fa87JZo7hD5zPHzFej/o=</latexit>

Z⇤
<latexit sha1_base64="kFIwQanxjUuPkODjTB8S+i5BuDI=">AAAB73icbVA9TwJBEJ3zE/ELtbTZCCZW5A4LjRWJjSUm8hHhJHvLHmzY2zt350wI4U/YWGiMrX/Hzn/jAlco+JJJXt6bycy8IJHCoOt+Oyura+sbm7mt/PbO7t5+4eCwYeJUM15nsYx1K6CGS6F4HQVK3ko0p1EgeTMYXk/95hPXRsTqDkcJ9yPaVyIUjKKVWqX7hw41WOoWim7ZnYEsEy8jRchQ6xa+Or2YpRFXyCQ1pu25CfpjqlEwySf5Tmp4QtmQ9nnbUkUjbvzx7N4JObVKj4SxtqWQzNTfE2MaGTOKAtsZURyYRW8q/ue1Uwwv/bFQSYpcsfmiMJUEYzJ9nvSE5gzlyBLKtLC3EjagmjK0EeVtCN7iy8ukUSl75+XKbaVYvcriyMExnMAZeHABVbiBGtSBgYRneIU359F5cd6dj3nripPNHMEfOJ8/OruPaA==</latexit>

V̂
<latexit sha1_base64="BirNpsXaX1bG5q+BhGA4TKmYA9I=">AAAB8HicbVA9TwJBEJ3DL8Qv1NLmIphYkTssNFYkNpaYCGjgQvaWPdiwu3fZnTMhF36FjYXG2Ppz7Pw3LnCFgi+Z5OW9mczMCxPBDXret1NYW9/Y3Cpul3Z29/YPyodHbROnmrIWjUWsH0JimOCKtZCjYA+JZkSGgnXC8c3M7zwxbXis7nGSsECSoeIRpwSt9FjtjQhm7Wm1X654NW8Od5X4OalAjma//NUbxDSVTCEVxJiu7yUYZEQjp4JNS73UsITQMRmyrqWKSGaCbH7w1D2zysCNYm1LoTtXf09kRBozkaHtlARHZtmbif953RSjqyDjKkmRKbpYFKXCxdidfe8OuGYUxcQSQjW3t7p0RDShaDMq2RD85ZdXSbte8y9q9bt6pXGdx1GEEziFc/DhEhpwC01oAQUJz/AKb452Xpx352PRWnDymWP4A+fzBzXwj/0=</latexit>

f
<latexit sha1_base64="PaD4lz5TYvx5l/jBM1GhO+P42us=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmI5hYkTssNFYkNpYYBUngQvaWPdiwt3fZnTMhF36CjYXG2PqL7Pw3LnCFgi+Z5OW9mczMCxIpDLrut1NYW9/Y3Cpul3Z29/YPyodHbROnmvEWi2WsOwE1XArFWyhQ8k6iOY0CyR+D8c3Mf3zi2ohYPeAk4X5Eh0qEglG00n01rPbLFbfmzkFWiZeTCuRo9stfvUHM0ogrZJIa0/XcBP2MahRM8mmplxqeUDamQ961VNGIGz+bnzolZ1YZkDDWthSSufp7IqORMZMosJ0RxZFZ9mbif143xfDKz4RKUuSKLRaFqSQYk9nfZCA0ZygnllCmhb2VsBHVlKFNp2RD8JZfXiXtes27qNXv6pXGdR5HEU7gFM7Bg0towC00oQUMhvAMr/DmSOfFeXc+Fq0FJ585hj9wPn8AgN6NQA==</latexit>

f̄
<latexit sha1_base64="5l4uEfGaNc45gxlFPb09TJap4aA=">AAAB8HicbVA9TwJBEJ3DL8Qv1NJmI5hYkTssNFYkNpaYCGjgQvaWPdiwH5fdPRNy4VfYWGiMrT/Hzn/jAlco+JJJXt6bycy8KOHMWN//9gpr6xubW8Xt0s7u3v5B+fCobVSqCW0RxZV+iLChnEnassxy+pBoikXEaSca38z8zhPVhil5bycJDQUeShYzgq2THqu9COssnlb75Ypf8+dAqyTISQVyNPvlr95AkVRQaQnHxnQDP7FhhrVlhNNpqZcammAyxkPadVRiQU2YzQ+eojOnDFCstCtp0Vz9PZFhYcxERK5TYDsyy95M/M/rpja+CjMmk9RSSRaL4pQjq9DsezRgmhLLJ45gopm7FZER1phYl1HJhRAsv7xK2vVacFGr39Urjes8jiKcwCmcQwCX0IBbaEILCAh4hld487T34r17H4vWgpfPHMMfeJ8/QgSQBQ==</latexit>

�m ⌘ mŜ �mV̂
<latexit sha1_base64="RPqr4GG5FN7j7r0k49sJ4IOXuhA=">AAACFHicbVDLSgNBEJz1GeMr6tHLYBQEMezGgx4FPXiMaB6QDWF20jGDM7vrTG8gLPsRXvwVLx4U8erBm3/j5IGosaChpqqb6a4glsKg6346M7Nz8wuLuaX88srq2nphY7NmokRzqPJIRroRMANShFBFgRIasQamAgn14PZs6Nf7oI2IwmscxNBS7CYUXcEZWqldONj1z0Eio4r6cJeIPlXt1O8xTK+yjB5+v2pZttsuFN2SOwKdJt6EFMkElXbhw+9EPFEQIpfMmKbnxthKmUbBJWR5PzEQM37LbqBpacgUmFY6Oiqje1bp0G6kbYVIR+rPiZQpYwYqsJ2KYc/89Ybif14zwe5JKxVhnCCEfPxRN5EUIzpMiHaEBo5yYAnjWthdKe8xzTjaHPM2BO/vydOkVi55R6XyZbl4ejKJI0e2yQ7ZJx45JqfkglRIlXByTx7JM3lxHpwn59V5G7fOOJOZLfILzvsXrfyd8g==</latexit>

�Ŝ / (�m)7
<latexit sha1_base64="Lh5lx/f9SLGMGTbHwGGkMLiR+I8=">AAACEHicbVA9SwNBFNyLXzF+nVraLCaiNuEuFrEUFLSMaFTIxfBus0mW7N4du++EcOQn2PhXbCwUsbW089+4iSk0OrAwzLzH25kwkcKg5306uZnZufmF/GJhaXlldc1d37gycaoZr7NYxvomBMOliHgdBUp+k2gOKpT8Ouwfj/zrO66NiKNLHCS8qaAbiY5ggFZqubul4BSUglYW9ACzi+GQBomOE4zpXnDCJQJV+7fVUsstemVvDPqX+BNSJBPUWu5H0I5ZqniETIIxDd9LsJmBRsEkHxaC1PAEWB+6vGFpBIqbZjYONKQ7VmnTTqzti5CO1Z8bGShjBiq0kwqwZ6a9kfif10ixc9jMRJSkyCP2faiTSmrjjtqhbaE5QzmwBJgW9q+U9UADQ9thwZbgT0f+S64qZf+gXDmvFI8OJ3XkyRbZJnvEJ1VyRM5IjdQJI/fkkTyTF+fBeXJenbfv0Zwz2dkkv+C8fwEKrpvk</latexit>

⇤ [GeV]
<latexit sha1_base64="w18UI+m7q5toVkgbHirNaF5KIMA=">AAAB+HicbVC7TsMwFHXKq5RHA4wsFi0SU5WUgY6VGGBgKBJ9SGlUOc5Na9VxIttBKlW/hIUBhFj5FDb+BrfNAC1HsnR0zrm61ydIOVPacb6twsbm1vZOcbe0t39wWLaPjjsqySSFNk14InsBUcCZgLZmmkMvlUDigEM3GF/P/e4jSMUS8aAnKfgxGQoWMUq0kQZ2udq/M+mQVLF3Ax1/YFecmrMAXiduTiooR2tgf/XDhGYxCE05UcpznVT7UyI1oxxmpX6mICV0TIbgGSpIDMqfLg6f4XOjhDhKpHlC44X6e2JKYqUmcWCSMdEjterNxf88L9NRw58ykWYaBF0uijKOdYLnLeCQSaCaTwwhVDJzK6YjIgnVpquSKcFd/fI66dRr7mWtfl+vNBt5HUV0is7QBXLRFWqiW9RCbURRhp7RK3qznqwX6936WEYLVj5zgv7A+vwB/Z6R+A==</latexit>



Hidden confinement

h
<latexit sha1_base64="Z7cXxZJImbRnP9RrgG/loPYjScA=">AAAB/3icbVDLSgNBEOz1GeMr6tHLYCJ4CrtB0GPAi8eI5gHJEmZne7NDZh/MzAphycEP8Kqf4E28+il+gb/hJNmDJhY0FFXddHd5qeBK2/aXtba+sbm1Xdop7+7tHxxWjo47KskkwzZLRCJ7HlUoeIxtzbXAXiqRRp7Arje+mfndR5SKJ/GDnqToRnQU84Azqo10Xwtrw0rVrttzkFXiFKQKBVrDyvfAT1gWYayZoEr1HTvVbk6l5kzgtDzIFKaUjekI+4bGNELl5vNTp+TcKD4JEmkq1mSu/p7IaaTUJPJMZ0R1qJa9mfivp8wpIfpL63Vw7eY8TjONMVtsDzJBdEJmYRCfS2RaTAyhTHLzAGEhlZRpE1nZJOMs57BKOo26Y9edu0a1eVlkVIJTOIMLcOAKmnALLWgDgxE8wwu8Wk/Wm/VufSxa16xi5gT+wPr8AW4ZlhE=</latexit><latexit sha1_base64="Z7cXxZJImbRnP9RrgG/loPYjScA=">AAAB/3icbVDLSgNBEOz1GeMr6tHLYCJ4CrtB0GPAi8eI5gHJEmZne7NDZh/MzAphycEP8Kqf4E28+il+gb/hJNmDJhY0FFXddHd5qeBK2/aXtba+sbm1Xdop7+7tHxxWjo47KskkwzZLRCJ7HlUoeIxtzbXAXiqRRp7Arje+mfndR5SKJ/GDnqToRnQU84Azqo10Xwtrw0rVrttzkFXiFKQKBVrDyvfAT1gWYayZoEr1HTvVbk6l5kzgtDzIFKaUjekI+4bGNELl5vNTp+TcKD4JEmkq1mSu/p7IaaTUJPJMZ0R1qJa9mfivp8wpIfpL63Vw7eY8TjONMVtsDzJBdEJmYRCfS2RaTAyhTHLzAGEhlZRpE1nZJOMs57BKOo26Y9edu0a1eVlkVIJTOIMLcOAKmnALLWgDgxE8wwu8Wk/Wm/VufSxa16xi5gT+wPr8AW4ZlhE=</latexit><latexit sha1_base64="Z7cXxZJImbRnP9RrgG/loPYjScA=">AAAB/3icbVDLSgNBEOz1GeMr6tHLYCJ4CrtB0GPAi8eI5gHJEmZne7NDZh/MzAphycEP8Kqf4E28+il+gb/hJNmDJhY0FFXddHd5qeBK2/aXtba+sbm1Xdop7+7tHxxWjo47KskkwzZLRCJ7HlUoeIxtzbXAXiqRRp7Arje+mfndR5SKJ/GDnqToRnQU84Azqo10Xwtrw0rVrttzkFXiFKQKBVrDyvfAT1gWYayZoEr1HTvVbk6l5kzgtDzIFKaUjekI+4bGNELl5vNTp+TcKD4JEmkq1mSu/p7IaaTUJPJMZ0R1qJa9mfivp8wpIfpL63Vw7eY8TjONMVtsDzJBdEJmYRCfS2RaTAyhTHLzAGEhlZRpE1nZJOMs57BKOo26Y9edu0a1eVlkVIJTOIMLcOAKmnALLWgDgxE8wwu8Wk/Wm/VufSxa16xi5gT+wPr8AW4ZlhE=</latexit><latexit sha1_base64="Z7cXxZJImbRnP9RrgG/loPYjScA=">AAAB/3icbVDLSgNBEOz1GeMr6tHLYCJ4CrtB0GPAi8eI5gHJEmZne7NDZh/MzAphycEP8Kqf4E28+il+gb/hJNmDJhY0FFXddHd5qeBK2/aXtba+sbm1Xdop7+7tHxxWjo47KskkwzZLRCJ7HlUoeIxtzbXAXiqRRp7Arje+mfndR5SKJ/GDnqToRnQU84Azqo10Xwtrw0rVrttzkFXiFKQKBVrDyvfAT1gWYayZoEr1HTvVbk6l5kzgtDzIFKaUjekI+4bGNELl5vNTp+TcKD4JEmkq1mSu/p7IaaTUJPJMZ0R1qJa9mfivp8wpIfpL63Vw7eY8TjONMVtsDzJBdEJmYRCfS2RaTAyhTHLzAGEhlZRpE1nZJOMs57BKOo26Y9edu0a1eVlkVIJTOIMLcOAKmnALLWgDgxE8wwu8Wk/Wm/VufSxa16xi5gT+wPr8AW4ZlhE=</latexit>

h
<latexit sha1_base64="Z7cXxZJImbRnP9RrgG/loPYjScA=">AAAB/3icbVDLSgNBEOz1GeMr6tHLYCJ4CrtB0GPAi8eI5gHJEmZne7NDZh/MzAphycEP8Kqf4E28+il+gb/hJNmDJhY0FFXddHd5qeBK2/aXtba+sbm1Xdop7+7tHxxWjo47KskkwzZLRCJ7HlUoeIxtzbXAXiqRRp7Arje+mfndR5SKJ/GDnqToRnQU84Azqo10Xwtrw0rVrttzkFXiFKQKBVrDyvfAT1gWYayZoEr1HTvVbk6l5kzgtDzIFKaUjekI+4bGNELl5vNTp+TcKD4JEmkq1mSu/p7IaaTUJPJMZ0R1qJa9mfivp8wpIfpL63Vw7eY8TjONMVtsDzJBdEJmYRCfS2RaTAyhTHLzAGEhlZRpE1nZJOMs57BKOo26Y9edu0a1eVlkVIJTOIMLcOAKmnALLWgDgxE8wwu8Wk/Wm/VufSxa16xi5gT+wPr8AW4ZlhE=</latexit><latexit sha1_base64="Z7cXxZJImbRnP9RrgG/loPYjScA=">AAAB/3icbVDLSgNBEOz1GeMr6tHLYCJ4CrtB0GPAi8eI5gHJEmZne7NDZh/MzAphycEP8Kqf4E28+il+gb/hJNmDJhY0FFXddHd5qeBK2/aXtba+sbm1Xdop7+7tHxxWjo47KskkwzZLRCJ7HlUoeIxtzbXAXiqRRp7Arje+mfndR5SKJ/GDnqToRnQU84Azqo10Xwtrw0rVrttzkFXiFKQKBVrDyvfAT1gWYayZoEr1HTvVbk6l5kzgtDzIFKaUjekI+4bGNELl5vNTp+TcKD4JEmkq1mSu/p7IaaTUJPJMZ0R1qJa9mfivp8wpIfpL63Vw7eY8TjONMVtsDzJBdEJmYRCfS2RaTAyhTHLzAGEhlZRpE1nZJOMs57BKOo26Y9edu0a1eVlkVIJTOIMLcOAKmnALLWgDgxE8wwu8Wk/Wm/VufSxa16xi5gT+wPr8AW4ZlhE=</latexit><latexit sha1_base64="Z7cXxZJImbRnP9RrgG/loPYjScA=">AAAB/3icbVDLSgNBEOz1GeMr6tHLYCJ4CrtB0GPAi8eI5gHJEmZne7NDZh/MzAphycEP8Kqf4E28+il+gb/hJNmDJhY0FFXddHd5qeBK2/aXtba+sbm1Xdop7+7tHxxWjo47KskkwzZLRCJ7HlUoeIxtzbXAXiqRRp7Arje+mfndR5SKJ/GDnqToRnQU84Azqo10Xwtrw0rVrttzkFXiFKQKBVrDyvfAT1gWYayZoEr1HTvVbk6l5kzgtDzIFKaUjekI+4bGNELl5vNTp+TcKD4JEmkq1mSu/p7IaaTUJPJMZ0R1qJa9mfivp8wpIfpL63Vw7eY8TjONMVtsDzJBdEJmYRCfS2RaTAyhTHLzAGEhlZRpE1nZJOMs57BKOo26Y9edu0a1eVlkVIJTOIMLcOAKmnALLWgDgxE8wwu8Wk/Wm/VufSxa16xi5gT+wPr8AW4ZlhE=</latexit><latexit sha1_base64="Z7cXxZJImbRnP9RrgG/loPYjScA=">AAAB/3icbVDLSgNBEOz1GeMr6tHLYCJ4CrtB0GPAi8eI5gHJEmZne7NDZh/MzAphycEP8Kqf4E28+il+gb/hJNmDJhY0FFXddHd5qeBK2/aXtba+sbm1Xdop7+7tHxxWjo47KskkwzZLRCJ7HlUoeIxtzbXAXiqRRp7Arje+mfndR5SKJ/GDnqToRnQU84Azqo10Xwtrw0rVrttzkFXiFKQKBVrDyvfAT1gWYayZoEr1HTvVbk6l5kzgtDzIFKaUjekI+4bGNELl5vNTp+TcKD4JEmkq1mSu/p7IaaTUJPJMZ0R1qJa9mfivp8wpIfpL63Vw7eY8TjONMVtsDzJBdEJmYRCfS2RaTAyhTHLzAGEhlZRpE1nZJOMs57BKOo26Y9edu0a1eVlkVIJTOIMLcOAKmnALLWgDgxE8wwu8Wk/Wm/VufSxa16xi5gT+wPr8AW4ZlhE=</latexit>

g
<latexit sha1_base64="CsE8jzhBMJxm7Kix3FwdzY/q7wQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LLaCp5IURI8FLx4r2g9oQ9lsJ+nSzSbsboRS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBVcG9f9dgobm1vbO8Xd0t7+weFR+fikrZNMMWyxRCSqG1CNgktsGW4EdlOFNA4EdoLx7dzvPKHSPJGPZpKiH9NI8pAzaqz0UI2qg3LFrbkLkHXi5aQCOZqD8ld/mLAsRmmYoFr3PDc1/pQqw5nAWamfaUwpG9MIe5ZKGqP2p4tTZ+TCKkMSJsqWNGSh/p6Y0ljrSRzYzpiakV715uJ/Xi8z4Y0/5TLNDEq2XBRmgpiEzP8mQ66QGTGxhDLF7a2EjaiizNh0SjYEb/XlddKu1zy35t3XK42rPI4inME5XIIH19CAO2hCCxhE8Ayv8OYI58V5dz6WrQUnnzmFP3A+fwB/lI04</latexit><latexit sha1_base64="CsE8jzhBMJxm7Kix3FwdzY/q7wQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LLaCp5IURI8FLx4r2g9oQ9lsJ+nSzSbsboRS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBVcG9f9dgobm1vbO8Xd0t7+weFR+fikrZNMMWyxRCSqG1CNgktsGW4EdlOFNA4EdoLx7dzvPKHSPJGPZpKiH9NI8pAzaqz0UI2qg3LFrbkLkHXi5aQCOZqD8ld/mLAsRmmYoFr3PDc1/pQqw5nAWamfaUwpG9MIe5ZKGqP2p4tTZ+TCKkMSJsqWNGSh/p6Y0ljrSRzYzpiakV715uJ/Xi8z4Y0/5TLNDEq2XBRmgpiEzP8mQ66QGTGxhDLF7a2EjaiizNh0SjYEb/XlddKu1zy35t3XK42rPI4inME5XIIH19CAO2hCCxhE8Ayv8OYI58V5dz6WrQUnnzmFP3A+fwB/lI04</latexit><latexit sha1_base64="CsE8jzhBMJxm7Kix3FwdzY/q7wQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LLaCp5IURI8FLx4r2g9oQ9lsJ+nSzSbsboRS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBVcG9f9dgobm1vbO8Xd0t7+weFR+fikrZNMMWyxRCSqG1CNgktsGW4EdlOFNA4EdoLx7dzvPKHSPJGPZpKiH9NI8pAzaqz0UI2qg3LFrbkLkHXi5aQCOZqD8ld/mLAsRmmYoFr3PDc1/pQqw5nAWamfaUwpG9MIe5ZKGqP2p4tTZ+TCKkMSJsqWNGSh/p6Y0ljrSRzYzpiakV715uJ/Xi8z4Y0/5TLNDEq2XBRmgpiEzP8mQ66QGTGxhDLF7a2EjaiizNh0SjYEb/XlddKu1zy35t3XK42rPI4inME5XIIH19CAO2hCCxhE8Ayv8OYI58V5dz6WrQUnnzmFP3A+fwB/lI04</latexit><latexit sha1_base64="CsE8jzhBMJxm7Kix3FwdzY/q7wQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LLaCp5IURI8FLx4r2g9oQ9lsJ+nSzSbsboRS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBVcG9f9dgobm1vbO8Xd0t7+weFR+fikrZNMMWyxRCSqG1CNgktsGW4EdlOFNA4EdoLx7dzvPKHSPJGPZpKiH9NI8pAzaqz0UI2qg3LFrbkLkHXi5aQCOZqD8ld/mLAsRmmYoFr3PDc1/pQqw5nAWamfaUwpG9MIe5ZKGqP2p4tTZ+TCKkMSJsqWNGSh/p6Y0ljrSRzYzpiakV715uJ/Xi8z4Y0/5TLNDEq2XBRmgpiEzP8mQ66QGTGxhDLF7a2EjaiizNh0SjYEb/XlddKu1zy35t3XK42rPI4inME5XIIH19CAO2hCCxhE8Ayv8OYI58V5dz6WrQUnnzmFP3A+fwB/lI04</latexit>

Hidden sector

• Discrete symmetry relates the SM to hidden sector
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<latexit sha1_base64="AgyAXQqClA9t4ukF3ScLEx+OtnY="></latexit>

if hidden color is only global 

• 2 loops: [Craig, Katz, Strassler, Sundrum 2015]

⇤UV ⇠ 5 -10 TeV
<latexit sha1_base64="tVcAgR0rfO51bIEU/SkN69WLOeY=">AAACDXicbVC7TsMwFHXKq5RXgZHFokFigCopIBgrsTAwFKlJKzVR5DhOa9VOIttBqqL+AAu/wsIAQqzsbPwN7mOAwpEsHZ1zrq7vCTNGpbKsL6O0tLyyulZer2xsbm3vVHf3XJnmAhMHpywV3RBJwmhCHEUVI91MEMRDRjrh8Hrid+6JkDRN2mqUEZ+jfkJjipHSUlA1Te9WpyMUFJ7g0HHH0JOUwwvvxDw1bcuEbeIG1ZpVt6aAf4k9JzUwRyuofnpRinNOEoUZkrJnW5nyCyQUxYyMK14uSYbwEPVJT9MEcSL9YnrNGB5pJYJxKvRLFJyqPycKxKUc8VAnOVIDuehNxP+8Xq7iK7+gSZYrkuDZojhnUKVwUg2MqCBYsZEmCAuq/wrxAAmElS6wokuwF0/+S9xG3T6rN+4ateb5vI4yOACH4BjY4BI0wQ1oAQdg8ACewAt4NR6NZ+PNeJ9FS8Z8Zh/8gvHxDRHtmPA=</latexit>

Twin Higgs

[Chacko, Goh,  
Harnik 2005]

has own SU(3) 
 color symmetry



Hidden confinement

h
<latexit sha1_base64="Z7cXxZJImbRnP9RrgG/loPYjScA=">AAAB/3icbVDLSgNBEOz1GeMr6tHLYCJ4CrtB0GPAi8eI5gHJEmZne7NDZh/MzAphycEP8Kqf4E28+il+gb/hJNmDJhY0FFXddHd5qeBK2/aXtba+sbm1Xdop7+7tHxxWjo47KskkwzZLRCJ7HlUoeIxtzbXAXiqRRp7Arje+mfndR5SKJ/GDnqToRnQU84Azqo10Xwtrw0rVrttzkFXiFKQKBVrDyvfAT1gWYayZoEr1HTvVbk6l5kzgtDzIFKaUjekI+4bGNELl5vNTp+TcKD4JEmkq1mSu/p7IaaTUJPJMZ0R1qJa9mfivp8wpIfpL63Vw7eY8TjONMVtsDzJBdEJmYRCfS2RaTAyhTHLzAGEhlZRpE1nZJOMs57BKOo26Y9edu0a1eVlkVIJTOIMLcOAKmnALLWgDgxE8wwu8Wk/Wm/VufSxa16xi5gT+wPr8AW4ZlhE=</latexit><latexit sha1_base64="Z7cXxZJImbRnP9RrgG/loPYjScA=">AAAB/3icbVDLSgNBEOz1GeMr6tHLYCJ4CrtB0GPAi8eI5gHJEmZne7NDZh/MzAphycEP8Kqf4E28+il+gb/hJNmDJhY0FFXddHd5qeBK2/aXtba+sbm1Xdop7+7tHxxWjo47KskkwzZLRCJ7HlUoeIxtzbXAXiqRRp7Arje+mfndR5SKJ/GDnqToRnQU84Azqo10Xwtrw0rVrttzkFXiFKQKBVrDyvfAT1gWYayZoEr1HTvVbk6l5kzgtDzIFKaUjekI+4bGNELl5vNTp+TcKD4JEmkq1mSu/p7IaaTUJPJMZ0R1qJa9mfivp8wpIfpL63Vw7eY8TjONMVtsDzJBdEJmYRCfS2RaTAyhTHLzAGEhlZRpE1nZJOMs57BKOo26Y9edu0a1eVlkVIJTOIMLcOAKmnALLWgDgxE8wwu8Wk/Wm/VufSxa16xi5gT+wPr8AW4ZlhE=</latexit><latexit sha1_base64="Z7cXxZJImbRnP9RrgG/loPYjScA=">AAAB/3icbVDLSgNBEOz1GeMr6tHLYCJ4CrtB0GPAi8eI5gHJEmZne7NDZh/MzAphycEP8Kqf4E28+il+gb/hJNmDJhY0FFXddHd5qeBK2/aXtba+sbm1Xdop7+7tHxxWjo47KskkwzZLRCJ7HlUoeIxtzbXAXiqRRp7Arje+mfndR5SKJ/GDnqToRnQU84Azqo10Xwtrw0rVrttzkFXiFKQKBVrDyvfAT1gWYayZoEr1HTvVbk6l5kzgtDzIFKaUjekI+4bGNELl5vNTp+TcKD4JEmkq1mSu/p7IaaTUJPJMZ0R1qJa9mfivp8wpIfpL63Vw7eY8TjONMVtsDzJBdEJmYRCfS2RaTAyhTHLzAGEhlZRpE1nZJOMs57BKOo26Y9edu0a1eVlkVIJTOIMLcOAKmnALLWgDgxE8wwu8Wk/Wm/VufSxa16xi5gT+wPr8AW4ZlhE=</latexit><latexit sha1_base64="Z7cXxZJImbRnP9RrgG/loPYjScA=">AAAB/3icbVDLSgNBEOz1GeMr6tHLYCJ4CrtB0GPAi8eI5gHJEmZne7NDZh/MzAphycEP8Kqf4E28+il+gb/hJNmDJhY0FFXddHd5qeBK2/aXtba+sbm1Xdop7+7tHxxWjo47KskkwzZLRCJ7HlUoeIxtzbXAXiqRRp7Arje+mfndR5SKJ/GDnqToRnQU84Azqo10Xwtrw0rVrttzkFXiFKQKBVrDyvfAT1gWYayZoEr1HTvVbk6l5kzgtDzIFKaUjekI+4bGNELl5vNTp+TcKD4JEmkq1mSu/p7IaaTUJPJMZ0R1qJa9mfivp8wpIfpL63Vw7eY8TjONMVtsDzJBdEJmYRCfS2RaTAyhTHLzAGEhlZRpE1nZJOMs57BKOo26Y9edu0a1eVlkVIJTOIMLcOAKmnALLWgDgxE8wwu8Wk/Wm/VufSxa16xi5gT+wPr8AW4ZlhE=</latexit>

h
<latexit sha1_base64="Z7cXxZJImbRnP9RrgG/loPYjScA=">AAAB/3icbVDLSgNBEOz1GeMr6tHLYCJ4CrtB0GPAi8eI5gHJEmZne7NDZh/MzAphycEP8Kqf4E28+il+gb/hJNmDJhY0FFXddHd5qeBK2/aXtba+sbm1Xdop7+7tHxxWjo47KskkwzZLRCJ7HlUoeIxtzbXAXiqRRp7Arje+mfndR5SKJ/GDnqToRnQU84Azqo10Xwtrw0rVrttzkFXiFKQKBVrDyvfAT1gWYayZoEr1HTvVbk6l5kzgtDzIFKaUjekI+4bGNELl5vNTp+TcKD4JEmkq1mSu/p7IaaTUJPJMZ0R1qJa9mfivp8wpIfpL63Vw7eY8TjONMVtsDzJBdEJmYRCfS2RaTAyhTHLzAGEhlZRpE1nZJOMs57BKOo26Y9edu0a1eVlkVIJTOIMLcOAKmnALLWgDgxE8wwu8Wk/Wm/VufSxa16xi5gT+wPr8AW4ZlhE=</latexit><latexit sha1_base64="Z7cXxZJImbRnP9RrgG/loPYjScA=">AAAB/3icbVDLSgNBEOz1GeMr6tHLYCJ4CrtB0GPAi8eI5gHJEmZne7NDZh/MzAphycEP8Kqf4E28+il+gb/hJNmDJhY0FFXddHd5qeBK2/aXtba+sbm1Xdop7+7tHxxWjo47KskkwzZLRCJ7HlUoeIxtzbXAXiqRRp7Arje+mfndR5SKJ/GDnqToRnQU84Azqo10Xwtrw0rVrttzkFXiFKQKBVrDyvfAT1gWYayZoEr1HTvVbk6l5kzgtDzIFKaUjekI+4bGNELl5vNTp+TcKD4JEmkq1mSu/p7IaaTUJPJMZ0R1qJa9mfivp8wpIfpL63Vw7eY8TjONMVtsDzJBdEJmYRCfS2RaTAyhTHLzAGEhlZRpE1nZJOMs57BKOo26Y9edu0a1eVlkVIJTOIMLcOAKmnALLWgDgxE8wwu8Wk/Wm/VufSxa16xi5gT+wPr8AW4ZlhE=</latexit><latexit sha1_base64="Z7cXxZJImbRnP9RrgG/loPYjScA=">AAAB/3icbVDLSgNBEOz1GeMr6tHLYCJ4CrtB0GPAi8eI5gHJEmZne7NDZh/MzAphycEP8Kqf4E28+il+gb/hJNmDJhY0FFXddHd5qeBK2/aXtba+sbm1Xdop7+7tHxxWjo47KskkwzZLRCJ7HlUoeIxtzbXAXiqRRp7Arje+mfndR5SKJ/GDnqToRnQU84Azqo10Xwtrw0rVrttzkFXiFKQKBVrDyvfAT1gWYayZoEr1HTvVbk6l5kzgtDzIFKaUjekI+4bGNELl5vNTp+TcKD4JEmkq1mSu/p7IaaTUJPJMZ0R1qJa9mfivp8wpIfpL63Vw7eY8TjONMVtsDzJBdEJmYRCfS2RaTAyhTHLzAGEhlZRpE1nZJOMs57BKOo26Y9edu0a1eVlkVIJTOIMLcOAKmnALLWgDgxE8wwu8Wk/Wm/VufSxa16xi5gT+wPr8AW4ZlhE=</latexit><latexit sha1_base64="Z7cXxZJImbRnP9RrgG/loPYjScA=">AAAB/3icbVDLSgNBEOz1GeMr6tHLYCJ4CrtB0GPAi8eI5gHJEmZne7NDZh/MzAphycEP8Kqf4E28+il+gb/hJNmDJhY0FFXddHd5qeBK2/aXtba+sbm1Xdop7+7tHxxWjo47KskkwzZLRCJ7HlUoeIxtzbXAXiqRRp7Arje+mfndR5SKJ/GDnqToRnQU84Azqo10Xwtrw0rVrttzkFXiFKQKBVrDyvfAT1gWYayZoEr1HTvVbk6l5kzgtDzIFKaUjekI+4bGNELl5vNTp+TcKD4JEmkq1mSu/p7IaaTUJPJMZ0R1qJa9mfivp8wpIfpL63Vw7eY8TjONMVtsDzJBdEJmYRCfS2RaTAyhTHLzAGEhlZRpE1nZJOMs57BKOo26Y9edu0a1eVlkVIJTOIMLcOAKmnALLWgDgxE8wwu8Wk/Wm/VufSxa16xi5gT+wPr8AW4ZlhE=</latexit>

g
<latexit sha1_base64="CsE8jzhBMJxm7Kix3FwdzY/q7wQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LLaCp5IURI8FLx4r2g9oQ9lsJ+nSzSbsboRS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBVcG9f9dgobm1vbO8Xd0t7+weFR+fikrZNMMWyxRCSqG1CNgktsGW4EdlOFNA4EdoLx7dzvPKHSPJGPZpKiH9NI8pAzaqz0UI2qg3LFrbkLkHXi5aQCOZqD8ld/mLAsRmmYoFr3PDc1/pQqw5nAWamfaUwpG9MIe5ZKGqP2p4tTZ+TCKkMSJsqWNGSh/p6Y0ljrSRzYzpiakV715uJ/Xi8z4Y0/5TLNDEq2XBRmgpiEzP8mQ66QGTGxhDLF7a2EjaiizNh0SjYEb/XlddKu1zy35t3XK42rPI4inME5XIIH19CAO2hCCxhE8Ayv8OYI58V5dz6WrQUnnzmFP3A+fwB/lI04</latexit><latexit sha1_base64="CsE8jzhBMJxm7Kix3FwdzY/q7wQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LLaCp5IURI8FLx4r2g9oQ9lsJ+nSzSbsboRS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBVcG9f9dgobm1vbO8Xd0t7+weFR+fikrZNMMWyxRCSqG1CNgktsGW4EdlOFNA4EdoLx7dzvPKHSPJGPZpKiH9NI8pAzaqz0UI2qg3LFrbkLkHXi5aQCOZqD8ld/mLAsRmmYoFr3PDc1/pQqw5nAWamfaUwpG9MIe5ZKGqP2p4tTZ+TCKkMSJsqWNGSh/p6Y0ljrSRzYzpiakV715uJ/Xi8z4Y0/5TLNDEq2XBRmgpiEzP8mQ66QGTGxhDLF7a2EjaiizNh0SjYEb/XlddKu1zy35t3XK42rPI4inME5XIIH19CAO2hCCxhE8Ayv8OYI58V5dz6WrQUnnzmFP3A+fwB/lI04</latexit><latexit sha1_base64="CsE8jzhBMJxm7Kix3FwdzY/q7wQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LLaCp5IURI8FLx4r2g9oQ9lsJ+nSzSbsboRS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBVcG9f9dgobm1vbO8Xd0t7+weFR+fikrZNMMWyxRCSqG1CNgktsGW4EdlOFNA4EdoLx7dzvPKHSPJGPZpKiH9NI8pAzaqz0UI2qg3LFrbkLkHXi5aQCOZqD8ld/mLAsRmmYoFr3PDc1/pQqw5nAWamfaUwpG9MIe5ZKGqP2p4tTZ+TCKkMSJsqWNGSh/p6Y0ljrSRzYzpiakV715uJ/Xi8z4Y0/5TLNDEq2XBRmgpiEzP8mQ66QGTGxhDLF7a2EjaiizNh0SjYEb/XlddKu1zy35t3XK42rPI4inME5XIIH19CAO2hCCxhE8Ayv8OYI58V5dz6WrQUnnzmFP3A+fwB/lI04</latexit><latexit sha1_base64="CsE8jzhBMJxm7Kix3FwdzY/q7wQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LLaCp5IURI8FLx4r2g9oQ9lsJ+nSzSbsboRS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBVcG9f9dgobm1vbO8Xd0t7+weFR+fikrZNMMWyxRCSqG1CNgktsGW4EdlOFNA4EdoLx7dzvPKHSPJGPZpKiH9NI8pAzaqz0UI2qg3LFrbkLkHXi5aQCOZqD8ld/mLAsRmmYoFr3PDc1/pQqw5nAWamfaUwpG9MIe5ZKGqP2p4tTZ+TCKkMSJsqWNGSh/p6Y0ljrSRzYzpiakV715uJ/Xi8z4Y0/5TLNDEq2XBRmgpiEzP8mQ66QGTGxhDLF7a2EjaiizNh0SjYEb/XlddKu1zy35t3XK42rPI4inME5XIIH19CAO2hCCxhE8Ayv8OYI58V5dz6WrQUnnzmFP3A+fwB/lI04</latexit>

Hidden sector

⇤UV ⇠ 5 -10 TeV
<latexit sha1_base64="tVcAgR0rfO51bIEU/SkN69WLOeY=">AAACDXicbVC7TsMwFHXKq5RXgZHFokFigCopIBgrsTAwFKlJKzVR5DhOa9VOIttBqqL+AAu/wsIAQqzsbPwN7mOAwpEsHZ1zrq7vCTNGpbKsL6O0tLyyulZer2xsbm3vVHf3XJnmAhMHpywV3RBJwmhCHEUVI91MEMRDRjrh8Hrid+6JkDRN2mqUEZ+jfkJjipHSUlA1Te9WpyMUFJ7g0HHH0JOUwwvvxDw1bcuEbeIG1ZpVt6aAf4k9JzUwRyuofnpRinNOEoUZkrJnW5nyCyQUxYyMK14uSYbwEPVJT9MEcSL9YnrNGB5pJYJxKvRLFJyqPycKxKUc8VAnOVIDuehNxP+8Xq7iK7+gSZYrkuDZojhnUKVwUg2MqCBYsZEmCAuq/wrxAAmElS6wokuwF0/+S9xG3T6rN+4ateb5vI4yOACH4BjY4BI0wQ1oAQdg8ACewAt4NR6NZ+PNeJ9FS8Z8Zh/8gvHxDRHtmPA=</latexit>

• Discrete symmetry relates the SM to hidden sector

Twin Higgs

[Chacko, Goh,  
Harnik 2005]
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<latexit sha1_base64="AgyAXQqClA9t4ukF3ScLEx+OtnY="></latexit>

• 2 loops:

gauge hidden SU(3) with gs ' ĝs at ⇤UV
<latexit sha1_base64="90BK7pDohmrmMmAvMZdJp5avujk=">AAACFXicbVC7SgNBFJ31bXytWtoMJoKFhN0IahmwsbBQMA/IhuXuZJIMmdldZ+4KYclP2PgrNhaK2Ap2/o2TR+HrwIXDOffO3HuiVAqDnvfpzM0vLC4tr6wW1tY3Nrfc7Z26STLNeI0lMtHNCAyXIuY1FCh5M9UcVCR5Ixqcj/3GHddGJPENDlPeVtCLRVcwQCuF7lGpFxoaGKH4LQ36gHlvFJoSBaSl4NK+04EwD7SitfqoFLpFr+xNQP8Sf0aKZIar0P0IOgnLFI+RSTCm5XsptnPQKJjko0KQGZ4CG0CPtyyNQXHTzidXjeiBVTq0m2hbMdKJ+n0iB2XMUEW2UwH2zW9vLP7ntTLsnrVzEacZ8phNP+pmkmJCxxHRjtCcoRxaAkwLuytlfdDA0AZZsCH4v0/+S+qVsn9crlxXitWTWRwrZI/sk0Pik1NSJRfkitQII/fkkTyTF+fBeXJenbdp65wzm9klP+C8fwF4/522</latexit>

,  confines at ⇤ & ⇤QCD
<latexit sha1_base64="SFRWiSlnFx/Zsb/ZD1x96nwKRFI=">AAACDHicbVDLSgMxFL1TX7W+qi7dBFvBVZmpoC4LdeHCRQv2AZ2hZDJpG5rMDElGKEM/wI2/4saFIm79AHf+jWk7C209EDg551ySe/yYM6Vt+9vKra1vbG7ltws7u3v7B8XDo7aKEkloi0Q8kl0fK8pZSFuaaU67saRY+Jx2/HF95nceqFQsCu/1JKaewMOQDRjB2kj9Yqns3pl0gJE71CYmUHbvp64UqFm/mZZNyq7Yc6BV4mSkBBka/eKXG0QkETTUhGOleo4day/FUjPC6bTgJorGmIzxkPYMDbGgykvny0zRmVECNIikOaFGc/X3RIqFUhPhm6TAeqSWvZn4n9dL9ODaS1kYJ5qGZPHQIOFIR2jWDAqYpETziSGYSGb+isgIS0y06a9gSnCWV14l7WrFuahUm9VS7TKrIw8ncArn4MAV1OAWGtACAo/wDK/wZj1ZL9a79bGI5qxs5hj+wPr8AfM3mj0=</latexit>

at

[Craig, Katz, Strassler, Sundrum 2015]

has own SU(3) 
 color symmetry



Phenomenology/2

• At GigaZ factory, background is negligible after cuts 

• Sensitivity on mediation scale:

NB < 0.1 events
<latexit sha1_base64="L1VVoauZ/FC+mEbN2+MlAe55d8g=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDLaCq5BUUBcuim5cSQX7gDaEyXTSDp08mJkUS+ivuHGhiFt/xJ1/47TNQlsPDBzOuYd75/gJZ1LZ9rdRWFvf2Nwqbpd2dvf2D8zDckvGqSC0SWIei46PJeUsok3FFKedRFAc+py2/dHtzG+PqZAsjh7VJKFuiAcRCxjBSkueWa7eezfoGtmWU0V0TCMlPbNiW/YcaJU4OalAjoZnfvX6MUlDHSYcS9l17ES5GRaKEU6npV4qaYLJCA9oV9MIh1S62fz2KTrVSh8FsdAvUmiu/k5kOJRyEvp6MsRqKJe9mfif101VcOVmLEpSRSOyWBSkHKkYzYpAfSYoUXyiCSaC6VsRGWKBidJ1lXQJzvKXV0mrZjnnVu2hVqlf5HUU4RhO4AwcuIQ63EEDmkDgCZ7hFd6MqfFivBsfi9GCkWeO4A+Mzx/D9pJM</latexit>

e+e� ! bb̄``
<latexit sha1_base64="9+SCqhYPOcWK/99SATfVolSPmuI=">AAACCXicbVDLSgMxFM3UV62vUZdugm1BEMvMuNBlwY3LCvYBnWnJpLdtaOZBkhHK0K0bf8WNC0Xc+gfu/BvT6Sy09UDC4Zxccs/xY86ksqxvo7C2vrG5Vdwu7ezu7R+Yh0ctGSWCQpNGPBIdn0jgLISmYopDJxZAAp9D25/czP32AwjJovBeTWPwAjIK2ZBRorTUN3EFeucYehfYVRH2XZ+I1J9hFzjPrkrfLFs1KwNeJXZOyihHo29+uYOIJgGEinIiZde2YuWlRChGOcxKbiIhJnRCRtDVNCQBSC/NksxwVSsDPIyEPqHCmfp7IiWBlNNAb1gNiBrLZW8u/ud1EzW89lIWxomCkC4+GiYc69DzWvCACaCKTzUhVDC9K6ZjIghVurySLsFejrxKWk7Nvqw5d0657uR1FNEJOkVnyEZXqI5uUQM1EUWP6Bm9ojfjyXgx3o2PxdOCkc8coz8wPn8ArVSYYQ==</latexit>

(I) M & 5.4 TeV
⇣

BP̂ Ŝ
1

⌘1/4
(II) M & 5.2 TeV

⇣
BP̂ Ŝ
1

⌘1/4
(GigaZ)

<latexit sha1_base64="3Stg8lkST+OUG1zoYxVI2o/iyus="></latexit>

|m`` �mV̂ | < 0.5 GeV

<latexit sha1_base64="qDwLTcymU8v7lWFGdFRhOXBIKAw=">AAACHHicbVDLSgMxFM3Ud32NunQTbAU3lhmtKOii4EKXFewDOqVk0ts2mMwMSUYo43yIG3/FjQtF3LgQ/BszbRfaeiDh5Jx7yb3HjzhT2nG+rdzc/MLi0vJKfnVtfWPT3tquqzCWFGo05KFs+kQBZwHUNNMcmpEEInwODf/uMvMb9yAVC4NbPYygLUg/YD1GiTZSxz4uPohO4gHnOLtSfIiz94DopJ6mD/gCO6UT79wTRA+kSK6gnhY7dsEpOSPgWeJOSAFNUO3Yn143pLGAQFNOlGq5TqTbCZGaUQ5p3osVRITekT60DA2IANVORsuleN8oXdwLpTmBxiP1d0dChFJD4ZvKbEg17WXif14r1r2zdsKCKNYQ0PFHvZhjHeIsKdxlEqjmQ0MIlczMiumASEK1yTNvQnCnV54l9aOSWy6Vb44KlfIkjmW0i/bQAXLRKaqga1RFNUTRI3pGr+jNerJerHfrY1yasyY9O+gPrK8f4rCgkw==</latexit>

mbb 2 [mP̂ � 10 GeV,mP̂ + 5 GeV]

<latexit sha1_base64="6UHXWKoRIJeJnJQKpCMiipmXhkE="></latexit>

mbb`` < 85 GeV

<latexit sha1_base64="+pxfT57AjzbeGMvxn+1VBjF0lVM=">AAACDHicbVDLSsNAFJ34rPVVdelmsBVclaRULOii4EKXFewDmlAm09t26EwSZiZCCf0AN/6KGxeKuPUD3Pk3TtostPXAhcM593LvPX7EmdK2/W2trK6tb2zmtvLbO7t7+4WDw5YKY0mhSUMeyo5PFHAWQFMzzaETSSDC59D2x9ep334AqVgY3OtJBJ4gw4ANGCXaSL1CsSR6ie+7wHlaU3yFa+fupSuIHkmR3EBrWjJddtmeAS8TJyNFlKHRK3y5/ZDGAgJNOVGq69iR9hIiNaMcpnk3VhAROiZD6BoaEAHKS2bPTPGpUfp4EEpTgcYz9fdEQoRSE+GbzvRIteil4n9eN9aDmpewIIo1BHS+aBBzrEOcJoP7TALVfGIIoZKZWzEdEUmoNvnlTQjO4svLpFUpO9Vy9a5SrFezOHLoGJ2gM+SgC1RHt6iBmoiiR/SMXtGb9WS9WO/Wx7x1xcpmjtAfWJ8/KhOaYQ==</latexit>



Phenomenology/2

NB < 0.1 events
<latexit sha1_base64="L1VVoauZ/FC+mEbN2+MlAe55d8g=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDLaCq5BUUBcuim5cSQX7gDaEyXTSDp08mJkUS+ivuHGhiFt/xJ1/47TNQlsPDBzOuYd75/gJZ1LZ9rdRWFvf2Nwqbpd2dvf2D8zDckvGqSC0SWIei46PJeUsok3FFKedRFAc+py2/dHtzG+PqZAsjh7VJKFuiAcRCxjBSkueWa7eezfoGtmWU0V0TCMlPbNiW/YcaJU4OalAjoZnfvX6MUlDHSYcS9l17ES5GRaKEU6npV4qaYLJCA9oV9MIh1S62fz2KTrVSh8FsdAvUmiu/k5kOJRyEvp6MsRqKJe9mfif101VcOVmLEpSRSOyWBSkHKkYzYpAfSYoUXyiCSaC6VsRGWKBidJ1lXQJzvKXV0mrZjnnVu2hVqlf5HUU4RhO4AwcuIQ63EEDmkDgCZ7hFd6MqfFivBsfi9GCkWeO4A+Mzx/D9pJM</latexit>

e+e� ! bb̄``
<latexit sha1_base64="9+SCqhYPOcWK/99SATfVolSPmuI=">AAACCXicbVDLSgMxFM3UV62vUZdugm1BEMvMuNBlwY3LCvYBnWnJpLdtaOZBkhHK0K0bf8WNC0Xc+gfu/BvT6Sy09UDC4Zxccs/xY86ksqxvo7C2vrG5Vdwu7ezu7R+Yh0ctGSWCQpNGPBIdn0jgLISmYopDJxZAAp9D25/czP32AwjJovBeTWPwAjIK2ZBRorTUN3EFeucYehfYVRH2XZ+I1J9hFzjPrkrfLFs1KwNeJXZOyihHo29+uYOIJgGEinIiZde2YuWlRChGOcxKbiIhJnRCRtDVNCQBSC/NksxwVSsDPIyEPqHCmfp7IiWBlNNAb1gNiBrLZW8u/ud1EzW89lIWxomCkC4+GiYc69DzWvCACaCKTzUhVDC9K6ZjIghVurySLsFejrxKWk7Nvqw5d0657uR1FNEJOkVnyEZXqI5uUQM1EUWP6Bm9ojfjyXgx3o2PxdOCkc8coz8wPn8ArVSYYQ==</latexit>

|m`` �mV̂ | < 0.5 GeV

<latexit sha1_base64="qDwLTcymU8v7lWFGdFRhOXBIKAw=">AAACHHicbVDLSgMxFM3Ud32NunQTbAU3lhmtKOii4EKXFewDOqVk0ts2mMwMSUYo43yIG3/FjQtF3LgQ/BszbRfaeiDh5Jx7yb3HjzhT2nG+rdzc/MLi0vJKfnVtfWPT3tquqzCWFGo05KFs+kQBZwHUNNMcmpEEInwODf/uMvMb9yAVC4NbPYygLUg/YD1GiTZSxz4uPohO4gHnOLtSfIiz94DopJ6mD/gCO6UT79wTRA+kSK6gnhY7dsEpOSPgWeJOSAFNUO3Yn143pLGAQFNOlGq5TqTbCZGaUQ5p3osVRITekT60DA2IANVORsuleN8oXdwLpTmBxiP1d0dChFJD4ZvKbEg17WXif14r1r2zdsKCKNYQ0PFHvZhjHeIsKdxlEqjmQ0MIlczMiumASEK1yTNvQnCnV54l9aOSWy6Vb44KlfIkjmW0i/bQAXLRKaqga1RFNUTRI3pGr+jNerJerHfrY1yasyY9O+gPrK8f4rCgkw==</latexit>

mbb 2 [mP̂ � 10 GeV,mP̂ + 5 GeV]

<latexit sha1_base64="6UHXWKoRIJeJnJQKpCMiipmXhkE="></latexit>

mbb`` < 85 GeV

<latexit sha1_base64="+pxfT57AjzbeGMvxn+1VBjF0lVM=">AAACDHicbVDLSsNAFJ34rPVVdelmsBVclaRULOii4EKXFewDmlAm09t26EwSZiZCCf0AN/6KGxeKuPUD3Pk3TtostPXAhcM593LvPX7EmdK2/W2trK6tb2zmtvLbO7t7+4WDw5YKY0mhSUMeyo5PFHAWQFMzzaETSSDC59D2x9ep334AqVgY3OtJBJ4gw4ANGCXaSL1CsSR6ie+7wHlaU3yFa+fupSuIHkmR3EBrWjJddtmeAS8TJyNFlKHRK3y5/ZDGAgJNOVGq69iR9hIiNaMcpnk3VhAROiZD6BoaEAHKS2bPTPGpUfp4EEpTgcYz9fdEQoRSE+GbzvRIteil4n9eN9aDmpewIIo1BHS+aBBzrEOcJoP7TALVfGIIoZKZWzEdEUmoNvnlTQjO4svLpFUpO9Vy9a5SrFezOHLoGJ2gM+SgC1RHt6iBmoiiR/SMXtGb9WS9WO/Wx7x1xcpmjtAfWJ8/KhOaYQ==</latexit>

• At GigaZ factory, background is negligible after cuts 

• At LEP1 ? N total
Z ⇡ 2.2⇥ 107

<latexit sha1_base64="AjhVXS+6Mf3PyKZQCLbngV0SS/k=">AAACEXicbVC7SgNBFJ31GeNr1dJmMBFShd0VjGXAxkoimAdmN2F2MkmGzD6YuSuGJb9g46/YWChia2fn3zhJttDEAwOHc+7lzjl+LLgCy/o2VlbX1jc2c1v57Z3dvX3z4LChokRSVqeRiGTLJ4oJHrI6cBCsFUtGAl+wpj+6nPrNeyYVj8JbGMfMC8gg5H1OCWipa5aK1927TurKAEMEREywS+JYRg/YKTsu8IApbFudSrFrFqyyNQNeJnZGCihDrWt+ub2IJgELgQqiVNu2YvBSIoFTwSZ5N1EsJnREBqytaUj0KS+dJZrgU630cD+S+oWAZ+rvjZQESo0DX08GBIZq0ZuK/3ntBPoXXsrDOAEW0vmhfiJ0eDytB/e4ZBTEWBNCJdd/xXRIJKGgS8zrEuzFyMuk4ZTts7Jz4xSq51kdOXSMTlAJ2aiCqugK1VAdUfSIntErejOejBfj3fiYj64Y2c4R+gPj8wfZgZux</latexit>

sensitivity is marginal at best  

[hep-ex/0509008]

NS ⇡ 3.0BP̂ Ŝ

�
1.2 TeV

M

�4

<latexit sha1_base64="8Fz4ly6LDgRhE6Vpd75fccn+TgA="></latexit>

(✏LEP1
b ⇠ 0.3)

<latexit sha1_base64="p7rAdPrfheyShHrS4/MlE+YbaO4=">AAACCnicbVC7TsMwFHXKq5RXgJHF0CKVJUpKBYyVEBIDQ5HoQ2pC5bhOa9VOIttBqqLOLPwKCwMIsfIFbPwNbpsBWo50peNz7pXvPX7MqFS2/W3klpZXVtfy64WNza3tHXN3rymjRGDSwBGLRNtHkjAakoaiipF2LAjiPiMtf3g58VsPREgahXdqFBOPo35IA4qR0lLXPCyVXRJLyvTDv09dweHNVd0Zu5JyaFunJ6WuWbQtewq4SJyMFEGGetf8cnsRTjgJFWZIyo5jx8pLkVAUMzIuuIkkMcJD1CcdTUPEifTS6SljeKyVHgwioStUcKr+nkgRl3LEfd3JkRrIeW8i/ud1EhVceCkN40SREM8+ChIGVQQnucAeFQQrNtIEYUH1rhAPkEBY6fQKOgRn/uRF0qxYTtWq3laKtbMsjjw4AEegDBxwDmrgGtRBA2DwCJ7BK3gznowX4934mLXmjGxmH/yB8fkDXI2Ytw==</latexit>



mDMnDM ⇠ mpnb

<latexit sha1_base64="NjIeyXqOse7gklnJUZMWj0Tpt68=">AAACC3icbZDLSgMxFIbP1Futt6pLN6FFcFVmpKDuCrpwI1SwF2iHIZNm2tAkMyQZoQzdu/FV3LhQxK0v4M63Mb2A2vpD4OM/53By/jDhTBvX/XJyK6tr6xv5zcLW9s7uXnH/oKnjVBHaIDGPVTvEmnImacMww2k7URSLkNNWOLyc1Fv3VGkWyzszSqgvcF+yiBFsrBUUSyLIukqgq5sxkj/Y1UwgESTWC4Ni2a24U6Fl8OZQhr nqQfGz24tJKqg0hGOtO56bGD/DyjDC6bjQTTVNMBniPu1YlFhQ7WfTW8bo2Do9FMXKPmnQ1P09kWGh9UiEtlNgM9CLtYn5X62Tmujcz5hMUkMlmS2KUo5MjCbBoB5TlBg+soCJYvaviAywwsTY+Ao2BG/x5GVonla8auXitlquVedx5OEISnACHpxBDa6hDg0g8ABP8AKvzqPz7Lw577PWnDOfOYQ/cj6+AVI0me4=</latexit>

�annihilation ⇠ H

<latexit sha1_base64="43puS/CVdFWzXnPQZEtJpqUWEbU=">AAACCXicbVA9SwNBEN2LXzF+nVraLAbBKtyJoIJFwMKUEcwH5EKY22ySJbt7x+6eEI60Nv4VGwtFbP0Hdv4bN5crNPHBwOO9GWbmhTFn2njet1NYWV1b3yhulra2d3b33P2Dpo4SRWiDRDxS7RA05UzShmGG03asKIiQ01Y4vpn5rQeqNIvkvZnEtCtgKNmAETBW6rk4uAUhoJcGSmCQko0Yz6wpDjQTuNZzy17Fy4CXiZ+TMspR77lfQT8iiaDSEA5ad3wvNt0UlGGE02kpSDSNgYxhSDuWShBUd9Pskyk+sUofDyJlSxqcqb8nUhBaT0RoOwWYkV70ZuJ/Xicxg8tuymScGCrJfNEg4dhEeBYL7jNFieETS4AoZm/FZAQKiLHhlWwI/uLLy6R5VvHPK1d35+XqdR5HER2hY3SKfHSBqqiG6qiBCHpEz+gVvTlPzovz7nzMWwtOPnOI/sD5/AFCXZoN</latexit>

H ⇠ T
2

MPl

<latexit sha1_base64="bK6LbZ7jtAhqCPsQxyCSFHrQhRo=">AAACJ3icbVDLSgMxFM3UV62vqks3wSIIQpkpxceu4KYboUJf0BlLJs20ocnMkGSEEuYj/Ay/wK1+gTvRpQv/w7SdhW09cOFwzn1x/JhRqWz7y8qtrW9sbuW3Czu7e/sHxcOjtowSgUkLRywSXR9JwmhIWooqRrqxIIj7jHT88e3U7zwSIWkUNtUkJh5Hw5AGFCNlpH7xog5dSTnU7myX9llCUjcQCOvmQyXVd33tCg4bLE3TfrFkl+0Z4CpxMlICGRr94o87iHDCSagwQ1L2HDtWnkZCUcxIWnATSWKEx2hIeoaGiBPp6dkjKTwzygAGkTAVKjhT/05oxKWccN90cqRGctmbiv968/2Lx1Vw7WkaxokiIZ7fDhIGVQSnocEBFQQrNjEEYUHN+xCPkAlJmWgLJhdnOYVV0q6UnWr55r5aql1mCeXBCTgF58ABV6AG6qABWgCDJ/ACXsGb9Wy9Wx/W57w1Z2Uzx2AB1vcvPNunKA==</latexit>

=

n2
DMh�v2i3!2

<latexit sha1_base64="F6nY+zszRDKTlw/E+knE0n9iGxA="></latexit>

h�v2i3!2 ⇠ ↵3

m5
DM

<latexit sha1_base64="FcGp14V8ChsMMZqf7UMXUBrnYyQ="></latexit>

�annihilation ⇠
↵3T 6T 2

eq

m7
DM

<latexit sha1_base64="KRMes84UQ9efAyhgafhOt5p81hc="></latexit>

mDM ⇠ ↵
⇣T 2

eqMPl

x4
fo

⌘1/3
⇠ ↵⇥ 100 MeV

<latexit sha1_base64="AXY7k0/gelAoPWkbKqnFId0+o/I="></latexit>

strong coupling  strong scale↔

H ⇠ T
2

MPl

<latexit sha1_base64="bK6LbZ7jtAhqCPsQxyCSFHrQhRo=">AAACJ3icbVDLSgMxFM3UV62vqks3wSIIQpkpxceu4KYboUJf0BlLJs20ocnMkGSEEuYj/Ay/wK1+gTvRpQv/w7SdhW09cOFwzn1x/JhRqWz7y8qtrW9sbuW3Czu7e/sHxcOjtowSgUkLRywSXR9JwmhIWooqRrqxIIj7jHT88e3U7zwSIWkUNtUkJh5Hw5AGFCNlpH7xog5dSTnU7myX9llCUjcQCOvmQyXVd33tCg4bLE3TfrFkl+0Z4CpxMlICGRr94o87iHDCSagwQ1L2HDtWnkZCUcxIWnATSWKEx2hIeoaGiBPp6dkjKTwzygAGkTAVKjhT/05oxKWccN90cqRGctmbiv968/2Lx1Vw7WkaxokiIZ7fDhIGVQSnocEBFQQrNjEEYUHN+xCPkAlJmWgLJhdnOYVV0q6UnWr55r5aql1mCeXBCTgF58ABV6AG6qABWgCDJ/ACXsGb9Wy9Wx/W57w1Z2Uzx2AB1vcvPNunKA==</latexit>

Strongly Interacting Massive Particles

nb ⇠ s
Teq

mp

<latexit sha1_base64="RR3bocQFsK8+yX2jkQKzv5Rw9ME=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwVRItqLuCG5cV+oImhMl00g6dmcSZiVBC1m78FTcuFHHrF7jzb5y2WWjrgQuHc+7l3nvChFGlHefbKq2srq1vlDcrW9s7u3v2/kFHxanEpI1jFsteiBRhVJC2ppqRXiIJ4iEj3XB8M/W7D0QqGouWniTE52goaEQx0kYK7GMRhNBTlEMFvUginLWCzJMckvs8z3iQ5IFddWrODHCZuAWpggLNwP7yBjFOOREaM6RU33US7WdIaooZySteqkiC8BgNSd9QgThRfjZ7JYenRhnAKJamhIYz9fdEhrhSEx6aTo70SC16U/E/r5/q6MrPqEhSTQSeL4pSBnUMp7nAAZUEazYxBGFJza0Qj5AJRJv0KiYEd/HlZdI5r7n12vVdvdq4KOIogyNwAs6ACy5BA9yCJmgDDB7BM3gFb9aT9WK9Wx/z1pJVzByCP7A+fwA4gZqZ</latexit>

[Hochberg, Kuflik, Volansky, Wacker 2014]

⇣
xfo =

mDM

Tfo
⇡ 20

⌘

<latexit sha1_base64="qd4OI31hZ7+X6AL219DhX0q1Qs4="></latexit>

 Freeze-out happens when:

<latexit sha1_base64="nEWBFDZWm4MiioRptZiHE0J9EHo=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURxS4LblxWsA9oQplMJu3QySTMTIQa+iVuXCji1k9x5984TbPQ1gMXDufcO3fuCVLOlHacb6uysbm1vVPdre3tHxzW7aPjnkoySWiXJDyRgwArypmgXc00p4NUUhwHnPaD6e3C7z9SqVgiHvQspX6Mx4JFjGBtpJFd94o3cknDuUcmbGQ3nKZTAK0TtyQNKNEZ2V9emJAspkITjpUauk6q/RxLzQin85qXKZpiMsVjOjRU4JgqPy+WztG5UUIUJdKU0KhQf0/kOFZqFgemM8Z6ola9hfifN8x01PJzJtJMU0GWi6KMI52gRQooZJISzWeGYCKZ+SsiEywx0SarmgnBXT15nfQum+5107m/arRbZRxVOIUzuAAXbqANd9CBLhDI4Ble4c16sl6sd+tj2VqxypkT+APr8wdN9ZN5</latexit>�

<latexit sha1_base64="nEWBFDZWm4MiioRptZiHE0J9EHo=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURxS4LblxWsA9oQplMJu3QySTMTIQa+iVuXCji1k9x5984TbPQ1gMXDufcO3fuCVLOlHacb6uysbm1vVPdre3tHxzW7aPjnkoySWiXJDyRgwArypmgXc00p4NUUhwHnPaD6e3C7z9SqVgiHvQspX6Mx4JFjGBtpJFd94o3cknDuUcmbGQ3nKZTAK0TtyQNKNEZ2V9emJAspkITjpUauk6q/RxLzQin85qXKZpiMsVjOjRU4JgqPy+WztG5UUIUJdKU0KhQf0/kOFZqFgemM8Z6ola9hfifN8x01PJzJtJMU0GWi6KMI52gRQooZJISzWeGYCKZ+SsiEywx0SarmgnBXT15nfQum+5107m/arRbZRxVOIUzuAAXbqANd9CBLhDI4Ble4c16sl6sd+tj2VqxypkT+APr8wdN9ZN5</latexit>�

<latexit sha1_base64="nEWBFDZWm4MiioRptZiHE0J9EHo=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURxS4LblxWsA9oQplMJu3QySTMTIQa+iVuXCji1k9x5984TbPQ1gMXDufcO3fuCVLOlHacb6uysbm1vVPdre3tHxzW7aPjnkoySWiXJDyRgwArypmgXc00p4NUUhwHnPaD6e3C7z9SqVgiHvQspX6Mx4JFjGBtpJFd94o3cknDuUcmbGQ3nKZTAK0TtyQNKNEZ2V9emJAspkITjpUauk6q/RxLzQin85qXKZpiMsVjOjRU4JgqPy+WztG5UUIUJdKU0KhQf0/kOFZqFgemM8Z6ola9hfifN8x01PJzJtJMU0GWi6KMI52gRQooZJISzWeGYCKZ+SsiEywx0SarmgnBXT15nfQum+5107m/arRbZRxVOIUzuAAXbqANd9CBLhDI4Ble4c16sl6sd+tj2VqxypkT+APr8wdN9ZN5</latexit>�
<latexit sha1_base64="nEWBFDZWm4MiioRptZiHE0J9EHo=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURxS4LblxWsA9oQplMJu3QySTMTIQa+iVuXCji1k9x5984TbPQ1gMXDufcO3fuCVLOlHacb6uysbm1vVPdre3tHxzW7aPjnkoySWiXJDyRgwArypmgXc00p4NUUhwHnPaD6e3C7z9SqVgiHvQspX6Mx4JFjGBtpJFd94o3cknDuUcmbGQ3nKZTAK0TtyQNKNEZ2V9emJAspkITjpUauk6q/RxLzQin85qXKZpiMsVjOjRU4JgqPy+WztG5UUIUJdKU0KhQf0/kOFZqFgemM8Z6ola9hfifN8x01PJzJtJMU0GWi6KMI52gRQooZJISzWeGYCKZ+SsiEywx0SarmgnBXT15nfQum+5107m/arRbZRxVOIUzuAAXbqANd9CBLhDI4Ble4c16sl6sd+tj2VqxypkT+APr8wdN9ZN5</latexit>�
<latexit sha1_base64="nEWBFDZWm4MiioRptZiHE0J9EHo=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURxS4LblxWsA9oQplMJu3QySTMTIQa+iVuXCji1k9x5984TbPQ1gMXDufcO3fuCVLOlHacb6uysbm1vVPdre3tHxzW7aPjnkoySWiXJDyRgwArypmgXc00p4NUUhwHnPaD6e3C7z9SqVgiHvQspX6Mx4JFjGBtpJFd94o3cknDuUcmbGQ3nKZTAK0TtyQNKNEZ2V9emJAspkITjpUauk6q/RxLzQin85qXKZpiMsVjOjRU4JgqPy+WztG5UUIUJdKU0KhQf0/kOFZqFgemM8Z6ola9hfifN8x01PJzJtJMU0GWi6KMI52gRQooZJISzWeGYCKZ+SsiEywx0SarmgnBXT15nfQum+5107m/arRbZRxVOIUzuAAXbqANd9CBLhDI4Ble4c16sl6sd+tj2VqxypkT+APr8wdN9ZN5</latexit>�



A dark copy of QCD

Nc

240⇡2f5
⇡

✏µ⌫⇢� Tr
�
⇧@µ⇧@⌫⇧@⇢⇧@�⇧

�
⇢ LWZW

<latexit sha1_base64="2XN7hMrcmAWWxMGeV/xSNpBGeT0="></latexit>

SM: e.g. K+K� ! ⇡+⇡�⇡0

<latexit sha1_base64="MrCrb51FjyCm0bDvaNcNB5NsvnE=">AAACJHicbVDLSgMxFM3UV62vUZdugq1QkA4zRfCxKrgRilDRPqDTlkyatqGZzJBkhFL6C36GX+BWv8CduHDjzv8wM+3Cth7I5eTcV3K8kFGpbPvLSK2srq1vpDczW9s7u3vm/kFNBpHApIoDFoiGhyRhlJOqooqRRigI8j1G6t7wOs7XH4mQNOAPahSSlo/6nPYoRkpLHTN/f3sFidW3YK7cPoXldgG6KoBuSPUtjoUk2rmOmbUtOwFcJs6MZMEMlY7543YDHPmEK8yQlE3HDlVrjISimJFJxo0kCREeoj5pasqRT2RrnPxoAk+00oW9QOjDFUzUvx1j5Es58j1d6SM1kIu5WPw3N50/v1z1LlpjysNIEY6nu3sRg9qG2DHYpYJgxUaaICyofj7EAyQQVtrXjPbFWXRhmdSKlnNmXd4Vs6XizKE0OALHIA8ccA5K4AZUQBVg8ARewCt4M56Nd+PD+JyWpoxZzyGYg/H9C5vjoZE=</latexit>

[Wess, Zumino 1971] 
[Witten 1983] 

L � 1

2
m2

Â
ÂµÂ

µ +
"

2
F̂µ⌫Bµ⌫

<latexit sha1_base64="VO9mk5cakp2TQKr9v6ddRHNbc3c="></latexit>

⇡

<latexit sha1_base64="FAfXZqTwvgqriimsp1AkRzPAWkM=">AAAB/XicbVDLSsNAFL2pr1pfVZduBovgqiRS8LEquHFZ0T6gDWUyvW2HTiZhZiKUUPwCt/oF7sSt3+IH+B9O2yxs64ELh3PuixPEgmvjut9Obm19Y3Mrv13Y2d3bPygeHjV0lCiGdRaJSLUCqlFwiXXDjcBWrJCGgcBmMLqd+s0nVJpH8tGMY/RDOpC8zxk1VnroxLxbLLlldwaySryMlCBDrVv86fQiloQoDRNU67bnxsZPqTKcCZwUOonGmLIRHWDbUklD1H46e3VCzqzSI/1I2ZKGzNS/EykNtR6Hge0MqRnqZW8q/uvN9y8eN/0rP+UyTgxKNr/dTwQxEZlGQXpcITNibAllitv3CRtSRZmxgRVsLt5yCqukcVH2KuXr+0qpepMllIcTOIVz8OASqnAHNagDgwG8wCu8Oc/Ou/PhfM5bc042cwwLcL5+Admeldk=</latexit>

⇡

<latexit sha1_base64="FAfXZqTwvgqriimsp1AkRzPAWkM=">AAAB/XicbVDLSsNAFL2pr1pfVZduBovgqiRS8LEquHFZ0T6gDWUyvW2HTiZhZiKUUPwCt/oF7sSt3+IH+B9O2yxs64ELh3PuixPEgmvjut9Obm19Y3Mrv13Y2d3bPygeHjV0lCiGdRaJSLUCqlFwiXXDjcBWrJCGgcBmMLqd+s0nVJpH8tGMY/RDOpC8zxk1VnroxLxbLLlldwaySryMlCBDrVv86fQiloQoDRNU67bnxsZPqTKcCZwUOonGmLIRHWDbUklD1H46e3VCzqzSI/1I2ZKGzNS/EykNtR6Hge0MqRnqZW8q/uvN9y8eN/0rP+UyTgxKNr/dTwQxEZlGQXpcITNibAllitv3CRtSRZmxgRVsLt5yCqukcVH2KuXr+0qpepMllIcTOIVz8OASqnAHNagDgwG8wCu8Oc/Ou/PhfM5bc042cwwLcL5+Admeldk=</latexit>

⇡

<latexit sha1_base64="FAfXZqTwvgqriimsp1AkRzPAWkM=">AAAB/XicbVDLSsNAFL2pr1pfVZduBovgqiRS8LEquHFZ0T6gDWUyvW2HTiZhZiKUUPwCt/oF7sSt3+IH+B9O2yxs64ELh3PuixPEgmvjut9Obm19Y3Mrv13Y2d3bPygeHjV0lCiGdRaJSLUCqlFwiXXDjcBWrJCGgcBmMLqd+s0nVJpH8tGMY/RDOpC8zxk1VnroxLxbLLlldwaySryMlCBDrVv86fQiloQoDRNU67bnxsZPqTKcCZwUOonGmLIRHWDbUklD1H46e3VCzqzSI/1I2ZKGzNS/EykNtR6Hge0MqRnqZW8q/uvN9y8eN/0rP+UyTgxKNr/dTwQxEZlGQXpcITNibAllitv3CRtSRZmxgRVsLt5yCqukcVH2KuXr+0qpepMllIcTOIVz8OASqnAHNagDgwG8wCu8Oc/Ou/PhfM5bc042cwwLcL5+Admeldk=</latexit>

⇡

<latexit sha1_base64="FAfXZqTwvgqriimsp1AkRzPAWkM=">AAAB/XicbVDLSsNAFL2pr1pfVZduBovgqiRS8LEquHFZ0T6gDWUyvW2HTiZhZiKUUPwCt/oF7sSt3+IH+B9O2yxs64ELh3PuixPEgmvjut9Obm19Y3Mrv13Y2d3bPygeHjV0lCiGdRaJSLUCqlFwiXXDjcBWrJCGgcBmMLqd+s0nVJpH8tGMY/RDOpC8zxk1VnroxLxbLLlldwaySryMlCBDrVv86fQiloQoDRNU67bnxsZPqTKcCZwUOonGmLIRHWDbUklD1H46e3VCzqzSI/1I2ZKGzNS/EykNtR6Hge0MqRnqZW8q/uvN9y8eN/0rP+UyTgxKNr/dTwQxEZlGQXpcITNibAllitv3CRtSRZmxgRVsLt5yCqukcVH2KuXr+0qpepMllIcTOIVz8OASqnAHNagDgwG8wCu8Oc/Ou/PhfM5bc042cwwLcL5+Admeldk=</latexit>

⇡

<latexit sha1_base64="FAfXZqTwvgqriimsp1AkRzPAWkM=">AAAB/XicbVDLSsNAFL2pr1pfVZduBovgqiRS8LEquHFZ0T6gDWUyvW2HTiZhZiKUUPwCt/oF7sSt3+IH+B9O2yxs64ELh3PuixPEgmvjut9Obm19Y3Mrv13Y2d3bPygeHjV0lCiGdRaJSLUCqlFwiXXDjcBWrJCGgcBmMLqd+s0nVJpH8tGMY/RDOpC8zxk1VnroxLxbLLlldwaySryMlCBDrVv86fQiloQoDRNU67bnxsZPqTKcCZwUOonGmLIRHWDbUklD1H46e3VCzqzSI/1I2ZKGzNS/EykNtR6Hge0MqRnqZW8q/uvN9y8eN/0rP+UyTgxKNr/dTwQxEZlGQXpcITNibAllitv3CRtSRZmxgRVsLt5yCqukcVH2KuXr+0qpepMllIcTOIVz8OASqnAHNagDgwG8wCu8Oc/Ou/PhfM5bc042cwwLcL5+Admeldk=</latexit>

[Hochberg, Kuflik, Murayama,  
Volansky, Wacker 2014]•   gauge theory 

•    light quark flavors  (pseudo-) Goldstone bosons 

•  For  (or larger), Wess-Zumino-Witten action contains precisely 

• The dark photon connects hidden & visible sectors via kinetic mixing,

SU(Nc)

Nf → N2
f − 1

Nf = 3



The need for a mediator

•  Hidden mesons with SM-like mass (~ 100 MeV) obtain relic density 
 through freeze out of  annihilations 

• However, if hidden sector is isolated the DM stays too warm   

Too high T during structure formation, ruled out 

• Dark photon mediator

3 → 2

keeps hidden & SM sectors 
in kinetic equilibrium until freezeout

⇡

<latexit sha1_base64="FAfXZqTwvgqriimsp1AkRzPAWkM=">AAAB/XicbVDLSsNAFL2pr1pfVZduBovgqiRS8LEquHFZ0T6gDWUyvW2HTiZhZiKUUPwCt/oF7sSt3+IH+B9O2yxs64ELh3PuixPEgmvjut9Obm19Y3Mrv13Y2d3bPygeHjV0lCiGdRaJSLUCqlFwiXXDjcBWrJCGgcBmMLqd+s0nVJpH8tGMY/RDOpC8zxk1VnroxLxbLLlldwaySryMlCBDrVv86fQiloQoDRNU67bnxsZPqTKcCZwUOonGmLIRHWDbUklD1H46e3VCzqzSI/1I2ZKGzNS/EykNtR6Hge0MqRnqZW8q/uvN9y8eN/0rP+UyTgxKNr/dTwQxEZlGQXpcITNibAllitv3CRtSRZmxgRVsLt5yCqukcVH2KuXr+0qpepMllIcTOIVz8OASqnAHNagDgwG8wCu8Oc/Ou/PhfM5bc042cwwLcL5+Admeldk=</latexit>

⇡

<latexit sha1_base64="FAfXZqTwvgqriimsp1AkRzPAWkM=">AAAB/XicbVDLSsNAFL2pr1pfVZduBovgqiRS8LEquHFZ0T6gDWUyvW2HTiZhZiKUUPwCt/oF7sSt3+IH+B9O2yxs64ELh3PuixPEgmvjut9Obm19Y3Mrv13Y2d3bPygeHjV0lCiGdRaJSLUCqlFwiXXDjcBWrJCGgcBmMLqd+s0nVJpH8tGMY/RDOpC8zxk1VnroxLxbLLlldwaySryMlCBDrVv86fQiloQoDRNU67bnxsZPqTKcCZwUOonGmLIRHWDbUklD1H46e3VCzqzSI/1I2ZKGzNS/EykNtR6Hge0MqRnqZW8q/uvN9y8eN/0rP+UyTgxKNr/dTwQxEZlGQXpcITNibAllitv3CRtSRZmxgRVsLt5yCqukcVH2KuXr+0qpepMllIcTOIVz8OASqnAHNagDgwG8wCu8Oc/Ou/PhfM5bc042cwwLcL5+Admeldk=</latexit>

⇡

<latexit sha1_base64="FAfXZqTwvgqriimsp1AkRzPAWkM=">AAAB/XicbVDLSsNAFL2pr1pfVZduBovgqiRS8LEquHFZ0T6gDWUyvW2HTiZhZiKUUPwCt/oF7sSt3+IH+B9O2yxs64ELh3PuixPEgmvjut9Obm19Y3Mrv13Y2d3bPygeHjV0lCiGdRaJSLUCqlFwiXXDjcBWrJCGgcBmMLqd+s0nVJpH8tGMY/RDOpC8zxk1VnroxLxbLLlldwaySryMlCBDrVv86fQiloQoDRNU67bnxsZPqTKcCZwUOonGmLIRHWDbUklD1H46e3VCzqzSI/1I2ZKGzNS/EykNtR6Hge0MqRnqZW8q/uvN9y8eN/0rP+UyTgxKNr/dTwQxEZlGQXpcITNibAllitv3CRtSRZmxgRVsLt5yCqukcVH2KuXr+0qpepMllIcTOIVz8OASqnAHNagDgwG8wCu8Oc/Ou/PhfM5bc042cwwLcL5+Admeldk=</latexit>

⇡

<latexit sha1_base64="FAfXZqTwvgqriimsp1AkRzPAWkM=">AAAB/XicbVDLSsNAFL2pr1pfVZduBovgqiRS8LEquHFZ0T6gDWUyvW2HTiZhZiKUUPwCt/oF7sSt3+IH+B9O2yxs64ELh3PuixPEgmvjut9Obm19Y3Mrv13Y2d3bPygeHjV0lCiGdRaJSLUCqlFwiXXDjcBWrJCGgcBmMLqd+s0nVJpH8tGMY/RDOpC8zxk1VnroxLxbLLlldwaySryMlCBDrVv86fQiloQoDRNU67bnxsZPqTKcCZwUOonGmLIRHWDbUklD1H46e3VCzqzSI/1I2ZKGzNS/EykNtR6Hge0MqRnqZW8q/uvN9y8eN/0rP+UyTgxKNr/dTwQxEZlGQXpcITNibAllitv3CRtSRZmxgRVsLt5yCqukcVH2KuXr+0qpepMllIcTOIVz8OASqnAHNagDgwG8wCu8Oc/Ou/PhfM5bc042cwwLcL5+Admeldk=</latexit>

⇡

<latexit sha1_base64="FAfXZqTwvgqriimsp1AkRzPAWkM=">AAAB/XicbVDLSsNAFL2pr1pfVZduBovgqiRS8LEquHFZ0T6gDWUyvW2HTiZhZiKUUPwCt/oF7sSt3+IH+B9O2yxs64ELh3PuixPEgmvjut9Obm19Y3Mrv13Y2d3bPygeHjV0lCiGdRaJSLUCqlFwiXXDjcBWrJCGgcBmMLqd+s0nVJpH8tGMY/RDOpC8zxk1VnroxLxbLLlldwaySryMlCBDrVv86fQiloQoDRNU67bnxsZPqTKcCZwUOonGmLIRHWDbUklD1H46e3VCzqzSI/1I2ZKGzNS/EykNtR6Hge0MqRnqZW8q/uvN9y8eN/0rP+UyTgxKNr/dTwQxEZlGQXpcITNibAllitv3CRtSRZmxgRVsLt5yCqukcVH2KuXr+0qpepMllIcTOIVz8OASqnAHNagDgwG8wCu8Oc/Ou/PhfM5bc042cwwLcL5+Admeldk=</latexit>

[Carlson, Machacek, Hall 1992] 
[de Laix, Scherrer, Schaefer 1995]

[Lee, Seo 2015] 
[Hochberg, Kuflik, Murayama 2015]



Dark matter self-interactions

•   Mesons undergo  scattering in DM halos 

•  Cross section 

Interesting order of magnitude for small-scale structure  
“puzzles” 

Maybe baryonic effects? 

•  Bullet cluster and halo shape constraints

2 → 2
f2
⇡

4
Tr[(DµU)†DµU ] � �rabcd

24f2
⇡

⇡a⇡b@µ⇡
c@µ⇡d

<latexit sha1_base64="XUw+4doLN8KFAFfjqDkCYnYQjqo="></latexit>

�
m⇡

. O(1) cm2

g

<latexit sha1_base64="McG2xM9pxcpBB1nQ4ADOXpI8OVo="></latexit>

[review by Tulin 
and Yu, 2017]
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⇠ (0.1 – 10) cm2

g

<latexit sha1_base64="MFtkzptY1qKK2ASjDmtIMfTxbsA="></latexit>



Bounds from meson FCNC decays?

✏Z ' gZ
q
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M2
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⇡ 3.2⇥ 10�7
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⇤
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�2

<latexit sha1_base64="Z0rZr2COG2dwTEL9+/FQms09UA0="></latexit>

Conservative estimate:

BR(B ! Kff̄)NP  BR(B ! K  )perturbative

<latexit sha1_base64="HNjQnewWmybSAcg0573BKzIt+nw="></latexit>

BR(B!Kff̄)NP

BR(B!Kff̄)SM
.

�
mt
M

�4 BR(V̂!⌫⌫̄)

BR(V̂!ff̄)
< 0.01

<latexit sha1_base64="rZc2Q2BRp/nOt7dboJW7ghGflDs="></latexit>

for M > 1 TeV

V̂

<latexit sha1_base64="C2Xva+fKLZJXRN9hY8z5EXvNtss=">AAAB8HicbVDLTgJBEOzFF+IL9ehlI5h4IruEqEcSLx4xkYeBDZkdBpgwM7uZ6TUhG77CiweN8ernePNvHGAPClbSSaWqO91dYSy4Qc/7dnIbm1vbO/ndwt7+weFR8fikZaJEU9akkYh0JySGCa5YEzkK1ok1IzIUrB1Obud++4lpwyP1gNOYBZKMFB9yStBKj+XemGDampX7xZJX8RZw14mfkRJkaPSLX71BRBPJFFJBjOn6XoxBSjRyKtis0EsMiwmdkBHrWqqIZCZIFwfP3AurDNxhpG0pdBfq74mUSGOmMrSdkuDYrHpz8T+vm+DwJki5ihNkii4XDRPhYuTOv3cHXDOKYmoJoZrbW106JppQtBkVbAj+6svrpFWt+LVK7b5aql9lceThDM7hEny4hjrcQQOaQEHCM7zCm6OdF+fd+Vi25pxs5hT+wPn8ATW0j/w=</latexit>

B

<latexit sha1_base64="/HK/I/16rMkDFhSTwcZ4v2bx0IM=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIph4IrvE15HoxSNGERLYkNlhFibMzm5mek0I4RO8eNAYr36RN//GAfagYCWdVKq6090VJFIYdN1vJ7eyura+kd8sbG3v7O4V9w8eTZxqxhsslrFuBdRwKRRvoEDJW4nmNAokbwbDm6nffOLaiFg94CjhfkT7SoSCUbTSffm63C2W3Io7A1kmXkZKkKHeLX51ejFLI66QSWpM23MT9MdUo2 CSTwqd1PCEsiHt87alikbc+OPZqRNyYpUeCWNtSyGZqb8nxjQyZhQFtjOiODCL3lT8z2unGF75Y6GSFLli80VhKgnGZPo36QnNGcqRJZRpYW8lbEA1ZWjTKdgQvMWXl8ljteKdVc7vqqXaRRZHHo7gGE7Bg0uowS3UoQEM+vAMr/DmSOfFeXc+5q05J5s5hD9wPn8ASkCNHA==</latexit>

K

<latexit sha1_base64="HLT5ulJKsUF8VgjB4Qr5H+Qu4zY=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIph4IrvE15HEi4kXjCIksCGzwyxMmJ3dzPSaEMInePGgMV79Im/+jQPsQcFKOqlUdae7K0ikMOi6305uZXVtfSO/Wdja3tndK+4fPJo41Yw3WCxj3Qqo4VIo3kCBkrcSzWkUSN4MhtdTv/nEtRGxesBRwv2I9pUIBaNopfvybblbLLkVdwayTLyMlCBDvVv86vRilkZcIZPUmLbnJuiPqUbBJJ8UOqnhCWVD2udtSxWNuPHHs1Mn5MQqPRLG2pZCMlN/T4xpZMwoCmxnRHFgFr2p+J/XTjG88sdCJSlyxeaLwlQSjMn0b9ITmjOUI0so08LeStiAasrQplOwIXiLLy+Tx2rFO6uc31VLtYssjjwcwTGcggeXUIMbqEMDGPThGV7hzZHOi/PufMxbc042cwh/4Hz+AFftjSU=</latexit>

see e.g. [Dror, Lasenby, Pospelov 2018]E
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<latexit sha1_base64="dKInEWpWBhh99vX02bIsBsfTtDQ="></latexit>



Hidden meson decays

⇣
| (0)|2 = ⇤3

4⇡

⌘

<latexit sha1_base64="6xi++RTPXQ+DCoYpRLWY9lcjopQ="></latexit>


