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 , Gaµ⌫
D

Dark QCD

(neutral under the Standard Model)

• Motivated by big questions: dark matter (e.g. SIMPs), naturalness 


(neutral naturalness, relaxion models), …


• “Dark shower” - type signatures at the LHC: challenging, but major progress 


recently, with room for further improvement

[Hochberg et al. 2014]

[Chacko, Goh, Harnik 2005]

[Graham, Kaplan, Rajendran 2015]

[Born et al. 2023]

[Cohen et al. 2023]

[Bernreuther et al. 2022]

[Knapen, Shelton, Xu 2021]

…
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 , Gaµ⌫
D

Dark QCD

(neutral under the Standard Model)

Which portal? 
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 , Gaµ⌫
D

Dark QCD

(neutral under the Standard Model)

Which portal? 


Some interactions are very well studied: Higgs, dark photon
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h
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B
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 , Gaµ⌫
D

Dark QCD

(neutral under the Standard Model)

Z portal is far less explored, yet the LHC is collecting a huge sample:


                  bosons @ High-Luminosity phase
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Z
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> 1011 Z

(one thousand times more than for Higgs)
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 , Gaµ⌫
D

Dark QCD
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Z
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c

M2
(iH† $

DµH)( �µ )

electroweak 

invariant op.
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GD
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⇡̂
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⇡̂

<latexit sha1_base64="GAWy9TCKd5bKnvvWvGHO9VQZeeI=">AAAB8HicdVDLSsNAFJ3UV62vqks3g0VwFSY1remu4MZlBfuQJpTJdNIOnUnCzEQooV/hxoUibv0cd/6N04egogcuHM65l3vvCVPOlEbowyqsrW9sbhW3Szu7e/sH5cOjjkoySWibJDyRvRAryllM25ppTnuppFiEnHbDydXc795TqVgS3+ppSgOBRzGLGMHaSHf+GOvcT9lsUK4gu9FArutBZNdQterWDEEXVc9zoGOjBSpghdag/O4PE5IJGmvCsVJ9B6U6yLHUjHA6K/mZoikmEzyifUNjLKgK8sXBM3hmlCGMEmkq1nChfp/IsVBqKkLTKbAeq9/eXPzL62c68oKcxWmmaUyWi6KMQ53A+fdwyCQlmk8NwUQycyskYywx0Sajkgnh61P4P+lUbadu127cSrO+iqMITsApOAcOuARNcA1aoA0IEOABPIFnS1qP1ov1umwtWKuZY/AD1tsniduQ4g==</latexit>

⇡̂

“Dark shower” events generated by Z decays at LHC


Mostly produce lightest dark hadrons, the dark pions
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 , Gaµ⌫
D

Dark QCD
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Z

<latexit sha1_base64="qcR1pVVvZP+Q7FIxyJFfNcOYBMw="></latexit>

c

M2
(iH† $

DµH)( �µ )

electroweak 

invariant op.

dark pions behave as composite ALPs
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GD

<latexit sha1_base64="n1SFV8R/1nSGXCk4L9nzCieNrvw=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKewGX8eAFy9CRPPAZAmzk9lkyMzsMjMrhCV/4cWDIl79G2/+jZPNHjSxoKGo6qa7K4g508Z1v53Cyura+kZxs7S1vbO7V94/aOkoUYQ2ScQj1QmwppxJ2jTMcNqJFcUi4LQdjK9nfvuJKs0i+WAmMfUFHkoWMoKNlR7DftpTAt3fTvvlilt1M6Bl4uWkAjka/fJXbxCRRFBpCMdadz03Nn6KlWGE02mpl2gaYzLGQ9q1VGJBtZ9mF0/RiVUGKIyULWlQpv6eSLHQeiIC2ymwGelFbyb+53UTE175KZNxYqgk80VhwpGJ0Ox9NGCKEsMnlmCimL0VkRFWmBgbUsmG4C2+vExatap3UT2/O6vUa3kcRTiCYzgFDy6hDjfQgCYQkPAMr/DmaOfFeXc+5q0FJ585hD9wPn8AL7KQkA==</latexit>

fSM

<latexit sha1_base64="+IOFjmzbnhtiihbIwxY1hGEq79k=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiTF17Lgxo1Q0T6gCWUynbRDJ5MwMymUkD9x40IRt/6JO//GaZuFth64cDjnXu69J0g4U9pxvq3S2vrG5lZ5u7Kzu7d/YB8etVWcSkJbJOax7AZYUc4EbWmmOe0mkuIo4LQTjG9nfmdCpWKxeNLThPoRHgoWMoK1kfq27QVYZmHezzwZocf7vG9XnZozB1olbkGqUKDZt7+8QUzSiApNOFaq5zqJ9jMsNSOc5hUvVTTBZIyHtGeowBFVfja/PEdnRhmgMJamhEZz9fdEhiOlplFgOiOsR2rZm4n/eb1Uhzd+xkSSairIYlGYcqRjNIsBDZikRPOpIZhIZm5FZIQlJtqEVTEhuMsvr5J2veZe1S4fLqqNehFHGU7gFM7BhWtowB00oQUEJvAMr/BmZdaL9W59LFpLVjFzDH9gff4AfHCThg==</latexit>

f̄SM

<latexit sha1_base64="GAWy9TCKd5bKnvvWvGHO9VQZeeI=">AAAB8HicdVDLSsNAFJ3UV62vqks3g0VwFSY1remu4MZlBfuQJpTJdNIOnUnCzEQooV/hxoUibv0cd/6N04egogcuHM65l3vvCVPOlEbowyqsrW9sbhW3Szu7e/sH5cOjjkoySWibJDyRvRAryllM25ppTnuppFiEnHbDydXc795TqVgS3+ppSgOBRzGLGMHaSHf+GOvcT9lsUK4gu9FArutBZNdQterWDEEXVc9zoGOjBSpghdag/O4PE5IJGmvCsVJ9B6U6yLHUjHA6K/mZoikmEzyifUNjLKgK8sXBM3hmlCGMEmkq1nChfp/IsVBqKkLTKbAeq9/eXPzL62c68oKcxWmmaUyWi6KMQ53A+fdwyCQlmk8NwUQycyskYywx0Sajkgnh61P4P+lUbadu127cSrO+iqMITsApOAcOuARNcA1aoA0IEOABPIFnS1qP1ov1umwtWKuZY/AD1tsniduQ4g==</latexit>

⇡̂

<latexit sha1_base64="GAWy9TCKd5bKnvvWvGHO9VQZeeI=">AAAB8HicdVDLSsNAFJ3UV62vqks3g0VwFSY1remu4MZlBfuQJpTJdNIOnUnCzEQooV/hxoUibv0cd/6N04egogcuHM65l3vvCVPOlEbowyqsrW9sbhW3Szu7e/sH5cOjjkoySWibJDyRvRAryllM25ppTnuppFiEnHbDydXc795TqVgS3+ppSgOBRzGLGMHaSHf+GOvcT9lsUK4gu9FArutBZNdQterWDEEXVc9zoGOjBSpghdag/O4PE5IJGmvCsVJ9B6U6yLHUjHA6K/mZoikmEzyifUNjLKgK8sXBM3hmlCGMEmkq1nChfp/IsVBqKkLTKbAeq9/eXPzL62c68oKcxWmmaUyWi6KMQ53A+fdwyCQlmk8NwUQycyskYywx0Sajkgnh61P4P+lUbadu127cSrO+iqMITsApOAcOuARNcA1aoA0IEOABPIFnS1qP1ov1umwtWKuZY/AD1tsniduQ4g==</latexit>

⇡̂

<latexit sha1_base64="GAWy9TCKd5bKnvvWvGHO9VQZeeI=">AAAB8HicdVDLSsNAFJ3UV62vqks3g0VwFSY1remu4MZlBfuQJpTJdNIOnUnCzEQooV/hxoUibv0cd/6N04egogcuHM65l3vvCVPOlEbowyqsrW9sbhW3Szu7e/sH5cOjjkoySWibJDyRvRAryllM25ppTnuppFiEnHbDydXc795TqVgS3+ppSgOBRzGLGMHaSHf+GOvcT9lsUK4gu9FArutBZNdQterWDEEXVc9zoGOjBSpghdag/O4PE5IJGmvCsVJ9B6U6yLHUjHA6K/mZoikmEzyifUNjLKgK8sXBM3hmlCGMEmkq1nChfp/IsVBqKkLTKbAeq9/eXPzL62c68oKcxWmmaUyWi6KMQ53A+fdwyCQlmk8NwUQycyskYywx0Sajkgnh61P4P+lUbadu127cSrO+iqMITsApOAcOuARNcA1aoA0IEOABPIFnS1qP1ov1umwtWKuZY/AD1tsniduQ4g==</latexit>

⇡̂

<latexit sha1_base64="GAWy9TCKd5bKnvvWvGHO9VQZeeI=">AAAB8HicdVDLSsNAFJ3UV62vqks3g0VwFSY1remu4MZlBfuQJpTJdNIOnUnCzEQooV/hxoUibv0cd/6N04egogcuHM65l3vvCVPOlEbowyqsrW9sbhW3Szu7e/sH5cOjjkoySWibJDyRvRAryllM25ppTnuppFiEnHbDydXc795TqVgS3+ppSgOBRzGLGMHaSHf+GOvcT9lsUK4gu9FArutBZNdQterWDEEXVc9zoGOjBSpghdag/O4PE5IJGmvCsVJ9B6U6yLHUjHA6K/mZoikmEzyifUNjLKgK8sXBM3hmlCGMEmkq1nChfp/IsVBqKkLTKbAeq9/eXPzL62c68oKcxWmmaUyWi6KMQ53A+fdwyCQlmk8NwUQycyskYywx0Sajkgnh61P4P+lUbadu127cSrO+iqMITsApOAcOuARNcA1aoA0IEOABPIFnS1qP1ov1umwtWKuZY/AD1tsniduQ4g==</latexit>

⇡̂

<latexit sha1_base64="evaohmSBMSPhyHiT9ZFLBkKy9H4="></latexit>

1

fa
(iH† $

DµH)(@µ
⇡̂)

<latexit sha1_base64="kERz6/8W5O5RhDk2oUsrE/8Oaps=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNokcSLx4hkUeEDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tArltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa88SdcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1K+ql+WqpUsjjycwCmcgwfXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALhljNw=</latexit>

Z



ALP through the Z portal

Distinctive feature of Z portal is coupling of ALPs (dark pions) to Higgs current,

EOM

For                  , must consider decays to exclusive final states containing SM hadrons


Apply data-driven methods, following [Aloni, Soreq, Williams 2018]

<latexit sha1_base64="Nl91huZZo+37nLDEVs2ZkiYdA1U=">AAAB/nicbVDLSsNAFJ3UV62vqrhyM1gEVyUpvpYFF7qsYB/QhDCZ3rRDZ5IwMxFKKPgrblwo4tbvcOffOGmz0NYDA4dz7uWeOUHCmdK2/W2VVlbX1jfKm5Wt7Z3dver+QUfFqaTQpjGPZS8gCjiLoK2Z5tBLJBARcOgG45vc7z6CVCyOHvQkAU+QYcRCRok2kl89Ej7BrmICu4LokRTZLXSmfrVm1+0Z8DJxClJDBVp+9csdxDQVEGnKiVJ9x060lxGpGeUwrbipgoTQMRlC39CICFBeNos/xadGGeAwluZFGs/U3xsZEUpNRGAm84xq0cvF/7x+qsNrL2NRkmqI6PxQmHKsY5x3gQdMAtV8YgihkpmsmI6IJFSbxiqmBGfxy8uk06g7l/WL+/Nas1HUUUbH6ASdIQddoSa6Qy3URhRl6Bm9ojfryXqx3q2P+WjJKnYO0R9Ynz/hNZVo</latexit>

ma ⇠ GeV

• For                                   , match ALP effective field theory 


to Chiral Perturbation Theory (leading order + corrections)


• For                                    : include exchange of scalar, vector, tensor resonances,


using as much input from data as feasible

<latexit sha1_base64="HL+dsMOH4lwaYMoq9k2nHkdFS7U=">AAACFnicbVDJSgNBEO1xN25Rj14ag+DFMCNuoAfBgx4VzAKZONR0Kklj90zT3SOGIV/hxV/x4kERr+LNv7ETc3B7UPB4r4qqerES3Fjf//DGxicmp6ZnZgtz8wuLS8XllapJM82wwlKR6noMBgVPsGK5FVhXGkHGAmvx9cnAr92gNjxNLm1PYVNCJ+FtzsA6KSpuyQjoEZVRHqKFq1BpLrFPQ1BKp7c0CA9DCbarZX6K1X5ULPllfwj6lwQjUiIjnEfF97CVskxiYpkAYxqBr2wzB205E9gvhJlBBewaOthwNAGJppkP3+rTDae0aDvVrhJLh+r3iRykMT0Zu87Bjea3NxD/8xqZbR80c56ozGLCvha1M0FtSgcZ0RbXyKzoOQJMc3crZV3QwKxLsuBCCH6//JdUt8vBXnn3Yqd0vDOKY4askXWySQKyT47JGTknFcLIHXkgT+TZu/cevRfv9at1zBvNrJIf8N4+AcdanyA=</latexit>

ma < m⌘0 ⇡ 1 GeV

<latexit sha1_base64="3Znu05hEZpFnenEH43dRNhDp3q8=">AAACGXicbVDLSsNAFJ3UV62vqks3g0VwVRKtD9BFwYUuK9gHNLFMprft0JkkzEyEEvIbbvwVNy4Ucakr/8Zpm4W2HrhwOOde7r3HjzhT2ra/rdzC4tLySn61sLa+sblV3N5pqDCWFOo05KFs+UQBZwHUNdMcWpEEInwOTX94NfabDyAVC4M7PYrAE6QfsB6jRBupU7RFJ3FBk3s3kkxAii+xUUiKXQ5KKSbwsXvhCqIHUiTX0Eg7xZJdtifA88TJSAllqHWKn243pLGAQFNOlGo7dqS9hEjNKIe04MYKIkKHpA9tQwMiQHnJ5LMUHxili3uhNBVoPFF/TyREKDUSvukc36hmvbH4n9eOde/cS1gQxRoCOl3UiznWIR7HhLtMAtV8ZAihkplbMR0QSag2YRZMCM7sy/OkcVR2Tssnt5VStZLFkUd7aB8dIgedoSq6QTVURxQ9omf0it6sJ+vFerc+pq05K5vZRX9gff0AkUqgng==</latexit>

m⌘0 < ma . 3 GeV

Isospin-violating couplings lead to important differences with universal scenarios

<latexit sha1_base64="7r/3kOEqS+vJtjlWb84ylxPGjYc="></latexit>

1

fa
(iH† $

DµH)(@µ
a) ! �@µa

fa

X

f

cf f̄�
µ
�5f , cf = T

3
L(f)

7



Big differences with gluon-coupled ALP 

<latexit sha1_base64="+w5RyBKfkeExLWX6WhsB1Gd9ZSg=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiTiC9wUXOiygn1AEsJkOmmHzkzCzEQoof6KGxeKuPVD3Pk3TtostPXAwOGce7lnTpQyqrTjfFuVldW19Y3qZm1re2d3z94/6Kokk5h0cMIS2Y+QIowK0tFUM9JPJUE8YqQXjW8Kv/dIpKKJeNCTlAQcDQWNKUbaSKFd5yHyrz2fIz2SPL8l3WkQ2g2n6cwAl4lbkgYo0Q7tL3+Q4IwToTFDSnmuk+ogR1JTzMi05meKpAiP0ZB4hgrEiQryWfgpPDbKAMaJNE9oOFN/b+SIKzXhkZksQqpFrxD/87xMx1dBTkWaaSLw/FCcMagTWDQBB1QSrNnEEIQlNVkhHiGJsDZ91UwJ7uKXl0n3tOleNM/vzxotp6yjCg7BETgBLrgELXAH2qADMJiAZ/AK3qwn68V6tz7moxWr3KmDP7A+fwCnQpS8</latexit>

ma [GeV]

<latexit sha1_base64="IoXR04AieLoZEM9O1+dDssC8gNQ="></latexit>

Le↵ � �@µa

fa

X

f

cf f̄�
µ�5f

<latexit sha1_base64="3hQ6G4lyR/8J8wCTs36+KRTIIYU=">AAACBHicbVC7SgNBFL0bXzG+opY2g0GITdjVoDZCwMbCIkJekGyW2clsMmRmd5mZFUJI6zfYam0ntv6HpX/iJNnCJB64cDjnXs7l+DFnStv2t5VZW9/Y3Mpu53Z29/YP8odHDRUlktA6iXgkWz5WlLOQ1jXTnLZiSbHwOW36w7up33yiUrEorOlRTF2B+yELGMHaSF3iBegW1byH7mUxOPfyBbtkz4BWiZOSAqSoevmfTi8iiaChJhwr1XbsWLtjLDUjnE5ynUTRGJMh7tO2oSEWVLnj2dcTdGaUHgoiaSbUaKb+vRhjodRI+GZTYD1Qy95U/M9rJzq4cccsjBNNQzIPChKOdISmFaAek5RoPjIEE8nMr4gMsMREm6IWUnwxMZ04yw2sksZFybkqlR/LhYqdtpOFEziFIjhwDRW4hyrUgYCEF3iFN+vZerc+rM/5asZKb45hAdbXL/TQl38=</latexit>

cf = T 3
L(f)

isospin-breaking coupling to fermions

[Cheng, Li, Salvioni, 2021] 8



Big differences with gluon-coupled ALP 

<latexit sha1_base64="+w5RyBKfkeExLWX6WhsB1Gd9ZSg=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiTiC9wUXOiygn1AEsJkOmmHzkzCzEQoof6KGxeKuPVD3Pk3TtostPXAwOGce7lnTpQyqrTjfFuVldW19Y3qZm1re2d3z94/6Kokk5h0cMIS2Y+QIowK0tFUM9JPJUE8YqQXjW8Kv/dIpKKJeNCTlAQcDQWNKUbaSKFd5yHyrz2fIz2SPL8l3WkQ2g2n6cwAl4lbkgYo0Q7tL3+Q4IwToTFDSnmuk+ogR1JTzMi05meKpAiP0ZB4hgrEiQryWfgpPDbKAMaJNE9oOFN/b+SIKzXhkZksQqpFrxD/87xMx1dBTkWaaSLw/FCcMagTWDQBB1QSrNnEEIQlNVkhHiGJsDZ91UwJ7uKXl0n3tOleNM/vzxotp6yjCg7BETgBLrgELXAH2qADMJiAZ/AK3qwn68V6tz7moxWr3KmDP7A+fwCnQpS8</latexit>

ma [GeV]
<latexit sha1_base64="+w5RyBKfkeExLWX6WhsB1Gd9ZSg=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiTiC9wUXOiygn1AEsJkOmmHzkzCzEQoof6KGxeKuPVD3Pk3TtostPXAwOGce7lnTpQyqrTjfFuVldW19Y3qZm1re2d3z94/6Kokk5h0cMIS2Y+QIowK0tFUM9JPJUE8YqQXjW8Kv/dIpKKJeNCTlAQcDQWNKUbaSKFd5yHyrz2fIz2SPL8l3WkQ2g2n6cwAl4lbkgYo0Q7tL3+Q4IwToTFDSnmuk+ogR1JTzMi05meKpAiP0ZB4hgrEiQryWfgpPDbKAMaJNE9oOFN/b+SIKzXhkZksQqpFrxD/87xMx1dBTkWaaSLw/FCcMagTWDQBB1QSrNnEEIQlNVkhHiGJsDZ91UwJ7uKXl0n3tOleNM/vzxotp6yjCg7BETgBLrgELXAH2qADMJiAZ/AK3qwn68V6tz7moxWr3KmDP7A+fwCnQpS8</latexit>

ma [GeV]
<latexit sha1_base64="+w5RyBKfkeExLWX6WhsB1Gd9ZSg=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiTiC9wUXOiygn1AEsJkOmmHzkzCzEQoof6KGxeKuPVD3Pk3TtostPXAwOGce7lnTpQyqrTjfFuVldW19Y3qZm1re2d3z94/6Kokk5h0cMIS2Y+QIowK0tFUM9JPJUE8YqQXjW8Kv/dIpKKJeNCTlAQcDQWNKUbaSKFd5yHyrz2fIz2SPL8l3WkQ2g2n6cwAl4lbkgYo0Q7tL3+Q4IwToTFDSnmuk+ogR1JTzMi05meKpAiP0ZB4hgrEiQryWfgpPDbKAMaJNE9oOFN/b+SIKzXhkZksQqpFrxD/87xMx1dBTkWaaSLw/FCcMagTWDQBB1QSrNnEEIQlNVkhHiGJsDZ91UwJ7uKXl0n3tOleNM/vzxotp6yjCg7BETgBLrgELXAH2qADMJiAZ/AK3qwn68V6tz7moxWr3KmDP7A+fwCnQpS8</latexit>

ma [GeV]

<latexit sha1_base64="o6O9ZVupJdXEDh83/p0dtN59MUI="></latexit>

Le↵ � cg
↵s

4⇡

a

fa
Ga

µ⌫
eGµ⌫ a

<latexit sha1_base64="IoXR04AieLoZEM9O1+dDssC8gNQ="></latexit>

Le↵ � �@µa

fa

X

f

cf f̄�
µ�5f

<latexit sha1_base64="3hQ6G4lyR/8J8wCTs36+KRTIIYU=">AAACBHicbVC7SgNBFL0bXzG+opY2g0GITdjVoDZCwMbCIkJekGyW2clsMmRmd5mZFUJI6zfYam0ntv6HpX/iJNnCJB64cDjnXs7l+DFnStv2t5VZW9/Y3Mpu53Z29/YP8odHDRUlktA6iXgkWz5WlLOQ1jXTnLZiSbHwOW36w7up33yiUrEorOlRTF2B+yELGMHaSF3iBegW1byH7mUxOPfyBbtkz4BWiZOSAqSoevmfTi8iiaChJhwr1XbsWLtjLDUjnE5ynUTRGJMh7tO2oSEWVLnj2dcTdGaUHgoiaSbUaKb+vRhjodRI+GZTYD1Qy95U/M9rJzq4cccsjBNNQzIPChKOdISmFaAek5RoPjIEE8nMr4gMsMREm6IWUnwxMZ04yw2sksZFybkqlR/LhYqdtpOFEziFIjhwDRW4hyrUgYCEF3iFN+vZerc+rM/5asZKb45hAdbXL/TQl38=</latexit>

cf = T 3
L(f)

isospin-breaking coupling to fermions coupling to gluons

[Cheng, Li, Salvioni, 2021] [Aloni, Soreq, Williams 2018] 9



<latexit sha1_base64="+w5RyBKfkeExLWX6WhsB1Gd9ZSg=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiTiC9wUXOiygn1AEsJkOmmHzkzCzEQoof6KGxeKuPVD3Pk3TtostPXAwOGce7lnTpQyqrTjfFuVldW19Y3qZm1re2d3z94/6Kokk5h0cMIS2Y+QIowK0tFUM9JPJUE8YqQXjW8Kv/dIpKKJeNCTlAQcDQWNKUbaSKFd5yHyrz2fIz2SPL8l3WkQ2g2n6cwAl4lbkgYo0Q7tL3+Q4IwToTFDSnmuk+ogR1JTzMi05meKpAiP0ZB4hgrEiQryWfgpPDbKAMaJNE9oOFN/b+SIKzXhkZksQqpFrxD/87xMx1dBTkWaaSLw/FCcMagTWDQBB1QSrNnEEIQlNVkhHiGJsDZ91UwJ7uKXl0n3tOleNM/vzxotp6yjCg7BETgBLrgELXAH2qADMJiAZ/AK3qwn68V6tz7moxWr3KmDP7A+fwCnQpS8</latexit>

ma [GeV]
<latexit sha1_base64="+w5RyBKfkeExLWX6WhsB1Gd9ZSg=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiTiC9wUXOiygn1AEsJkOmmHzkzCzEQoof6KGxeKuPVD3Pk3TtostPXAwOGce7lnTpQyqrTjfFuVldW19Y3qZm1re2d3z94/6Kokk5h0cMIS2Y+QIowK0tFUM9JPJUE8YqQXjW8Kv/dIpKKJeNCTlAQcDQWNKUbaSKFd5yHyrz2fIz2SPL8l3WkQ2g2n6cwAl4lbkgYo0Q7tL3+Q4IwToTFDSnmuk+ogR1JTzMi05meKpAiP0ZB4hgrEiQryWfgpPDbKAMaJNE9oOFN/b+SIKzXhkZksQqpFrxD/87xMx1dBTkWaaSLw/FCcMagTWDQBB1QSrNnEEIQlNVkhHiGJsDZ91UwJ7uKXl0n3tOleNM/vzxotp6yjCg7BETgBLrgELXAH2qADMJiAZ/AK3qwn68V6tz7moxWr3KmDP7A+fwCnQpS8</latexit>

ma [GeV]
<latexit sha1_base64="+w5RyBKfkeExLWX6WhsB1Gd9ZSg=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiTiC9wUXOiygn1AEsJkOmmHzkzCzEQoof6KGxeKuPVD3Pk3TtostPXAwOGce7lnTpQyqrTjfFuVldW19Y3qZm1re2d3z94/6Kokk5h0cMIS2Y+QIowK0tFUM9JPJUE8YqQXjW8Kv/dIpKKJeNCTlAQcDQWNKUbaSKFd5yHyrz2fIz2SPL8l3WkQ2g2n6cwAl4lbkgYo0Q7tL3+Q4IwToTFDSnmuk+ogR1JTzMi05meKpAiP0ZB4hgrEiQryWfgpPDbKAMaJNE9oOFN/b+SIKzXhkZksQqpFrxD/87xMx1dBTkWaaSLw/FCcMagTWDQBB1QSrNnEEIQlNVkhHiGJsDZ91UwJ7uKXl0n3tOleNM/vzxotp6yjCg7BETgBLrgELXAH2qADMJiAZ/AK3qwn68V6tz7moxWr3KmDP7A+fwCnQpS8</latexit>

ma [GeV]

<latexit sha1_base64="IoXR04AieLoZEM9O1+dDssC8gNQ="></latexit>

Le↵ � �@µa

fa

X

f

cf f̄�
µ�5f

<latexit sha1_base64="3hQ6G4lyR/8J8wCTs36+KRTIIYU=">AAACBHicbVC7SgNBFL0bXzG+opY2g0GITdjVoDZCwMbCIkJekGyW2clsMmRmd5mZFUJI6zfYam0ntv6HpX/iJNnCJB64cDjnXs7l+DFnStv2t5VZW9/Y3Mpu53Z29/YP8odHDRUlktA6iXgkWz5WlLOQ1jXTnLZiSbHwOW36w7up33yiUrEorOlRTF2B+yELGMHaSF3iBegW1byH7mUxOPfyBbtkz4BWiZOSAqSoevmfTi8iiaChJhwr1XbsWLtjLDUjnE5ynUTRGJMh7tO2oSEWVLnj2dcTdGaUHgoiaSbUaKb+vRhjodRI+GZTYD1Qy95U/M9rJzq4cccsjBNNQzIPChKOdISmFaAek5RoPjIEE8nMr4gMsMREm6IWUnwxMZ04yw2sksZFybkqlR/LhYqdtpOFEziFIjhwDRW4hyrUgYCEF3iFN+vZerc+rM/5asZKb45hAdbXL/TQl38=</latexit>

cf = T 3
L(f)

isospin-breaking coupling to fermions coupling to gluons

[Cheng, Li, Salvioni, 2021] [Aloni, Soreq, Williams 2018] 10

For                         :  
<latexit sha1_base64="luTKPIW0vVkpxtRIGfwHAW4nKoA=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgqsxIfYCbggtdVrAP6AxDJs20oUlmSDJCGbpw46+4caGIWz/CnX9jpp2Fth4IHM45l9x7woRRpR3n2yqtrK6tb5Q3K1vbO7t79v5BR8WpxKSNYxbLXogUYVSQtqaakV4iCeIhI91wfJ373QciFY3FvZ4kxOdoKGhEMdJGCuwqDxD0htokOHS9K48jPZI8uyGdaWDXnLozA1wmbkFqoEArsL+8QYxTToTGDCnVd51E+xmSmmJGphUvVSRBeIyGpG+oQJwoP5sdMYXHRhnAKJbmCQ1n6u+JDHGlJjw0yXxHtejl4n9eP9XRpZ9RkaSaCDz/KEoZ1DHMG4EDKgnWbGIIwpKaXSEeIYmwNr1VTAnu4snLpHNad8/rZ3eNWrNR1FEGVXAEToALLkAT3IIWaAMMHsEzeAVv1pP1Yr1bH/NoySpmDsEfWJ8/G1aXuw==</latexit>

ma & 1 GeV

vs
<latexit sha1_base64="2kst+amOOMy3/So91GgCNS5lPyo=">AAAB+3icbVDJSgNBEK2JW4zbGI9eGoPgKcyI2zHgxWMEs0BmCD2dmqRJz0J3jxhCfsWLB0W8+iPe/Bt7kjlo4oOCx3tVVNULUsGVdpxvq7S2vrG5Vd6u7Ozu7R/Yh9W2SjLJsMUSkchuQBUKHmNLcy2wm0qkUSCwE4xvc7/ziFLxJH7QkxT9iA5jHnJGtZH6dpUSTyfEQ21IyvPq2zWn7sxBVolbkBoUaPbtL2+QsCzCWDNBleq5Tqr9KZWaM4GzipcpTCkb0yH2DI1phMqfzm+fkVOjDEiYSFOxJnP198SURkpNosB0RlSP1LKXi/95vUyHN/6Ux2mmMWaLRWEmiPk2D4IMuESmxcQQyiQ3txI2opIybeKqmBDc5ZdXSfu87l7VL+8vao2LIo4yHMMJnIEL19CAO2hCCxg8wTO8wps1s16sd+tj0Vqyipkj+APr8weXk5N7</latexit>a ! ⌘⇡⇡

Big differences with gluon-coupled ALP 

<latexit sha1_base64="Xv72IkVCtQKSKGUDxGKCnMTCl4E=">AAAB/3icdVDLSgMxFM3UV62vUcGNm2ARBHHIjFOd7gpuXFawD+jUkknTNjTzIMkIpXbhr7hxoYhbf8Odf2M6raCiB3I5nHMvufcECWdSIfRh5BYWl5ZX8quFtfWNzS1ze6cu41QQWiMxj0UzwJJyFtGaYorTZiIoDgNOG8HwYuo3bqmQLI6u1Sih7RD3I9ZjBCstdcw97KsY+gm7Oc7qSVZRxywiq1xGrutBZJWQ47glTdCp43k2tC2UoQjmqHbMd78bkzSkkSIcS9myUaLaYywUI5xOCn4qaYLJEPdpS9MIh1S2x9n+E3iolS7sxUK/SMFM/T4xxqGUozDQnSFWA/nbm4p/ea1U9bz2mEVJqmhEZh/1Ug71ydMwYJcJShQfaYKJYHpXSAZYYKJ0ZAUdwtel8H9Sdyz7zCpducWKO48jD/bBATgCNjgHFXAJqqAGCLgDD+AJPBv3xqPxYrzOWnPGfGYX/IDx9glqD5UO</latexit>

a ! ⇡+⇡�⇡0

<latexit sha1_base64="l3WPm7ntjELQoI0Ih3w7XV2TDFA=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr2PBi8cKpi20oWy2m3bpZhN2J0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTxqmSTTjPsskYnuhNRwKRT3UaDknVRzGoeSt8Px3cxvP3FtRKIecZLyIKZDJSLBKFrJ76Wi7/arNbfuzkFWiVeQGhRo9qtfvUHCspgrZJIa0/XcFIOcahRM8mmllxmeUjamQ961VNGYmyCfHzslZ1YZkCjRthSSufp7IqexMZM4tJ0xxZFZ9mbif143w+g2yIVKM+SKLRZFmSSYkNnnZCA0ZygnllCmhb2VsBHVlKHNp2JD8JZfXiWti7p3Xb96uKw13CKOMpzAKZyDBzfQgHtogg8MBDzDK7w5ynlx3p2PRWvJKWaO4Q+czx9y+Y5o</latexit>⇡0
<latexit sha1_base64="xSfsl7yNDwdiwP3PTIyHNDPwtg8=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAi8cEzAOSJcxOepMxs7PLzKwQlnyBFw+KePWTvPk3TpI9aGJBQ1HVTXdXkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUoP1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjrZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1XvunrVuKzU3DyOIpzAKZyDBzdQg3uoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/gfP4AwTOM3Q==</latexit>a <latexit sha1_base64="+/6YxjrUaFlc+tDRJk6Y3ux2M6Y=">AAAB7XicbVDLSgMxFL3xWeur6tJNsAiCUGbE17LgxmUF+4B2LJk008ZmkiHJCGXoP7hxoYhb/8edf2PazkJbD1w4nHMv994TJoIb63nfaGl5ZXVtvbBR3Nza3tkt7e03jEo1ZXWqhNKtkBgmuGR1y61grUQzEoeCNcPhzcRvPjFtuJL3dpSwICZ9ySNOiXVSo6MH6uG0Wyp7FW8KvEj8nJQhR61b+ur0FE1jJi0VxJi27yU2yIi2nAo2LnZSwxJCh6TP2o5KEjMTZNNrx/jYKT0cKe1KWjxVf09kJDZmFIeuMyZ2YOa9ifif105tdB1kXCapZZLOFkWpwFbhyeu4xzWjVowcIVRzdyumA6IJtS6gogvBn395kTTOKv5l5eLuvFz18jgKcAhHcAI+XEEVbqEGdaDwCM/wCm9IoRf0jj5mrUsonzmAP0CfPzqzjtw=</latexit>

⇢+

<latexit sha1_base64="ks087EA5Y3v+/XJ2v1aeWBI4bbc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBZBEEoifh0LXjxWMG2hjWWznbZLN5uwuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dho5TxdBnsYhVK6QaBZfoG24EthKFNAoFNsPR7dRvPqHSPJYPZpxgENGB5H3OqLGS30n441m3XHGr7gxkmXg5qUCOerf81enFLI1QGiao1m3PTUyQUWU4EzgpdVKNCWUjOsC2pZJGqINsduyEnFilR/qxsiUNmam/JzIaaT2OQtsZUTPUi95U/M9rp6Z/E2RcJqlByeaL+qkgJibTz0mPK2RGjC2hTHF7K2FDqigzNp+SDcFbfHmZNM6r3lX18v6iUnPzOIpwBMdwCh5cQw3uoA4+MODwDK/w5kjnxXl3PuatBSefOYQ/cD5/AGngjmI=</latexit>

⇡+

<latexit sha1_base64="rnIq9TlUBGUJWxCijUZ7O8sP/B0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBiyURv44FLx4rmLbQxrLZTtulm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSK4Nq777RRWVtfWN4qbpa3tnd298v5BQ8epYuizWMSqFVKNgkv0DTcCW4lCGoUCm+Hoduo3n1BpHssHM04wiOhA8j5n1FjJ7yT88axbrrhVdwayTLycVCBHvVv+6vRilkYoDRNU67bnJibIqDKcCZyUOqnGhLIRHWDbUkkj1EE2O3ZCTqzSI/1Y2ZKGzNTfExmNtB5Hoe2MqBnqRW8q/ue1U9O/CTIuk9SgZPNF/VQQE5Pp56THFTIjxpZQpri9lbAhVZQZm0/JhuAtvrxMGudV76p6eX9Rqbl5HEU4gmM4BQ+uoQZ3UAcfGHB4hld4c6Tz4rw7H/PWgpPPHMIfOJ8/bOiOZA==</latexit>

⇡�

<latexit sha1_base64="xh2Y1WdGNzOMPJATdNYO7rJQNM8=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4Kon4dSx48VjBtIU2ls120i7dbMLuRiihv8GLB0W8+oO8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw2dZIphj5LRKLaIdUouETfcCOwnSqkcSiwFY5up37rCZXmiXww4xSDmA4kjzijxkp+N+WPbq9SdWvuDGSZeAWpQoFGr/LV7Scsi1EaJqjWHc9NTZBTZTgTOCl3M40pZSM6wI6lksaog3x27IScWqVPokTZkobM1N8TOY21Hseh7YypGepFbyr+53UyE90EOZdpZlCy+aIoE8QkZPo56XOFzIixJZQpbm8lbEgVZcbmU7YheIsvL5Pmec27ql3eX1TrbhFHCY7hBM7Ag2uowx00wAcGHJ7hFd4c6bw4787HvHXFKWaO4A+czx9xdI5n</latexit>

⇡0

<latexit sha1_base64="o6O9ZVupJdXEDh83/p0dtN59MUI="></latexit>

Le↵ � cg
↵s

4⇡

a

fa
Ga

µ⌫
eGµ⌫ a



<latexit sha1_base64="+w5RyBKfkeExLWX6WhsB1Gd9ZSg=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiTiC9wUXOiygn1AEsJkOmmHzkzCzEQoof6KGxeKuPVD3Pk3TtostPXAwOGce7lnTpQyqrTjfFuVldW19Y3qZm1re2d3z94/6Kokk5h0cMIS2Y+QIowK0tFUM9JPJUE8YqQXjW8Kv/dIpKKJeNCTlAQcDQWNKUbaSKFd5yHyrz2fIz2SPL8l3WkQ2g2n6cwAl4lbkgYo0Q7tL3+Q4IwToTFDSnmuk+ogR1JTzMi05meKpAiP0ZB4hgrEiQryWfgpPDbKAMaJNE9oOFN/b+SIKzXhkZksQqpFrxD/87xMx1dBTkWaaSLw/FCcMagTWDQBB1QSrNnEEIQlNVkhHiGJsDZ91UwJ7uKXl0n3tOleNM/vzxotp6yjCg7BETgBLrgELXAH2qADMJiAZ/AK3qwn68V6tz7moxWr3KmDP7A+fwCnQpS8</latexit>

ma [GeV]
<latexit sha1_base64="+w5RyBKfkeExLWX6WhsB1Gd9ZSg=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiTiC9wUXOiygn1AEsJkOmmHzkzCzEQoof6KGxeKuPVD3Pk3TtostPXAwOGce7lnTpQyqrTjfFuVldW19Y3qZm1re2d3z94/6Kokk5h0cMIS2Y+QIowK0tFUM9JPJUE8YqQXjW8Kv/dIpKKJeNCTlAQcDQWNKUbaSKFd5yHyrz2fIz2SPL8l3WkQ2g2n6cwAl4lbkgYo0Q7tL3+Q4IwToTFDSnmuk+ogR1JTzMi05meKpAiP0ZB4hgrEiQryWfgpPDbKAMaJNE9oOFN/b+SIKzXhkZksQqpFrxD/87xMx1dBTkWaaSLw/FCcMagTWDQBB1QSrNnEEIQlNVkhHiGJsDZ91UwJ7uKXl0n3tOleNM/vzxotp6yjCg7BETgBLrgELXAH2qADMJiAZ/AK3qwn68V6tz7moxWr3KmDP7A+fwCnQpS8</latexit>

ma [GeV]
<latexit sha1_base64="+w5RyBKfkeExLWX6WhsB1Gd9ZSg=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiTiC9wUXOiygn1AEsJkOmmHzkzCzEQoof6KGxeKuPVD3Pk3TtostPXAwOGce7lnTpQyqrTjfFuVldW19Y3qZm1re2d3z94/6Kokk5h0cMIS2Y+QIowK0tFUM9JPJUE8YqQXjW8Kv/dIpKKJeNCTlAQcDQWNKUbaSKFd5yHyrz2fIz2SPL8l3WkQ2g2n6cwAl4lbkgYo0Q7tL3+Q4IwToTFDSnmuk+ogR1JTzMi05meKpAiP0ZB4hgrEiQryWfgpPDbKAMaJNE9oOFN/b+SIKzXhkZksQqpFrxD/87xMx1dBTkWaaSLw/FCcMagTWDQBB1QSrNnEEIQlNVkhHiGJsDZ91UwJ7uKXl0n3tOleNM/vzxotp6yjCg7BETgBLrgELXAH2qADMJiAZ/AK3qwn68V6tz7moxWr3KmDP7A+fwCnQpS8</latexit>

ma [GeV]

<latexit sha1_base64="IoXR04AieLoZEM9O1+dDssC8gNQ="></latexit>

Le↵ � �@µa

fa

X

f

cf f̄�
µ�5f

<latexit sha1_base64="3hQ6G4lyR/8J8wCTs36+KRTIIYU=">AAACBHicbVC7SgNBFL0bXzG+opY2g0GITdjVoDZCwMbCIkJekGyW2clsMmRmd5mZFUJI6zfYam0ntv6HpX/iJNnCJB64cDjnXs7l+DFnStv2t5VZW9/Y3Mpu53Z29/YP8odHDRUlktA6iXgkWz5WlLOQ1jXTnLZiSbHwOW36w7up33yiUrEorOlRTF2B+yELGMHaSF3iBegW1byH7mUxOPfyBbtkz4BWiZOSAqSoevmfTi8iiaChJhwr1XbsWLtjLDUjnE5ynUTRGJMh7tO2oSEWVLnj2dcTdGaUHgoiaSbUaKb+vRhjodRI+GZTYD1Qy95U/M9rJzq4cccsjBNNQzIPChKOdISmFaAek5RoPjIEE8nMr4gMsMREm6IWUnwxMZ04yw2sksZFybkqlR/LhYqdtpOFEziFIjhwDRW4hyrUgYCEF3iFN+vZerc+rM/5asZKb45hAdbXL/TQl38=</latexit>

cf = T 3
L(f)

isospin-breaking coupling to fermions coupling to gluons

[Cheng, Li, Salvioni, 2021] [Aloni, Soreq, Williams 2018] 11

<latexit sha1_base64="4c9u/TlzihWIi/xYU/yCUuVXGqE=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARBLHMSH0sC25cVrAP6IzlTpppQ5OZIckIpdSNv+LGhSJu/Qt3/o3pdBZaPZBwOOdeknOChDOlHefLKiwsLi2vFFdLa+sbm1v29k5TxakktEFiHst2AIpyFtGGZprTdiIpiIDTVjC8mvqteyoVi6NbPUqoL6AfsZAR0Ebq2nuAPR1jL2F3x9l9gr0+CAFdu+xUnAz4L3FzUkY56l370+vFJBU00oSDUh3XSbQ/BqkZ4XRS8lJFEyBD6NOOoREIqvxxlmCCD43Sw2EszYk0ztSfG2MQSo1EYCYF6IGa96bif14n1eGlP2ZRkmoakdlDYcqxyTytA/eYpETzkSFAJDN/xWQAEog2pZVMCe585L+keVpxzytnN9VyrZrXUUT76AAdIRddoBq6RnXUQAQ9oCf0gl6tR+vZerPeZ6MFK9/ZRb9gfXwDcHGVlA==</latexit>

a ! ⇡+⇡�� :  negligible  vs  dominant

Big differences with gluon-coupled ALP 

<latexit sha1_base64="o6O9ZVupJdXEDh83/p0dtN59MUI="></latexit>

Le↵ � cg
↵s

4⇡

a

fa
Ga

µ⌫
eGµ⌫ a



<latexit sha1_base64="+w5RyBKfkeExLWX6WhsB1Gd9ZSg=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiTiC9wUXOiygn1AEsJkOmmHzkzCzEQoof6KGxeKuPVD3Pk3TtostPXAwOGce7lnTpQyqrTjfFuVldW19Y3qZm1re2d3z94/6Kokk5h0cMIS2Y+QIowK0tFUM9JPJUE8YqQXjW8Kv/dIpKKJeNCTlAQcDQWNKUbaSKFd5yHyrz2fIz2SPL8l3WkQ2g2n6cwAl4lbkgYo0Q7tL3+Q4IwToTFDSnmuk+ogR1JTzMi05meKpAiP0ZB4hgrEiQryWfgpPDbKAMaJNE9oOFN/b+SIKzXhkZksQqpFrxD/87xMx1dBTkWaaSLw/FCcMagTWDQBB1QSrNnEEIQlNVkhHiGJsDZ91UwJ7uKXl0n3tOleNM/vzxotp6yjCg7BETgBLrgELXAH2qADMJiAZ/AK3qwn68V6tz7moxWr3KmDP7A+fwCnQpS8</latexit>

ma [GeV]

Our calculations apply to arbitrary


(flavour-diagonal) couplings to fermions

[Cheng, Li, Salvioni, 2021]

12

ALP couplings to SM hadrons

Use it for your next ALP model!

<latexit sha1_base64="cU81axc/kPE/fRoLMzAnxRIqGOs="></latexit>

Le↵ � �@µa

fa

X

f

cf f̄�
µ�5f



Models
<latexit sha1_base64="qcR1pVVvZP+Q7FIxyJFfNcOYBMw="></latexit>

c

M2
(iH† $

DµH)( �µ )

<latexit sha1_base64="3zqOpsn18CT/+05T0Jo3fwJtUEM=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNPo4kXjxCIo8IGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSzvzThBP6IDyUPOqLFS/aFXLLlldw6ySryMlCBDrVf86vZjlkYoDRNU647nJsafUGU4EzgtdFONCWUjOsCOpZJGqP3J/NApObNKn4SxsiUNmau/JyY00nocBbYzomaol72Z+J/XSU1440+4TFKDki0WhakgJiazr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfnmVNC/K3lX5sl4pVStZHHk4gVM4Bw+uoQp3UIMGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AbfLjNo=</latexit>

Z
<latexit sha1_base64="3zqOpsn18CT/+05T0Jo3fwJtUEM=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNPo4kXjxCIo8IGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSzvzThBP6IDyUPOqLFS/aFXLLlldw6ySryMlCBDrVf86vZjlkYoDRNU647nJsafUGU4EzgtdFONCWUjOsCOpZJGqP3J/NApObNKn4SxsiUNmau/JyY00nocBbYzomaol72Z+J/XSU1440+4TFKDki0WhakgJiazr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfnmVNC/K3lX5sl4pVStZHHk4gVM4Bw+uoQp3UIMGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AbfLjNo=</latexit>

Z

<latexit sha1_base64="vzoq8CtkLYPHDC5CC6o30+xCo+E=">AAAB63icbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XBjcsK9gHtUDJppg1NMiHJCGXoL7hxoYhbf8idf2OmnYW2HrhwOOde7r0nUpwZ6/vfXmltfWNzq7xd2dnd2z+oHh61TZJqQlsk4YnuRthQziRtWWY57SpNsYg47USTu9zvPFFtWCIf7VTRUOCRZDEj2OZSXxk2qNb8uj8HWiVBQWpQoDmofvWHCUkFlZZwbEwv8JUNM6wtI5zOKv3UUIXJBI9oz1GJBTVhNr91hs6cMkRxol1Ji+bq74kMC2OmInKdAtuxWfZy8T+vl9r4NsyYVKmlkiwWxSlHNkH542jINCWWTx3BRDN3KyJjrDGxLp6KCyFYfnmVtC/qwXX96uGy1rgs4ijDCZzCOQRwAw24hya0gMAYnuEV3jzhvXjv3seiteQVM8fwB97nDyNJjkY=</latexit>

 

<latexit sha1_base64="vzoq8CtkLYPHDC5CC6o30+xCo+E=">AAAB63icbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XBjcsK9gHtUDJppg1NMiHJCGXoL7hxoYhbf8idf2OmnYW2HrhwOOde7r0nUpwZ6/vfXmltfWNzq7xd2dnd2z+oHh61TZJqQlsk4YnuRthQziRtWWY57SpNsYg47USTu9zvPFFtWCIf7VTRUOCRZDEj2OZSXxk2qNb8uj8HWiVBQWpQoDmofvWHCUkFlZZwbEwv8JUNM6wtI5zOKv3UUIXJBI9oz1GJBTVhNr91hs6cMkRxol1Ji+bq74kMC2OmInKdAtuxWfZy8T+vl9r4NsyYVKmlkiwWxSlHNkH542jINCWWTx3BRDN3KyJjrDGxLp6KCyFYfnmVtC/qwXX96uGy1rgs4ijDCZzCOQRwAw24hya0gMAYnuEV3jzhvXjv3seiteQVM8fwB97nDyNJjkY=</latexit>

 
<latexit sha1_base64="vzoq8CtkLYPHDC5CC6o30+xCo+E=">AAAB63icbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XBjcsK9gHtUDJppg1NMiHJCGXoL7hxoYhbf8idf2OmnYW2HrhwOOde7r0nUpwZ6/vfXmltfWNzq7xd2dnd2z+oHh61TZJqQlsk4YnuRthQziRtWWY57SpNsYg47USTu9zvPFFtWCIf7VTRUOCRZDEj2OZSXxk2qNb8uj8HWiVBQWpQoDmofvWHCUkFlZZwbEwv8JUNM6wtI5zOKv3UUIXJBI9oz1GJBTVhNr91hs6cMkRxol1Ji+bq74kMC2OmInKdAtuxWfZy8T+vl9r4NsyYVKmlkiwWxSlHNkH542jINCWWTx3BRDN3KyJjrDGxLp6KCyFYfnmVtC/qwXX96uGy1rgs4ijDCZzCOQRwAw24hya0gMAYnuEV3jzhvXjv3seiteQVM8fwB97nDyNJjkY=</latexit>

 

<latexit sha1_base64="vzoq8CtkLYPHDC5CC6o30+xCo+E=">AAAB63icbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XBjcsK9gHtUDJppg1NMiHJCGXoL7hxoYhbf8idf2OmnYW2HrhwOOde7r0nUpwZ6/vfXmltfWNzq7xd2dnd2z+oHh61TZJqQlsk4YnuRthQziRtWWY57SpNsYg47USTu9zvPFFtWCIf7VTRUOCRZDEj2OZSXxk2qNb8uj8HWiVBQWpQoDmofvWHCUkFlZZwbEwv8JUNM6wtI5zOKv3UUIXJBI9oz1GJBTVhNr91hs6cMkRxol1Ji+bq74kMC2OmInKdAtuxWfZy8T+vl9r4NsyYVKmlkiwWxSlHNkH542jINCWWTx3BRDN3KyJjrDGxLp6KCyFYfnmVtC/qwXX96uGy1rgs4ijDCZzCOQRwAw24hya0gMAYnuEV3jzhvXjv3seiteQVM8fwB97nDyNJjkY=</latexit>

 
<latexit sha1_base64="7Zu7Qk3JvLtllfyP5xNDoOW1rmQ=">AAAB73icdVDLSsNAFJ34rPVVdelmsAiuwiSmmu4KblxWsA9sY5lMJ+3QmSTOTIQS+hNuXCji1t9x5984fQgqeuDC4Zx7ufeeMOVMaYQ+rKXlldW19cJGcXNre2e3tLffVEkmCW2QhCeyHWJFOYtpQzPNaTuVFIuQ01Y4upj6rXsqFUviaz1OaSDwIGYRI1gbqX1z200lE7RXKiO7WkWe50NkV5DrehVD0Knr+w50bDRDGSxQ75Xeu/2EZILGmnCsVMdBqQ5yLDUjnE6K3UzRFJMRHtCOoTEWVAX57N4JPDZKH0aJNBVrOFO/T+RYKDUWoekUWA/Vb28q/uV1Mh35Qc7iNNM0JvNFUcahTuD0edhnkhLNx4ZgIpm5FZIhlphoE1HRhPD1KfyfNF3bObMrV1655i3iKIBDcAROgAPOQQ1cgjpoAAI4eABP4Nm6sx6tF+t13rpkLWYOwA9Yb59+rJBB</latexit>

Z 0

<latexit sha1_base64="9seiGuVENZYrZzx+K4TuAvVGAv0=">AAAB6HicdVDLSgMxFM3UV62vqks3wSK4GjJ1po9dwY3LFuwD2qFk0kwbm8kMSUYoQ7/AjQtF3PpJ7vwb04egogcuHM65l3vvCRLOlEbow8ptbG5t7+R3C3v7B4dHxeOTjopTSWibxDyWvQArypmgbc00p71EUhwFnHaD6fXC795TqVgsbvUsoX6Ex4KFjGBtpFZrWCwhG3l1t1qGyPaQU3evDKnXa27Fg46NliiBNZrD4vtgFJM0okITjpXqOyjRfoalZoTTeWGQKppgMsVj2jdU4IgqP1seOocXRhnBMJamhIZL9ftEhiOlZlFgOiOsJ+q3txD/8vqpDmt+xkSSairIalGYcqhjuPgajpikRPOZIZhIZm6FZIIlJtpkUzAhfH0K/yedsu1UbK/llhruOo48OAPn4BI4oAoa4AY0QRsQQMEDeALP1p31aL1Yr6vWnLWeOQU/YL19Aiv/jSs=</latexit>

Q

<latexit sha1_base64="9seiGuVENZYrZzx+K4TuAvVGAv0=">AAAB6HicdVDLSgMxFM3UV62vqks3wSK4GjJ1po9dwY3LFuwD2qFk0kwbm8kMSUYoQ7/AjQtF3PpJ7vwb04egogcuHM65l3vvCRLOlEbow8ptbG5t7+R3C3v7B4dHxeOTjopTSWibxDyWvQArypmgbc00p71EUhwFnHaD6fXC795TqVgsbvUsoX6Ex4KFjGBtpFZrWCwhG3l1t1qGyPaQU3evDKnXa27Fg46NliiBNZrD4vtgFJM0okITjpXqOyjRfoalZoTTeWGQKppgMsVj2jdU4IgqP1seOocXRhnBMJamhIZL9ftEhiOlZlFgOiOsJ+q3txD/8vqpDmt+xkSSairIalGYcqhjuPgajpikRPOZIZhIZm6FZIIlJtpkUzAhfH0K/yedsu1UbK/llhruOo48OAPn4BI4oAoa4AY0QRsQQMEDeALP1p31aL1Yr6vWnLWeOQU/YL19Aiv/jSs=</latexit>

Q

<latexit sha1_base64="XZDVW1f1Yp1UKMAzkf3g+F1PAG4="></latexit>
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<latexit sha1_base64="Iqo5gL0CxfoPeaID/mH1UTVBljs="></latexit>
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Dark quarks      with SM electroweak charges


Need to be heavier than ~ 1 TeV

[Cheng, Li, Salvioni, 2021]

Dark gauge boson


Can even be lighter than the        
<latexit sha1_base64="3WeOwuvAvxvlJMIdBw5DEqiOy0I=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaJryOJF4+QyCPChswOvTAyO7uZmTUhhC/w4kFjvPpJ3vwbB9iDgpV0UqnqTndXkAiujet+O7m19Y3Nrfx2YWd3b/+geHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3nlBpHst7M07Qj+hA8pAzaqxUf+gVS27ZnYOsEi8jJchQ6xW/uv2YpRFKwwTVuuO5ifEnVBnOBE4L3VRjQtmIDrBjqaQRan8yP3RKzqzSJ2GsbElD5urviQmNtB5Hge2MqBnqZW8m/ud1UhPe+BMuk9SgZItFYSqIicnsa9LnCpkRY0soU9zeStiQKsqMzaZgQ/CWX14lzUrZuypf1i9K1UoWRx5O4BTOwYNrqMId1KABDBCe4RXenEfnxXl3PhatOSebOYY/cD5/ALcxjNg=</latexit>

Z

In both models, there are corrections to electroweak precision observables


What dark pion signatures can we expect, after taking the bounds into account?

<latexit sha1_base64="DtN34KG5sqz7rMoU+gA5RZLM50Q=">AAAB73icdVDLSsNAFJ34rPVVdelmsAiuwiSmmu4KblxWsA9sY5lMJ+3QmSTOTIQS+hNuXCji1t9x5984fQgqeuDC4Zx7ufeeMOVMaYQ+rKXlldW19cJGcXNre2e3tLffVEkmCW2QhCeyHWJFOYtpQzPNaTuVFIuQ01Y4upj6rXsqFUviaz1OaSDwIGYRI1gbqX1z200lE7RXKiO7WkWe50NkV5DrehVD0Knr+w50bDRDGSxQ75Xeu/2EZILGmnCsVMdBqQ5yLDUjnE6K3UzRFJMRHtCOoTEWVAX57N4JPDZKH0aJNBVrOFO/T+RYKDUWoekUWA/Vb28q/uV1Mh35Qc7iNNM0JvNFUcahTuD0edhnkhLNx4ZgIpm5FZIhlphoE1HRhPD1KfyfNF3bObMrV1655i7iKIBDcAROgAPOQQ1cgjpoAAI4eABP4Nm6sx6tF+t13rpkLWYOwA9Yb59+EpA/</latexit>

Z 0<latexit sha1_base64="VxWlc55djjyrLHCzXn2oephUXh8=">AAAB6HicdVDLSgMxFM3UV62vqks3wSK4GjJ1pu3sCm5ctmAf0A4lk6ZtbCYzJBmhDP0CNy4UcesnufNvTB+Cih64cDjnXu69J0w4UxqhDyu3sbm1vZPfLeztHxweFY9P2ipOJaEtEvNYdkOsKGeCtjTTnHYTSXEUctoJp9cLv3NPpWKxuNWzhAYRHgs2YgRrIzWbg2IJ2cjz3WoZIttDju9eGeL7NbfiQcdGS5TAGo1B8b0/jEkaUaEJx0r1HJToIMNSM8LpvNBPFU0wmeIx7RkqcERVkC0PncMLowzhKJamhIZL9ftEhiOlZlFoOiOsJ+q3txD/8nqpHtWCjIkk1VSQ1aJRyqGO4eJrOGSSEs1nhmAimbkVkgmWmGiTTcGE8PUp/J+0y7ZTsb2mW6qX13HkwRk4B5fAAVVQBzegAVqAAAoewBN4tu6sR+vFel215qz1zCn4AevtEytljSk=</latexit>

Q

[Cheng, Jiang, Li, Salvioni, 2310.xxxxxx]
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Models

<latexit sha1_base64="3zqOpsn18CT/+05T0Jo3fwJtUEM=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNPo4kXjxCIo8IGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSzvzThBP6IDyUPOqLFS/aFXLLlldw6ySryMlCBDrVf86vZjlkYoDRNU647nJsafUGU4EzgtdFONCWUjOsCOpZJGqP3J/NApObNKn4SxsiUNmau/JyY00nocBbYzomaol72Z+J/XSU1440+4TFKDki0WhakgJiazr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfnmVNC/K3lX5sl4pVStZHHk4gVM4Bw+uoQp3UIMGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AbfLjNo=</latexit>

Z
<latexit sha1_base64="3zqOpsn18CT/+05T0Jo3fwJtUEM=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNPo4kXjxCIo8IGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSzvzThBP6IDyUPOqLFS/aFXLLlldw6ySryMlCBDrVf86vZjlkYoDRNU647nJsafUGU4EzgtdFONCWUjOsCOpZJGqP3J/NApObNKn4SxsiUNmau/JyY00nocBbYzomaol72Z+J/XSU1440+4TFKDki0WhakgJiazr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfnmVNC/K3lX5sl4pVStZHHk4gVM4Bw+uoQp3UIMGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AbfLjNo=</latexit>

Z

<latexit sha1_base64="vzoq8CtkLYPHDC5CC6o30+xCo+E=">AAAB63icbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XBjcsK9gHtUDJppg1NMiHJCGXoL7hxoYhbf8idf2OmnYW2HrhwOOde7r0nUpwZ6/vfXmltfWNzq7xd2dnd2z+oHh61TZJqQlsk4YnuRthQziRtWWY57SpNsYg47USTu9zvPFFtWCIf7VTRUOCRZDEj2OZSXxk2qNb8uj8HWiVBQWpQoDmofvWHCUkFlZZwbEwv8JUNM6wtI5zOKv3UUIXJBI9oz1GJBTVhNr91hs6cMkRxol1Ji+bq74kMC2OmInKdAtuxWfZy8T+vl9r4NsyYVKmlkiwWxSlHNkH542jINCWWTx3BRDN3KyJjrDGxLp6KCyFYfnmVtC/qwXX96uGy1rgs4ijDCZzCOQRwAw24hya0gMAYnuEV3jzhvXjv3seiteQVM8fwB97nDyNJjkY=</latexit>

 

<latexit sha1_base64="vzoq8CtkLYPHDC5CC6o30+xCo+E=">AAAB63icbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XBjcsK9gHtUDJppg1NMiHJCGXoL7hxoYhbf8idf2OmnYW2HrhwOOde7r0nUpwZ6/vfXmltfWNzq7xd2dnd2z+oHh61TZJqQlsk4YnuRthQziRtWWY57SpNsYg47USTu9zvPFFtWCIf7VTRUOCRZDEj2OZSXxk2qNb8uj8HWiVBQWpQoDmofvWHCUkFlZZwbEwv8JUNM6wtI5zOKv3UUIXJBI9oz1GJBTVhNr91hs6cMkRxol1Ji+bq74kMC2OmInKdAtuxWfZy8T+vl9r4NsyYVKmlkiwWxSlHNkH542jINCWWTx3BRDN3KyJjrDGxLp6KCyFYfnmVtC/qwXX96uGy1rgs4ijDCZzCOQRwAw24hya0gMAYnuEV3jzhvXjv3seiteQVM8fwB97nDyNJjkY=</latexit>

 
<latexit sha1_base64="vzoq8CtkLYPHDC5CC6o30+xCo+E=">AAAB63icbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XBjcsK9gHtUDJppg1NMiHJCGXoL7hxoYhbf8idf2OmnYW2HrhwOOde7r0nUpwZ6/vfXmltfWNzq7xd2dnd2z+oHh61TZJqQlsk4YnuRthQziRtWWY57SpNsYg47USTu9zvPFFtWCIf7VTRUOCRZDEj2OZSXxk2qNb8uj8HWiVBQWpQoDmofvWHCUkFlZZwbEwv8JUNM6wtI5zOKv3UUIXJBI9oz1GJBTVhNr91hs6cMkRxol1Ji+bq74kMC2OmInKdAtuxWfZy8T+vl9r4NsyYVKmlkiwWxSlHNkH542jINCWWTx3BRDN3KyJjrDGxLp6KCyFYfnmVtC/qwXX96uGy1rgs4ijDCZzCOQRwAw24hya0gMAYnuEV3jzhvXjv3seiteQVM8fwB97nDyNJjkY=</latexit>

 

<latexit sha1_base64="vzoq8CtkLYPHDC5CC6o30+xCo+E=">AAAB63icbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XBjcsK9gHtUDJppg1NMiHJCGXoL7hxoYhbf8idf2OmnYW2HrhwOOde7r0nUpwZ6/vfXmltfWNzq7xd2dnd2z+oHh61TZJqQlsk4YnuRthQziRtWWY57SpNsYg47USTu9zvPFFtWCIf7VTRUOCRZDEj2OZSXxk2qNb8uj8HWiVBQWpQoDmofvWHCUkFlZZwbEwv8JUNM6wtI5zOKv3UUIXJBI9oz1GJBTVhNr91hs6cMkRxol1Ji+bq74kMC2OmInKdAtuxWfZy8T+vl9r4NsyYVKmlkiwWxSlHNkH542jINCWWTx3BRDN3KyJjrDGxLp6KCyFYfnmVtC/qwXX96uGy1rgs4ijDCZzCOQRwAw24hya0gMAYnuEV3jzhvXjv3seiteQVM8fwB97nDyNJjkY=</latexit>

 
<latexit sha1_base64="7Zu7Qk3JvLtllfyP5xNDoOW1rmQ=">AAAB73icdVDLSsNAFJ34rPVVdelmsAiuwiSmmu4KblxWsA9sY5lMJ+3QmSTOTIQS+hNuXCji1t9x5984fQgqeuDC4Zx7ufeeMOVMaYQ+rKXlldW19cJGcXNre2e3tLffVEkmCW2QhCeyHWJFOYtpQzPNaTuVFIuQ01Y4upj6rXsqFUviaz1OaSDwIGYRI1gbqX1z200lE7RXKiO7WkWe50NkV5DrehVD0Knr+w50bDRDGSxQ75Xeu/2EZILGmnCsVMdBqQ5yLDUjnE6K3UzRFJMRHtCOoTEWVAX57N4JPDZKH0aJNBVrOFO/T+RYKDUWoekUWA/Vb28q/uV1Mh35Qc7iNNM0JvNFUcahTuD0edhnkhLNx4ZgIpm5FZIhlphoE1HRhPD1KfyfNF3bObMrV1655i3iKIBDcAROgAPOQQ1cgjpoAAI4eABP4Nm6sx6tF+t13rpkLWYOwA9Yb59+rJBB</latexit>

Z 0

<latexit sha1_base64="9seiGuVENZYrZzx+K4TuAvVGAv0=">AAAB6HicdVDLSgMxFM3UV62vqks3wSK4GjJ1po9dwY3LFuwD2qFk0kwbm8kMSUYoQ7/AjQtF3PpJ7vwb04egogcuHM65l3vvCRLOlEbow8ptbG5t7+R3C3v7B4dHxeOTjopTSWibxDyWvQArypmgbc00p71EUhwFnHaD6fXC795TqVgsbvUsoX6Ex4KFjGBtpFZrWCwhG3l1t1qGyPaQU3evDKnXa27Fg46NliiBNZrD4vtgFJM0okITjpXqOyjRfoalZoTTeWGQKppgMsVj2jdU4IgqP1seOocXRhnBMJamhIZL9ftEhiOlZlFgOiOsJ+q3txD/8vqpDmt+xkSSairIalGYcqhjuPgajpikRPOZIZhIZm6FZIIlJtpkUzAhfH0K/yedsu1UbK/llhruOo48OAPn4BI4oAoa4AY0QRsQQMEDeALP1p31aL1Yr6vWnLWeOQU/YL19Aiv/jSs=</latexit>

Q

<latexit sha1_base64="9seiGuVENZYrZzx+K4TuAvVGAv0=">AAAB6HicdVDLSgMxFM3UV62vqks3wSK4GjJ1po9dwY3LFuwD2qFk0kwbm8kMSUYoQ7/AjQtF3PpJ7vwb04egogcuHM65l3vvCRLOlEbow8ptbG5t7+R3C3v7B4dHxeOTjopTSWibxDyWvQArypmgbc00p71EUhwFnHaD6fXC795TqVgsbvUsoX6Ex4KFjGBtpFZrWCwhG3l1t1qGyPaQU3evDKnXa27Fg46NliiBNZrD4vtgFJM0okITjpXqOyjRfoalZoTTeWGQKppgMsVj2jdU4IgqP1seOocXRhnBMJamhIZL9ftEhiOlZlFgOiOsJ+q3txD/8vqpDmt+xkSSairIalGYcqhjuPgajpikRPOZIZhIZm6FZIIlJtpkUzAhfH0K/yedsu1UbK/llhruOo48OAPn4BI4oAoa4AY0QRsQQMEDeALP1p31aL1Yr6vWnLWeOQU/YL19Aiv/jSs=</latexit>

Q

<latexit sha1_base64="XZDVW1f1Yp1UKMAzkf3g+F1PAG4="></latexit>
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<latexit sha1_base64="Iqo5gL0CxfoPeaID/mH1UTVBljs="></latexit>
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Dark quarks      with SM electroweak charges


Need to be heavier than ~ 1 TeV

[Cheng, Li, Salvioni, 2021]

Dark gauge boson


Can even be lighter than the        
<latexit sha1_base64="3WeOwuvAvxvlJMIdBw5DEqiOy0I=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaJryOJF4+QyCPChswOvTAyO7uZmTUhhC/w4kFjvPpJ3vwbB9iDgpV0UqnqTndXkAiujet+O7m19Y3Nrfx2YWd3b/+geHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hodua3nlBpHst7M07Qj+hA8pAzaqxUf+gVS27ZnYOsEi8jJchQ6xW/uv2YpRFKwwTVuuO5ifEnVBnOBE4L3VRjQtmIDrBjqaQRan8yP3RKzqzSJ2GsbElD5urviQmNtB5Hge2MqBnqZW8m/ud1UhPe+BMuk9SgZItFYSqIicnsa9LnCpkRY0soU9zeStiQKsqMzaZgQ/CWX14lzUrZuypf1i9K1UoWRx5O4BTOwYNrqMId1KABDBCe4RXenEfnxXl3PhatOSebOYY/cD5/ALcxjNg=</latexit>

Z

[Cheng, Jiang, Li, Salvioni, 2310.xxxxxx]

In both models, there are corrections to electroweak precision observables


What dark pion signatures can we expect, after taking the bounds into account?

<latexit sha1_base64="DtN34KG5sqz7rMoU+gA5RZLM50Q=">AAAB73icdVDLSsNAFJ34rPVVdelmsAiuwiSmmu4KblxWsA9sY5lMJ+3QmSTOTIQS+hNuXCji1t9x5984fQgqeuDC4Zx7ufeeMOVMaYQ+rKXlldW19cJGcXNre2e3tLffVEkmCW2QhCeyHWJFOYtpQzPNaTuVFIuQ01Y4upj6rXsqFUviaz1OaSDwIGYRI1gbqX1z200lE7RXKiO7WkWe50NkV5DrehVD0Knr+w50bDRDGSxQ75Xeu/2EZILGmnCsVMdBqQ5yLDUjnE6K3UzRFJMRHtCOoTEWVAX57N4JPDZKH0aJNBVrOFO/T+RYKDUWoekUWA/Vb28q/uV1Mh35Qc7iNNM0JvNFUcahTuD0edhnkhLNx4ZgIpm5FZIhlphoE1HRhPD1KfyfNF3bObMrV1655i7iKIBDcAROgAPOQQ1cgjpoAAI4eABP4Nm6sx6tF+t13rpkLWYOwA9Yb59+EpA/</latexit>

Z 0<latexit sha1_base64="VxWlc55djjyrLHCzXn2oephUXh8=">AAAB6HicdVDLSgMxFM3UV62vqks3wSK4GjJ1pu3sCm5ctmAf0A4lk6ZtbCYzJBmhDP0CNy4UcesnufNvTB+Cih64cDjnXu69J0w4UxqhDyu3sbm1vZPfLeztHxweFY9P2ipOJaEtEvNYdkOsKGeCtjTTnHYTSXEUctoJp9cLv3NPpWKxuNWzhAYRHgs2YgRrIzWbg2IJ2cjz3WoZIttDju9eGeL7NbfiQcdGS5TAGo1B8b0/jEkaUaEJx0r1HJToIMNSM8LpvNBPFU0wmeIx7RkqcERVkC0PncMLowzhKJamhIZL9ftEhiOlZlFoOiOsJ+q3txD/8nqpHtWCjIkk1VSQ1aJRyqGO4eJrOGSSEs1nhmAimbkVkgmWmGiTTcGE8PUp/J+0y7ZTsb2mW6qX13HkwRk4B5fAAVVQBzegAVqAAAoewBN4tu6sR+vFel215qz1zCn4AevtEytljSk=</latexit>

Q

<latexit sha1_base64="qcR1pVVvZP+Q7FIxyJFfNcOYBMw="></latexit>

c

M2
(iH† $

DµH)( �µ )

today
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Mass-mixed Z′￼

Gauge boson of dark             symmetry
<latexit sha1_base64="41+DKpKXsnS22ayI84Bz9DSaenI=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsqu+HUs6MFjBbcttEvJptk2NpssSVYoS/+DFw+KePX/ePPfmLZ70NYHA4/3ZpiZFyacaeO6305hZXVtfaO4Wdra3tndK+8fNLVMFaE+kVyqdog15UxQ3zDDaTtRFMchp61wdDP1W09UaSbFgxknNIjxQLCIEWys1PSr3mnvtleuuDV3BrRMvJxUIEejV/7q9iVJYyoM4VjrjucmJsiwMoxwOil1U00TTEZ4QDuWChxTHWSzayfoxCp9FEllSxg0U39PZDjWehyHtjPGZqgXvan4n9dJTXQdZEwkqaGCzBdFKUdGounrqM8UJYaPLcFEMXsrIkOsMDE2oJINwVt8eZk0z2reZe3i/rxSP8vjKMIRHEMVPLiCOtxBA3wg8AjP8ApvjnRenHfnY95acPKZQ/gD5/MHJ/OOKg==</latexit>

U(1)D

<latexit sha1_base64="fahZIWG9+B5wCXcHKHTUEaLVwhg=">AAAB73icbVDLTgJBEOzFF+IL9ehlIjHxRHYNPo4kXjxiIo8IK5kdGpgwO7vOzJqQDT/hxYPGePV3vPk3DrAHBSvppFLVne6uIBZcG9f9dnIrq2vrG/nNwtb2zu5ecf+goaNEMayzSESqFVCNgkusG24EtmKFNAwENoPR9dRvPqHSPJJ3ZhyjH9KB5H3OqLFS6/6hEyseYrdYcsvuDGSZeBkpQYZat/jV6UUsCVEaJqjWbc+NjZ9SZTgTOCl0Eo0xZSM6wLalkoao/XR274ScWKVH+pGyJQ2Zqb8nUhpqPQ4D2xlSM9SL3lT8z2snpn/lp1zGiUHJ5ov6iSAmItPnSY8rZEaMLaFMcXsrYUOqKDM2ooINwVt8eZk0zsreRfn8tlKqVrI48nAEx3AKHlxCFW6gBnVgIOAZXuHNeXRenHfnY96ac7KZQ/gD5/MHEzKP9w==</latexit>

Z 0 <latexit sha1_base64="3zqOpsn18CT/+05T0Jo3fwJtUEM=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNPo4kXjxCIo8IGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSzvzThBP6IDyUPOqLFS/aFXLLlldw6ySryMlCBDrVf86vZjlkYoDRNU647nJsafUGU4EzgtdFONCWUjOsCOpZJGqP3J/NApObNKn4SxsiUNmau/JyY00nocBbYzomaol72Z+J/XSU1440+4TFKDki0WhakgJiazr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfnmVNC/K3lX5sl4pVStZHHk4gVM4Bw+uoQp3UIMGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AbfLjNo=</latexit>

Z

<latexit sha1_base64="sdqRUhdcYt2kqnifWhyLf8nhpLM=">AAAB8HicbVDLSgNBEOyNrxhfUY9eFoPgKeyKLzwFvHiMYB6SXcLsZJIMmZldZnqFsOQrvHhQxKuf482/cZLsQRMLGoqqbrq7okRwg5737RRWVtfWN4qbpa3tnd298v5B08SppqxBYxHrdkQME1yxBnIUrJ1oRmQkWCsa3U791hPThsfqAccJCyUZKN7nlKCVHoMhwSxI+KRbrnhVbwZ3mfg5qUCOerf8FfRimkqmkApiTMf3EgwzopFTwSalIDUsIXREBqxjqSKSmTCbHTxxT6zSc/uxtqXQnam/JzIijRnLyHZKgkOz6E3F/7xOiv3rMOMqSZEpOl/UT4WLsTv93u1xzSiKsSWEam5vdemQaELRZlSyIfiLLy+T5lnVv6xe3J9Xajd5HEU4gmM4BR+uoAZ3UIcGUJDwDK/w5mjnxXl3PuatBSefOYQ/cD5/AB+VkJw=</latexit>

⇡̂

<latexit sha1_base64="Pud9PWg5TzWur4k61eYbgh98V9I=">AAAB63icbVDLSgMxFL3js9ZX1aWbYBFclZnia1lw47KCfUA7lEyaaUOTTEgyQhn6C25cKOLWH3Ln35hpZ6GtBy4czrmXe++JFGfG+v63t7a+sbm1Xdop7+7tHxxWjo7bJkk1oS2S8ER3I2woZ5K2LLOcdpWmWEScdqLJXe53nqg2LJGPdqpoKPBIspgRbHOprwwbVKp+zZ8DrZKgIFUo0BxUvvrDhKSCSks4NqYX+MqGGdaWEU5n5X5qqMJkgke056jEgpowm986Q+dOGaI40a6kRXP190SGhTFTEblOge3YLHu5+J/XS218G2ZMqtRSSRaL4pQjm6D8cTRkmhLLp45gopm7FZEx1phYF0/ZhRAsv7xK2vVacF27erisNupFHCU4hTO4gABuoAH30IQWEBjDM7zCmye8F+/d+1i0rnnFzAn8gff5AyKvjkQ=</latexit>

 

<latexit sha1_base64="Pud9PWg5TzWur4k61eYbgh98V9I=">AAAB63icbVDLSgMxFL3js9ZX1aWbYBFclZnia1lw47KCfUA7lEyaaUOTTEgyQhn6C25cKOLWH3Ln35hpZ6GtBy4czrmXe++JFGfG+v63t7a+sbm1Xdop7+7tHxxWjo7bJkk1oS2S8ER3I2woZ5K2LLOcdpWmWEScdqLJXe53nqg2LJGPdqpoKPBIspgRbHOprwwbVKp+zZ8DrZKgIFUo0BxUvvrDhKSCSks4NqYX+MqGGdaWEU5n5X5qqMJkgke056jEgpowm986Q+dOGaI40a6kRXP190SGhTFTEblOge3YLHu5+J/XS218G2ZMqtRSSRaL4pQjm6D8cTRkmhLLp45gopm7FZEx1phYF0/ZhRAsv7xK2vVacF27erisNupFHCU4hTO4gABuoAH30IQWEBjDM7zCmye8F+/d+1i0rnnFzAn8gff5AyKvjkQ=</latexit>

 

<latexit sha1_base64="n1SFV8R/1nSGXCk4L9nzCieNrvw=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKewGX8eAFy9CRPPAZAmzk9lkyMzsMjMrhCV/4cWDIl79G2/+jZPNHjSxoKGo6qa7K4g508Z1v53Cyura+kZxs7S1vbO7V94/aOkoUYQ2ScQj1QmwppxJ2jTMcNqJFcUi4LQdjK9nfvuJKs0i+WAmMfUFHkoWMoKNlR7DftpTAt3fTvvlilt1M6Bl4uWkAjka/fJXbxCRRFBpCMdadz03Nn6KlWGE02mpl2gaYzLGQ9q1VGJBtZ9mF0/RiVUGKIyULWlQpv6eSLHQeiIC2ymwGelFbyb+53UTE175KZNxYqgk80VhwpGJ0Ox9NGCKEsMnlmCimL0VkRFWmBgbUsmG4C2+vExatap3UT2/O6vUa3kcRTiCYzgFDy6hDjfQgCYQkPAMr/DmaOfFeXc+5q0FJ585hD9wPn8AL7KQkA==</latexit>

fSM

<latexit sha1_base64="+IOFjmzbnhtiihbIwxY1hGEq79k=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiTF17Lgxo1Q0T6gCWUynbRDJ5MwMymUkD9x40IRt/6JO//GaZuFth64cDjnXu69J0g4U9pxvq3S2vrG5lZ5u7Kzu7d/YB8etVWcSkJbJOax7AZYUc4EbWmmOe0mkuIo4LQTjG9nfmdCpWKxeNLThPoRHgoWMoK1kfq27QVYZmHezzwZocf7vG9XnZozB1olbkGqUKDZt7+8QUzSiApNOFaq5zqJ9jMsNSOc5hUvVTTBZIyHtGeowBFVfja/PEdnRhmgMJamhEZz9fdEhiOlplFgOiOsR2rZm4n/eb1Uhzd+xkSSairIYlGYcqRjNIsBDZikRPOpIZhIZm5FZIQlJtqEVTEhuMsvr5J2veZe1S4fLqqNehFHGU7gFM7BhWtowB00oQUEJvAMr/BmZdaL9W59LFpLVjFzDH9gff4AfHCThg==</latexit>

f̄SM

<latexit sha1_base64="F5mATzY7nC3KR+pOHcaOlAIse7w=">AAACH3icbZDNSgMxFIUz9b/+jbp0EyyCG8tMqdWl6MalgrXFTi2Z9E4bmmSGJFMow7yJG1/FjQtFxJ1vY1qLqPVA4OPce7m5J0w408bzPpzC3PzC4tLySnF1bX1j093avtFxqijUacxj1QyJBs4k1A0zHJqJAiJCDo1wcD6uN4agNIvltRkl0BakJ1nEKDHW6rg1fIiDSBGaBUOiINGMxzLPKjm+vQsSxQR0skCkgUxzfHb3jR235JW9ifAs+FMooakuO+570I1pKkAayonWLd9LTDsjyjDKIS8GqYaE0AHpQcuiJAJ0O5vcl+N963RxFCv7pMET9+dERoTWIxHaTkFMX/+tjc3/aq3URCftjMkkNSDp16Io5djEeBwW7jIF1PCRBUIVs3/FtE9sWsZGWrQh+H9PnoWbStmvlY+uqqXT6jSOZbSL9tAB8tExOkUX6BLVEUX36BE9oxfnwXlyXp23r9aCM53ZQb/kfHwCtcajYw==</latexit>

�"

2
Z 0
µ⌫B

µ⌫

Kinetic mixing does not mediate decay of dark pions


   affects transverse modes, while dark pion mixes with longitudinal modes


Need mass mixing (assumed to originate from second doublet with            charge)

[Essig, Schuster, Toro 2009]

<latexit sha1_base64="41+DKpKXsnS22ayI84Bz9DSaenI=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsqu+HUs6MFjBbcttEvJptk2NpssSVYoS/+DFw+KePX/ePPfmLZ70NYHA4/3ZpiZFyacaeO6305hZXVtfaO4Wdra3tndK+8fNLVMFaE+kVyqdog15UxQ3zDDaTtRFMchp61wdDP1W09UaSbFgxknNIjxQLCIEWys1PSr3mnvtleuuDV3BrRMvJxUIEejV/7q9iVJYyoM4VjrjucmJsiwMoxwOil1U00TTEZ4QDuWChxTHWSzayfoxCp9FEllSxg0U39PZDjWehyHtjPGZqgXvan4n9dJTXQdZEwkqaGCzBdFKUdGounrqM8UJYaPLcFEMXsrIkOsMDE2oJINwVt8eZk0z2reZe3i/rxSP8vjKMIRHEMVPLiCOtxBA3wg8AjP8ApvjnRenHfnY95acPKZQ/gD5/MHJ/OOKg==</latexit>

U(1)D

<latexit sha1_base64="D1wfD3YjuN8u/efYYvuZdUBXsaM="></latexit>

LBSM � gD �
µX +

1

2
M̂2

Z0Z 0µZ 0
µ + �M̂2ZµZ 0

µ

[Babu, Kolda, March-Russell 1997]

<latexit sha1_base64="OTrjKU2XUtmAXuncK6NmF96slLs=">AAACKHicbVDLTgIxFO3gA8QX6NJNIzFxRWaMoksSNy4xESEZJqTT6UBDH5O2Q0Im8xlude/XuDNs/RILzELAkzQ599x7T25PmDCqjevOndLO7t5+uXJQPTw6Pjmt1c9etUwVJl0smVT9EGnCqCBdQw0j/UQRxENGeuHkcdHvTYnSVIoXM0tIwNFI0JhiZKzkD6ZIkURTJsWw1nCb7hJwm3gFaYACnWHdKQ8iiVNOhMEMae17bmKCDClDMSN5dZBqkiA8QSPiWyoQJzrIljfn8MoqEYylsk8YuFT/bmSIaz3joZ3kyIz1Wi/k+Xq9LURUjPJNw4XTf4Z+auKHIKMiSQ0ReHVdnDJoJFykBiOqCDZsZgnCitoPQjxGCmFjs63a6LzNoLbJ603TazXvnm8b7VYRYgVcgEtwDTxwD9rgCXRAF2AgwRt4Bx/Op/PlfDvz1WjJKXbOwRqcn18EcKaV</latexit>"
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Mass-mixed Z′￼

Gauge boson of dark             symmetry
<latexit sha1_base64="41+DKpKXsnS22ayI84Bz9DSaenI=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsqu+HUs6MFjBbcttEvJptk2NpssSVYoS/+DFw+KePX/ePPfmLZ70NYHA4/3ZpiZFyacaeO6305hZXVtfaO4Wdra3tndK+8fNLVMFaE+kVyqdog15UxQ3zDDaTtRFMchp61wdDP1W09UaSbFgxknNIjxQLCIEWys1PSr3mnvtleuuDV3BrRMvJxUIEejV/7q9iVJYyoM4VjrjucmJsiwMoxwOil1U00TTEZ4QDuWChxTHWSzayfoxCp9FEllSxg0U39PZDjWehyHtjPGZqgXvan4n9dJTXQdZEwkqaGCzBdFKUdGounrqM8UJYaPLcFEMXsrIkOsMDE2oJINwVt8eZk0z2reZe3i/rxSP8vjKMIRHEMVPLiCOtxBA3wg8AjP8ApvjnRenHfnY95acPKZQ/gD5/MHJ/OOKg==</latexit>

U(1)D

<latexit sha1_base64="fahZIWG9+B5wCXcHKHTUEaLVwhg=">AAAB73icbVDLTgJBEOzFF+IL9ehlIjHxRHYNPo4kXjxiIo8IK5kdGpgwO7vOzJqQDT/hxYPGePV3vPk3DrAHBSvppFLVne6uIBZcG9f9dnIrq2vrG/nNwtb2zu5ecf+goaNEMayzSESqFVCNgkusG24EtmKFNAwENoPR9dRvPqHSPJJ3ZhyjH9KB5H3OqLFS6/6hEyseYrdYcsvuDGSZeBkpQYZat/jV6UUsCVEaJqjWbc+NjZ9SZTgTOCl0Eo0xZSM6wLalkoao/XR274ScWKVH+pGyJQ2Zqb8nUhpqPQ4D2xlSM9SL3lT8z2snpn/lp1zGiUHJ5ov6iSAmItPnSY8rZEaMLaFMcXsrYUOqKDM2ooINwVt8eZk0zsreRfn8tlKqVrI48nAEx3AKHlxCFW6gBnVgIOAZXuHNeXRenHfnY96ac7KZQ/gD5/MHEzKP9w==</latexit>

Z 0 <latexit sha1_base64="3zqOpsn18CT/+05T0Jo3fwJtUEM=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNPo4kXjxCIo8IGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSzvzThBP6IDyUPOqLFS/aFXLLlldw6ySryMlCBDrVf86vZjlkYoDRNU647nJsafUGU4EzgtdFONCWUjOsCOpZJGqP3J/NApObNKn4SxsiUNmau/JyY00nocBbYzomaol72Z+J/XSU1440+4TFKDki0WhakgJiazr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfnmVNC/K3lX5sl4pVStZHHk4gVM4Bw+uoQp3UIMGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AbfLjNo=</latexit>

Z

<latexit sha1_base64="sdqRUhdcYt2kqnifWhyLf8nhpLM=">AAAB8HicbVDLSgNBEOyNrxhfUY9eFoPgKeyKLzwFvHiMYB6SXcLsZJIMmZldZnqFsOQrvHhQxKuf482/cZLsQRMLGoqqbrq7okRwg5737RRWVtfWN4qbpa3tnd298v5B08SppqxBYxHrdkQME1yxBnIUrJ1oRmQkWCsa3U791hPThsfqAccJCyUZKN7nlKCVHoMhwSxI+KRbrnhVbwZ3mfg5qUCOerf8FfRimkqmkApiTMf3EgwzopFTwSalIDUsIXREBqxjqSKSmTCbHTxxT6zSc/uxtqXQnam/JzIijRnLyHZKgkOz6E3F/7xOiv3rMOMqSZEpOl/UT4WLsTv93u1xzSiKsSWEam5vdemQaELRZlSyIfiLLy+T5lnVv6xe3J9Xajd5HEU4gmM4BR+uoAZ3UIcGUJDwDK/w5mjnxXl3PuatBSefOYQ/cD5/AB+VkJw=</latexit>

⇡̂

<latexit sha1_base64="Pud9PWg5TzWur4k61eYbgh98V9I=">AAAB63icbVDLSgMxFL3js9ZX1aWbYBFclZnia1lw47KCfUA7lEyaaUOTTEgyQhn6C25cKOLWH3Ln35hpZ6GtBy4czrmXe++JFGfG+v63t7a+sbm1Xdop7+7tHxxWjo7bJkk1oS2S8ER3I2woZ5K2LLOcdpWmWEScdqLJXe53nqg2LJGPdqpoKPBIspgRbHOprwwbVKp+zZ8DrZKgIFUo0BxUvvrDhKSCSks4NqYX+MqGGdaWEU5n5X5qqMJkgke056jEgpowm986Q+dOGaI40a6kRXP190SGhTFTEblOge3YLHu5+J/XS218G2ZMqtRSSRaL4pQjm6D8cTRkmhLLp45gopm7FZEx1phYF0/ZhRAsv7xK2vVacF27erisNupFHCU4hTO4gABuoAH30IQWEBjDM7zCmye8F+/d+1i0rnnFzAn8gff5AyKvjkQ=</latexit>

 

<latexit sha1_base64="Pud9PWg5TzWur4k61eYbgh98V9I=">AAAB63icbVDLSgMxFL3js9ZX1aWbYBFclZnia1lw47KCfUA7lEyaaUOTTEgyQhn6C25cKOLWH3Ln35hpZ6GtBy4czrmXe++JFGfG+v63t7a+sbm1Xdop7+7tHxxWjo7bJkk1oS2S8ER3I2woZ5K2LLOcdpWmWEScdqLJXe53nqg2LJGPdqpoKPBIspgRbHOprwwbVKp+zZ8DrZKgIFUo0BxUvvrDhKSCSks4NqYX+MqGGdaWEU5n5X5qqMJkgke056jEgpowm986Q+dOGaI40a6kRXP190SGhTFTEblOge3YLHu5+J/XS218G2ZMqtRSSRaL4pQjm6D8cTRkmhLLp45gopm7FZEx1phYF0/ZhRAsv7xK2vVacF27erisNupFHCU4hTO4gABuoAH30IQWEBjDM7zCmye8F+/d+1i0rnnFzAn8gff5AyKvjkQ=</latexit>

 

<latexit sha1_base64="n1SFV8R/1nSGXCk4L9nzCieNrvw=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKewGX8eAFy9CRPPAZAmzk9lkyMzsMjMrhCV/4cWDIl79G2/+jZPNHjSxoKGo6qa7K4g508Z1v53Cyura+kZxs7S1vbO7V94/aOkoUYQ2ScQj1QmwppxJ2jTMcNqJFcUi4LQdjK9nfvuJKs0i+WAmMfUFHkoWMoKNlR7DftpTAt3fTvvlilt1M6Bl4uWkAjka/fJXbxCRRFBpCMdadz03Nn6KlWGE02mpl2gaYzLGQ9q1VGJBtZ9mF0/RiVUGKIyULWlQpv6eSLHQeiIC2ymwGelFbyb+53UTE175KZNxYqgk80VhwpGJ0Ox9NGCKEsMnlmCimL0VkRFWmBgbUsmG4C2+vExatap3UT2/O6vUa3kcRTiCYzgFDy6hDjfQgCYQkPAMr/DmaOfFeXc+5q0FJ585hD9wPn8AL7KQkA==</latexit>

fSM

<latexit sha1_base64="+IOFjmzbnhtiihbIwxY1hGEq79k=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiTF17Lgxo1Q0T6gCWUynbRDJ5MwMymUkD9x40IRt/6JO//GaZuFth64cDjnXu69J0g4U9pxvq3S2vrG5lZ5u7Kzu7d/YB8etVWcSkJbJOax7AZYUc4EbWmmOe0mkuIo4LQTjG9nfmdCpWKxeNLThPoRHgoWMoK1kfq27QVYZmHezzwZocf7vG9XnZozB1olbkGqUKDZt7+8QUzSiApNOFaq5zqJ9jMsNSOc5hUvVTTBZIyHtGeowBFVfja/PEdnRhmgMJamhEZz9fdEhiOlplFgOiOsR2rZm4n/eb1Uhzd+xkSSairIYlGYcqRjNIsBDZikRPOpIZhIZm5FZIQlJtqEVTEhuMsvr5J2veZe1S4fLqqNehFHGU7gFM7BhWtowB00oQUEJvAMr/BmZdaL9W59LFpLVjFzDH9gff4AfHCThg==</latexit>

f̄SM

<latexit sha1_base64="zEfp8X1Wme8q4Sj2nNQhMdACYNk="></latexit>

f (i)
a =

2M2
ZM

2
Z0

Tr(�iX 0
A)gDgZf⇡̂�M̂2

⇡ 1 PeV
1

Tr(�iX 0
A)gD

✓
1 GeV

f⇡̂

◆✓
10�2

�M̂2/M2
Z

◆✓
MZ0

60 GeV

◆2

<latexit sha1_base64="D1wfD3YjuN8u/efYYvuZdUBXsaM="></latexit>

LBSM � gD �
µX +

1

2
M̂2

Z0Z 0µZ 0
µ + �M̂2ZµZ 0

µ

Integrating out  and , find effective decay constantZ Z′￼

assume  dark flavors


   dark pions 

Nf = 2
→ N 2

f − 1 = 3

<latexit sha1_base64="GSYyd3MfNB/8UkO9LHKCrQJU0NQ="></latexit>

Le↵ � �@µ⇡̂i

f (i)
a

T 3
L(f)f̄�

µ�5f

focus on light , below Z′￼ MZ
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Mass-mixed Z′￼

Gauge boson of dark             symmetry
<latexit sha1_base64="41+DKpKXsnS22ayI84Bz9DSaenI=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsqu+HUs6MFjBbcttEvJptk2NpssSVYoS/+DFw+KePX/ePPfmLZ70NYHA4/3ZpiZFyacaeO6305hZXVtfaO4Wdra3tndK+8fNLVMFaE+kVyqdog15UxQ3zDDaTtRFMchp61wdDP1W09UaSbFgxknNIjxQLCIEWys1PSr3mnvtleuuDV3BrRMvJxUIEejV/7q9iVJYyoM4VjrjucmJsiwMoxwOil1U00TTEZ4QDuWChxTHWSzayfoxCp9FEllSxg0U39PZDjWehyHtjPGZqgXvan4n9dJTXQdZEwkqaGCzBdFKUdGounrqM8UJYaPLcFEMXsrIkOsMDE2oJINwVt8eZk0z2reZe3i/rxSP8vjKMIRHEMVPLiCOtxBA3wg8AjP8ApvjnRenHfnY95acPKZQ/gD5/MHJ/OOKg==</latexit>

U(1)D

<latexit sha1_base64="fahZIWG9+B5wCXcHKHTUEaLVwhg=">AAAB73icbVDLTgJBEOzFF+IL9ehlIjHxRHYNPo4kXjxiIo8IK5kdGpgwO7vOzJqQDT/hxYPGePV3vPk3DrAHBSvppFLVne6uIBZcG9f9dnIrq2vrG/nNwtb2zu5ecf+goaNEMayzSESqFVCNgkusG24EtmKFNAwENoPR9dRvPqHSPJJ3ZhyjH9KB5H3OqLFS6/6hEyseYrdYcsvuDGSZeBkpQYZat/jV6UUsCVEaJqjWbc+NjZ9SZTgTOCl0Eo0xZSM6wLalkoao/XR274ScWKVH+pGyJQ2Zqb8nUhpqPQ4D2xlSM9SL3lT8z2snpn/lp1zGiUHJ5ov6iSAmItPnSY8rZEaMLaFMcXsrYUOqKDM2ooINwVt8eZk0zsreRfn8tlKqVrI48nAEx3AKHlxCFW6gBnVgIOAZXuHNeXRenHfnY96ac7KZQ/gD5/MHEzKP9w==</latexit>

Z 0 <latexit sha1_base64="3zqOpsn18CT/+05T0Jo3fwJtUEM=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNPo4kXjxCIo8IGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSzvzThBP6IDyUPOqLFS/aFXLLlldw6ySryMlCBDrVf86vZjlkYoDRNU647nJsafUGU4EzgtdFONCWUjOsCOpZJGqP3J/NApObNKn4SxsiUNmau/JyY00nocBbYzomaol72Z+J/XSU1440+4TFKDki0WhakgJiazr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfnmVNC/K3lX5sl4pVStZHHk4gVM4Bw+uoQp3UIMGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AbfLjNo=</latexit>

Z

<latexit sha1_base64="sdqRUhdcYt2kqnifWhyLf8nhpLM=">AAAB8HicbVDLSgNBEOyNrxhfUY9eFoPgKeyKLzwFvHiMYB6SXcLsZJIMmZldZnqFsOQrvHhQxKuf482/cZLsQRMLGoqqbrq7okRwg5737RRWVtfWN4qbpa3tnd298v5B08SppqxBYxHrdkQME1yxBnIUrJ1oRmQkWCsa3U791hPThsfqAccJCyUZKN7nlKCVHoMhwSxI+KRbrnhVbwZ3mfg5qUCOerf8FfRimkqmkApiTMf3EgwzopFTwSalIDUsIXREBqxjqSKSmTCbHTxxT6zSc/uxtqXQnam/JzIijRnLyHZKgkOz6E3F/7xOiv3rMOMqSZEpOl/UT4WLsTv93u1xzSiKsSWEam5vdemQaELRZlSyIfiLLy+T5lnVv6xe3J9Xajd5HEU4gmM4BR+uoAZ3UIcGUJDwDK/w5mjnxXl3PuatBSefOYQ/cD5/AB+VkJw=</latexit>

⇡̂

<latexit sha1_base64="Pud9PWg5TzWur4k61eYbgh98V9I=">AAAB63icbVDLSgMxFL3js9ZX1aWbYBFclZnia1lw47KCfUA7lEyaaUOTTEgyQhn6C25cKOLWH3Ln35hpZ6GtBy4czrmXe++JFGfG+v63t7a+sbm1Xdop7+7tHxxWjo7bJkk1oS2S8ER3I2woZ5K2LLOcdpWmWEScdqLJXe53nqg2LJGPdqpoKPBIspgRbHOprwwbVKp+zZ8DrZKgIFUo0BxUvvrDhKSCSks4NqYX+MqGGdaWEU5n5X5qqMJkgke056jEgpowm986Q+dOGaI40a6kRXP190SGhTFTEblOge3YLHu5+J/XS218G2ZMqtRSSRaL4pQjm6D8cTRkmhLLp45gopm7FZEx1phYF0/ZhRAsv7xK2vVacF27erisNupFHCU4hTO4gABuoAH30IQWEBjDM7zCmye8F+/d+1i0rnnFzAn8gff5AyKvjkQ=</latexit>

 

<latexit sha1_base64="Pud9PWg5TzWur4k61eYbgh98V9I=">AAAB63icbVDLSgMxFL3js9ZX1aWbYBFclZnia1lw47KCfUA7lEyaaUOTTEgyQhn6C25cKOLWH3Ln35hpZ6GtBy4czrmXe++JFGfG+v63t7a+sbm1Xdop7+7tHxxWjo7bJkk1oS2S8ER3I2woZ5K2LLOcdpWmWEScdqLJXe53nqg2LJGPdqpoKPBIspgRbHOprwwbVKp+zZ8DrZKgIFUo0BxUvvrDhKSCSks4NqYX+MqGGdaWEU5n5X5qqMJkgke056jEgpowm986Q+dOGaI40a6kRXP190SGhTFTEblOge3YLHu5+J/XS218G2ZMqtRSSRaL4pQjm6D8cTRkmhLLp45gopm7FZEx1phYF0/ZhRAsv7xK2vVacF27erisNupFHCU4hTO4gABuoAH30IQWEBjDM7zCmye8F+/d+1i0rnnFzAn8gff5AyKvjkQ=</latexit>

 

<latexit sha1_base64="n1SFV8R/1nSGXCk4L9nzCieNrvw=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKewGX8eAFy9CRPPAZAmzk9lkyMzsMjMrhCV/4cWDIl79G2/+jZPNHjSxoKGo6qa7K4g508Z1v53Cyura+kZxs7S1vbO7V94/aOkoUYQ2ScQj1QmwppxJ2jTMcNqJFcUi4LQdjK9nfvuJKs0i+WAmMfUFHkoWMoKNlR7DftpTAt3fTvvlilt1M6Bl4uWkAjka/fJXbxCRRFBpCMdadz03Nn6KlWGE02mpl2gaYzLGQ9q1VGJBtZ9mF0/RiVUGKIyULWlQpv6eSLHQeiIC2ymwGelFbyb+53UTE175KZNxYqgk80VhwpGJ0Ox9NGCKEsMnlmCimL0VkRFWmBgbUsmG4C2+vExatap3UT2/O6vUa3kcRTiCYzgFDy6hDjfQgCYQkPAMr/DmaOfFeXc+5q0FJ585hD9wPn8AL7KQkA==</latexit>

fSM

<latexit sha1_base64="+IOFjmzbnhtiihbIwxY1hGEq79k=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiTF17Lgxo1Q0T6gCWUynbRDJ5MwMymUkD9x40IRt/6JO//GaZuFth64cDjnXu69J0g4U9pxvq3S2vrG5lZ5u7Kzu7d/YB8etVWcSkJbJOax7AZYUc4EbWmmOe0mkuIo4LQTjG9nfmdCpWKxeNLThPoRHgoWMoK1kfq27QVYZmHezzwZocf7vG9XnZozB1olbkGqUKDZt7+8QUzSiApNOFaq5zqJ9jMsNSOc5hUvVTTBZIyHtGeowBFVfja/PEdnRhmgMJamhEZz9fdEhiOlplFgOiOsR2rZm4n/eb1Uhzd+xkSSairIYlGYcqRjNIsBDZikRPOpIZhIZm5FZIQlJtqEVTEhuMsvr5J2veZe1S4fLqqNehFHGU7gFM7BhWtowB00oQUEJvAMr/BmZdaL9W59LFpLVjFzDH9gff4AfHCThg==</latexit>

f̄SM

<latexit sha1_base64="zEfp8X1Wme8q4Sj2nNQhMdACYNk="></latexit>

f (i)
a =

2M2
ZM

2
Z0

Tr(�iX 0
A)gDgZf⇡̂�M̂2

⇡ 1 PeV
1

Tr(�iX 0
A)gD

✓
1 GeV

f⇡̂

◆✓
10�2

�M̂2/M2
Z

◆✓
MZ0

60 GeV

◆2

<latexit sha1_base64="D1wfD3YjuN8u/efYYvuZdUBXsaM="></latexit>

LBSM � gD �
µX +

1

2
M̂2

Z0Z 0µZ 0
µ + �M̂2ZµZ 0

µ

Integrating out  and , find effective decay constantZ Z′￼

assume  dark flavors


   dark pions 

Nf = 2
→ N 2

f − 1 = 3

<latexit sha1_base64="GSYyd3MfNB/8UkO9LHKCrQJU0NQ="></latexit>

Le↵ � �@µ⇡̂i

f (i)
a

T 3
L(f)f̄�

µ�5f

upper bound on  -  mixing


from electroweak precision

Z Z′￼
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Mass-mixed Z′￼

Gauge boson of dark             symmetry
<latexit sha1_base64="41+DKpKXsnS22ayI84Bz9DSaenI=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsqu+HUs6MFjBbcttEvJptk2NpssSVYoS/+DFw+KePX/ePPfmLZ70NYHA4/3ZpiZFyacaeO6305hZXVtfaO4Wdra3tndK+8fNLVMFaE+kVyqdog15UxQ3zDDaTtRFMchp61wdDP1W09UaSbFgxknNIjxQLCIEWys1PSr3mnvtleuuDV3BrRMvJxUIEejV/7q9iVJYyoM4VjrjucmJsiwMoxwOil1U00TTEZ4QDuWChxTHWSzayfoxCp9FEllSxg0U39PZDjWehyHtjPGZqgXvan4n9dJTXQdZEwkqaGCzBdFKUdGounrqM8UJYaPLcFEMXsrIkOsMDE2oJINwVt8eZk0z2reZe3i/rxSP8vjKMIRHEMVPLiCOtxBA3wg8AjP8ApvjnRenHfnY95acPKZQ/gD5/MHJ/OOKg==</latexit>

U(1)D

<latexit sha1_base64="fahZIWG9+B5wCXcHKHTUEaLVwhg=">AAAB73icbVDLTgJBEOzFF+IL9ehlIjHxRHYNPo4kXjxiIo8IK5kdGpgwO7vOzJqQDT/hxYPGePV3vPk3DrAHBSvppFLVne6uIBZcG9f9dnIrq2vrG/nNwtb2zu5ecf+goaNEMayzSESqFVCNgkusG24EtmKFNAwENoPR9dRvPqHSPJJ3ZhyjH9KB5H3OqLFS6/6hEyseYrdYcsvuDGSZeBkpQYZat/jV6UUsCVEaJqjWbc+NjZ9SZTgTOCl0Eo0xZSM6wLalkoao/XR274ScWKVH+pGyJQ2Zqb8nUhpqPQ4D2xlSM9SL3lT8z2snpn/lp1zGiUHJ5ov6iSAmItPnSY8rZEaMLaFMcXsrYUOqKDM2ooINwVt8eZk0zsreRfn8tlKqVrI48nAEx3AKHlxCFW6gBnVgIOAZXuHNeXRenHfnY96ac7KZQ/gD5/MHEzKP9w==</latexit>

Z 0 <latexit sha1_base64="3zqOpsn18CT/+05T0Jo3fwJtUEM=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNPo4kXjxCIo8IGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSzvzThBP6IDyUPOqLFS/aFXLLlldw6ySryMlCBDrVf86vZjlkYoDRNU647nJsafUGU4EzgtdFONCWUjOsCOpZJGqP3J/NApObNKn4SxsiUNmau/JyY00nocBbYzomaol72Z+J/XSU1440+4TFKDki0WhakgJiazr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfnmVNC/K3lX5sl4pVStZHHk4gVM4Bw+uoQp3UIMGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AbfLjNo=</latexit>

Z

<latexit sha1_base64="sdqRUhdcYt2kqnifWhyLf8nhpLM=">AAAB8HicbVDLSgNBEOyNrxhfUY9eFoPgKeyKLzwFvHiMYB6SXcLsZJIMmZldZnqFsOQrvHhQxKuf482/cZLsQRMLGoqqbrq7okRwg5737RRWVtfWN4qbpa3tnd298v5B08SppqxBYxHrdkQME1yxBnIUrJ1oRmQkWCsa3U791hPThsfqAccJCyUZKN7nlKCVHoMhwSxI+KRbrnhVbwZ3mfg5qUCOerf8FfRimkqmkApiTMf3EgwzopFTwSalIDUsIXREBqxjqSKSmTCbHTxxT6zSc/uxtqXQnam/JzIijRnLyHZKgkOz6E3F/7xOiv3rMOMqSZEpOl/UT4WLsTv93u1xzSiKsSWEam5vdemQaELRZlSyIfiLLy+T5lnVv6xe3J9Xajd5HEU4gmM4BR+uoAZ3UIcGUJDwDK/w5mjnxXl3PuatBSefOYQ/cD5/AB+VkJw=</latexit>

⇡̂

<latexit sha1_base64="Pud9PWg5TzWur4k61eYbgh98V9I=">AAAB63icbVDLSgMxFL3js9ZX1aWbYBFclZnia1lw47KCfUA7lEyaaUOTTEgyQhn6C25cKOLWH3Ln35hpZ6GtBy4czrmXe++JFGfG+v63t7a+sbm1Xdop7+7tHxxWjo7bJkk1oS2S8ER3I2woZ5K2LLOcdpWmWEScdqLJXe53nqg2LJGPdqpoKPBIspgRbHOprwwbVKp+zZ8DrZKgIFUo0BxUvvrDhKSCSks4NqYX+MqGGdaWEU5n5X5qqMJkgke056jEgpowm986Q+dOGaI40a6kRXP190SGhTFTEblOge3YLHu5+J/XS218G2ZMqtRSSRaL4pQjm6D8cTRkmhLLp45gopm7FZEx1phYF0/ZhRAsv7xK2vVacF27erisNupFHCU4hTO4gABuoAH30IQWEBjDM7zCmye8F+/d+1i0rnnFzAn8gff5AyKvjkQ=</latexit>

 

<latexit sha1_base64="Pud9PWg5TzWur4k61eYbgh98V9I=">AAAB63icbVDLSgMxFL3js9ZX1aWbYBFclZnia1lw47KCfUA7lEyaaUOTTEgyQhn6C25cKOLWH3Ln35hpZ6GtBy4czrmXe++JFGfG+v63t7a+sbm1Xdop7+7tHxxWjo7bJkk1oS2S8ER3I2woZ5K2LLOcdpWmWEScdqLJXe53nqg2LJGPdqpoKPBIspgRbHOprwwbVKp+zZ8DrZKgIFUo0BxUvvrDhKSCSks4NqYX+MqGGdaWEU5n5X5qqMJkgke056jEgpowm986Q+dOGaI40a6kRXP190SGhTFTEblOge3YLHu5+J/XS218G2ZMqtRSSRaL4pQjm6D8cTRkmhLLp45gopm7FZEx1phYF0/ZhRAsv7xK2vVacF27erisNupFHCU4hTO4gABuoAH30IQWEBjDM7zCmye8F+/d+1i0rnnFzAn8gff5AyKvjkQ=</latexit>

 

<latexit sha1_base64="n1SFV8R/1nSGXCk4L9nzCieNrvw=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKewGX8eAFy9CRPPAZAmzk9lkyMzsMjMrhCV/4cWDIl79G2/+jZPNHjSxoKGo6qa7K4g508Z1v53Cyura+kZxs7S1vbO7V94/aOkoUYQ2ScQj1QmwppxJ2jTMcNqJFcUi4LQdjK9nfvuJKs0i+WAmMfUFHkoWMoKNlR7DftpTAt3fTvvlilt1M6Bl4uWkAjka/fJXbxCRRFBpCMdadz03Nn6KlWGE02mpl2gaYzLGQ9q1VGJBtZ9mF0/RiVUGKIyULWlQpv6eSLHQeiIC2ymwGelFbyb+53UTE175KZNxYqgk80VhwpGJ0Ox9NGCKEsMnlmCimL0VkRFWmBgbUsmG4C2+vExatap3UT2/O6vUa3kcRTiCYzgFDy6hDjfQgCYQkPAMr/DmaOfFeXc+5q0FJ585hD9wPn8AL7KQkA==</latexit>

fSM

<latexit sha1_base64="+IOFjmzbnhtiihbIwxY1hGEq79k=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiTF17Lgxo1Q0T6gCWUynbRDJ5MwMymUkD9x40IRt/6JO//GaZuFth64cDjnXu69J0g4U9pxvq3S2vrG5lZ5u7Kzu7d/YB8etVWcSkJbJOax7AZYUc4EbWmmOe0mkuIo4LQTjG9nfmdCpWKxeNLThPoRHgoWMoK1kfq27QVYZmHezzwZocf7vG9XnZozB1olbkGqUKDZt7+8QUzSiApNOFaq5zqJ9jMsNSOc5hUvVTTBZIyHtGeowBFVfja/PEdnRhmgMJamhEZz9fdEhiOlplFgOiOsR2rZm4n/eb1Uhzd+xkSSairIYlGYcqRjNIsBDZikRPOpIZhIZm5FZIQlJtqEVTEhuMsvr5J2veZe1S4fLqqNehFHGU7gFM7BhWtowB00oQUEJvAMr/BmZdaL9W59LFpLVjFzDH9gff4AfHCThg==</latexit>

f̄SM

<latexit sha1_base64="zEfp8X1Wme8q4Sj2nNQhMdACYNk="></latexit>

f (i)
a =

2M2
ZM

2
Z0

Tr(�iX 0
A)gDgZf⇡̂�M̂2

⇡ 1 PeV
1

Tr(�iX 0
A)gD

✓
1 GeV

f⇡̂

◆✓
10�2

�M̂2/M2
Z

◆✓
MZ0

60 GeV

◆2

<latexit sha1_base64="D1wfD3YjuN8u/efYYvuZdUBXsaM="></latexit>

LBSM � gD �
µX +

1

2
M̂2

Z0Z 0µZ 0
µ + �M̂2ZµZ 0

µ

Integrating out  and , find effective decay constantZ Z′￼

assume  dark flavors


   dark pions 

Nf = 2
→ N 2

f − 1 = 3

<latexit sha1_base64="GSYyd3MfNB/8UkO9LHKCrQJU0NQ="></latexit>

Le↵ � �@µ⇡̂i

f (i)
a

T 3
L(f)f̄�

µ�5f

decay constant of dark pions
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Mass-mixed Z′￼

Gauge boson of dark             symmetry
<latexit sha1_base64="41+DKpKXsnS22ayI84Bz9DSaenI=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsqu+HUs6MFjBbcttEvJptk2NpssSVYoS/+DFw+KePX/ePPfmLZ70NYHA4/3ZpiZFyacaeO6305hZXVtfaO4Wdra3tndK+8fNLVMFaE+kVyqdog15UxQ3zDDaTtRFMchp61wdDP1W09UaSbFgxknNIjxQLCIEWys1PSr3mnvtleuuDV3BrRMvJxUIEejV/7q9iVJYyoM4VjrjucmJsiwMoxwOil1U00TTEZ4QDuWChxTHWSzayfoxCp9FEllSxg0U39PZDjWehyHtjPGZqgXvan4n9dJTXQdZEwkqaGCzBdFKUdGounrqM8UJYaPLcFEMXsrIkOsMDE2oJINwVt8eZk0z2reZe3i/rxSP8vjKMIRHEMVPLiCOtxBA3wg8AjP8ApvjnRenHfnY95acPKZQ/gD5/MHJ/OOKg==</latexit>

U(1)D

<latexit sha1_base64="fahZIWG9+B5wCXcHKHTUEaLVwhg=">AAAB73icbVDLTgJBEOzFF+IL9ehlIjHxRHYNPo4kXjxiIo8IK5kdGpgwO7vOzJqQDT/hxYPGePV3vPk3DrAHBSvppFLVne6uIBZcG9f9dnIrq2vrG/nNwtb2zu5ecf+goaNEMayzSESqFVCNgkusG24EtmKFNAwENoPR9dRvPqHSPJJ3ZhyjH9KB5H3OqLFS6/6hEyseYrdYcsvuDGSZeBkpQYZat/jV6UUsCVEaJqjWbc+NjZ9SZTgTOCl0Eo0xZSM6wLalkoao/XR274ScWKVH+pGyJQ2Zqb8nUhpqPQ4D2xlSM9SL3lT8z2snpn/lp1zGiUHJ5ov6iSAmItPnSY8rZEaMLaFMcXsrYUOqKDM2ooINwVt8eZk0zsreRfn8tlKqVrI48nAEx3AKHlxCFW6gBnVgIOAZXuHNeXRenHfnY96ac7KZQ/gD5/MHEzKP9w==</latexit>

Z 0 <latexit sha1_base64="3zqOpsn18CT/+05T0Jo3fwJtUEM=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNPo4kXjxCIo8IGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSzvzThBP6IDyUPOqLFS/aFXLLlldw6ySryMlCBDrVf86vZjlkYoDRNU647nJsafUGU4EzgtdFONCWUjOsCOpZJGqP3J/NApObNKn4SxsiUNmau/JyY00nocBbYzomaol72Z+J/XSU1440+4TFKDki0WhakgJiazr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfnmVNC/K3lX5sl4pVStZHHk4gVM4Bw+uoQp3UIMGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AbfLjNo=</latexit>

Z

<latexit sha1_base64="sdqRUhdcYt2kqnifWhyLf8nhpLM=">AAAB8HicbVDLSgNBEOyNrxhfUY9eFoPgKeyKLzwFvHiMYB6SXcLsZJIMmZldZnqFsOQrvHhQxKuf482/cZLsQRMLGoqqbrq7okRwg5737RRWVtfWN4qbpa3tnd298v5B08SppqxBYxHrdkQME1yxBnIUrJ1oRmQkWCsa3U791hPThsfqAccJCyUZKN7nlKCVHoMhwSxI+KRbrnhVbwZ3mfg5qUCOerf8FfRimkqmkApiTMf3EgwzopFTwSalIDUsIXREBqxjqSKSmTCbHTxxT6zSc/uxtqXQnam/JzIijRnLyHZKgkOz6E3F/7xOiv3rMOMqSZEpOl/UT4WLsTv93u1xzSiKsSWEam5vdemQaELRZlSyIfiLLy+T5lnVv6xe3J9Xajd5HEU4gmM4BR+uoAZ3UIcGUJDwDK/w5mjnxXl3PuatBSefOYQ/cD5/AB+VkJw=</latexit>

⇡̂

<latexit sha1_base64="Pud9PWg5TzWur4k61eYbgh98V9I=">AAAB63icbVDLSgMxFL3js9ZX1aWbYBFclZnia1lw47KCfUA7lEyaaUOTTEgyQhn6C25cKOLWH3Ln35hpZ6GtBy4czrmXe++JFGfG+v63t7a+sbm1Xdop7+7tHxxWjo7bJkk1oS2S8ER3I2woZ5K2LLOcdpWmWEScdqLJXe53nqg2LJGPdqpoKPBIspgRbHOprwwbVKp+zZ8DrZKgIFUo0BxUvvrDhKSCSks4NqYX+MqGGdaWEU5n5X5qqMJkgke056jEgpowm986Q+dOGaI40a6kRXP190SGhTFTEblOge3YLHu5+J/XS218G2ZMqtRSSRaL4pQjm6D8cTRkmhLLp45gopm7FZEx1phYF0/ZhRAsv7xK2vVacF27erisNupFHCU4hTO4gABuoAH30IQWEBjDM7zCmye8F+/d+1i0rnnFzAn8gff5AyKvjkQ=</latexit>

 

<latexit sha1_base64="Pud9PWg5TzWur4k61eYbgh98V9I=">AAAB63icbVDLSgMxFL3js9ZX1aWbYBFclZnia1lw47KCfUA7lEyaaUOTTEgyQhn6C25cKOLWH3Ln35hpZ6GtBy4czrmXe++JFGfG+v63t7a+sbm1Xdop7+7tHxxWjo7bJkk1oS2S8ER3I2woZ5K2LLOcdpWmWEScdqLJXe53nqg2LJGPdqpoKPBIspgRbHOprwwbVKp+zZ8DrZKgIFUo0BxUvvrDhKSCSks4NqYX+MqGGdaWEU5n5X5qqMJkgke056jEgpowm986Q+dOGaI40a6kRXP190SGhTFTEblOge3YLHu5+J/XS218G2ZMqtRSSRaL4pQjm6D8cTRkmhLLp45gopm7FZEx1phYF0/ZhRAsv7xK2vVacF27erisNupFHCU4hTO4gABuoAH30IQWEBjDM7zCmye8F+/d+1i0rnnFzAn8gff5AyKvjkQ=</latexit>

 

<latexit sha1_base64="n1SFV8R/1nSGXCk4L9nzCieNrvw=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKewGX8eAFy9CRPPAZAmzk9lkyMzsMjMrhCV/4cWDIl79G2/+jZPNHjSxoKGo6qa7K4g508Z1v53Cyura+kZxs7S1vbO7V94/aOkoUYQ2ScQj1QmwppxJ2jTMcNqJFcUi4LQdjK9nfvuJKs0i+WAmMfUFHkoWMoKNlR7DftpTAt3fTvvlilt1M6Bl4uWkAjka/fJXbxCRRFBpCMdadz03Nn6KlWGE02mpl2gaYzLGQ9q1VGJBtZ9mF0/RiVUGKIyULWlQpv6eSLHQeiIC2ymwGelFbyb+53UTE175KZNxYqgk80VhwpGJ0Ox9NGCKEsMnlmCimL0VkRFWmBgbUsmG4C2+vExatap3UT2/O6vUa3kcRTiCYzgFDy6hDjfQgCYQkPAMr/DmaOfFeXc+5q0FJ585hD9wPn8AL7KQkA==</latexit>

fSM

<latexit sha1_base64="+IOFjmzbnhtiihbIwxY1hGEq79k=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiTF17Lgxo1Q0T6gCWUynbRDJ5MwMymUkD9x40IRt/6JO//GaZuFth64cDjnXu69J0g4U9pxvq3S2vrG5lZ5u7Kzu7d/YB8etVWcSkJbJOax7AZYUc4EbWmmOe0mkuIo4LQTjG9nfmdCpWKxeNLThPoRHgoWMoK1kfq27QVYZmHezzwZocf7vG9XnZozB1olbkGqUKDZt7+8QUzSiApNOFaq5zqJ9jMsNSOc5hUvVTTBZIyHtGeowBFVfja/PEdnRhmgMJamhEZz9fdEhiOlplFgOiOsR2rZm4n/eb1Uhzd+xkSSairIYlGYcqRjNIsBDZikRPOpIZhIZm5FZIQlJtqEVTEhuMsvr5J2veZe1S4fLqqNehFHGU7gFM7BhWtowB00oQUEJvAMr/BmZdaL9W59LFpLVjFzDH9gff4AfHCThg==</latexit>

f̄SM

<latexit sha1_base64="zEfp8X1Wme8q4Sj2nNQhMdACYNk="></latexit>

f (i)
a =

2M2
ZM

2
Z0

Tr(�iX 0
A)gDgZf⇡̂�M̂2

⇡ 1 PeV
1

Tr(�iX 0
A)gD

✓
1 GeV

f⇡̂

◆✓
10�2

�M̂2/M2
Z

◆✓
MZ0

60 GeV

◆2

<latexit sha1_base64="D1wfD3YjuN8u/efYYvuZdUBXsaM="></latexit>

LBSM � gD �
µX +

1

2
M̂2

Z0Z 0µZ 0
µ + �M̂2ZµZ 0

µ

Integrating out  and , find effective decay constantZ Z′￼

assume  dark flavors


   dark pions 

Nf = 2
→ N 2

f − 1 = 3

<latexit sha1_base64="GSYyd3MfNB/8UkO9LHKCrQJU0NQ="></latexit>

Le↵ � �@µ⇡̂i

f (i)
a

T 3
L(f)f̄�

µ�5f

axial-vector coupling of  to physical dark quarks


    ( generated by dark Yukawas                )   

Z′￼
<latexit sha1_base64="9nVfZ1/2SLYzSAkoIPdlqbjbTO4=">AAACQ3icbVDJTsMwEHXYWsrWwpGLRUHiVCWI7ViJC8ci0UVqoshxnNat40S2gxRF+QG+hivc+Qi+gRviioTT5kBbRrL15s3M08zzYkalMs0PY219Y3OrUt2u7ezu7R/UG4c9GSUCky6OWCQGHpKEUU66iipGBrEgKPQY6XvTu6LefyJC0og/qjQmTohGnAYUI6Upt36auhmd5NCOdFchktmxpLlLod0Z608n7sStN82WOQu4CqwSNEEZHbdhVGw/wklIuMIMSTm0zFg5GRKKYkbymp1IEiM8RSMy1JCjkEgnm52TwzPN+DCIhH5cwRn7dyJDoZRp6OnOEKmxXKh5Yb6YrxI+5aN8WbBQ+k9wmKjg1skojxNFOJ5vFyQMqggWhkKfCoIVSzVAWFB9IMRjJBBW2vaats5aNmoV9C5a1nXr6uGy2TZLE6vgGJyAc2CBG9AG96ADugCDZ/ACXsGb8W58Gl/G97x1zShnjsBCGD+/a0WxNA==</latexit>

yij i� j
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Mass-mixed Z′￼

Gauge boson of dark             symmetry
<latexit sha1_base64="41+DKpKXsnS22ayI84Bz9DSaenI=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsqu+HUs6MFjBbcttEvJptk2NpssSVYoS/+DFw+KePX/ePPfmLZ70NYHA4/3ZpiZFyacaeO6305hZXVtfaO4Wdra3tndK+8fNLVMFaE+kVyqdog15UxQ3zDDaTtRFMchp61wdDP1W09UaSbFgxknNIjxQLCIEWys1PSr3mnvtleuuDV3BrRMvJxUIEejV/7q9iVJYyoM4VjrjucmJsiwMoxwOil1U00TTEZ4QDuWChxTHWSzayfoxCp9FEllSxg0U39PZDjWehyHtjPGZqgXvan4n9dJTXQdZEwkqaGCzBdFKUdGounrqM8UJYaPLcFEMXsrIkOsMDE2oJINwVt8eZk0z2reZe3i/rxSP8vjKMIRHEMVPLiCOtxBA3wg8AjP8ApvjnRenHfnY95acPKZQ/gD5/MHJ/OOKg==</latexit>

U(1)D

<latexit sha1_base64="fahZIWG9+B5wCXcHKHTUEaLVwhg=">AAAB73icbVDLTgJBEOzFF+IL9ehlIjHxRHYNPo4kXjxiIo8IK5kdGpgwO7vOzJqQDT/hxYPGePV3vPk3DrAHBSvppFLVne6uIBZcG9f9dnIrq2vrG/nNwtb2zu5ecf+goaNEMayzSESqFVCNgkusG24EtmKFNAwENoPR9dRvPqHSPJJ3ZhyjH9KB5H3OqLFS6/6hEyseYrdYcsvuDGSZeBkpQYZat/jV6UUsCVEaJqjWbc+NjZ9SZTgTOCl0Eo0xZSM6wLalkoao/XR274ScWKVH+pGyJQ2Zqb8nUhpqPQ4D2xlSM9SL3lT8z2snpn/lp1zGiUHJ5ov6iSAmItPnSY8rZEaMLaFMcXsrYUOqKDM2ooINwVt8eZk0zsreRfn8tlKqVrI48nAEx3AKHlxCFW6gBnVgIOAZXuHNeXRenHfnY96ac7KZQ/gD5/MHEzKP9w==</latexit>

Z 0 <latexit sha1_base64="3zqOpsn18CT/+05T0Jo3fwJtUEM=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNPo4kXjxCIo8IGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSzvzThBP6IDyUPOqLFS/aFXLLlldw6ySryMlCBDrVf86vZjlkYoDRNU647nJsafUGU4EzgtdFONCWUjOsCOpZJGqP3J/NApObNKn4SxsiUNmau/JyY00nocBbYzomaol72Z+J/XSU1440+4TFKDki0WhakgJiazr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfnmVNC/K3lX5sl4pVStZHHk4gVM4Bw+uoQp3UIMGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AbfLjNo=</latexit>

Z

<latexit sha1_base64="sdqRUhdcYt2kqnifWhyLf8nhpLM=">AAAB8HicbVDLSgNBEOyNrxhfUY9eFoPgKeyKLzwFvHiMYB6SXcLsZJIMmZldZnqFsOQrvHhQxKuf482/cZLsQRMLGoqqbrq7okRwg5737RRWVtfWN4qbpa3tnd298v5B08SppqxBYxHrdkQME1yxBnIUrJ1oRmQkWCsa3U791hPThsfqAccJCyUZKN7nlKCVHoMhwSxI+KRbrnhVbwZ3mfg5qUCOerf8FfRimkqmkApiTMf3EgwzopFTwSalIDUsIXREBqxjqSKSmTCbHTxxT6zSc/uxtqXQnam/JzIijRnLyHZKgkOz6E3F/7xOiv3rMOMqSZEpOl/UT4WLsTv93u1xzSiKsSWEam5vdemQaELRZlSyIfiLLy+T5lnVv6xe3J9Xajd5HEU4gmM4BR+uoAZ3UIcGUJDwDK/w5mjnxXl3PuatBSefOYQ/cD5/AB+VkJw=</latexit>

⇡̂

<latexit sha1_base64="Pud9PWg5TzWur4k61eYbgh98V9I=">AAAB63icbVDLSgMxFL3js9ZX1aWbYBFclZnia1lw47KCfUA7lEyaaUOTTEgyQhn6C25cKOLWH3Ln35hpZ6GtBy4czrmXe++JFGfG+v63t7a+sbm1Xdop7+7tHxxWjo7bJkk1oS2S8ER3I2woZ5K2LLOcdpWmWEScdqLJXe53nqg2LJGPdqpoKPBIspgRbHOprwwbVKp+zZ8DrZKgIFUo0BxUvvrDhKSCSks4NqYX+MqGGdaWEU5n5X5qqMJkgke056jEgpowm986Q+dOGaI40a6kRXP190SGhTFTEblOge3YLHu5+J/XS218G2ZMqtRSSRaL4pQjm6D8cTRkmhLLp45gopm7FZEx1phYF0/ZhRAsv7xK2vVacF27erisNupFHCU4hTO4gABuoAH30IQWEBjDM7zCmye8F+/d+1i0rnnFzAn8gff5AyKvjkQ=</latexit>

 

<latexit sha1_base64="Pud9PWg5TzWur4k61eYbgh98V9I=">AAAB63icbVDLSgMxFL3js9ZX1aWbYBFclZnia1lw47KCfUA7lEyaaUOTTEgyQhn6C25cKOLWH3Ln35hpZ6GtBy4czrmXe++JFGfG+v63t7a+sbm1Xdop7+7tHxxWjo7bJkk1oS2S8ER3I2woZ5K2LLOcdpWmWEScdqLJXe53nqg2LJGPdqpoKPBIspgRbHOprwwbVKp+zZ8DrZKgIFUo0BxUvvrDhKSCSks4NqYX+MqGGdaWEU5n5X5qqMJkgke056jEgpowm986Q+dOGaI40a6kRXP190SGhTFTEblOge3YLHu5+J/XS218G2ZMqtRSSRaL4pQjm6D8cTRkmhLLp45gopm7FZEx1phYF0/ZhRAsv7xK2vVacF27erisNupFHCU4hTO4gABuoAH30IQWEBjDM7zCmye8F+/d+1i0rnnFzAn8gff5AyKvjkQ=</latexit>

 

<latexit sha1_base64="n1SFV8R/1nSGXCk4L9nzCieNrvw=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKewGX8eAFy9CRPPAZAmzk9lkyMzsMjMrhCV/4cWDIl79G2/+jZPNHjSxoKGo6qa7K4g508Z1v53Cyura+kZxs7S1vbO7V94/aOkoUYQ2ScQj1QmwppxJ2jTMcNqJFcUi4LQdjK9nfvuJKs0i+WAmMfUFHkoWMoKNlR7DftpTAt3fTvvlilt1M6Bl4uWkAjka/fJXbxCRRFBpCMdadz03Nn6KlWGE02mpl2gaYzLGQ9q1VGJBtZ9mF0/RiVUGKIyULWlQpv6eSLHQeiIC2ymwGelFbyb+53UTE175KZNxYqgk80VhwpGJ0Ox9NGCKEsMnlmCimL0VkRFWmBgbUsmG4C2+vExatap3UT2/O6vUa3kcRTiCYzgFDy6hDjfQgCYQkPAMr/DmaOfFeXc+5q0FJ585hD9wPn8AL7KQkA==</latexit>

fSM

<latexit sha1_base64="+IOFjmzbnhtiihbIwxY1hGEq79k=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiTF17Lgxo1Q0T6gCWUynbRDJ5MwMymUkD9x40IRt/6JO//GaZuFth64cDjnXu69J0g4U9pxvq3S2vrG5lZ5u7Kzu7d/YB8etVWcSkJbJOax7AZYUc4EbWmmOe0mkuIo4LQTjG9nfmdCpWKxeNLThPoRHgoWMoK1kfq27QVYZmHezzwZocf7vG9XnZozB1olbkGqUKDZt7+8QUzSiApNOFaq5zqJ9jMsNSOc5hUvVTTBZIyHtGeowBFVfja/PEdnRhmgMJamhEZz9fdEhiOlplFgOiOsR2rZm4n/eb1Uhzd+xkSSairIYlGYcqRjNIsBDZikRPOpIZhIZm5FZIQlJtqEVTEhuMsvr5J2veZe1S4fLqqNehFHGU7gFM7BhWtowB00oQUEJvAMr/BmZdaL9W59LFpLVjFzDH9gff4AfHCThg==</latexit>

f̄SM

<latexit sha1_base64="zEfp8X1Wme8q4Sj2nNQhMdACYNk="></latexit>

f (i)
a =

2M2
ZM

2
Z0

Tr(�iX 0
A)gDgZf⇡̂�M̂2

⇡ 1 PeV
1

Tr(�iX 0
A)gD

✓
1 GeV

f⇡̂

◆✓
10�2

�M̂2/M2
Z

◆✓
MZ0

60 GeV

◆2

<latexit sha1_base64="D1wfD3YjuN8u/efYYvuZdUBXsaM="></latexit>

LBSM � gD �
µX +

1

2
M̂2

Z0Z 0µZ 0
µ + �M̂2ZµZ 0

µ

Integrating out  and , find effective decay constantZ Z′￼

assume  dark flavors


   dark pions 

Nf = 2
→ N 2

f − 1 = 3

<latexit sha1_base64="GSYyd3MfNB/8UkO9LHKCrQJU0NQ="></latexit>

Le↵ � �@µ⇡̂i

f (i)
a

T 3
L(f)f̄�

µ�5f

typical decay constant is at ~ PeV: dark pions are


interesting target for present & future LHC experiments
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Electroweak precision constraints

•  pole couplings and  mass     parameters


• Add low-energy data (atomic parity violation,  scattering)

Z W → S, T, U

ee, ep

<latexit sha1_base64="o9y0AhzPEWx4tYsGjGe0HEU20xc="></latexit>

log10

 
�M̂2

M2
Z

!

<latexit sha1_base64="yCJPRf5sdhI3fw5ZBLBjB35l494=">AAACO3icbVC7SgNBFJ2Nj8T4SrTUYjEIFhJ2xVcZsNBGiGAemF3D7OQmGTIzu8zMCmHZxq+x1d4PsbYTW3snj8IkHhg4c+69h3tPEDGqtON8WJml5ZXVbG4tv76xubVdKO7UVRhLAjUSslA2A6yAUQE1TTWDZiQB84BBIxhcjeqNJ5CKhuJeDyPwOe4J2qUEayO1C/u37eTh0Ysk5ZB6xy2PY92XPLmGeuq3CyWn7IxhLxJ3Skpoimq7aGW9TkhiDkIThpVquU6k/QRLTQmDNO/FCiJMBrgHLUMF5qD8ZHxGah8apWN3Q2me0PZY/TuRYK7UkAemc7SlmqkFPJ39LwodKnrpvOHI6T/DVqy7l35CRRRrEGSyXTdmtg7tUZB2h0ogmg0NwURSc6BN+lhiok3ceROdOx/UIqmflN3z8tndaaniTEPMoT10gI6Qiy5QBd2gKqohgp7RC3pFb9a79Wl9Wd+T1ow1ndlFM7B+fgFnGa2/</latexit>

MZ0 [GeV]

low-energy only

 onlyS, T, U

<latexit sha1_base64="djqTHVTg2ZNTXZ6k8GwsEmEAPXo="></latexit>

(�M̂2)2

M2
Z0

= constant

<latexit sha1_base64="LBM0NVq8AwENUc3iuGoUrisypDU=">AAACOnicbVC7TsMwFHXKo6W8Whi7WFQIBlQlFa+xEgsLUpHoQ30QOY7TWrWdyHaQqigDX8MKOz/CyoZY+QDcx0BbjmT5+Nx7j3yPFzGqtG1/WJm19Y3NbG4rv72zu7dfKB40VRhLTBo4ZKFse0gRRgVpaKoZaUeSIO4x0vJGN5N664lIRUPxoMcR6XM0EDSgGGkjuYVST1EOe4FEOLlzO4/V1FxJ5yQ1zC2U7Yo9BVwlzpyUwRx1t2hle36IY06Exgwp1XXsSPcTJDXFjKT5XqxIhPAIDUjXUIE4Uf1kukUKj43iwyCU5ggNp+rfiQRxpcbcM50c6aFaqHk8XXyvCj4Vg3TZcOL0n2E31sF1P6EiijURePa7IGZQh3CSI/SpJFizsSEIS2oWhHiITIzapJ030TnLQa2SZrXiXFYu7s/LtbN5iDlQAkfgFDjgCtTALaiDBsDgGbyAV/BmvVuf1pf1PWvNWPOZQ7AA6+cXfUSstQ==</latexit>

⇠ M2
Z

M2
Z0

Low-energy effects


    enhanced by 

EFT regime

[Here results for zero kinetic mixing, complete analysis in paper.


 fit has flat direction for                                   , lifted by low-energy data]S, T, U
<latexit sha1_base64="6gcfOqEpBDBJjsbKzPZSdCKUNac="></latexit>

" ⇡ � �M̂2/(sWM2
Z)

<latexit sha1_base64="fahZIWG9+B5wCXcHKHTUEaLVwhg=">AAAB73icbVDLTgJBEOzFF+IL9ehlIjHxRHYNPo4kXjxiIo8IK5kdGpgwO7vOzJqQDT/hxYPGePV3vPk3DrAHBSvppFLVne6uIBZcG9f9dnIrq2vrG/nNwtb2zu5ecf+goaNEMayzSESqFVCNgkusG24EtmKFNAwENoPR9dRvPqHSPJJ3ZhyjH9KB5H3OqLFS6/6hEyseYrdYcsvuDGSZeBkpQYZat/jV6UUsCVEaJqjWbc+NjZ9SZTgTOCl0Eo0xZSM6wLalkoao/XR274ScWKVH+pGyJQ2Zqb8nUhpqPQ4D2xlSM9SL3lT8z2snpn/lp1zGiUHJ5ov6iSAmItPnSY8rZEaMLaFMcXsrYUOqKDM2ooINwVt8eZk0zsreRfn8tlKqVrI48nAEx3AKHlxCFW6gBnVgIOAZXuHNeXRenHfnY96ac7KZQ/gD5/MHEzKP9w==</latexit>

Z 0

[Altarelli et al. 1991]

[Peskin, Takeuchi 1992]

[Barbieri et al. 2004]
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Electroweak precision constraints

•  pole couplings and  mass     parameters


• Add low-energy data (atomic parity violation,  scattering)

Z W → S, T, U

ee, ep

[Peskin, Takeuchi 1992]

[Altarelli et al. 1991]

<latexit sha1_base64="o9y0AhzPEWx4tYsGjGe0HEU20xc="></latexit>

log10

 
�M̂2

M2
Z

!

<latexit sha1_base64="yCJPRf5sdhI3fw5ZBLBjB35l494=">AAACO3icbVC7SgNBFJ2Nj8T4SrTUYjEIFhJ2xVcZsNBGiGAemF3D7OQmGTIzu8zMCmHZxq+x1d4PsbYTW3snj8IkHhg4c+69h3tPEDGqtON8WJml5ZXVbG4tv76xubVdKO7UVRhLAjUSslA2A6yAUQE1TTWDZiQB84BBIxhcjeqNJ5CKhuJeDyPwOe4J2qUEayO1C/u37eTh0Ysk5ZB6xy2PY92XPLmGeuq3CyWn7IxhLxJ3Skpoimq7aGW9TkhiDkIThpVquU6k/QRLTQmDNO/FCiJMBrgHLUMF5qD8ZHxGah8apWN3Q2me0PZY/TuRYK7UkAemc7SlmqkFPJ39LwodKnrpvOHI6T/DVqy7l35CRRRrEGSyXTdmtg7tUZB2h0ogmg0NwURSc6BN+lhiok3ceROdOx/UIqmflN3z8tndaaniTEPMoT10gI6Qiy5QBd2gKqohgp7RC3pFb9a79Wl9Wd+T1ow1ndlFM7B+fgFnGa2/</latexit>

MZ0 [GeV]

low-energy only
<latexit sha1_base64="djqTHVTg2ZNTXZ6k8GwsEmEAPXo="></latexit>

(�M̂2)2

M2
Z0

= constant

<latexit sha1_base64="LBM0NVq8AwENUc3iuGoUrisypDU=">AAACOnicbVC7TsMwFHXKo6W8Whi7WFQIBlQlFa+xEgsLUpHoQ30QOY7TWrWdyHaQqigDX8MKOz/CyoZY+QDcx0BbjmT5+Nx7j3yPFzGqtG1/WJm19Y3NbG4rv72zu7dfKB40VRhLTBo4ZKFse0gRRgVpaKoZaUeSIO4x0vJGN5N664lIRUPxoMcR6XM0EDSgGGkjuYVST1EOe4FEOLlzO4/V1FxJ5yQ1zC2U7Yo9BVwlzpyUwRx1t2hle36IY06Exgwp1XXsSPcTJDXFjKT5XqxIhPAIDUjXUIE4Uf1kukUKj43iwyCU5ggNp+rfiQRxpcbcM50c6aFaqHk8XXyvCj4Vg3TZcOL0n2E31sF1P6EiijURePa7IGZQh3CSI/SpJFizsSEIS2oWhHiITIzapJ030TnLQa2SZrXiXFYu7s/LtbN5iDlQAkfgFDjgCtTALaiDBsDgGbyAV/BmvVuf1pf1PWvNWPOZQ7AA6+cXfUSstQ==</latexit>

⇠ M2
Z

M2
Z0

Low-energy effects


    enhanced by 

EFT regime

<latexit sha1_base64="fahZIWG9+B5wCXcHKHTUEaLVwhg=">AAAB73icbVDLTgJBEOzFF+IL9ehlIjHxRHYNPo4kXjxiIo8IK5kdGpgwO7vOzJqQDT/hxYPGePV3vPk3DrAHBSvppFLVne6uIBZcG9f9dnIrq2vrG/nNwtb2zu5ecf+goaNEMayzSESqFVCNgkusG24EtmKFNAwENoPR9dRvPqHSPJJ3ZhyjH9KB5H3OqLFS6/6hEyseYrdYcsvuDGSZeBkpQYZat/jV6UUsCVEaJqjWbc+NjZ9SZTgTOCl0Eo0xZSM6wLalkoao/XR274ScWKVH+pGyJQ2Zqb8nUhpqPQ4D2xlSM9SL3lT8z2snpn/lp1zGiUHJ5ov6iSAmItPnSY8rZEaMLaFMcXsrYUOqKDM2ooINwVt8eZk0zsreRfn8tlKqVrI48nAEx3AKHlxCFW6gBnVgIOAZXuHNeXRenHfnY96ac7KZQ/gD5/MHEzKP9w==</latexit>

Z 0

For light , bound is approximately  Z′￼

<latexit sha1_base64="yCJPRf5sdhI3fw5ZBLBjB35l494=">AAACO3icbVC7SgNBFJ2Nj8T4SrTUYjEIFhJ2xVcZsNBGiGAemF3D7OQmGTIzu8zMCmHZxq+x1d4PsbYTW3snj8IkHhg4c+69h3tPEDGqtON8WJml5ZXVbG4tv76xubVdKO7UVRhLAjUSslA2A6yAUQE1TTWDZiQB84BBIxhcjeqNJ5CKhuJeDyPwOe4J2qUEayO1C/u37eTh0Ysk5ZB6xy2PY92XPLmGeuq3CyWn7IxhLxJ3Skpoimq7aGW9TkhiDkIThpVquU6k/QRLTQmDNO/FCiJMBrgHLUMF5qD8ZHxGah8apWN3Q2me0PZY/TuRYK7UkAemc7SlmqkFPJ39LwodKnrpvOHI6T/DVqy7l35CRRRrEGSyXTdmtg7tUZB2h0ogmg0NwURSc6BN+lhiok3ceROdOx/UIqmflN3z8tndaaniTEPMoT10gI6Qiy5QBd2gKqohgp7RC3pFb9a79Wl9Wd+T1ow1ndlFM7B+fgFnGa2/</latexit>

MZ0 [GeV]

[Barbieri et al. 2004]

<latexit sha1_base64="hKs0jfOpaWr8GjL/pOjoJp/pXyM="></latexit>

�M̂2

M2
Z

⇡ ⇠ . 10�2

mixing angle between  and  Z Z′￼

 onlyS, T, U
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Dark sector production at the LHC:  versus Z′￼ Z

Phenomenology

<latexit sha1_base64="yCJPRf5sdhI3fw5ZBLBjB35l494=">AAACO3icbVC7SgNBFJ2Nj8T4SrTUYjEIFhJ2xVcZsNBGiGAemF3D7OQmGTIzu8zMCmHZxq+x1d4PsbYTW3snj8IkHhg4c+69h3tPEDGqtON8WJml5ZXVbG4tv76xubVdKO7UVRhLAjUSslA2A6yAUQE1TTWDZiQB84BBIxhcjeqNJ5CKhuJeDyPwOe4J2qUEayO1C/u37eTh0Ysk5ZB6xy2PY92XPLmGeuq3CyWn7IxhLxJ3Skpoimq7aGW9TkhiDkIThpVquU6k/QRLTQmDNO/FCiJMBrgHLUMF5qD8ZHxGah8apWN3Q2me0PZY/TuRYK7UkAemc7SlmqkFPJ39LwodKnrpvOHI6T/DVqy7l35CRRRrEGSyXTdmtg7tUZB2h0ogmg0NwURSc6BN+lhiok3ceROdOx/UIqmflN3z8tndaaniTEPMoT10gI6Qiy5QBd2gKqohgp7RC3pFb9a79Wl9Wd+T1ow1ndlFM7B+fgFnGa2/</latexit>

MZ0 [GeV]

13 TeV

(mixing angle )ξ = 0.01

<latexit sha1_base64="LrfwFFe8DfyWXd9g0Y5EVD4MGjo=">AAACKnicbVDLSgMxFE18tdZXq0s3wSK4KjPF17LgxmUF+4B2KJlMpg1NMmOSEcow3+FW936Nu+LWDzHTzsK2Hgice+6Dk+PHnGnjOHO4tb2zu1cq71cODo+OT6q1066OEkVoh0Q8Un0fa8qZpB3DDKf9WFEsfE57/vQh7/deqdIsks9mFlNP4LFkISPYWMkbDAU2EyXS2M+8UbXuNJwF0CZxC1IHBdqjGiwNg4gkgkpDONZ64Dqx8VKsDCOcZpVhommMyRSP6cBSiQXVXrpwnaFLqwQojJR90qCF+ncjxULrmfDtZG5Sr/R8ka3Wm0LA5DhbP5hf+u/gIDHhvZcyGSeGSrJ0FyYcmQjluaGAKUoMn1mCiWL2g4hMsMLE2HQrNjp3PahN0m023NvGzdN1vdUsQiyDc3ABroAL7kALPII26AACXsAbeAcf8BN+wTn8Xo5uwWLnDKwA/vwCr96nbQ==</latexit>

[pb]

<latexit sha1_base64="miiSYaa7K+Bt/T+l0GvR750KYAg=">AAACL3icdVDLSgMxFM3UR2t9TXXpJljEuikzxVbdFdy4rGAf2A4lk6bT0CQzJJlCGeZP3OrerxE34ta/MH0I1seBwLnn3nu4OX7EqNKO82pl1tY3NrO5rfz2zu7evl04aKkwlpg0cchC2fGRIowK0tRUM9KJJEHcZ6Ttj69n/faESEVDcaenEfE4CgQdUoy0kfq23VM04KgURT0dwvvTs75ddMrOHHBB3IohVce9qtWgu2wVwRKNfsHK9gYhjjkRGjOkVNd1Iu0lSGqKGUnzvViRCOExCkjXUIE4UV4yPz2FJ0YZwGEozRMaztXvGwniSk25byY50iO10vN5ulr/FgZUBOlPw5nTX4bdWA8vvYSKKNZE4MV1w5hBE80sPDigkmDNpoYgLKn5IMQjJBHWJuK8ie4rH/g/aVXKbq1cvT0v1ivLEHPgCByDEnDBBaiDG9AATYDBBDyAR/BkPVsv1pv1vhjNWMudQ7AC6+MTBGin8Q==</latexit>

�(pp ! Z 0)

<latexit sha1_base64="7I1SgDVO4n8GscZwrfXli4ICstA="></latexit>

�(pp ! Z)⇥ BR(Z !   )

<latexit sha1_base64="UM1Q7BF/+siqsrqTXIhpQ9nfLzE="></latexit>

0.1 < g2D
X

i

(x2
Li + x2

Ri) < 1

A light  gives a large rate of dark sector events, consistently with EW precisionZ′￼
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Signals: dark shower events versus FCNC decays of SM mesons

Phenomenology

Emerging jets (mix of macroscopic lifetimes)


No hard SM objects automatically associated

 trigger is key issue, focus on 


Distinctive feature of confining dark sector

→

[Schwaller, Stolarski, Weiler 2015]

<latexit sha1_base64="FgLYSFLh/G0RFX+lgxaZNVFtWUM=">AAACM3icbVDLSgMxFM3UR2t9terOTbCIrspM8QVuCm5cVrAP+qBk0rQNzWNIMkId5l/c6t6PEXfi1n8w087Cth4InHvuvYeb4weMauO6H05mbX1jM5vbym/v7O7tF4oHDS1DhUkdSyZVy0eaMCpI3VDDSCtQBHGfkaY/uUv6zSeiNJXi0UwD0uNoJOiQYmSs1C8ctbu3sMuRGSseSRXbqn3WL5TcsjsDXCVeSkogRa1fdLLdgc QhJ8JghrTueG5gehFShmJG4nw31CRAeIJGpGOpQJzoXjQ7P4anVhnAoVT2CQNn6t+NCHGtp9y3k8mheqHn83ixXhUGVIziZcPE6T/DTmiGN72IiiA0ROD5dcOQQSNhEiAcUEWwYVNLEFbUfhDiMVIIGxtz3kbnLQe1ShqVsndVvny4KFUraYg5cAxOwDnwwDWogntQA3WAwTN4Aa/gzXl3Pp0v53s+mnHSnUOwAOfnFyZoqYQ=</latexit>

Z or Z 0

<latexit sha1_base64="n7rw3B2ud59PwIwq9WoWyRkq62g=">AAACMnicbVDLSgMxFM3UR2t9tXbpJlgEF1JmRKvLohvBTQX7gM5QMpm0DU0yQ5IRhmG+xa3u/RndiVs/wrSdhW09EDj33HsPN8ePGFXatj+swsbm1naxtFPe3ds/OKxUj7oqjCUmHRyyUPZ9pAijgnQ01Yz0I0kQ9xnp+dO7Wb/3TKSioXjSSUQ8jsaCjihG2kjDSu0WujqED+45dCdIp25Es2GlbjfsOeA6cXJSBznaw6pVdIMQx5wIjRlSauDYkfZSJDXFjGRlN1YkQniKxmRgqECcKC+dX5/BU6MEcBRK84SGc/XvRoq4Ugn3zSRHeqKWej7Plut1IaBinK0azpz+MxzEenTjpVREsSYCL64bxQyakGb5wYBKgjVLDEFYUvNBiCdIIqxNymUTnbMa1DrpXjScZuPq8bLeauYhlsAxOAFnwAHXoAXuQRt0AAYJeAGv4M16tz6tL+t7MVqw8p0aWIL18wv+Sqjx</latexit>

B ! K ⇡̂

<latexit sha1_base64="kiupijNf51QrnEjpsnJVe4Y8rWI="></latexit>

BR ⇡ 10�8

✓
1 PeV

fa

◆2✓Kt

10

◆2

loop function

General probe of light 

new particles


Only sensitive to  fa
<latexit sha1_base64="o+RVvraCKp6jBUEEFA9tpbHcTCU=">AAACOHicbVDLSgMxFM34aq2vVlfiJlgEQSwzUh/LghuXFewDOmPJZNI2NMkMSUYow+DXuNW9f+LOnbj1C0yns7CtBxJOzr33kHv8iFGlbfvDWlldW98oFDdLW9s7u3vlyn5bhbHEpIVDFsqujxRhVJCWppqRbiQJ4j4jHX98O613nohUNBQPehIRj6OhoAOKkTZSv3zojpBO3Iim0NUhdHn8eJbd5/1y1a7ZGeAycXJSBTma/YpVcIMQx5wIjRlSqufYkfYSJDXFjKQlN1YkQniMhqRnqECcKC/JdkjhiVECOAilOULDTP07kSCu1IT7ppMjPVJzNZ+n8+9lIaBimC4aTp3+M+zFenDjJVREsSYCz343iBk0EU1ThAGVBGs2MQRhSc2CEI+QRFibrEsmOmcxqGXSvqg5V7XL+3q1Uc9DLIIjcAxOgQOuQQPcgSZoAQyewQt4BW/Wu/VpfVnfs9YVK585AHOwfn4BZGqrpg==</latexit>

⇡̂ ! µ+µ�
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Constraints: pre-LHC

<latexit sha1_base64="EIvsrF5Mu9jXJfV2/+zx+4A1VZQ=">AAACOHicbVDLSgMxFM34aq2vVlfiJlhEV2Wm1AeIUHChG6GCfWCnlEyatqFJZkgyQhkGv8at7v0Td+7ErV9gpp2FbT0QODn33sO9xwsYVdq2P6yl5ZXVtUx2PbexubW9ky/sNpQfSkzq2Ge+bHlIEUYFqWuqGWkFkiDuMdL0RtdJvflEpKK+eNDjgHQ4GgjapxhpI3Xz+3fd6PE4hlewbLuXLkd6KHl0QxpxN1+0S/YEcJE4KSmCFLVuwcq4PR+HnAiNGVKq7diB7kRIaooZiXNuqEiA8AgNSNtQgThRnWhyQwyPjNKDfV+aJzScqH8nIsSVGnPPdCZLqpmax+PZ/6LQo2IQzxsmTv8ZtkPdv+hEVAShJgJPt+uHDGofJinCHpUEazY2BGFJzYEQD5FEWJuscyY6Zz6oRdIol5yz0ul9pVitpCFmwQE4BCfAAeegCm5BDdQBBs/gBbyCN+vd+rS+rO9p65KVzuyBGVg/v3yCqys=</latexit>

MZ0 = 20 GeV

<latexit sha1_base64="XVv9wPbw5Qy1Z17yyuVWH0sM1c8=">AAACMnicbVDLSsNAFJ3UR2t9tXbpJlgEVyWR+gA3BTcuK9gHJCFMppN26MwkzEyEEPItbnXvz+hO3PoRTtosbOuBgXPPfXDmBDElUlnWh1HZ2t7Zrdb26vsHh0fHjebJUEaJQHiAIhqJcQAlpoTjgSKK4nEsMGQBxaNgfl/0R89YSBLxJ5XG2GNwyklIEFRa8hut0IfuneMyqGaCZX08zD2/0bY61gLmJrFL0gYl+n7TqLqTCCUMc4UolNKxrVh5GRSKIIrzuptIHEM0h1PsaMohw9LLFu5z81wrEzOMhH5cmQv170YGmZQpC/Rk4VKu9AKWr9abwoTwab5+sLj030EnUeGtlxEeJwpztHQXJtRUkVnkZ06IwEjRVBOIBNEfNNEMCoiUTrmuo7PXg9okw8uOfd25euy2e90yxBo4BWfgAtjgBvTAA+iDAUAgBS/gFbwZ78an8WV8L0crRrnTAiswfn4Bkm+p0g==</latexit>

fa [PeV]

<latexit sha1_base64="L/Lpm7UVAZbp5WPtreFqqD3YDzU=">AAACPHicbVDLSsNAFJ3UR2t9tboUIVgEVyWR+gA3BRe6rGAfkIQwmUzboTOTMDMRSsjKr3Gre//DvTtx69pJm4VtPTBw5tx7D/eeIKZEKsv6MEpr6xub5cpWdXtnd2+/Vj/oySgRCHdRRCMxCKDElHDcVURRPIgFhiyguB9MbvN6/wkLSSL+qKYx9hgccTIkCCot+bVj5qfuGKrUjUmWuTeOy6AaC5be4V7m+bWG1bRmMFeJXZAGKNDx60bZDSOUMMwVolBKx7Zi5aVQKIIozqpuInEM0QSOsKMphwxLL53dkZmnWgnNYST048qcqX8nUsiknLJAd+ZbyoVawLLF/6oQEj7Klg1zp/8MnUQNr72U8DhRmKP5dsOEmioy8yTNkAiMFJ1qApEg+kATjaGASOm8qzo6ezmoVdI7b9qXzYuHVqPdKkKsgCNwAs6ADa5AG9yDDugCBJ7BC3gFb8a78Wl8Gd/z1pJRzByCBRg/v/NRrpE=</latexit>

m⇡̂ [GeV]

( traded  -  mixing for  )Z Z′￼ fa

<latexit sha1_base64="vCzyAKj8d2hdwFRbq3EEi8GDOJE="></latexit>

Tr(�1,3X
0
A) = 1

<latexit sha1_base64="UjCKQTW/+t0A6kWaIqozMYXtrM8="></latexit>

gD = 0.25, f⇡̂ = 1 GeV

<latexit sha1_base64="l7UGNm0qYufcUWLg1vgvGvrPMco="></latexit>

⇡̂2 collider stable

<latexit sha1_base64="wXoo+z31lpmddapH9eEHbodGfI0="></latexit>

c⌧⇡̂ = 1 mm

<latexit sha1_base64="iI1bjwPTc7VxgwkwXaqL2Gayx/4="></latexit>

c⌧⇡̂ = 10 m

CHARM

electroweak precision

CHARM: [Döbrich, Ertas, 

Kahlhöfer, Spadaro 2018]

25



Constraints: CMS

<latexit sha1_base64="L/Lpm7UVAZbp5WPtreFqqD3YDzU=">AAACPHicbVDLSsNAFJ3UR2t9tboUIVgEVyWR+gA3BRe6rGAfkIQwmUzboTOTMDMRSsjKr3Gre//DvTtx69pJm4VtPTBw5tx7D/eeIKZEKsv6MEpr6xub5cpWdXtnd2+/Vj/oySgRCHdRRCMxCKDElHDcVURRPIgFhiyguB9MbvN6/wkLSSL+qKYx9hgccTIkCCot+bVj5qfuGKrUjUmWuTeOy6AaC5be4V7m+bWG1bRmMFeJXZAGKNDx60bZDSOUMMwVolBKx7Zi5aVQKIIozqpuInEM0QSOsKMphwxLL53dkZmnWgnNYST048qcqX8nUsiknLJAd+ZbyoVawLLF/6oQEj7Klg1zp/8MnUQNr72U8DhRmKP5dsOEmioy8yTNkAiMFJ1qApEg+kATjaGASOm8qzo6ezmoVdI7b9qXzYuHVqPdKkKsgCNwAs6ADa5AG9yDDugCBJ7BC3gFb8a78Wl8Gd/z1pJRzByCBRg/v/NRrpE=</latexit>

m⇡̂ [GeV]

<latexit sha1_base64="XVv9wPbw5Qy1Z17yyuVWH0sM1c8=">AAACMnicbVDLSsNAFJ3UR2t9tXbpJlgEVyWR+gA3BTcuK9gHJCFMppN26MwkzEyEEPItbnXvz+hO3PoRTtosbOuBgXPPfXDmBDElUlnWh1HZ2t7Zrdb26vsHh0fHjebJUEaJQHiAIhqJcQAlpoTjgSKK4nEsMGQBxaNgfl/0R89YSBLxJ5XG2GNwyklIEFRa8hut0IfuneMyqGaCZX08zD2/0bY61gLmJrFL0gYl+n7TqLqTCCUMc4UolNKxrVh5GRSKIIrzuptIHEM0h1PsaMohw9LLFu5z81wrEzOMhH5cmQv170YGmZQpC/Rk4VKu9AKWr9abwoTwab5+sLj030EnUeGtlxEeJwpztHQXJtRUkVnkZ06IwEjRVBOIBNEfNNEMCoiUTrmuo7PXg9okw8uOfd25euy2e90yxBo4BWfgAtjgBvTAA+iDAUAgBS/gFbwZ78an8WV8L0crRrnTAiswfn4Bkm+p0g==</latexit>

fa [PeV]

<latexit sha1_base64="EIvsrF5Mu9jXJfV2/+zx+4A1VZQ=">AAACOHicbVDLSgMxFM34aq2vVlfiJlhEV2Wm1AeIUHChG6GCfWCnlEyatqFJZkgyQhkGv8at7v0Td+7ErV9gpp2FbT0QODn33sO9xwsYVdq2P6yl5ZXVtUx2PbexubW9ky/sNpQfSkzq2Ge+bHlIEUYFqWuqGWkFkiDuMdL0RtdJvflEpKK+eNDjgHQ4GgjapxhpI3Xz+3fd6PE4hlewbLuXLkd6KHl0QxpxN1+0S/YEcJE4KSmCFLVuwcq4PR+HnAiNGVKq7diB7kRIaooZiXNuqEiA8AgNSNtQgThRnWhyQwyPjNKDfV+aJzScqH8nIsSVGnPPdCZLqpmax+PZ/6LQo2IQzxsmTv8ZtkPdv+hEVAShJgJPt+uHDGofJinCHpUEazY2BGFJzYEQD5FEWJuscyY6Zz6oRdIol5yz0ul9pVitpCFmwQE4BCfAAeegCm5BDdQBBs/gBbyCN+vd+rS+rO9p65KVzuyBGVg/v3yCqys=</latexit>

MZ0 = 20 GeV <latexit sha1_base64="iI1bjwPTc7VxgwkwXaqL2Gayx/4="></latexit>

c⌧⇡̂ = 10 m

CMS dark showerZ →

CMS  decaysB

We recast the CMS scouting search for displaced dimuons

 to dark shower signal

[CMS 2112.13769]

<latexit sha1_base64="wXoo+z31lpmddapH9eEHbodGfI0="></latexit>

c⌧⇡̂ = 1 mm

*preliminary*

CHARM
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Constraints: LHCb

<latexit sha1_base64="XVv9wPbw5Qy1Z17yyuVWH0sM1c8=">AAACMnicbVDLSsNAFJ3UR2t9tXbpJlgEVyWR+gA3BTcuK9gHJCFMppN26MwkzEyEEPItbnXvz+hO3PoRTtosbOuBgXPPfXDmBDElUlnWh1HZ2t7Zrdb26vsHh0fHjebJUEaJQHiAIhqJcQAlpoTjgSKK4nEsMGQBxaNgfl/0R89YSBLxJ5XG2GNwyklIEFRa8hut0IfuneMyqGaCZX08zD2/0bY61gLmJrFL0gYl+n7TqLqTCCUMc4UolNKxrVh5GRSKIIrzuptIHEM0h1PsaMohw9LLFu5z81wrEzOMhH5cmQv170YGmZQpC/Rk4VKu9AKWr9abwoTwab5+sLj030EnUeGtlxEeJwpztHQXJtRUkVnkZ06IwEjRVBOIBNEfNNEMCoiUTrmuo7PXg9okw8uOfd25euy2e90yxBo4BWfgAtjgBvTAA+iDAUAgBS/gFbwZ78an8WV8L0crRrnTAiswfn4Bkm+p0g==</latexit>

fa [PeV]

<latexit sha1_base64="L/Lpm7UVAZbp5WPtreFqqD3YDzU=">AAACPHicbVDLSsNAFJ3UR2t9tboUIVgEVyWR+gA3BRe6rGAfkIQwmUzboTOTMDMRSsjKr3Gre//DvTtx69pJm4VtPTBw5tx7D/eeIKZEKsv6MEpr6xub5cpWdXtnd2+/Vj/oySgRCHdRRCMxCKDElHDcVURRPIgFhiyguB9MbvN6/wkLSSL+qKYx9hgccTIkCCot+bVj5qfuGKrUjUmWuTeOy6AaC5be4V7m+bWG1bRmMFeJXZAGKNDx60bZDSOUMMwVolBKx7Zi5aVQKIIozqpuInEM0QSOsKMphwxLL53dkZmnWgnNYST048qcqX8nUsiknLJAd+ZbyoVawLLF/6oQEj7Klg1zp/8MnUQNr72U8DhRmKP5dsOEmioy8yTNkAiMFJ1qApEg+kATjaGASOm8qzo6ezmoVdI7b9qXzYuHVqPdKkKsgCNwAs6ADa5AG9yDDugCBJ7BC3gFb8a78Wl8Gd/z1pJRzByCBRg/v/NRrpE=</latexit>

m⇡̂ [GeV]

LHCb  decaysB

LHCb dark showerZ →

We recast the LHCb search for low-mass dimuon resonances

 to dark shower signal

[LHCb 2007.03923]

<latexit sha1_base64="EIvsrF5Mu9jXJfV2/+zx+4A1VZQ=">AAACOHicbVDLSgMxFM34aq2vVlfiJlhEV2Wm1AeIUHChG6GCfWCnlEyatqFJZkgyQhkGv8at7v0Td+7ErV9gpp2FbT0QODn33sO9xwsYVdq2P6yl5ZXVtUx2PbexubW9ky/sNpQfSkzq2Ge+bHlIEUYFqWuqGWkFkiDuMdL0RtdJvflEpKK+eNDjgHQ4GgjapxhpI3Xz+3fd6PE4hlewbLuXLkd6KHl0QxpxN1+0S/YEcJE4KSmCFLVuwcq4PR+HnAiNGVKq7diB7kRIaooZiXNuqEiA8AgNSNtQgThRnWhyQwyPjNKDfV+aJzScqH8nIsSVGnPPdCZLqpmax+PZ/6LQo2IQzxsmTv8ZtkPdv+hEVAShJgJPt+uHDGofJinCHpUEazY2BGFJzYEQD5FEWJuscyY6Zz6oRdIol5yz0ul9pVitpCFmwQE4BCfAAeegCm5BDdQBBs/gBbyCN+vd+rS+rO9p65KVzuyBGVg/v3yCqys=</latexit>

MZ0 = 20 GeV <latexit sha1_base64="iI1bjwPTc7VxgwkwXaqL2Gayx/4="></latexit>

c⌧⇡̂ = 10 m

<latexit sha1_base64="wXoo+z31lpmddapH9eEHbodGfI0="></latexit>

c⌧⇡̂ = 1 mm

*preliminary*

CHARM
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Constraints: LHCb

<latexit sha1_base64="XVv9wPbw5Qy1Z17yyuVWH0sM1c8=">AAACMnicbVDLSsNAFJ3UR2t9tXbpJlgEVyWR+gA3BTcuK9gHJCFMppN26MwkzEyEEPItbnXvz+hO3PoRTtosbOuBgXPPfXDmBDElUlnWh1HZ2t7Zrdb26vsHh0fHjebJUEaJQHiAIhqJcQAlpoTjgSKK4nEsMGQBxaNgfl/0R89YSBLxJ5XG2GNwyklIEFRa8hut0IfuneMyqGaCZX08zD2/0bY61gLmJrFL0gYl+n7TqLqTCCUMc4UolNKxrVh5GRSKIIrzuptIHEM0h1PsaMohw9LLFu5z81wrEzOMhH5cmQv170YGmZQpC/Rk4VKu9AKWr9abwoTwab5+sLj030EnUeGtlxEeJwpztHQXJtRUkVnkZ06IwEjRVBOIBNEfNNEMCoiUTrmuo7PXg9okw8uOfd25euy2e90yxBo4BWfgAtjgBvTAA+iDAUAgBS/gFbwZ78an8WV8L0crRrnTAiswfn4Bkm+p0g==</latexit>

fa [PeV]

<latexit sha1_base64="L/Lpm7UVAZbp5WPtreFqqD3YDzU=">AAACPHicbVDLSsNAFJ3UR2t9tboUIVgEVyWR+gA3BRe6rGAfkIQwmUzboTOTMDMRSsjKr3Gre//DvTtx69pJm4VtPTBw5tx7D/eeIKZEKsv6MEpr6xub5cpWdXtnd2+/Vj/oySgRCHdRRCMxCKDElHDcVURRPIgFhiyguB9MbvN6/wkLSSL+qKYx9hgccTIkCCot+bVj5qfuGKrUjUmWuTeOy6AaC5be4V7m+bWG1bRmMFeJXZAGKNDx60bZDSOUMMwVolBKx7Zi5aVQKIIozqpuInEM0QSOsKMphwxLL53dkZmnWgnNYST048qcqX8nUsiknLJAd+ZbyoVawLLF/6oQEj7Klg1zp/8MnUQNr72U8DhRmKP5dsOEmioy8yTNkAiMFJ1qApEg+kATjaGASOm8qzo6ezmoVdI7b9qXzYuHVqPdKkKsgCNwAs6ADa5AG9yDDugCBJ7BC3gFb8a78Wl8Gd/z1pJRzByCBRg/v/NRrpE=</latexit>

m⇡̂ [GeV]

LHCb  decaysB

LHCb dark showerZ →

 decay exclusions depend on underlying parameters (e.g. )

 decay exclusions do not

Z f ̂π

B

<latexit sha1_base64="EIvsrF5Mu9jXJfV2/+zx+4A1VZQ=">AAACOHicbVDLSgMxFM34aq2vVlfiJlhEV2Wm1AeIUHChG6GCfWCnlEyatqFJZkgyQhkGv8at7v0Td+7ErV9gpp2FbT0QODn33sO9xwsYVdq2P6yl5ZXVtUx2PbexubW9ky/sNpQfSkzq2Ge+bHlIEUYFqWuqGWkFkiDuMdL0RtdJvflEpKK+eNDjgHQ4GgjapxhpI3Xz+3fd6PE4hlewbLuXLkd6KHl0QxpxN1+0S/YEcJE4KSmCFLVuwcq4PR+HnAiNGVKq7diB7kRIaooZiXNuqEiA8AgNSNtQgThRnWhyQwyPjNKDfV+aJzScqH8nIsSVGnPPdCZLqpmax+PZ/6LQo2IQzxsmTv8ZtkPdv+hEVAShJgJPt+uHDGofJinCHpUEazY2BGFJzYEQD5FEWJuscyY6Zz6oRdIol5yz0ul9pVitpCFmwQE4BCfAAeegCm5BDdQBBs/gBbyCN+vd+rS+rO9p65KVzuyBGVg/v3yCqys=</latexit>

MZ0 = 20 GeV <latexit sha1_base64="iI1bjwPTc7VxgwkwXaqL2Gayx/4="></latexit>

c⌧⇡̂ = 10 m

<latexit sha1_base64="wXoo+z31lpmddapH9eEHbodGfI0="></latexit>

c⌧⇡̂ = 1 mm

*preliminary*

CHARM
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Constraints: LHCb

<latexit sha1_base64="XVv9wPbw5Qy1Z17yyuVWH0sM1c8=">AAACMnicbVDLSsNAFJ3UR2t9tXbpJlgEVyWR+gA3BTcuK9gHJCFMppN26MwkzEyEEPItbnXvz+hO3PoRTtosbOuBgXPPfXDmBDElUlnWh1HZ2t7Zrdb26vsHh0fHjebJUEaJQHiAIhqJcQAlpoTjgSKK4nEsMGQBxaNgfl/0R89YSBLxJ5XG2GNwyklIEFRa8hut0IfuneMyqGaCZX08zD2/0bY61gLmJrFL0gYl+n7TqLqTCCUMc4UolNKxrVh5GRSKIIrzuptIHEM0h1PsaMohw9LLFu5z81wrEzOMhH5cmQv170YGmZQpC/Rk4VKu9AKWr9abwoTwab5+sLj030EnUeGtlxEeJwpztHQXJtRUkVnkZ06IwEjRVBOIBNEfNNEMCoiUTrmuo7PXg9okw8uOfd25euy2e90yxBo4BWfgAtjgBvTAA+iDAUAgBS/gFbwZ78an8WV8L0crRrnTAiswfn4Bkm+p0g==</latexit>

fa [PeV]

<latexit sha1_base64="EIvsrF5Mu9jXJfV2/+zx+4A1VZQ=">AAACOHicbVDLSgMxFM34aq2vVlfiJlhEV2Wm1AeIUHChG6GCfWCnlEyatqFJZkgyQhkGv8at7v0Td+7ErV9gpp2FbT0QODn33sO9xwsYVdq2P6yl5ZXVtUx2PbexubW9ky/sNpQfSkzq2Ge+bHlIEUYFqWuqGWkFkiDuMdL0RtdJvflEpKK+eNDjgHQ4GgjapxhpI3Xz+3fd6PE4hlewbLuXLkd6KHl0QxpxN1+0S/YEcJE4KSmCFLVuwcq4PR+HnAiNGVKq7diB7kRIaooZiXNuqEiA8AgNSNtQgThRnWhyQwyPjNKDfV+aJzScqH8nIsSVGnPPdCZLqpmax+PZ/6LQo2IQzxsmTv8ZtkPdv+hEVAShJgJPt+uHDGofJinCHpUEazY2BGFJzYEQD5FEWJuscyY6Zz6oRdIol5yz0ul9pVitpCFmwQE4BCfAAeegCm5BDdQBBs/gBbyCN+vd+rS+rO9p65KVzuyBGVg/v3yCqys=</latexit>

MZ0 = 20 GeV

<latexit sha1_base64="L/Lpm7UVAZbp5WPtreFqqD3YDzU=">AAACPHicbVDLSsNAFJ3UR2t9tboUIVgEVyWR+gA3BRe6rGAfkIQwmUzboTOTMDMRSsjKr3Gre//DvTtx69pJm4VtPTBw5tx7D/eeIKZEKsv6MEpr6xub5cpWdXtnd2+/Vj/oySgRCHdRRCMxCKDElHDcVURRPIgFhiyguB9MbvN6/wkLSSL+qKYx9hgccTIkCCot+bVj5qfuGKrUjUmWuTeOy6AaC5be4V7m+bWG1bRmMFeJXZAGKNDx60bZDSOUMMwVolBKx7Zi5aVQKIIozqpuInEM0QSOsKMphwxLL53dkZmnWgnNYST048qcqX8nUsiknLJAd+ZbyoVawLLF/6oQEj7Klg1zp/8MnUQNr72U8DhRmKP5dsOEmioy8yTNkAiMFJ1qApEg+kATjaGASOm8qzo6ezmoVdI7b9qXzYuHVqPdKkKsgCNwAs6ADa5AG9yDDugCBJ7BC3gFb8a78Wl8Gd/z1pJRzByCBRg/v/NRrpE=</latexit>

m⇡̂ [GeV]

LHCb dark showerZ′￼→

<latexit sha1_base64="iI1bjwPTc7VxgwkwXaqL2Gayx/4="></latexit>

c⌧⇡̂ = 10 m

Dark shower signal initiated by light  can be powerfully tested by LHCbZ′￼

<latexit sha1_base64="wXoo+z31lpmddapH9eEHbodGfI0="></latexit>

c⌧⇡̂ = 1 mm

*preliminary*

CHARM
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Summary

• More than   bosons @ LHC: can it be the portal to a confining dark sector?


• Dark pions behave as composite ALPs. Electroweak precision constraints 


automatically make them LLPs, leading to dark shower signatures


• Two classes of models. Here focused on completion by (light)  with mass mixing


• Presented recasts of CMS and LHCb searches for light dimuon resonances:


dark shower sensitivity competes with FCNC  meson decays


• Much left to do, starting with hadronic ALP decays. 


For instance, we find  dominates for 

1011 Z

Z′￼

B

a → π+π−π0 ma ≳ 1 GeV

[Cheng, Jiang, Li, Salvioni to appear] 30



Extra slides



Partial set of projections

<latexit sha1_base64="XVv9wPbw5Qy1Z17yyuVWH0sM1c8=">AAACMnicbVDLSsNAFJ3UR2t9tXbpJlgEVyWR+gA3BTcuK9gHJCFMppN26MwkzEyEEPItbnXvz+hO3PoRTtosbOuBgXPPfXDmBDElUlnWh1HZ2t7Zrdb26vsHh0fHjebJUEaJQHiAIhqJcQAlpoTjgSKK4nEsMGQBxaNgfl/0R89YSBLxJ5XG2GNwyklIEFRa8hut0IfuneMyqGaCZX08zD2/0bY61gLmJrFL0gYl+n7TqLqTCCUMc4UolNKxrVh5GRSKIIrzuptIHEM0h1PsaMohw9LLFu5z81wrEzOMhH5cmQv170YGmZQpC/Rk4VKu9AKWr9abwoTwab5+sLj030EnUeGtlxEeJwpztHQXJtRUkVnkZ06IwEjRVBOIBNEfNNEMCoiUTrmuo7PXg9okw8uOfd25euy2e90yxBo4BWfgAtjgBvTAA+iDAUAgBS/gFbwZ78an8WV8L0crRrnTAiswfn4Bkm+p0g==</latexit>

fa [PeV]

<latexit sha1_base64="L/Lpm7UVAZbp5WPtreFqqD3YDzU=">AAACPHicbVDLSsNAFJ3UR2t9tboUIVgEVyWR+gA3BRe6rGAfkIQwmUzboTOTMDMRSsjKr3Gre//DvTtx69pJm4VtPTBw5tx7D/eeIKZEKsv6MEpr6xub5cpWdXtnd2+/Vj/oySgRCHdRRCMxCKDElHDcVURRPIgFhiyguB9MbvN6/wkLSSL+qKYx9hgccTIkCCot+bVj5qfuGKrUjUmWuTeOy6AaC5be4V7m+bWG1bRmMFeJXZAGKNDx60bZDSOUMMwVolBKx7Zi5aVQKIIozqpuInEM0QSOsKMphwxLL53dkZmnWgnNYST048qcqX8nUsiknLJAd+ZbyoVawLLF/6oQEj7Klg1zp/8MnUQNr72U8DhRmKP5dsOEmioy8yTNkAiMFJ1qApEg+kATjaGASOm8qzo6ezmoVdI7b9qXzYuHVqPdKkKsgCNwAs6ADa5AG9yDDugCBJ7BC3gFb8a78Wl8Gd/z1pJRzByCBRg/v/NRrpE=</latexit>

m⇡̂ [GeV]

*preliminary*
<latexit sha1_base64="EIvsrF5Mu9jXJfV2/+zx+4A1VZQ=">AAACOHicbVDLSgMxFM34aq2vVlfiJlhEV2Wm1AeIUHChG6GCfWCnlEyatqFJZkgyQhkGv8at7v0Td+7ErV9gpp2FbT0QODn33sO9xwsYVdq2P6yl5ZXVtUx2PbexubW9ky/sNpQfSkzq2Ge+bHlIEUYFqWuqGWkFkiDuMdL0RtdJvflEpKK+eNDjgHQ4GgjapxhpI3Xz+3fd6PE4hlewbLuXLkd6KHl0QxpxN1+0S/YEcJE4KSmCFLVuwcq4PR+HnAiNGVKq7diB7kRIaooZiXNuqEiA8AgNSNtQgThRnWhyQwyPjNKDfV+aJzScqH8nIsSVGnPPdCZLqpmax+PZ/6LQo2IQzxsmTv8ZtkPdv+hEVAShJgJPt+uHDGofJinCHpUEazY2BGFJzYEQD5FEWJuscyY6Zz6oRdIol5yz0ul9pVitpCFmwQE4BCfAAeegCm5BDdQBBs/gBbyCN+vd+rS+rO9p65KVzuyBGVg/v3yCqys=</latexit>

MZ0 = 20 GeV

( here the  is called  ) Z′￼ Z2



More on EW precision
DELPHI e+e− → γ(Z2 → inv)

( here the  is called  


and  ) 

Z Z1
ε ≡ sin χ( (



More on EW precision/2



More on EW precision/3



FCNC B meson decays



Model with heavy fermions Q

<latexit sha1_base64="SqdCtcY9xQtPa3ViobK/tWaV7qE="></latexit>

�LUV = QLY  RH +QR
eY  LH +QLMQR +  L! R + h.c.

• Dark QCD with confinement scale 


•  light dark quarks     , SM singlets


•  heavy dark quarks      , with SM electroweak charges

Λ
N

N

“dark pions”

<latexit sha1_base64="83Eb3EpjbdfB1VHBFmnPHoql2uI=">AAACDXicbVC7SgNBFJ31GeNrVaxsBoNgFXYlqJ0BGxshQl6QLGF2cjcZMrO7zMwKYck3WGtnq7WFILZ+g6V/4mySwiQeuHA4517u4fgxZ0o7zre1tLyyurae28hvbm3v7Np7+3UVJZJCjUY8kk2fKOAshJpmmkMzlkCEz6HhD64zv3EPUrEorOphDJ4gvZAFjBJtpI59eNvuaWML3BZE96VIq1AfdeyCU3TGwIvEnZLC1ftjhqdKx/5pdyOaCAg15USpluvE2kuJ1IxyGOXbiYKY0AHpQcvQkAhQXjqOP8InRuniIJJmQo3H6t+LlAilhsI3m1lGNe9l4n9eK9HBpZeyME40hHTyKEg41hHOusBdJoFqPjSEUMlMVkz7RBKqTWMzX3yRdeLON7BI6mdF97xYunMK5RKaIIeO0DE6RS66QGV0gyqohihK0TN6Qa/Wg/VmfVifk9Ula3pzgGZgff0C8Sig5A==</latexit>

M & TeV heavy mediators

<latexit sha1_base64="dSaOAVfn5X1s3wH/y1SY5DglhyE=">AAACP3icpVDLSgMxFE3qq46vVpdugqXgqsxIUZcFNy4r2AdMh5LJpG1oJhOSTLEM/QW3+jt+hl/gTty6M9POQq07DwQO597DPTmh5Ewb132FpY3Nre2d8q6zt39weFSpHnd1kipCOyThieqHWFPOBO0YZjjtS0VxHHLaC6c3+bw3o0qzRNybuaRBjMeCjRjBJpcGUrNhpeY23CXQOvEKUgMF2sMqrA+ihKQxFYZwrLXvudIEGVaGEU4XziDVVGIyxWPqWypwTHWQLcMuUN0qERolyj5h0FL97shwrPU8Du1mjM1E/57l4l8zPzWj6yBjQqaGCrI6NEo5MgnKf44ipigxfG4JJorZrIhMsMLE2H6c+r9C+9GMSV14HlYmxxbr/a5xnXQvGt5lw71r1lrNouIyOAVn4Bx44Aq0wC1ogw4gYAIewRN4hi/wDb7Dj9VqCRaeE/AD8PMLKN6vgQ==</latexit>

 

<latexit sha1_base64="dSaOAVfn5X1s3wH/y1SY5DglhyE=">AAACP3icpVDLSgMxFE3qq46vVpdugqXgqsxIUZcFNy4r2AdMh5LJpG1oJhOSTLEM/QW3+jt+hl/gTty6M9POQq07DwQO597DPTmh5Ewb132FpY3Nre2d8q6zt39weFSpHnd1kipCOyThieqHWFPOBO0YZjjtS0VxHHLaC6c3+bw3o0qzRNybuaRBjMeCjRjBJpcGUrNhpeY23CXQOvEKUgMF2sMqrA+ihKQxFYZwrLXvudIEGVaGEU4XziDVVGIyxWPqWypwTHWQLcMuUN0qERolyj5h0FL97shwrPU8Du1mjM1E/57l4l8zPzWj6yBjQqaGCrI6NEo5MgnKf44ipigxfG4JJorZrIhMsMLE2H6c+r9C+9GMSV14HlYmxxbr/a5xnXQvGt5lw71r1lrNouIyOAVn4Bx44Aq0wC1ogw4gYAIewRN4hi/wDb7Dj9VqCRaeE/AD8PMLKN6vgQ==</latexit>

 

<latexit sha1_base64="y7PFKdwijFBJ/M+nhDc9fgtSPxE=">AAACPHicpVDLSsNAFJ2prxpfrS7dBEvBVUmkqMuCmy5bsA9IQ5lMbtuhk0mYmRRL6Be41d/xP9y7E7eunbZZqHXngYHDufdwz5wg4Uxpx3nFha3tnd294r51cHh0fFIqn3ZVnEoKHRrzWPYDooAzAR3NNId+IoFEAYdeML1bznszkIrF4l7PE/AjMhZsxCjRRmo3h6WKU3NWsDeJm5MKytEalnF1EMY0jUBoyolSnusk2s+I1IxyWFiDVEFC6JSMwTNUkAiUn62SLuyqUUJ7FEvzhLZX6ndHRiKl5lFgNiOiJ+r3bCn+NfNSPbr1MyaSVIOg60OjlNs6tpfftkMmgWo+N4RQyUxWm06IJFSbcqzqv0J74YwlKvc8rE2WKdb9XeMm6V7V3Oua065XGvW84iI6RxfoErnoBjVQE7VQB1EE6BE9oWf8gt/wO/5YrxZw7jlDP4A/vwAtnK4D</latexit>

H

<latexit sha1_base64="y7PFKdwijFBJ/M+nhDc9fgtSPxE=">AAACPHicpVDLSsNAFJ2prxpfrS7dBEvBVUmkqMuCmy5bsA9IQ5lMbtuhk0mYmRRL6Be41d/xP9y7E7eunbZZqHXngYHDufdwz5wg4Uxpx3nFha3tnd294r51cHh0fFIqn3ZVnEoKHRrzWPYDooAzAR3NNId+IoFEAYdeML1bznszkIrF4l7PE/AjMhZsxCjRRmo3h6WKU3NWsDeJm5MKytEalnF1EMY0jUBoyolSnusk2s+I1IxyWFiDVEFC6JSMwTNUkAiUn62SLuyqUUJ7FEvzhLZX6ndHRiKl5lFgNiOiJ+r3bCn+NfNSPbr1MyaSVIOg60OjlNs6tpfftkMmgWo+N4RQyUxWm06IJFSbcqzqv0J74YwlKvc8rE2WKdb9XeMm6V7V3Oua065XGvW84iI6RxfoErnoBjVQE7VQB1EE6BE9oWf8gt/wO/5YrxZw7jlDP4A/vwAtnK4D</latexit>

H

<latexit sha1_base64="e2+qoeu87PL1i5ZrZ4J73yEnxNE=">AAACR3icpVDLSsNAFJ2prxpfrS7dDJaCq5KIVJcFNy5bsA9IQplMJu3gZBJmJsUS+htu9Xf8BL/Cnbh0mmahrTsPDBzOuWfu5QQpZ0rb9jusbG3v7O5V962Dw6Pjk1r9dKCSTBLaJwlP5CjAinImaF8zzekolRTHAafD4PFu6Q9nVCqWiAc9T6kf44lgESNYG8nzih9yScNFb1xr2C27ANokTkkaoER3XIdNL0xIFlOhCcdKuY6daj/HUjPC6cLyMkVTTB7xhLqGChxT5efFygVqGiVEUSLNExoV6s9EjmOl5nFgJmOsp2rdW4p/eW6mo1s/ZyLNNBVktSjKONIJWjaAQiYp0XxuCCaSmVsRmWKJiTY9Wc1/He2GM5aqMvO0ClmmWGe9xk0yuGo57Zbdu2502mXFVXAOLsAlcMAN6IB70AV9QEAKnsELeIVv8AN+wq/VaAWWmTPwCxX4DZR9sis=</latexit>

Q

<latexit sha1_base64="A7o02lvaGdtQPXjDtiXYM4OOI60=">AAACPHicpVC7TsMwFL0prxJeLYwsFlUlpiqpEDBWYmFsJfpAaVQ5jtNadZzIdiqqql/ACr/Df7CzIVZm3DYDUDaOZOno3Ht0j0+Qcqa047xahY3Nre2d4q69t39weFQqH3dUkklC2yThiewFWFHOBG1rpjntpZLiOOC0G4xvFvPuhErFEnGnpyn1YzwULGIEayO17gelilNzlkDrxM1JBXI0B2Wr2g8TksVUaMKxUp7rpNqfYakZ4XRu9zNFU0zGeEg9QwWOqfJny6RzVDVKiKJEmic0WqrfHTMcKzWNA7MZYz1Sv2cL8a+Zl+no2p8xkWaaCrI6FGUc6QQtvo1CJinRfGoIJpKZrIiMsMREm3Ls6r9Ce+GEpSr3PKxMtinW/V3jOunUa+5lzWldVBr1vOIinMIZnIMLV9CAW2hCGwhQeIQneLZerDfr3fpYrRas3HMCP2B9fgFMWq4S</latexit>

Y

<latexit sha1_base64="A7o02lvaGdtQPXjDtiXYM4OOI60=">AAACPHicpVC7TsMwFL0prxJeLYwsFlUlpiqpEDBWYmFsJfpAaVQ5jtNadZzIdiqqql/ACr/Df7CzIVZm3DYDUDaOZOno3Ht0j0+Qcqa047xahY3Nre2d4q69t39weFQqH3dUkklC2yThiewFWFHOBG1rpjntpZLiOOC0G4xvFvPuhErFEnGnpyn1YzwULGIEayO17gelilNzlkDrxM1JBXI0B2Wr2g8TksVUaMKxUp7rpNqfYakZ4XRu9zNFU0zGeEg9QwWOqfJny6RzVDVKiKJEmic0WqrfHTMcKzWNA7MZYz1Sv2cL8a+Zl+no2p8xkWaaCrI6FGUc6QQtvo1CJinRfGoIJpKZrIiMsMREm3Ls6r9Ce+GEpSr3PKxMtinW/V3jOunUa+5lzWldVBr1vOIinMIZnIMLV9CAW2hCGwhQeIQneLZerDfr3fpYrRas3HMCP2B9fgFMWq4S</latexit>

Y

<latexit sha1_base64="uO8FyqziSsKG7F0CY8lCcIP6hqk="></latexit>

!,
Y eY v2

M
⌧ ⇤ ! (N2 � 1) pNGBs

<latexit sha1_base64="yFCYL7IJfqKOAXSxdgtTB0tayUw=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY8FLx4r2A9ol5JNs21okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemAhurOd9o9LG5tb2Tnm3srd/cHhUPT7pmDjVlLVpLGLdC4lhgivWttwK1ks0IzIUrBtO73K/+8S04bF6tLOEBZKMFY84JTaXBonhw2rNq3sL4HXiF6QGBVrD6tdgFNNUMmWpIMb0fS+xQUa05VSweWWQGpYQOiVj1ndUEclMkC1uneMLp4xwFGtXyuKF+nsiI9KYmQxdpyR2Yla9XPzP66c2ug0yrpLUMkWXi6JUYBvj/HE84ppRK2aOEKq5uxXTCdGEWhdPxYXgr768TjpXdf+63nho1JqNIo4ynME5XIIPN9CEe2hBGyhM4Ble4Q1J9ILe0ceytYSKmVP4A/T5AyL3jkU=</latexit>

 
<latexit sha1_base64="9tO2EJCVUv2X6FXAywpsdDgPVhA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip2RyUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp619Vas1ap1/I4inAG53AJHtxAHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDqdWM0A==</latexit>

Q

[Cheng, Li, Salvioni, 2110.10691]



• Integrate out heavy fermions Q

•  flavors: dark pionsN = 2

<latexit sha1_base64="v02sy4+h+Xhmp+wTu7I/aaT9bVQ=">AAACB3icbVDLSgMxFM3UV62Pjrp0EyyCIJYZKepGKHQjrirYB7TTkkkzbWiSGZKMUIZ+gN/gVtfuxK2f4dI/MdPOwrYeuHA4517O5fgRo0o7zreVW1vf2NzKbxd2dvf2i/bBYVOFscSkgUMWyraPFGFUkIammpF2JAniPiMtf1xL/dYTkYqG4lFPIuJxNBQ0oBhpI/Xt4n0vqdem8BY6veTifNq3S07ZmQGuEjcjJZCh3rd/uoMQx5wIjRlSquM6kfYSJDXFjEwL3ViRCOExGpKOoQJxorxk9vgUnhplAINQmhEaztS/FwniSk24bzY50iO17KXif14n1sGNl1ARxZoIPA8KYgZ1CNMW4IBKgjWbGIKwpOZXiEdIIqxNVwspPk87cZcbWCXNy7J7Va48VErVStZOHhyDE3AGXHANquAO1EEDYBCDF/AK3qxn6936sD7nqzkruzkCC7C+fgGZgphg</latexit>

JPC = 0�+
<latexit sha1_base64="ja0yqGvMg1lzDmFpuvRXBRH1asg=">AAACB3icbVDLSgMxFM3UV62Pjrp0EyyCm5YZKepGKHQjrirYB7TTkkkzbWiSGZKMUIZ+gN/gVtfuxK2f4dI/MdPOwrYeuHA4517O5fgRo0o7zreV29jc2t7J7xb29g8Oi/bRcUuFscSkiUMWyo6PFGFUkKammpFOJAniPiNtf1JP/fYTkYqG4lFPI+JxNBI0oBhpIw3s4n0/adRn8BY6/aRcng3sklNx5oDrxM1ICWRoDOyf3jDEMSdCY4aU6rpOpL0ESU0xI7NCL1YkQniCRqRrqECcKC+ZPz6D50YZwiCUZoSGc/XvRYK4UlPum02O9Fiteqn4n9eNdXDjJVREsSYCL4KCmEEdwrQFOKSSYM2mhiAsqfkV4jGSCGvT1VKKz9NO3NUG1knrsuJeVaoP1VKtmrWTB6fgDFwAF1yDGrgDDdAEGMTgBbyCN+vZerc+rM/Fas7Kbk7AEqyvX5yqmGI=</latexit>

JPC = 0��

composite ALP composite Higgs-mixed scalar

<latexit sha1_base64="cOEOnTh+ZcjpeFtEQRJdZ6hB/Bg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48t2FZsQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMTqPqAaBZfYMtwIvE8U0igQ2AnGNzO/84RK81jemUmCfkSHkoecUWOl5kO/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S9kXVu6zWmrVKvZbHUYQTOIVz8OAK6nALDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8ft3mM2Q==</latexit>

Z
<latexit sha1_base64="FShqvcHvZf8AvXd/dWPaE1bbkG8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W962qtWavUa3kcRTiDc7gED26gDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwByamM5Q==</latexit>

f

<latexit sha1_base64="zRS47rRwMO59bX6jXKiyBhQDQuQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48V7Ae0oWy2k3bpZhN2N0IJ+RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O6WNza3tnfJuZW//4PCoenzS0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8H0bu53n1BpHstHM0vQj+hY8pAzaqzUHQRUZWE+rNbcursAWSdeQWpQoDWsfg1GMUsjlIYJqnXfcxPjZ1QZzgTmlUGqMaFsSsfYt1TSCLWfLc7NyYVVRiSMlS1pyEL9PZHRSOtZFNjOiJqJXvXm4n9ePzXhrZ9xmaQGJVsuClNBTEzmv5MRV8iMmFlCmeL2VsImVFFmbEIVG4K3+vI66VzVvet646FRazaKOMpwBudwCR7cQBPuoQVtYDCFZ3iFNydxXpx352PZWnKKmVP4A+fzB4dWj6o=</latexit>

f̄

<latexit sha1_base64="7HM95HVaeBxJpYmlT4kcc7MchGc=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIHqQkWtRjwYvHCvYDmhA22227dLMJuxuhhvwSLx4U8epP8ea/cdvmoK0PBh7vzTAzL0w4U9pxvq3S2vrG5lZ5u7Kzu7dftQ8OOypOJaFtEvNY9kKsKGeCtjXTnPYSSXEUctoNJ7czv/tIpWKxeNDThPoRHgk2ZARrIwV21RtjnXkJy4PMPb/MA7vm1J050CpxC1KDAq3A/vIGMUkjKjThWKm+6yTaz7DUjHCaV7xU0QSTCR7RvqECR1T52fzwHJ0aZYCGsTQlNJqrvycyHCk1jULTGWE9VsveTPzP66d6eONnTCSppoIsFg1TjnSMZimgAZOUaD41BBPJzK2IjLHERJusKiYEd/nlVdK5qLtX9cZ9o9ZsFHGU4RhO4AxcuIYm3EEL2kAghWd4hTfryXqx3q2PRWvJKmaO4A+szx9w4ZLp</latexit>

⇡̂1,3

<latexit sha1_base64="FShqvcHvZf8AvXd/dWPaE1bbkG8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W962qtWavUa3kcRTiDc7gED26gDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwByamM5Q==</latexit>

f

<latexit sha1_base64="zRS47rRwMO59bX6jXKiyBhQDQuQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48V7Ae0oWy2k3bpZhN2N0IJ+RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O6WNza3tnfJuZW//4PCoenzS0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8H0bu53n1BpHstHM0vQj+hY8pAzaqzUHQRUZWE+rNbcursAWSdeQWpQoDWsfg1GMUsjlIYJqnXfcxPjZ1QZzgTmlUGqMaFsSsfYt1TSCLWfLc7NyYVVRiSMlS1pyEL9PZHRSOtZFNjOiJqJXvXm4n9ePzXhrZ9xmaQGJVsuClNBTEzmv5MRV8iMmFlCmeL2VsImVFFmbEIVG4K3+vI66VzVvet646FRazaKOMpwBudwCR7cQBPuoQVtYDCFZ3iFNydxXpx352PZWnKKmVP4A+fzB4dWj6o=</latexit>

f̄

<latexit sha1_base64="lAuHLmdoI3HjQMyd3oTdzaHvpVI=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69BIvgqSSlqMeCF48VbCs0oWy2m3bpZhN3J4US8ju8eFDEqz/Gm//GbZuDtj4YeLw3w8y8IBFco+N8W6WNza3tnfJuZW//4PCoenzS1XGqKOvQWMTqMSCaCS5ZBzkK9pgoRqJAsF4wuZ37vSlTmsfyAWcJ8yMykjzklKCRfG9MMPMSng+yRj6o1py6s4C9TtyC1KBAe1D98oYxTSMmkQqidd91EvQzopBTwfKKl2qWEDohI9Y3VJKIaT9bHJ3bF0YZ2mGsTEm0F+rviYxEWs+iwHRGBMd61ZuL/3n9FMMbP+MySZFJulwUpsLG2J4nYA+5YhTFzBBCFTe32nRMFKFocqqYENzVl9dJt1F3r+rN+2at1SziKMMZnMMluHANLbiDNnSAwhM8wyu8WVPrxXq3PpatJauYOYU/sD5/ABZ/kkY=</latexit>

⇡̂2

<latexit sha1_base64="+o2Hr9W8ax91T4/y0WHFXk/Qqww=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipOR6UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp619Vas1ap1/I4inAG53AJHtxAHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDzLGM5w==</latexit>

h

Dark pions

<latexit sha1_base64="ioGPvUzNpusR3DsIvpwnHy/Ct70="></latexit>

LEFT ⇠ ( RY
†M�2Y �µ R) (iH

†
DµH) + ( L

eY †M�2 eY �µ L) (iH
†
DµH)

�  L! R +  L
eY †M�1Y  R|H|2

<latexit sha1_base64="zX+Vzry9qcM2NOgHdHWNySOX8eI="></latexit>

�  L! R +  L
eY †M�1Y  R|H|2

Z portal (dim-6)

Higgs portal (dim-5)

<latexit sha1_base64="Eu9pAM0dkc4uS9xjPnmmKi0QFus=">AAACInicbVDLSgMxFM3UV62vqks3wSK4KjOlvnYFNy4r2FboDMOdNDMNTWaGJCOUod/ixl9x40JRV4IfY6btQlsPBA7nnJvkniDlTGnb/rJKK6tr6xvlzcrW9s7uXnX/oKuSTBLaIQlP5H0AinIW045mmtP7VFIQAae9YHRd+L0HKhVL4js9TqknIIpZyAhoI/nVK3cIOndTNvEBu4oJ7CYmX1xnVMUmmBVyJKDwIxCGnOHC8as1u25PgZeJMyc1NEfbr364g4RkgsaacFCq79ip9nKQmhFOJxU3UzQFMoKI9g2NQVDl5dMVJ/jEKAMcJtKcWOOp+nsiB6HUWAQmKUAP1aJXiP95/UyHl17O4jTTNCazh8KMY53goi88YJISzceGAJHM/BWTIUgg2rRaMSU4iysvk26j7pzXm7fNWqsxr6OMjtAxOkUOukAtdIPaqIMIekTP6BW9WU/Wi/Vufc6iJWs+c4j+wPr+AcMCpFo=</latexit>

⇡̂a ⇠  i�a�5 



• Integrate out heavy fermions Q

•  flavors: dark pionsN = 2

<latexit sha1_base64="v02sy4+h+Xhmp+wTu7I/aaT9bVQ=">AAACB3icbVDLSgMxFM3UV62Pjrp0EyyCIJYZKepGKHQjrirYB7TTkkkzbWiSGZKMUIZ+gN/gVtfuxK2f4dI/MdPOwrYeuHA4517O5fgRo0o7zreVW1vf2NzKbxd2dvf2i/bBYVOFscSkgUMWyraPFGFUkIammpF2JAniPiMtf1xL/dYTkYqG4lFPIuJxNBQ0oBhpI/Xt4n0vqdem8BY6veTifNq3S07ZmQGuEjcjJZCh3rd/uoMQx5wIjRlSquM6kfYSJDXFjEwL3ViRCOExGpKOoQJxorxk9vgUnhplAINQmhEaztS/FwniSk24bzY50iO17KXif14n1sGNl1ARxZoIPA8KYgZ1CNMW4IBKgjWbGIKwpOZXiEdIIqxNVwspPk87cZcbWCXNy7J7Va48VErVStZOHhyDE3AGXHANquAO1EEDYBCDF/AK3qxn6936sD7nqzkruzkCC7C+fgGZgphg</latexit>

JPC = 0�+

composite ALP

<latexit sha1_base64="cOEOnTh+ZcjpeFtEQRJdZ6hB/Bg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48t2FZsQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMTqPqAaBZfYMtwIvE8U0igQ2AnGNzO/84RK81jemUmCfkSHkoecUWOl5kO/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S9kXVu6zWmrVKvZbHUYQTOIVz8OAK6nALDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8ft3mM2Q==</latexit>

Z
<latexit sha1_base64="FShqvcHvZf8AvXd/dWPaE1bbkG8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W962qtWavUa3kcRTiDc7gED26gDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwByamM5Q==</latexit>

f

<latexit sha1_base64="zRS47rRwMO59bX6jXKiyBhQDQuQ=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48V7Ae0oWy2k3bpZhN2N0IJ+RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O6WNza3tnfJuZW//4PCoenzS0XGqGLZZLGLVC6hGwSW2DTcCe4lCGgUCu8H0bu53n1BpHstHM0vQj+hY8pAzaqzUHQRUZWE+rNbcursAWSdeQWpQoDWsfg1GMUsjlIYJqnXfcxPjZ1QZzgTmlUGqMaFsSsfYt1TSCLWfLc7NyYVVRiSMlS1pyEL9PZHRSOtZFNjOiJqJXvXm4n9ePzXhrZ9xmaQGJVsuClNBTEzmv5MRV8iMmFlCmeL2VsImVFFmbEIVG4K3+vI66VzVvet646FRazaKOMpwBudwCR7cQBPuoQVtYDCFZ3iFNydxXpx352PZWnKKmVP4A+fzB4dWj6o=</latexit>

f̄

<latexit sha1_base64="7HM95HVaeBxJpYmlT4kcc7MchGc=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIHqQkWtRjwYvHCvYDmhA22227dLMJuxuhhvwSLx4U8epP8ea/cdvmoK0PBh7vzTAzL0w4U9pxvq3S2vrG5lZ5u7Kzu7dftQ8OOypOJaFtEvNY9kKsKGeCtjXTnPYSSXEUctoNJ7czv/tIpWKxeNDThPoRHgk2ZARrIwV21RtjnXkJy4PMPb/MA7vm1J050CpxC1KDAq3A/vIGMUkjKjThWKm+6yTaz7DUjHCaV7xU0QSTCR7RvqECR1T52fzwHJ0aZYCGsTQlNJqrvycyHCk1jULTGWE9VsveTPzP66d6eONnTCSppoIsFg1TjnSMZimgAZOUaD41BBPJzK2IjLHERJusKiYEd/nlVdK5qLtX9cZ9o9ZsFHGU4RhO4AxcuIYm3EEL2kAghWd4hTfryXqx3q2PRWvJKmaO4A+szx9w4ZLp</latexit>

⇡̂1,3

Dark pions

<latexit sha1_base64="ioGPvUzNpusR3DsIvpwnHy/Ct70="></latexit>

LEFT ⇠ ( RY
†M�2Y �µ R) (iH

†
DµH) + ( L

eY †M�2 eY �µ L) (iH
†
DµH)

�  L! R +  L
eY †M�1Y  R|H|2

<latexit sha1_base64="zX+Vzry9qcM2NOgHdHWNySOX8eI="></latexit>

�  L! R +  L
eY †M�1Y  R|H|2

Z portal (dim-6)

Higgs portal (dim-5)

<latexit sha1_base64="Eu9pAM0dkc4uS9xjPnmmKi0QFus=">AAACInicbVDLSgMxFM3UV62vqks3wSK4KjOlvnYFNy4r2FboDMOdNDMNTWaGJCOUod/ixl9x40JRV4IfY6btQlsPBA7nnJvkniDlTGnb/rJKK6tr6xvlzcrW9s7uXnX/oKuSTBLaIQlP5H0AinIW045mmtP7VFIQAae9YHRd+L0HKhVL4js9TqknIIpZyAhoI/nVK3cIOndTNvEBu4oJ7CYmX1xnVMUmmBVyJKDwIxCGnOHC8as1u25PgZeJMyc1NEfbr364g4RkgsaacFCq79ip9nKQmhFOJxU3UzQFMoKI9g2NQVDl5dMVJ/jEKAMcJtKcWOOp+nsiB6HUWAQmKUAP1aJXiP95/UyHl17O4jTTNCazh8KMY53goi88YJISzceGAJHM/BWTIUgg2rRaMSU4iysvk26j7pzXm7fNWqsxr6OMjtAxOkUOukAtdIPaqIMIekTP6BW9WU/Wi/Vufc6iJWs+c4j+wPr+AcMCpFo=</latexit>

⇡̂a ⇠  i�a�5 
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Ultraviolet motivations

[Graham, Kaplan, Rajendran 2015]

[Cheng, Li, Salvioni, Verhaaren 2018]

[Burdman, Chacko, Goh, Harnik 2006]
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dark jets probes new direction in parameter spaceZ →

B decay bound

Dark showers @ LHCb



bound
Z → inv


