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Introduction

• FCC-ee: electroweak, Higgs, top factory 

                            runs

Ennio Salvioni

<latexit sha1_base64="R9mS9pVbylE4NWGpzYwjZHAfpoc=">AAACAnicbZDLSsNAFIYn9VbrLepK3AwWwUUpiRR1WXDjsoJtik0ok+m0HTq5MHMilFDc+CpuXCji1qdw59s4SbPQ1gMzfPz/Ocyc348FV2BZ30ZpZXVtfaO8Wdna3tndM/cPOipKJGVtGolIdn2imOAhawMHwbqxZCTwBXP8yXXmOw9MKh6FdzCNmReQUciHnBLQUt88uq+5New42T3OGVyfyBRmfbNq1a288DLYBVRRUa2++eUOIpoELAQqiFI924rBS4kETgWbVdxEsZjQCRmxnsaQBEx5ab7CDJ9qZYCHkdQnBJyrvydSEig1DXzdGRAYq0UvE//zegkMr7yUh3ECLKTzh4aJwBDhLA884JJREFMNhEqu/4rpmEhCQadW0SHYiysvQ+e8bl/UG7eNarNRxFFGx+gEnSEbXaImukEt1EYUPaJn9IrejCfjxXg3PuatJaOYOUR/yvj8ASLVlVc=</latexit>

Z, WW, hZ, tt̄

boson decays  (Tera-Z)
<latexit sha1_base64="5AdKBL9QexAppGtWa9AqDDko3qQ=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAILqQkpT7ATcGNywr2gU0sk+m0HTqZhJmJUELBX3HjQhG3foc7/8Zpm4W2HrhwOOde7r0niDlT2nG+rdzS8srqWn69sLG5tb1j7+41VJRIQusk4pFsBVhRzgSta6Y5bcWS4jDgtBkMryd+85FKxSJxp0cx9UPcF6zHCNZG6tgHZ55mIVXIdR5StzxG3pV3et+xi07JmQItEjcjRchQ69hfXjciSUiFJhwr1XadWPsplpoRTscFL1E0xmSI+7RtqMBmpZ9Ozx+jY6N0US+SpoRGU/X3RIpDpUZhYDpDrAdq3puI/3ntRPcu/ZSJONFUkNmiXsKRjtAkC9RlkhLNR4ZgIpm5FZEBlphok1jBhODOv7xIGuWSe16q3FaK1UoWRx4O4QhOwIULqMIN1KAOBFJ4hld4s56sF+vd+pi15qxsZh/+wPr8AbM5k/4=</latexit>

5⇥ 1012 Z

[FCC layout, from CDR]

• Much more than (exquisite) precision measurements: 
unique opportunity to probe light new particles in the 1 to 100 GeV range 

• A few existing studies but much remains to be explored, to strengthen physics case
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New light particles at Tera-Z: examples

Ennio Salvioni

Heavy neutral leptons Axion-like particles

<latexit sha1_base64="744hjcBHow0CoQpOAkD9WUZUTE0=">AAAB/nicbVDLSgMxFL3js9bXqLhyEyyCqzJTRF0WdOGmUME+oB1KJr1tQzMPkoxQhoK/4saFIm79Dnf+jZl2Ftp6IXByzr0nucePBVfacb6tldW19Y3NwlZxe2d3b98+OGyqKJEMGywSkWz7VKHgITY01wLbsUQa+AJb/vgm01uPKBWPwgc9idEL6DDkA86oNlTPPq6ZO2rOiDEQVGXottazS07ZmRVZBm4OSpBXvWd/dfsRSwIMNTMuquM6sfZSKo2fwGmxmyiMKRvTIXYMDGmAyktn35+SM8P0ySCS5oSazNjfEykNlJoEvukMqB6pRS0j/9M6iR5ceykP40RjyOYPDRJBdESyLEifS2RaTAygTPJsdzaikjJtEiuaENzFlZdBs1J2L8sX95VStZLHUYATOIVzcOEKqnAHdWgAgxSe4RXerCfrxXq3PuatK1Y+cwR/yvr8AYiVlSk=</latexit>

Magnetic inelastic DM

[J. Alimena @ Snowmass EF09, https://indico.fnal.gov/event/51673/] 
[Blondel, Graverini, Serra, Shaposhnikov 1411.5230]

[Bauer, Heiles, Neubert, Thamm 1808.10323] 
[Cacciapaglia, Deandrea, Iyer, Sridhar 2104.11064] 
also invisible dark photon: [Cobal et al. 2006.15945]

[Liu, Wang, Wang, Xue 1712.07237]

recent essays with more refs: 
[Chrzaszcz, Gonzalez Suarez, Monteil 2106.15459] 
[Knapen, Thamm 2108.08949]

Light dark matter
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<latexit sha1_base64="4zw8b27m93G5F21ts+Xc1kkxLqQ=">AAACKXicbVDLSsNAFJ3UV62vqEs3g0UQrCWRoi4LblxWsA9oYrmZTtqhmSTMTAol9Hfc+CtuFBR16484abPQ1gtzOXPu+3hxwKSyrE+jsLK6tr5R3Cxtbe/s7pn7By0ZJYLQJomCSHQ8kDRgIW0qpgLaiQUF7gW07Y1usnh7TIVkUXivJjF1OQxC5jMCSlM9sw6OirAzAM5h7itOxeHJwxnO/Ln+eY4HIvWmGmoO1FDwlIVjJpkeMu2ZZatqzQwvAzsHZZRbo2e+Ov2IJJyGigQgZde2YuWmIBQjul/JSSSNgYxgQLsahsCpdNPZpVN8opk+9iOhX6jwjP1dkQKXcsI9nZltKhdjGflfrJso/9rVZ8WJoiGZD/KTAGtxMtlwnwlKVDDRAIhgeldMhiCAKC1uSYtgL568DFoXVfuyWrurletWLkcRHaFjdIpsdIXq6BY1UBMR9Iie0Rt6N56MF+PD+JqnFoy85hD9MeP7B/7ipns=</latexit>

a ! ��, µ+µ�, bb̄, invisible

https://indico.fnal.gov/event/51673/
https://indico.fnal.gov/event/51673/


This talk

• Z-pole run of FCC-ee as portal to dark sector 

• Dark QCD with non-renormalizable couplings to Standard Model (“hidden valley”) 

• A variety of potential signatures: from prompt to long-lived decays, from few-body 

final states to “dark-jet" topologies

Ennio Salvioni 3

[Strassler, Zurek 2006]



This talk

• Z-pole run of FCC-ee as portal to dark sector 

• Dark QCD with non-renormalizable couplings to Standard Model (“hidden valley”) 

• Specific motivations from approaches to hierarchy problem: 

Ennio Salvioni

RelaxionNeutral Naturalness

<latexit sha1_base64="nbpzEPuAZE4POywvU6Kl1Uyb9Hw="></latexit>
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[Chacko, Goh, Harnik 2005] [Graham, Kaplan, Rajendran 2015]

[Strassler, Zurek 2006]
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The dark sector

Ennio Salvioni

<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]
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• 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 “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 

Ennio Salvioni 6



• 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 

Neutral naturalness models  
prefer chiral structure

<latexit sha1_base64="wTvH+YCWVIW0oZ4V93hNhrglR5M=">AAACLHicbVBNSwMxEM36WetX1aOXYBE8SNkVUcGL0IsXoYKtlm4p2exUg8nukswqZekP8uJfEcSDRbz6O8x2e9DqC4GX92bIzAsSKQy67siZmZ2bX1gsLZWXV1bX1isbmy0Tp5pDk8cy1jcBMyBFBE0UKOEm0cBUIOE6uK/n/vUDaCPi6AoHCXQVu41EX3CGVupV6m3qG6HooIcF8fb9U3seRQgoZAhZe1gY7j7NnYvi5SuGd1plV9Aa9ipVt+aOQf8Sb0KqZIJGr/LqhzFPFUTIJTOm47kJdjOmUXAJw7KfGkgYv2e30LE0YgpMNxsvO6S7VglpP9b2RkjH6s+OjCljBiqwlfmMZtrLxf+8Tor9k24moiRFiHjxUT+VFGOaJ0dDoYGjHFjCuBZ2VsrvmGYcbb5lG4I3vfJf0jqoeUe1w8vD6tnBJI4S2SY7ZI945JickXPSIE3CyRN5Ie9k5Dw7b86H81mUzjiTni3yC87XNx71plE=</latexit>

Y ⇠ yt ⇠ 1, eY ⇠ 0, M ⇠ TeV

Z portal dominates

[Cheng, Li, Salvioni, Verhaaren 2018+2019]

Ennio Salvioni 7



• 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 

Ennio Salvioni

<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-violating couplings

<latexit sha1_base64="BILrU5d35jGCewD5LfIndIG3xNg="></latexit>

LALP = �@µ⇡̂

fa

X

f

cf f̄�
µ�5f

smallest possible effective decay constant 

<latexit sha1_base64="h+ZF142ORVVabn5tr88pLAdwQVk="></latexit>

fa ⇠ M2

Y 2f⇡̂
> 10 TeV

✓
M/Y

TeV

◆2 ✓100 GeV

f⇡̂

◆
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Composite ALP at FCC-ee

Ennio Salvioni

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

Z

<latexit sha1_base64="82Fz9a3fqU29m+O0ZxW2kqtQ7Nc=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYhA8hV0J6jHgxWME84BkCb2TSTJmHsvMrBCW/IMXD4p49X+8+TdOkj1oYkFDUdVNd1eccGZsEHx7a+sbm1vbhZ3i7t7+wWHp6LhpVKoJbRDFlW7HaChnkjYss5y2E01RxJy24vHtzG89UW2Ykg92ktBI4FCyASNondTsDlEI7JXKQSWYw18lYU7KkKPeK311+4qkgkpLOBrTCYPERhlqywin02I3NTRBMsYh7TgqUVATZfNrp/65U/r+QGlX0vpz9fdEhsKYiYhdp0A7MsveTPzP66R2cBNlTCappZIsFg1S7lvlz173+0xTYvnEESSauVt9MkKNxLqAii6EcPnlVdK8rIRXlep9tVyr5nEU4BTO4AJCuIYa3EEdGkDgEZ7hFd485b14797HonXNy2dO4A+8zx+Fo48Q</latexit>�

<latexit sha1_base64="r/n+XWr36lfyhSAl5erLnZyxewU=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYJUY8kXjxCIo8IGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj27nffkKleSzvzSRBP6JDyUPOqLFS46FfLLlldwGyTryMlCBDvV/86g1ilkYoDRNU667nJsafUmU4Ezgr9FKNCWVjOsSupZJGqP3p4tAZubDKgISxsiUNWai/J6Y00noSBbYzomakV725+J/XTU1440+5TFKDki0XhakgJibzr8mAK2RGTCyhTHF7K2EjqigzNpuCDcFbfXmdtCpl76pcbVRLtUoWRx7O4BwuwYNrqMEd1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/ALbfjNc=</latexit>

Z

<latexit sha1_base64="36t4rX9P3VSMi9/8/sfJWyyAiTU=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6redbXWrFXqtTyOIpzBOVyCBzdQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AwhWM4A==</latexit>a

<latexit sha1_base64="60txZVwjsJnB1DBdXpetDa8rAGc=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkp6rHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUDAelsltxFyDrxMtJGXI0BqWv/jBmaYTSMEG17nluYvyMKsOZwFmxn2pMKJvQEfYslTRC7WeLQ2fk0ipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m6INwVt9eZ20qxXvulJr1sr1ah5HAc7hAq7Agxuowz00oAUMEJ7hFd6cR+fFeXc+lq0bTj5zBn/gfP4AyQ+M4w==</latexit>

f

<latexit sha1_base64="ufWGT8X3jBXxz3yTDYM+T802/V8="></latexit>

Le↵ =
2e2

swcw
C�Z

a

fa
Fµ⌫

eZµ⌫

SM is anomaly free,  
only top contribution survives

~ 5 times smaller than  
for universal cf

Suppression of the effective coupling makes it challenging, even for smallest values of

<latexit sha1_base64="+2DASJfbibduW+++8RULjht3U8Y="></latexit>

BR(Z ! �a) ⇡ 10�11

✓
10 TeV

fa

◆2 ✓
1� m2

a

m2
Z

◆3
Ex.: for , 

sensitivity 
a → invisible

2 × 10−11 [Cobal et al. 2006.15945]

*preliminary*

<latexit sha1_base64="D0zGnHaA39/terR9dDbX2F/I5xk="></latexit>

C�Z = �
X

f

Nf
c QfvfT 3

L(f)

8⇡2
B3(⌧f , ⌧f/Z) ⇡

NcQtvtT 3
L(f)

8⇡2

<latexit sha1_base64="MNkkk2p5H0iGRKT2/TTjqgisY/I=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FLx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJaPZpqgH9GR5CFn1FjpIRzQQbniVt0FyDrxclKBHM1B+as/jFkaoTRMUK17npsYP6PKcCZwVuqnGhPKJnSEPUsljVD72eLUGbmwypCEsbIlDVmovycyGmk9jQLbGVEz1qveXPzP66UmvPEzLpPUoGTLRWEqiInJ/G8y5AqZEVNLKFPc3krYmCrKjE2nZEPwVl9eJ+2rqlev1u5rlUYtj6MIZ3AOl+DBNTTgDprQAgYjeIZXeHOE8+K8Ox/L1oKTz5zCHzifPze8jbk=</latexit>

fa

[Bauer, Neubert, Thamm 1708.00443]
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Ennio Salvioni

Dark jets at FCC-ee

• But for GeV-scale dark sector, typical event results in dark jets:

decay to  
dark sector

dark parton  
shower/hadronization

macroscopic 
lifetime 

(> millimeter)

visible 
signal

<latexit sha1_base64="Y8CvDEFjLRFM3+b62IjbOeNP18E=">AAAB8HicdVDLSsNAFJ3UV62vqks3g0VwFSaaaLMruHFZwT6kCWUynbZDJ5MwMxFK6Fe4caGIWz/HnX/jpK2gogcuHM65l3vviVLOlEbowyqtrK6tb5Q3K1vbO7t71f2DtkoySWiLJDyR3QgrypmgLc00p91UUhxHnHaiyVXhd+6pVCwRt3qa0jDGI8GGjGBtpLtgjHUepGzWr9aQjTzfcxBEtocc/7wgvl93PQ86NpqjBpZo9qvvwSAhWUyFJhwr1XNQqsMcS80Ip7NKkCmaYjLBI9ozVOCYqjCfHzyDJ0YZwGEiTQkN5+r3iRzHSk3jyHTGWI/Vb68Q//J6mR7Ww5yJNNNUkMWiYcahTmDxPRwwSYnmU0MwkczcCskYS0y0yahiQvj6FP5P2me2c2G7N26t4S7jKIMjcAxOgQMuQQNcgyZoAQJi8ACewLMlrUfrxXpdtJas5cwh+AHr7RONwpDj</latexit>

⇡̂
<latexit sha1_base64="Elg6MecgPLawfRewns3AmfhsKPk=">AAAB8nicbVDLSgMxFL3js9ZX1aWbYBFcSJmRoi4LbtwIFe0DpkPJpJk2NJMMSUYoQz/DjQtF3Po17vwbM+0stPVA4HDOveTcEyacaeO6387K6tr6xmZpq7y9s7u3Xzk4bGuZKkJbRHKpuiHWlDNBW4YZTruJojgOOe2E45vc7zxRpZkUj2aS0CDGQ8EiRrCxkt+LsRmpOHu4m/YrVbfmzoCWiVeQKhRo9itfvYEkaUyFIRxr7XtuYoIMK8MIp9NyL9U0wWSMh9S3VOCY6iCbRZ6iU6sMUCSVfcKgmfp7I8Ox1pM4tJN5RL3o5eJ/np+a6DrImEhSQwWZfxSlHBmJ8vvRgClKDJ9YgoliNisiI6wwMbalsi3BWzx5mbQvat5lrX5frzbOizpKcAwncAYeXEEDbqEJLSAg4Rle4c0xzovz7nzMR1ecYucI/sD5/AGCOpFY</latexit>

SM

<latexit sha1_base64="Elg6MecgPLawfRewns3AmfhsKPk=">AAAB8nicbVDLSgMxFL3js9ZX1aWbYBFcSJmRoi4LbtwIFe0DpkPJpJk2NJMMSUYoQz/DjQtF3Po17vwbM+0stPVA4HDOveTcEyacaeO6387K6tr6xmZpq7y9s7u3Xzk4bGuZKkJbRHKpuiHWlDNBW4YZTruJojgOOe2E45vc7zxRpZkUj2aS0CDGQ8EiRrCxkt+LsRmpOHu4m/YrVbfmzoCWiVeQKhRo9itfvYEkaUyFIRxr7XtuYoIMK8MIp9NyL9U0wWSMh9S3VOCY6iCbRZ6iU6sMUCSVfcKgmfp7I8Ox1pM4tJN5RL3o5eJ/np+a6DrImEhSQwWZfxSlHBmJ8vvRgClKDJ9YgoliNisiI6wwMbalsi3BWzx5mbQvat5lrX5frzbOizpKcAwncAYeXEEDbqEJLSAg4Rle4c0xzovz7nzMR1ecYucI/sD5/AGCOpFY</latexit>

SM

<latexit sha1_base64="eA8Q2gBe9WoKIB1Z/vdVzXyeA1E="></latexit>

⇠ Y
2

M2
 �

µ
 iH

†
DµH

<latexit sha1_base64="RrsvL7Arkr4R+eM1s2NWifRJvfM=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKexKUI8BLx4jmAckS5idzCZD5rHMzAphyS948aCIV3/Im3/jbLIHTSxoKKq66e6KEs6M9f1vr7SxubW9U96t7O0fHB5Vj086RqWa0DZRXOlehA3lTNK2ZZbTXqIpFhGn3Wh6l/vdJ6oNU/LRzhIaCjyWLGYE21waJIYNqzW/7i+A1klQkBoUaA2rX4ORIqmg0hKOjekHfmLDDGvLCKfzyiA1NMFkise076jEgpowW9w6RxdOGaFYaVfSooX6eyLDwpiZiFynwHZiVr1c/M/rpza+DTMmk9RSSZaL4pQjq1D+OBoxTYnlM0cw0czdisgEa0ysi6fiQghWX14nnat6cF1vPDRqTb+IowxncA6XEMANNOEeWtAGAhN4hld484T34r17H8vWklfMnMIfeJ8/IcOOQQ==</latexit>

 

<latexit sha1_base64="tEAND4zdOscBRalegP040YSeYF4=">AAAB+HicbVDLSgMxFL1TX7U+WnXpJlgEV2VGirosuHFZwT6gM5RMmmlDM8mQZIQ69EvcuFDErZ/izr8x085CWw8EDufcw705YcKZNq777ZQ2Nre2d8q7lb39g8Nq7ei4q2WqCO0QyaXqh1hTzgTtGGY47SeK4jjktBdOb3O/90iVZlI8mFlCgxiPBYsYwcZKw1rVl9bO05mfaDYf1upuw10ArROvIHUo0B7WvvyRJGlMhSEcaz3w3MQEGVaGEU7nFT/VNMFkisd0YKnAMdVBtjh8js6tMkKRVPYJgxbq70SGY61ncWgnY2wmetXLxf+8QWqimyBjIkkNFWS5KEo5MhLlLaARU5QYPrMEE8XsrYhMsMLE2K4qtgRv9cvrpHvZ8K4azftmveUWdZThFM7gAjy4hhbcQRs6QCCFZ3iFN+fJeXHenY/laMkpMifwB87nD4Dck5g=</latexit>

 

<latexit sha1_base64="/6JK+k/4cSBP0oH5rpYPHi+jrN8="></latexit>

BR(Z !   ) ⇠ 2⇥ 10�4 Y 4

✓
TeV

M

◆4
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Light dark pions are long lived

      between 10 meters and 1 millimeter             natural long-lived particle target<latexit sha1_base64="vltyuT3dT2EprZpr4GTMLFweXbw=">AAAB7HicdVBNSwMxEJ2tX7V+VT16CRbB05ItbW1vBS8eK7htoV1KNk3b0Gx2SbJCWfobvHhQxKs/yJv/xvRDUNEHA4/3ZpiZFyaCa4Pxh5Pb2Nza3snvFvb2Dw6PiscnbR2nijKfxiJW3ZBoJrhkvuFGsG6iGIlCwTrh9Hrhd+6Z0jyWd2aWsCAiY8lHnBJjJZ/2DUkHxRJ2cblerZQRdstV3PAallSx16hVkOfiJUqwRmtQfO8PY5pGTBoqiNY9DycmyIgynAo2L/RTzRJCp2TMepZKEjEdZMtj5+jCKkM0ipUtadBS/T6RkUjrWRTazoiYif7tLcS/vF5qRvUg4zJJDZN0tWiUCmRitPgcDbli1IiZJYQqbm9FdEIUocbmU7AhfH2K/iftsuvV3MptpdSsrePIwxmcwyV4cAVNuIEW+ECBwwM8wbMjnUfnxXldteac9cwp/IDz9glE/476</latexit>c⌧

<latexit sha1_base64="UkoK4HFOFWPBme5ZntCJjHla5qI=">AAACB3icbVBNS8NAEN34WetX1KMgwSJ4KkkpKngpePFYwX5AEsJmu22X7iZhdyKUkJsX/4oXD4p49S9489+4aXPQ1gcDj/dmmJkXJpwpsO1vY2V1bX1js7JV3d7Z3ds3Dw67Kk4loR0S81j2Q6woZxHtAANO+4mkWISc9sLJTeH3HqhULI7uYZpQX+BRxIaMYNBSYJ54gNMg88YYMi9hee5du57AMJYiE7kfmDW7bs9gLROnJDVUoh2YX94gJqmgERCOlXIdOwE/wxIY4TSveqmiCSYTPKKuphEWVPnZ7I/cOtPKwBrGUlcE1kz9PZFhodRUhLqzOFEteoX4n+emMLzyMxYlKdCIzBcNU25BbBWhWAMmKQE+1QQTyfStFhljiQno6Ko6BGfx5WXSbdSdi3rzrllrNco4KugYnaJz5KBL1EK3qI06iKBH9Ixe0ZvxZLwY78bHvHXFKGeO0B8Ynz9H+Jos</latexit>

⌧⇡̂ [m]

<latexit sha1_base64="PtKCw9l2HWctdiJCYGUuQjjqB+s=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgqiSlqOCm4EKXFewDkhAm00k7dCYJMxOhhKzc+CtuXCji1m9w5984abPQ1gMXDufcy733BAmjUlnWt1FZWV1b36hu1ra2d3b3zP2DnoxTgUkXxywWgwBJwmhEuooqRgaJIIgHjPSDyXXh9x+IkDSO7tU0IR5Ho4iGFCOlJd885n7mjpHK3ITmuXvluBypseDZDenlnm/WrYY1A1wmdknqoETHN7/cYYxTTiKFGZLSsa1EeRkSimJG8pqbSpIgPEEj4mgaIU6kl83eyOGpVoYwjIWuSMGZ+nsiQ1zKKQ90Z3GkXPQK8T/PSVV46WU0SlJFIjxfFKYMqhgWmcAhFQQrNtUEYUH1rRCPkUBY6eRqOgR78eVl0ms27PNG665VbzfLOKrgCJyAM2CDC9AGt6ADugCDR/AMXsGb8WS8GO/Gx7y1YpQzh+APjM8fHcyZfg==</latexit>

m⇡̂ [GeV]

<latexit sha1_base64="m8FCNLZSFZCHMqp6gfttHI5R61w=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBVUmkqCBCwYUuK9gHNKFMppN26MwkzEyEErJ046+4caGIWz/BnX/jpM1CWw9cOJxzL/feE8SMKu0431ZpaXllda28XtnY3NresXf32ipKJCYtHLFIdgOkCKOCtDTVjHRjSRAPGOkE4+vc7zwQqWgk7vUkJj5HQ0FDipE2Ut8+DPupN0I69WKaZfAKut6lx5EeSZ7ekHbWt6tOzZkCLhK3IFVQoNm3v7xBhBNOhMYMKdVznVj7KZKaYkayipcoEiM8RkPSM1QgTpSfTh/J4LFRBjCMpCmh4VT9PZEirtSEB6Yzv1HNe7n4n9dLdHjhp1TEiSYCzxaFCYM6gnkqcEAlwZpNDEFYUnMrxCMkEdYmu4oJwZ1/eZG0T2vuWa1+V682nCKOMjgAR+AEuOAcNMAtaIIWwOARPINX8GY9WS/Wu/Uxay1Zxcw++APr8wdX+pl/</latexit>

f⇡̂ = 1 GeV

<latexit sha1_base64="MYsz4Zycqi/fjyWMT1eCEga8Wi4=">AAACAHicbVBNS8NAEJ34WetX1IMHL4tF8FQSKSp4KXjxIlToFzShbLabduluEnY3Qgm9+Fe8eFDEqz/Dm//GTZuDtj4YeLw3w8y8IOFMacf5tlZW19Y3Nktb5e2d3b19++CwreJUEtoiMY9lN8CKchbRlmaa024iKRYBp51gfJv7nUcqFYujpp4k1Bd4GLGQEayN1LeP75GnmEAu8m48gfVIiqxJ29O+XXGqzgxombgFqUCBRt/+8gYxSQWNNOFYqZ7rJNrPsNSMcDote6miCSZjPKQ9QyMsqPKz2QNTdGaUAQpjaSrSaKb+nsiwUGoiAtOZ36gWvVz8z+ulOrz2MxYlqaYRmS8KU450jPI00IBJSjSfGIKJZOZWREZYYqJNZmUTgrv48jJpX1Tdy2rtoVapO0UcJTiBUzgHF66gDnfQgBYQmMIzvMKb9WS9WO/Wx7x1xSpmjuAPrM8fTomVjg==</latexit>

M ⇠ 1 TeV

<latexit sha1_base64="4y9ICnNqmygPFoL3QNMazJLPNJA=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY8FLx4r2A9pl5JNs21okl2TrFCW/gkvHhTx6t/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61TJxqypo0FrHuhMQwwRVrWm4F6ySaERkK1g7HNzO//cS04bG6t5OEBZIMFY84JdZJnQfcM1xiv1+ueFVvDrxK/JxUIEejX/7qDWKaSqYsFcSYru8lNsiItpwKNi31UsMSQsdkyLqOKiKZCbL5vVN85pQBjmLtSlk8V39PZEQaM5Gh65TEjsyyNxP/87qpja6DjKsktUzRxaIoFdjGePY8HnDNqBUTRwjV3N2K6YhoQq2LqORC8JdfXiWti6p/Wa3d1Sp1L4+jCCdwCufgwxXU4RYa0AQKAp7hFd7QI3pB7+hj0VpA+cwx/AH6/AHpt48w</latexit>

Y ⇠ 1naive expectations  
for parameters

Ennio Salvioni 11



<latexit sha1_base64="pBaIJzQKHMtHgIAd/gEUmfKGx9M=">AAAB/XicbVDLSsNAFL3xWesrPnZuBotQNyWRoi6LblxWsQ9oSplMJ+3QmSTMTIQair/ixoUibv0Pd/6NkzYLbT0wcDjnXubc48ecKe0439bS8srq2npho7i5tb2za+/tN1WUSEIbJOKRbPtYUc5C2tBMc9qOJcXC57Tlj64zv/VApWJReK/HMe0KPAhZwAjWRurZh57AeihFenU3KWPk6Qi1T3t2yak4U6BF4uakBDnqPfvL60ckETTUhGOlOq4T626KpWaE00nRSxSNMRnhAe0YGmJBVTedpp+gE6P0URBJ80KNpurvjRQLpcbCN5NZVjXvZeJ/XifRwWU3ZWGcaBqS2UdBwpG5MasC9ZmkRPOxIZhIZrIiMsQSE20KK5oS3PmTF0nzrOKeV6q31VLNyesowBEcQxlcuIAa3EAdGkDgEZ7hFd6sJ+vFerc+ZqNLVr5zAH9gff4AQJCUZA==</latexit>

BR(a ! X)

<latexit sha1_base64="eqI611+Qi4C08z4IyQ1KEeEfWQA=">AAAB/HicbVBPS8MwHE3nvzn/VXf0EhyCp9GOoYKXgQc9TnBzsJaSZukWlqQlSYVS5lfx4kERr34Qb34b060H3XwQeLz3+/F7eWHCqNKO821V1tY3Nreq27Wd3b39A/vwqK/iVGLSwzGL5SBEijAqSE9TzcggkQTxkJGHcHpd+A+PRCoai3udJcTnaCxoRDHSRgrsOg+QdzX0ONITyfMb0p/5gd1wms4ccJW4JWmAEt3A/vJGMU45ERozpNTQdRLt50hqihmZ1bxUkQThKRqToaECcaL8fB5+Bk+NMoJRLM0TGs7V3xs54kplPDSTRUi17BXif94w1dGln1ORpJoIvDgUpQzqGBZNwBGVBGuWGYKwpCYrxBMkEdamr5opwV3+8irpt5ruebN91250WmUdVXAMTsAZcMEF6IBb0AU9gEEGnsEreLOerBfr3fpYjFascqcO/sD6/AGnipS9</latexit>

ma [GeV]

Which signatures?

Ennio Salvioni

dominates
<latexit sha1_base64="GVlLTvgQ5DnGC92lJeJsW9Aj5ok=">AAAB/3icdVDLSgMxFM3UV62vUcGNm2ARBHHIjFNtdwU3LivYB3TGkknTNjTzIMkIpXbhr7hxoYhbf8Odf2M6raCiB3I5nHMvufcECWdSIfRh5BYWl5ZX8quFtfWNzS1ze6ch41QQWicxj0UrwJJyFtG6YorTViIoDgNOm8HwYuo3b6mQLI6u1Sihfoj7EesxgpWWOuYe9lQMvYTdHGf1JKuoYxaRVakg1y1BZJWQ4zhlTdCpU67Y0LZQhiKYo9Yx371uTNKQRopwLGXbRonyx1goRjidFLxU0gSTIe7TtqYRDqn0x9n+E3iolS7sxUK/SMFM/T4xxqGUozDQnSFWA/nbm4p/ee1U9cr+mEVJqmhEZh/1Ug71ydMwYJcJShQfaYKJYHpXSAZYYKJ0ZAUdwtel8H/ScCz7zHKv3GLVmceRB/vgABwBG5yDKrgENVAHBNyBB/AEno1749F4MV5nrTljPrMLfsB4+wRnjpUK</latexit>

a ! ⇡+⇡�⇡0

<latexit sha1_base64="4XgiAuCnkw+jpphnuLq8GQr/PYc=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBEEsSSlqMuCG5cV7AOaWCbTSTt0Mgkzk0IJ/RM3LhRx65+482+cpllo64EZDufcy733BAlnSjvOt7W2vrG5tV3aKe/u7R8c2kfHbRWnktAWiXksuwFWlDNBW5ppTruJpDgKOO0E47u535lQqVgsHvU0oX6Eh4KFjGBtpL5tY0/HyIvSp8v8v+rbFafq5ECrxC1IBQo0+/aXN4hJGlGhCcdK9Vwn0X6GpWaE01nZSxVNMBnjIe0ZKnBElZ/lm8/QuVEGKIyleUKjXP3dkeFIqWkUmMoI65Fa9ubif14v1eGtnzGRpJoKshgUphyZY+cxoAGTlGg+NQQTycyuiIywxESbsMomBHf55FXSrlXd62r9oV5p1Io4SnAKZ3ABLtxAA+6hCS0gMIFneIU3K7NerHfrY1G6ZhU9J/AH1ucPOVWStA==</latexit>

a ! µ+µ� always > few % 

12

[Cheng, Li, Salvioni, 2110.10691]

<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-violating couplings



Dark jets at FCC-ee

Ennio Salvioni

• No studies are available yet for “dark pion jets” 

•                   signal has similarities with  flavor dark QCD N = 1
<latexit sha1_base64="4XgiAuCnkw+jpphnuLq8GQr/PYc=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBEEsSSlqMuCG5cV7AOaWCbTSTt0Mgkzk0IJ/RM3LhRx65+482+cpllo64EZDufcy733BAlnSjvOt7W2vrG5tV3aKe/u7R8c2kfHbRWnktAWiXksuwFWlDNBW5ppTruJpDgKOO0E47u535lQqVgsHvU0oX6Eh4KFjGBtpL5tY0/HyIvSp8v8v+rbFafq5ECrxC1IBQo0+/aXN4hJGlGhCcdK9Vwn0X6GpWaE01nZSxVNMBnjIe0ZKnBElZ/lm8/QuVEGKIyleUKjXP3dkeFIqWkUmMoI65Fa9ubif14v1eGtnzGRpJoKshgUphyZY+cxoAGTlGg+NQQTycyuiIywxESbsMomBHf55FXSrlXd62r9oV5p1Io4SnAKZ3ABLtxAA+6hCS0gMIFneIU3K7NerHfrY1G6ZhU9J/AH1ucPOVWStA==</latexit>

a ! µ+µ� [Cheng, Li, Salvioni, Verhaaren 2019]

:  no Goldstone bosons, lightest mesons areN = 1

<latexit sha1_base64="Hy/AQ3xt+YgnuSaSJe6HkuqtjXI=">AAAB7nicdVDJSgNBEK1xjXGLevTSGARPwyQGTW4BLx4jmAWSIfR0epImPT1Dd40QhnyEFw+KePV7vPk3dhbB9UHB470qquoFiRQGPe/dWVldW9/YzG3lt3d29/YLB4ctE6ea8SaLZaw7ATVcCsWbKFDyTqI5jQLJ28H4aua377g2Ila3OEm4H9GhEqFgFK3U7o0oZo1pv1D03Eqt6p3XyG9Scr05irBEo1946w1ilkZcIZPUmG7JS9DPqEbBJJ/me6nhCWVjOuRdSxWNuPGz+blTcmqVAQljbUshmatfJzIaGTOJAtsZURyZn95M/MvrphhW/UyoJEWu2GJRmEqCMZn9TgZCc4ZyYgllWthbCRtRTRnahPI2hM9Pyf+kVXZLF27lplKsl5dx5OAYTuAMSnAJdbiGBjSBwRju4RGenMR5cJ6dl0XrirOcOYJvcF4/AADqj/0=</latexit>

P̂
<latexit sha1_base64="c6h78LLOTOrDaAgJmARID59NNew=">AAAB7nicdVDJSgNBEK1xjXGLevTSGARPwyQGTW4BLx4jmAWSIfR0epImPT1Dd40QhnyEFw+KePV7vPk3dhbB9UHB470qquoFiRQGPe/dWVldW9/YzG3lt3d29/YLB4ctE6ea8SaLZaw7ATVcCsWbKFDyTqI5jQLJ28H4aua377g2Ila3OEm4H9GhEqFgFK3U7o0oZq1pv1D03Eqt6p3XyG9Scr05irBEo1946w1ilkZcIZPUmG7JS9DPqEbBJJ/me6nhCWVjOuRdSxWNuPGz+blTcmqVAQljbUshmatfJzIaGTOJAtsZURyZn95M/MvrphhW/UyoJEWu2GJRmEqCMZn9TgZCc4ZyYgllWthbCRtRTRnahPI2hM9Pyf+kVXZLF27lplKsl5dx5OAYTuAMSnAJdbiGBjSBwRju4RGenMR5cJ6dl0XrirOcOYJvcF4/AAoIkAM=</latexit>

V̂

pseudoscalar, very long-lived

vector, mixes with (transverse) Z

• Projection based on LHC tracker performance 

• Require   lepton tracks per dark jet, main background is≥ 2

[CMS 1810.10069]
<latexit sha1_base64="o0EDG/lAJGy/BAailwP8Sneh+5s=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVoh4LXjxWsB/YXUqSZtvQbHabZAtl6e/w4kERr/4Yb/4b03YP2vpg4PHeDDPzSCK4Nq777RQ2Nre2d4q7pb39g8Oj8vFJS8epoqxJYxGrDsGaCS5Z03AjWCdRDEdEsDYZ3c399oQpzWP5aKYJCyI8kDzkFBsrBU++iRHxCVYZmfXKFbfqLoDWiZeTCuRo9Mpffj+macSkoQJr3fXcxAQZVoZTwWYlP9UswXSEB6xrqcQR00G2OHqGLqzSR2GsbEmDFurviQxHWk8jYjsjbIZ61ZuL/3nd1IS3QcZlkhom6XJRmApkP50ngPpcMWrE1BJMFbe3IjrEClNjcyrZELzVl9dJ66rqXVdrD7VK3c3jKMIZnMMleHADdbiHBjSBwhie4RXenInz4rw7H8vWgpPPnMIfOJ8/oz2R+Q==</latexit>

Z ! bb̄
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<latexit sha1_base64="cmXyq2OSOG916u+5ZEm0cIAnAjA="></latexit>

Z !   ! jdark jdark ! (V̂ ! `+`�)DV +X



Dark jets at FCC-ee

Ennio Salvioni

• No studies are available yet for “dark pion jets” 

•                   signal has similarities with  flavor dark QCD N = 1
<latexit sha1_base64="4XgiAuCnkw+jpphnuLq8GQr/PYc=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBEEsSSlqMuCG5cV7AOaWCbTSTt0Mgkzk0IJ/RM3LhRx65+482+cpllo64EZDufcy733BAlnSjvOt7W2vrG5tV3aKe/u7R8c2kfHbRWnktAWiXksuwFWlDNBW5ppTruJpDgKOO0E47u535lQqVgsHvU0oX6Eh4KFjGBtpL5tY0/HyIvSp8v8v+rbFafq5ECrxC1IBQo0+/aXN4hJGlGhCcdK9Vwn0X6GpWaE01nZSxVNMBnjIe0ZKnBElZ/lm8/QuVEGKIyleUKjXP3dkeFIqWkUmMoI65Fa9ubif14v1eGtnzGRpJoKshgUphyZY+cxoAGTlGg+NQQTycyuiIywxESbsMomBHf55FXSrlXd62r9oV5p1Io4SnAKZ3ABLtxAA+6hCS0gMIFneIU3K7NerHfrY1G6ZhU9J/AH1ucPOVWStA==</latexit>

a ! µ+µ� [Cheng, Li, Salvioni, Verhaaren 2019]

:  no Goldstone bosons, lightest mesons areN = 1

<latexit sha1_base64="Hy/AQ3xt+YgnuSaSJe6HkuqtjXI=">AAAB7nicdVDJSgNBEK1xjXGLevTSGARPwyQGTW4BLx4jmAWSIfR0epImPT1Dd40QhnyEFw+KePV7vPk3dhbB9UHB470qquoFiRQGPe/dWVldW9/YzG3lt3d29/YLB4ctE6ea8SaLZaw7ATVcCsWbKFDyTqI5jQLJ28H4aua377g2Ila3OEm4H9GhEqFgFK3U7o0oZo1pv1D03Eqt6p3XyG9Scr05irBEo1946w1ilkZcIZPUmG7JS9DPqEbBJJ/me6nhCWVjOuRdSxWNuPGz+blTcmqVAQljbUshmatfJzIaGTOJAtsZURyZn95M/MvrphhW/UyoJEWu2GJRmEqCMZn9TgZCc4ZyYgllWthbCRtRTRnahPI2hM9Pyf+kVXZLF27lplKsl5dx5OAYTuAMSnAJdbiGBjSBwRju4RGenMR5cJ6dl0XrirOcOYJvcF4/AADqj/0=</latexit>

P̂
<latexit sha1_base64="c6h78LLOTOrDaAgJmARID59NNew=">AAAB7nicdVDJSgNBEK1xjXGLevTSGARPwyQGTW4BLx4jmAWSIfR0epImPT1Dd40QhnyEFw+KePV7vPk3dhbB9UHB470qquoFiRQGPe/dWVldW9/YzG3lt3d29/YLB4ctE6ea8SaLZaw7ATVcCsWbKFDyTqI5jQLJ28H4aua377g2Ila3OEm4H9GhEqFgFK3U7o0oZq1pv1D03Eqt6p3XyG9Scr05irBEo1946w1ilkZcIZPUmG7JS9DPqEbBJJ/me6nhCWVjOuRdSxWNuPGz+blTcmqVAQljbUshmatfJzIaGTOJAtsZURyZn95M/MvrphhW/UyoJEWu2GJRmEqCMZn9TgZCc4ZyYgllWthbCRtRTRnahPI2hM9Pyf+kVXZLF27lplKsl5dx5OAYTuAMSnAJdbiGBjSBwRju4RGenMR5cJ6dl0XrirOcOYJvcF4/AAoIkAM=</latexit>

V̂

pseudoscalar, very long-lived

vector, mixes with (transverse) Z

Benchmark: mP̂ = mV̂ = 1 GeV

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

hNP̂ i
hNV̂ i = 1

3

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

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

⇡ 7 mesons per jet

<latexit sha1_base64="YR4w8TBsPjsmfiqXQGrxw8GDpIE=">AAACAnicbZDLSsNAFIYnXmu9RV2Jm8EiuCqJFBXcFNy4rGAv0IQymZy0Y2eSMDMRSihufBU3LhRx61O4822ctllo6w8DH/85hzPnD1LOlHacb2tpeWV1bb20Ud7c2t7Ztff2WyrJJIUmTXgiOwFRwFkMTc00h04qgYiAQzsYXk/q7QeQiiXxnR6l4AvSj1nEKNHG6tmHHqSKcYO5JwUOiRx6V/ge9LhnV5yqMxVeBLeACirU6NlfXpjQTECsKSdKdV0n1X5OpGaUw7jsZQpSQoekD12DMRGg/Hx6whifGCfEUSLNizWeur8nciKUGonAdAqiB2q+NjH/q3UzHV36OYvTTENMZ4uijGOd4EkeOGQSqOYjA4RKZv6K6YBIQrVJrWxCcOdPXoTWWdU9r9Zua5W6U8RRQkfoGJ0iF12gOrpBDdREFD2iZ/SK3qwn68V6tz5mrUtWMXOA/sj6/AEyn5dA</latexit>✏dark jet

<latexit sha1_base64="FeDydYmg3l4GF2Olb3+nq3OsjbM=">AAAB83icdVDLSsNAFJ3UV62vqks3g0VwFZIY2roruHFZwT6gCWUynbRjJ5NhZiKU0N9w40IRt/6MO//GSVtBRQ9cOJxzL/feEwlGlXacD6u0tr6xuVXeruzs7u0fVA+PuirNJCYdnLJU9iOkCKOcdDTVjPSFJCiJGOlF06vC790TqWjKb/VMkDBBY05jipE2UhAQoShL+TC/mw+rNce+bNY9vw4d23EarucWxGv4Fz50jVKgBlZoD6vvwSjFWUK4xgwpNXAdocMcSU0xI/NKkCkiEJ6iMRkYylFCVJgvbp7DM6OMYJxKU1zDhfp9IkeJUrMkMp0J0hP12yvEv7xBpuNmmFMuMk04Xi6KMwZ1CosA4IhKgjWbGYKwpOZWiCdIIqxNTBUTwten8H/S9Wy3bvs3fq3lrOIogxNwCs6BCxqgBa5BG3QABgI8gCfwbGXWo/VivS5bS9Zq5hj8gPX2Cfa+kkI=</latexit>✏j
<latexit sha1_base64="6BoC7wz4QKzllQBdRwJXfknKuAw=">AAAB83icdVDLSgMxFM34rPVVdekmWARXJSmlj13BjcsK9gGdoWTSTBuayYQkI5Shv+HGhSJu/Rl3/o2ZtoKKHrhwOOde7r0nVIIbi9CHt7G5tb2zW9gr7h8cHh2XTk57Jkk1ZV2aiEQPQmKY4JJ1LbeCDZRmJA4F64ez69zv3zNteCLv7FyxICYTySNOiXWS7zNluEjkKAsXo1IZVRBCGGOYE9yoI0darWYVNyHOLYcyWKMzKr3744SmMZOWCmLMECNlg4xoy6lgi6KfGqYInZEJGzoqScxMkC1vXsBLp4xhlGhX0sKl+n0iI7Ex8zh0nTGxU/Pby8W/vGFqo2aQcalSyyRdLYpSAW0C8wDgmGtGrZg7Qqjm7lZIp0QTal1MRRfC16fwf9KrVnC9UrutldtoHUcBnIMLcAUwaIA2uAEd0AUUKPAAnsCzl3qP3ov3umrd8NYzZ+AHvLdP132SLg==</latexit>✏b

solid:
<latexit sha1_base64="Ped3wmaDHhUUEOZMAMsLZhpByrs="></latexit>

Ntrack � 5, Ntrack, ` = 0, 1
<latexit sha1_base64="yQseNOsRYIojE5pvBEDbHfFfXRo="></latexit>

Ntrack � 3, Ntrack, ` � 2dashed:
<latexit sha1_base64="PhsKaNbNtrcHc1SC8eqgcJRmvfw=">AAACB3icbVBNS8NAEN34WetX1aMgi0XwICWRooKXghePFewHNCFstpt26W4SdidCCbl58a948aCIV/+CN/+Nm7YHbX0w8Hhvhpl5QSK4Btv+tpaWV1bX1ksb5c2t7Z3dyt5+W8epoqxFYxGrbkA0EzxiLeAgWDdRjMhAsE4wuin8zgNTmsfRPYwT5kkyiHjIKQEj+ZUjF0jqZ+6QQNbOc/ca91xJYKhkRmXu+ZWqXbMnwIvEmZEqmqHpV77cfkxTySKggmjdc+wEvIwo4FSwvOymmiWEjsiA9QyNiGTayyZ/5PjEKH0cxspUBHii/p7IiNR6LAPTWdyo571C/M/rpRBeeRmPkhRYRKeLwlRgiHERCu5zxSiIsSGEKm5uxXRIFKFgoiubEJz5lxdJ+7zmXNTqd/Vq42wWRwkdomN0ihx0iRroFjVRC1H0iJ7RK3qznqwX6936mLYuWbOZA/QH1ucPteWZyg==</latexit>

⌧V̂ [cm]
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<latexit sha1_base64="cmXyq2OSOG916u+5ZEm0cIAnAjA="></latexit>

Z !   ! jdark jdark ! (V̂ ! `+`�)DV +X



Dark jets at FCC-ee

Ennio Salvioni

• No studies are available yet for “dark pion jets” 

•                   signal has similarities with  flavor dark QCD N = 1
<latexit sha1_base64="4XgiAuCnkw+jpphnuLq8GQr/PYc=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBEEsSSlqMuCG5cV7AOaWCbTSTt0Mgkzk0IJ/RM3LhRx65+482+cpllo64EZDufcy733BAlnSjvOt7W2vrG5tV3aKe/u7R8c2kfHbRWnktAWiXksuwFWlDNBW5ppTruJpDgKOO0E47u535lQqVgsHvU0oX6Eh4KFjGBtpL5tY0/HyIvSp8v8v+rbFafq5ECrxC1IBQo0+/aXN4hJGlGhCcdK9Vwn0X6GpWaE01nZSxVNMBnjIe0ZKnBElZ/lm8/QuVEGKIyleUKjXP3dkeFIqWkUmMoI65Fa9ubif14v1eGtnzGRpJoKshgUphyZY+cxoAGTlGg+NQQTycyuiIywxESbsMomBHf55FXSrlXd62r9oV5p1Io4SnAKZ3ABLtxAA+6hCS0gMIFneIU3K7NerHfrY1G6ZhU9J/AH1ucPOVWStA==</latexit>

a ! µ+µ� [Cheng, Li, Salvioni, Verhaaren 2019]

:  no Goldstone bosons, lightest mesons areN = 1

<latexit sha1_base64="Hy/AQ3xt+YgnuSaSJe6HkuqtjXI=">AAAB7nicdVDJSgNBEK1xjXGLevTSGARPwyQGTW4BLx4jmAWSIfR0epImPT1Dd40QhnyEFw+KePV7vPk3dhbB9UHB470qquoFiRQGPe/dWVldW9/YzG3lt3d29/YLB4ctE6ea8SaLZaw7ATVcCsWbKFDyTqI5jQLJ28H4aua377g2Ila3OEm4H9GhEqFgFK3U7o0oZo1pv1D03Eqt6p3XyG9Scr05irBEo1946w1ilkZcIZPUmG7JS9DPqEbBJJ/me6nhCWVjOuRdSxWNuPGz+blTcmqVAQljbUshmatfJzIaGTOJAtsZURyZn95M/MvrphhW/UyoJEWu2GJRmEqCMZn9TgZCc4ZyYgllWthbCRtRTRnahPI2hM9Pyf+kVXZLF27lplKsl5dx5OAYTuAMSnAJdbiGBjSBwRju4RGenMR5cJ6dl0XrirOcOYJvcF4/AADqj/0=</latexit>

P̂
<latexit sha1_base64="c6h78LLOTOrDaAgJmARID59NNew=">AAAB7nicdVDJSgNBEK1xjXGLevTSGARPwyQGTW4BLx4jmAWSIfR0epImPT1Dd40QhnyEFw+KePV7vPk3dhbB9UHB470qquoFiRQGPe/dWVldW9/YzG3lt3d29/YLB4ctE6ea8SaLZaw7ATVcCsWbKFDyTqI5jQLJ28H4aua377g2Ila3OEm4H9GhEqFgFK3U7o0oZq1pv1D03Eqt6p3XyG9Scr05irBEo1946w1ilkZcIZPUmG7JS9DPqEbBJJ/me6nhCWVjOuRdSxWNuPGz+blTcmqVAQljbUshmatfJzIaGTOJAtsZURyZn95M/MvrphhW/UyoJEWu2GJRmEqCMZn9TgZCc4ZyYgllWthbCRtRTRnahPI2hM9Pyf+kVXZLF27lplKsl5dx5OAYTuAMSnAJdbiGBjSBwRju4RGenMR5cJ6dl0XrirOcOYJvcF4/AAoIkAM=</latexit>

V̂

pseudoscalar, very long-lived

vector, mixes with (transverse) Z

<latexit sha1_base64="YR4w8TBsPjsmfiqXQGrxw8GDpIE=">AAACAnicbZDLSsNAFIYnXmu9RV2Jm8EiuCqJFBXcFNy4rGAv0IQymZy0Y2eSMDMRSihufBU3LhRx61O4822ctllo6w8DH/85hzPnD1LOlHacb2tpeWV1bb20Ud7c2t7Ztff2WyrJJIUmTXgiOwFRwFkMTc00h04qgYiAQzsYXk/q7QeQiiXxnR6l4AvSj1nEKNHG6tmHHqSKcYO5JwUOiRx6V/ge9LhnV5yqMxVeBLeACirU6NlfXpjQTECsKSdKdV0n1X5OpGaUw7jsZQpSQoekD12DMRGg/Hx6whifGCfEUSLNizWeur8nciKUGonAdAqiB2q+NjH/q3UzHV36OYvTTENMZ4uijGOd4EkeOGQSqOYjA4RKZv6K6YBIQrVJrWxCcOdPXoTWWdU9r9Zua5W6U8RRQkfoGJ0iF12gOrpBDdREFD2iZ/SK3qwn68V6tz5mrUtWMXOA/sj6/AEyn5dA</latexit>✏dark jet

<latexit sha1_base64="FeDydYmg3l4GF2Olb3+nq3OsjbM=">AAAB83icdVDLSsNAFJ3UV62vqks3g0VwFZIY2roruHFZwT6gCWUynbRjJ5NhZiKU0N9w40IRt/6MO//GSVtBRQ9cOJxzL/feEwlGlXacD6u0tr6xuVXeruzs7u0fVA+PuirNJCYdnLJU9iOkCKOcdDTVjPSFJCiJGOlF06vC790TqWjKb/VMkDBBY05jipE2UhAQoShL+TC/mw+rNce+bNY9vw4d23EarucWxGv4Fz50jVKgBlZoD6vvwSjFWUK4xgwpNXAdocMcSU0xI/NKkCkiEJ6iMRkYylFCVJgvbp7DM6OMYJxKU1zDhfp9IkeJUrMkMp0J0hP12yvEv7xBpuNmmFMuMk04Xi6KMwZ1CosA4IhKgjWbGYKwpOZWiCdIIqxNTBUTwten8H/S9Wy3bvs3fq3lrOIogxNwCs6BCxqgBa5BG3QABgI8gCfwbGXWo/VivS5bS9Zq5hj8gPX2Cfa+kkI=</latexit>✏j
<latexit sha1_base64="6BoC7wz4QKzllQBdRwJXfknKuAw=">AAAB83icdVDLSgMxFM34rPVVdekmWARXJSmlj13BjcsK9gGdoWTSTBuayYQkI5Shv+HGhSJu/Rl3/o2ZtoKKHrhwOOde7r0nVIIbi9CHt7G5tb2zW9gr7h8cHh2XTk57Jkk1ZV2aiEQPQmKY4JJ1LbeCDZRmJA4F64ez69zv3zNteCLv7FyxICYTySNOiXWS7zNluEjkKAsXo1IZVRBCGGOYE9yoI0darWYVNyHOLYcyWKMzKr3744SmMZOWCmLMECNlg4xoy6lgi6KfGqYInZEJGzoqScxMkC1vXsBLp4xhlGhX0sKl+n0iI7Ex8zh0nTGxU/Pby8W/vGFqo2aQcalSyyRdLYpSAW0C8wDgmGtGrZg7Qqjm7lZIp0QTal1MRRfC16fwf9KrVnC9UrutldtoHUcBnIMLcAUwaIA2uAEd0AUUKPAAnsCzl3qP3ov3umrd8NYzZ+AHvLdP132SLg==</latexit>✏b

<latexit sha1_base64="m91EK1MuTxRyAOJrmIHXZUHrpwc=">AAACD3icbVC7TsMwFHXKq5RXgJHFogIVCVUJqoCxgoWxIPoQTVQ5rttatZ3IdpCqKH/Awq+wMIAQKysbf4PTZoDCkSwdn3uPfe8JIkaVdpwvq7CwuLS8Ulwtra1vbG7Z2zstFcYSkyYOWSg7AVKEUUGammpGOpEkiAeMtIPxZVZv3xOpaChu9SQiPkdDQQcUI22knn3ocaRHkicXN2nlztMh9CJFoRcaU/Zmkl3To55ddqrOFPAvcXNSBjkaPfvT64c45kRozJBSXdeJtJ8gqSlmJC15sSIRwmM0JF1DBeJE+cl0nxQeGKUPB6E0R2g4VX86EsSVmvDAdGbTq/laJv5X68Z6cO4nVESxJgLPPhrEDJq1s3Bgn0qCNZsYgrCkZlaIR0girE2EJROCO7/yX9I6qbqn1dp1rVw/zuMogj2wDyrABWegDq5AAzQBBg/gCbyAV+vRerberPdZa8HKPbvgF6yPbz8mnL0=</latexit>

B
R
(Z

!
 
 
)

<latexit sha1_base64="PhsKaNbNtrcHc1SC8eqgcJRmvfw=">AAACB3icbVBNS8NAEN34WetX1aMgi0XwICWRooKXghePFewHNCFstpt26W4SdidCCbl58a948aCIV/+CN/+Nm7YHbX0w8Hhvhpl5QSK4Btv+tpaWV1bX1ksb5c2t7Z3dyt5+W8epoqxFYxGrbkA0EzxiLeAgWDdRjMhAsE4wuin8zgNTmsfRPYwT5kkyiHjIKQEj+ZUjF0jqZ+6QQNbOc/ca91xJYKhkRmXu+ZWqXbMnwIvEmZEqmqHpV77cfkxTySKggmjdc+wEvIwo4FSwvOymmiWEjsiA9QyNiGTayyZ/5PjEKH0cxspUBHii/p7IiNR6LAPTWdyo571C/M/rpRBeeRmPkhRYRKeLwlRgiHERCu5zxSiIsSGEKm5uxXRIFKFgoiubEJz5lxdJ+7zmXNTqd/Vq42wWRwkdomN0ihx0iRroFjVRC1H0iJ7RK3qznqwX6936mLYuWbOZA/QH1ucPteWZyg==</latexit>

⌧V̂ [cm]
<latexit sha1_base64="PhsKaNbNtrcHc1SC8eqgcJRmvfw=">AAACB3icbVBNS8NAEN34WetX1aMgi0XwICWRooKXghePFewHNCFstpt26W4SdidCCbl58a948aCIV/+CN/+Nm7YHbX0w8Hhvhpl5QSK4Btv+tpaWV1bX1ksb5c2t7Z3dyt5+W8epoqxFYxGrbkA0EzxiLeAgWDdRjMhAsE4wuin8zgNTmsfRPYwT5kkyiHjIKQEj+ZUjF0jqZ+6QQNbOc/ca91xJYKhkRmXu+ZWqXbMnwIvEmZEqmqHpV77cfkxTySKggmjdc+wEvIwo4FSwvOymmiWEjsiA9QyNiGTayyZ/5PjEKH0cxspUBHii/p7IiNR6LAPTWdyo571C/M/rpRBeeRmPkhRYRKeLwlRgiHERCu5zxSiIsSGEKm5uxXRIFKFgoiubEJz5lxdJ+7zmXNTqd/Vq42wWRwkdomN0ihx0iRroFjVRC1H0iJ7RK3qznqwX6936mLYuWbOZA/QH1ucPteWZyg==</latexit>

⌧V̂ [cm]
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<latexit sha1_base64="cmXyq2OSOG916u+5ZEm0cIAnAjA="></latexit>

Z !   ! jdark jdark ! (V̂ ! `+`�)DV +X



Dark jets at FCC-ee

Ennio Salvioni

• No studies are available yet for “dark pion jets” 

•                   signal has similarities with  flavor dark QCD N = 1
<latexit sha1_base64="4XgiAuCnkw+jpphnuLq8GQr/PYc=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBEEsSSlqMuCG5cV7AOaWCbTSTt0Mgkzk0IJ/RM3LhRx65+482+cpllo64EZDufcy733BAlnSjvOt7W2vrG5tV3aKe/u7R8c2kfHbRWnktAWiXksuwFWlDNBW5ppTruJpDgKOO0E47u535lQqVgsHvU0oX6Eh4KFjGBtpL5tY0/HyIvSp8v8v+rbFafq5ECrxC1IBQo0+/aXN4hJGlGhCcdK9Vwn0X6GpWaE01nZSxVNMBnjIe0ZKnBElZ/lm8/QuVEGKIyleUKjXP3dkeFIqWkUmMoI65Fa9ubif14v1eGtnzGRpJoKshgUphyZY+cxoAGTlGg+NQQTycyuiIywxESbsMomBHf55FXSrlXd62r9oV5p1Io4SnAKZ3ABLtxAA+6hCS0gMIFneIU3K7NerHfrY1G6ZhU9J/AH1ucPOVWStA==</latexit>

a ! µ+µ� [Cheng, Li, Salvioni, Verhaaren 2019]

:  no Goldstone bosons, lightest mesons areN = 1

<latexit sha1_base64="Hy/AQ3xt+YgnuSaSJe6HkuqtjXI=">AAAB7nicdVDJSgNBEK1xjXGLevTSGARPwyQGTW4BLx4jmAWSIfR0epImPT1Dd40QhnyEFw+KePV7vPk3dhbB9UHB470qquoFiRQGPe/dWVldW9/YzG3lt3d29/YLB4ctE6ea8SaLZaw7ATVcCsWbKFDyTqI5jQLJ28H4aua377g2Ila3OEm4H9GhEqFgFK3U7o0oZo1pv1D03Eqt6p3XyG9Scr05irBEo1946w1ilkZcIZPUmG7JS9DPqEbBJJ/me6nhCWVjOuRdSxWNuPGz+blTcmqVAQljbUshmatfJzIaGTOJAtsZURyZn95M/MvrphhW/UyoJEWu2GJRmEqCMZn9TgZCc4ZyYgllWthbCRtRTRnahPI2hM9Pyf+kVXZLF27lplKsl5dx5OAYTuAMSnAJdbiGBjSBwRju4RGenMR5cJ6dl0XrirOcOYJvcF4/AADqj/0=</latexit>

P̂
<latexit sha1_base64="c6h78LLOTOrDaAgJmARID59NNew=">AAAB7nicdVDJSgNBEK1xjXGLevTSGARPwyQGTW4BLx4jmAWSIfR0epImPT1Dd40QhnyEFw+KePV7vPk3dhbB9UHB470qquoFiRQGPe/dWVldW9/YzG3lt3d29/YLB4ctE6ea8SaLZaw7ATVcCsWbKFDyTqI5jQLJ28H4aua377g2Ila3OEm4H9GhEqFgFK3U7o0oZq1pv1D03Eqt6p3XyG9Scr05irBEo1946w1ilkZcIZPUmG7JS9DPqEbBJJ/me6nhCWVjOuRdSxWNuPGz+blTcmqVAQljbUshmatfJzIaGTOJAtsZURyZn95M/MvrphhW/UyoJEWu2GJRmEqCMZn9TgZCc4ZyYgllWthbCRtRTRnahPI2hM9Pyf+kVXZLF27lplKsl5dx5OAYTuAMSnAJdbiGBjSBwRju4RGenMR5cJ6dl0XrirOcOYJvcF4/AAoIkAM=</latexit>

V̂

pseudoscalar, very long-lived

vector, mixes with (transverse) Z

• Are hadronic modes feasible, possibly requiring 2 displaced vertices per event?

<latexit sha1_base64="2ZDS+HHrCItiwYPxw6b8aMYBTA8=">AAACFnicbVDLSsNAFJ34rPUVdelmsAgt0pKUoi6LbtxZxT6giWUynbRDZ5IwMxFK6Fe48VfcuFDErbjzb5ykXWjrgbkczr2XO+d4EaNSWda3sbS8srq2ntvIb25t7+yae/stGcYCkyYOWSg6HpKE0YA0FVWMdCJBEPcYaXujy7TffiBC0jC4U+OIuBwNAupTjJSWembZ4UgNBU8ubidF5KgQOhG9P8lqOatWCTqScnhdtEs9s2BVrAxwkdgzUgAzNHrml9MPccxJoDBDUnZtK1JugoSimJFJ3okliRAeoQHpahogTqSbZLYm8FgrfeiHQr9AwUz9vZEgLuWYe3oyNSHne6n4X68bK//cTWgQxYoEeHrIjxnU7tOMYJ8KghUba4KwoPqvEA+RQFjpJPM6BHve8iJpVSv2aaV2UyvUq7M4cuAQHIEisMEZqIMr0ABNgMEjeAav4M14Ml6Md+NjOrpkzHYOwB8Ynz+67p0f</latexit>

BR(a ! ⇡
+
⇡
�
⇡
0) ⇠ O(1)
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<latexit sha1_base64="cmXyq2OSOG916u+5ZEm0cIAnAjA="></latexit>

Z !   ! jdark jdark ! (V̂ ! `+`�)DV +X



Outlook

Ennio Salvioni

• Direct production of light BSM particles is key target for FCC-ee Z-pole program. 

However, much of the physics potential is yet to be explored 

• Decays to dark QCD sectors predict a host of possible signatures. 

Here, focused on dark jets made of long-lived dark hadrons 

To do:  

• Signal characterization and phenomenological/experimental analyses 

• Comparison with other probes:  

‣ electroweak precision @ FCC-ee 

‣ proposals for LLP-specific experiments @ LHC and beyond  

‣ direct reach on mediators @ FCC-hh (from EWino-like to emerging-jet like)

17
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Light dark sectors

<latexit sha1_base64="Oo8SEsA9wWMNKDWRRf8nsFSLRUo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY8FLx4r2g9oQ9lsN+3SzSbsToRQ+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iFnC/YiOlAgFo2ilh2yAg3LFrboLkHXi5aQCOZqD8ld/GLM04gqZpMb0PDdBf0o1Cib5rNRPDU8om9AR71mqaMSNP12cOiMXVhmSMNa2FJKF+ntiSiNjsiiwnRHFsVn15uJ/Xi/F8MafCpWkyBVbLgpTSTAm87/JUGjOUGaWUKaFvZWwMdWUoU2nZEPwVl9eJ+1a1buq1u/rlUYtj6MIZ3AOl+DBNTTgDprQAgYjeIZXeHOk8+K8Ox/L1oKTz5zCHzifP3Dgjd0=</latexit>yt
<latexit sha1_base64="Oo8SEsA9wWMNKDWRRf8nsFSLRUo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY8FLx4r2g9oQ9lsN+3SzSbsToRQ+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iFnC/YiOlAgFo2ilh2yAg3LFrboLkHXi5aQCOZqD8ld/GLM04gqZpMb0PDdBf0o1Cib5rNRPDU8om9AR71mqaMSNP12cOiMXVhmSMNa2FJKF+ntiSiNjsiiwnRHFsVn15uJ/Xi/F8MafCpWkyBVbLgpTSTAm87/JUGjOUGaWUKaFvZWwMdWUoU2nZEPwVl9eJ+1a1buq1u/rlUYtj6MIZ3AOl+DBNTTgDprQAgYjeIZXeHOk8+K8Ox/L1oKTz5zCHzifP3Dgjd0=</latexit>yt

+ <latexit sha1_base64="ASnuKMYfckmBIlEm01D5PY7Ze3c=">AAAB8nicdVDLSgNBEJz1GeMr6tHLYBA8LbMxq8kt4MVjBPOAZA2zk0kyZPbBTK+wLPkMLx4U8erXePNvnE0iqGhBQ1HVTXeXH0uhgZAPa2V1bX1js7BV3N7Z3dsvHRy2dZQoxlsskpHq+lRzKULeAgGSd2PFaeBL3vGnV7nfuedKiyi8hTTmXkDHoRgJRsFIvf6EQpbOBnBXGZTKxCZu3XUIJrZLnPp5Tur1WtV1sWOTOcpoieag9N4fRiwJeAhMUq17DonBy6gCwSSfFfuJ5jFlUzrmPUNDGnDtZfOTZ/jUKEM8ipSpEPBc/T6R0UDrNPBNZ0Bhon97ufiX10tgVPMyEcYJ8JAtFo0SiSHC+f94KBRnIFNDKFPC3IrZhCrKwKRUNCF8fYr/J+2K7VzY1ZtquVFZxlFAx+gEnSEHXaIGukZN1EIMRegBPaFnC6xH68V6XbSuWMuZI/QD1tsn3LyRnA==</latexit>

ŷ2t

<latexit sha1_base64="RTnVCOiRV7wLr0twgDw7nTBdK6M=">AAAB7nicdVDLSgNBEJz1GeMr6tHLYBA8LbO6q9lbwIvHCOYByRJmJ5NkyOyDmV4hLPkILx4U8er3ePNvnE0iqGhBQ1HVTXdXmEqhgZAPa2V1bX1js7RV3t7Z3duvHBy2dJIpxpsskYnqhFRzKWLeBAGSd1LFaRRK3g4n14XfvudKiyS+g2nKg4iOYjEUjIKR2r0xhRxm/UqV2MTzPYdgYnvE8S8K4vs11/OwY5M5qmiJRr/y3hskLIt4DExSrbsOSSHIqQLBJJ+Ve5nmKWUTOuJdQ2MacR3k83Nn+NQoAzxMlKkY8Fz9PpHTSOtpFJrOiMJY//YK8S+vm8GwFuQiTjPgMVssGmYSQ4KL3/FAKM5ATg2hTAlzK2ZjqigDk1DZhPD1Kf6ftM5t59J2b91q3V3GUULH6ASdIQddoTq6QQ3URAxN0AN6Qs9Waj1aL9bronXFWs4coR+w3j4BGTyQDg==</latexit>

t̂

Dark QCD confines at ~ GeV 

Coupled to SM by irrelevant operators ∼
𝒪dark𝒪SM

M2

[Cheng, Li, Salvioni, Verhaaren 2018] 
[Cohen, Craig, Giudice, McCullough 2018]

 has no Standard Model chargeŝt

<latexit sha1_base64="r6ZY3O9Ys8Jeas21OiXGX+U6f1g="></latexit>

yt
Z2 ! ŷt

• Neutral naturalness: natural electroweak breaking without new QCD-charged particles. 

Instead, the “top partners” are charged under a dark color symmetry:

<latexit sha1_base64="/d1j9ZrieTZvmfmTolVgwCpcFsM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48t2A9oQ9lsN+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1gNOE+xEdKREKRtFKTRyUK27VXYCsEy8nFcjRGJS/+sOYpRFXyCQ1pue5CfoZ1SiY5LNSPzU8oWxCR7xnqaIRN362OHRGLqwyJGGsbSkkC/X3REYjY6ZRYDsjimOz6s3F/7xeiuGtnwmVpMgVWy4KU0kwJvOvyVBozlBOLaFMC3srYWOqKUObTcmG4K2+vE7aV1Xvulpr1ir1Wh5HEc7gHC7Bgxuowz00oAUMODzDK7w5j86L8+58LFsLTj5zCn/gfP4A3uGM8w==</latexit>

t
<latexit sha1_base64="eN9txWwBhJHn0LpD95bGdLQFhIA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF09S0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2Z++wmV5rF8NJME/YgOJQ85o8ZKD3d91i9X3Ko7B1klXk4qkKPRL3/1BjFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWuppBFqP5ufOiVnVhmQMFa2pCFz9fdERiOtJ1FgOyNqRnrZm4n/ed3UhNd+xmWSGpRssShMBTExmf1NBlwhM2JiCWWK21sJG1FFmbHplGwI3vLLq6R1UfUuq7X7WqXu5nEU4QRO4Rw8uII63EIDmsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wcVAI2f</latexit>

Nc

<latexit sha1_base64="J1IsGwrD+fz4xNN9Sr0iy9TWjzs=">AAAB9HicdVBNS8NAEN3Ur1q/qh69LBbBU9hoo+2t4MWTVLCt0Iay2WzapZtN3N1USujv8OJBEa/+GG/+GzdtBRV9MPB4b4aZeX7CmdIIfViFpeWV1bXiemljc2t7p7y711ZxKgltkZjH8tbHinImaEszzeltIimOfE47/ugi9ztjKhWLxY2eJNSL8ECwkBGsjeT17llAh1hnV9M+6ZcryEZu3XUQRLaLnPppTur1WtV1oWOjGSpggWa//N4LYpJGVGjCsVJdByXay7DUjHA6LfVSRRNMRnhAu4YKHFHlZbOjp/DIKAEMY2lKaDhTv09kOFJqEvmmM8J6qH57ufiX1011WPMyJpJUU0Hmi8KUQx3DPAEYMEmJ5hNDMJHM3ArJEEtMtMmpZEL4+hT+T9ontnNmV6+rlQZaxFEEB+AQHAMHnIMGuARN0AIE3IEH8ASerbH1aL1Yr/PWgrWY2Qc/YL19An3gkos=</latexit>

bNc

[Chacko, Goh, Harnik 2004]

<latexit sha1_base64="GKs+2HWMgFgQ1f7tsrZqdhypNTg="></latexit>

gs
Z2 ! ĝs



Hadronic decays of light ALPs

• ALP has non-trivial U(3) representation up to 3 GeV,   
                           dominates 

• No              coupling    

• Distinctive pattern compared to other scenarios

→

<latexit sha1_base64="pBaIJzQKHMtHgIAd/gEUmfKGx9M=">AAAB/XicbVDLSsNAFL3xWesrPnZuBotQNyWRoi6LblxWsQ9oSplMJ+3QmSTMTIQair/ixoUibv0Pd/6NkzYLbT0wcDjnXubc48ecKe0439bS8srq2npho7i5tb2za+/tN1WUSEIbJOKRbPtYUc5C2tBMc9qOJcXC57Tlj64zv/VApWJReK/HMe0KPAhZwAjWRurZh57AeihFenU3KWPk6Qi1T3t2yak4U6BF4uakBDnqPfvL60ckETTUhGOlOq4T626KpWaE00nRSxSNMRnhAe0YGmJBVTedpp+gE6P0URBJ80KNpurvjRQLpcbCN5NZVjXvZeJ/XifRwWU3ZWGcaBqS2UdBwpG5MasC9ZmkRPOxIZhIZrIiMsQSE20KK5oS3PmTF0nzrOKeV6q31VLNyesowBEcQxlcuIAa3EAdGkDgEZ7hFd6sJ+vFerc+ZqNLVr5zAH9gff4AQJCUZA==</latexit>

BR(a ! X)

<latexit sha1_base64="RYU5c2EbztoYAJlG7cXEYrGEujw=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQNyWRUl0W3LiMYB/QhjKZTtqhk0mYmRRK6J+4caGIW//EnX/jNM1CWw8MczjnXu69J0g4U9pxvq3S1vbO7l55v3JweHR8Yp+edVScSkLbJOax7AVYUc4EbWumOe0lkuIo4LQbTO+XfndGpWKxeNLzhPoRHgsWMoK1kYa2jQc6Rl6tg/Lfux7aVafu5ECbxC1IFQp4Q/trMIpJGlGhCcdK9V0n0X6GpWaE00VlkCqaYDLFY9o3VOCIKj/LN1+gK6OMUBhL84RGufq7I8ORUvMoMJUR1hO17i3F/7x+qsM7P2MiSTUVZDUoTDkyRy5jQCMmKdF8bggmkpldEZlgiYk2YVVMCO76yZukc1N3m/XGY6Pacoo4ynABl1ADF26hBQ/gQRsIzOAZXuHNyqwX6936WJWWrKLnHP7A+vwBS4ySGA==</latexit>

a ! P (V ! PP )
<latexit sha1_base64="bXhSa2XwjZ9KbNMyuhHgO5x3nCs=">AAAB+3icbVDLSgMxFL1TX7W+xrp0EyyCqzIjoi4LblxWsA9ohyGTZtrQTDIkGbEM/RU3LhRx64+4829M2xG09cC9HM65l9ycKOVMG8/7ckpr6xubW+Xtys7u3v6Be1hta5kpQltEcqm6EdaUM0FbhhlOu6miOIk47UTjm5nfeaBKMynuzSSlQYKHgsWMYGOl0K321UiGHuqn7KeHbs2re3OgVeIXpAYFmqH72R9IkiVUGMKx1j3fS02QY2UY4XRa6WeappiM8ZD2LBU4oTrI57dP0alVBiiWypYwaK7+3shxovUkiexkgs1IL3sz8T+vl5n4OsiZSDNDBVk8FGccGYlmQaABU5QYPrEEE8XsrYiMsMLE2LgqNgR/+curpH1e9y/rF3cXtYZXxFGGYziBM/DhChpwC01oAYFHeIIXeHWmzrPz5rwvRktOsXMEf+B8fANhupNS</latexit>⇢0⇡0⇡0

<latexit sha1_base64="ipHbV6FFy7J9mxGB4biPgqRl9/0=">AAACIHicbVDLSgMxFM3UV62vqks3wSJUxDKjxbosuNBlBfuAzlDupGkbmswMSUYopZ/ixl9x40IR3enXmJlW0NYLCYdzziU5x484U9q2P63M0vLK6lp2PbexubW9k9/da6gwloTWSchD2fJBUc4CWtdMc9qKJAXhc9r0h1eJ3rynUrEwuNOjiHoC+gHrMQLaUJ18xb0GIaAIrg7xuRuxjn2MXc7xD48TIeFP0vsUTz2dfMEu2engReDMQAHNptbJf7jdkMSCBppwUKrt2JH2xiA1I5xOcm6saARkCH3aNjAAQZU3TgNO8JFhurgXSnMCjVP298YYhFIj4RunAD1Q81pC/qe1Y9279MYsiGJNAzJ9qBdzbDInbeEuk5RoPjIAiGTmr5gMQALRptOcKcGZj7wIGmcl56JUvi0Xqvasjiw6QIeoiBxUQVV0g2qojgh6QE/oBb1aj9az9Wa9T60Za7azj/6M9fUNNQygdw==</latexit>

�(a ! 3⇡0) ⌧ �(a ! ⇡+⇡�⇡0)

<latexit sha1_base64="eqI611+Qi4C08z4IyQ1KEeEfWQA=">AAAB/HicbVBPS8MwHE3nvzn/VXf0EhyCp9GOoYKXgQc9TnBzsJaSZukWlqQlSYVS5lfx4kERr34Qb34b060H3XwQeLz3+/F7eWHCqNKO821V1tY3Nreq27Wd3b39A/vwqK/iVGLSwzGL5SBEijAqSE9TzcggkQTxkJGHcHpd+A+PRCoai3udJcTnaCxoRDHSRgrsOg+QdzX0ONITyfMb0p/5gd1wms4ccJW4JWmAEt3A/vJGMU45ERozpNTQdRLt50hqihmZ1bxUkQThKRqToaECcaL8fB5+Bk+NMoJRLM0TGs7V3xs54kplPDSTRUi17BXif94w1dGln1ORpJoIvDgUpQzqGBZNwBGVBGuWGYKwpCYrxBMkEdamr5opwV3+8irpt5ruebN91250WmUdVXAMTsAZcMEF6IBb0AU9gEEGnsEreLOerBfr3fpYjFascqcO/sD6/AGnipS9</latexit>

ma [GeV]



Tree-level quark EFT

• Integrate out heavy fermions Q

<latexit sha1_base64="ioGPvUzNpusR3DsIvpwnHy/Ct70=">AAADmnicnVJbb9MwFHYTLqVc1sEjPFhUTJ3QqqSa2CReJm4qokhjarehuo0cx82s2U5kO6Aqy4/hZ/HIP8FJI0ZX+sKRLB2fy/d9Pj5hypk2nvez4bi3bt+527zXuv/g4aOt9vbjU51kitAxSXiizkOsKWeSjg0znJ6nimIRcnoWXr4t82ffqNIskSOzSOlU4FiyOSPY2FCw3fiBQhozmWPOYlm0kMDmgmCeD4sgR0rA9x9GBU SaCfQawp0uSixaSZajVLMiOIEQhSL/WsxQhOOYqur6uZjle/2iTkEUYyHwDIkMll3Bya4F6zI4+NP0LiiTg134Eq5RDCsY9J1F1DAeUYu4mW21bI15uJkZyURmIiwxUWtnD26QkQga46J+h5X7f2r969ksga4GV7P+tYYWojKq/yRod7yeVxlcd/za6YDajoP2LxQlJBNUGsKx1hPfS800x8owwqn940zTFJNLHNOJdSUWVE/zapcK+MJGIjhPlD3SwCr6d0eOhdYLEdrKclX0zVwZ/Fdukpn54TRnMs0MlWRJNM84NAksFxNGTFFi+MI6mChmtUJygRUmxq7vCksoypn4Nyew7pz2e/6r3v6Xfudov55OEzwFz0EX+OAAHIEBOAZjQJym03MOnEP3mfvG/eh+WpY6jbrnCVgxd/QbYMgo9Q==</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

<latexit sha1_base64="awE5nARD0W51m7YT80ujw2o1Dmk="></latexit>

�(Z !   ) < 2 MeV

<latexit sha1_base64="fLUZU+xic4dWBnDg6NkR2GQPHoI=">AAACJXicbVC7TsMwFHV4lvIKMLJYVEhlIEpoBQwMFSyMBdGH1ESV47qtVTuJbAepivIVfATfwAozG0JiQvwJTpuBthzJ0vE59/r6Hj9iVCrb/jKWlldW19YLG8XNre2dXXNvvynDWGDSwCELRdtHkjAakIaiipF2JAjiPiMtf3ST+a1HIiQNgwc1jojH0SCgfYqR0lLXPHU5UkPBk+v7tDx0VQjdSFLohropezPJrukJvIK25VS6Zsm27AngInFyUgI56l3zx+2FOOYkUJghKTuOHSkvQUJRzEhadGNJIoRHaEA6mgaIE+klk7VSeKyVHuyHQp9AwYn6tyNBXMox93VltoSc9zLxP68Tq/6ll9AgihUJ8HRQP2ZQb59lBHtUEKzYWBOEBdV/hXiIBMJKJzkzxeepzsSZT2CRNM8s59yq3lVLtUqeTgEcgiNQBg64ADVwC+qgATB4Ai/gFbwZz8a78WF8TkuXjLznAMzA+P4FOx6k7A==</latexit>

BR(h !   ) < 0.13

M ∼ TeV :

(LEP+SLD)

(ATLAS 2020)

Z bound allows  or Y Ỹ ∼ 1

h bound allows Y ∼ Ỹ ∼ 0.1



Ultraviolet motivation/1

• Tripled Top neutral naturalness: accidental SUSY of the spectrum

[Cheng, Li, Salvioni, Verhaaren 2018]

<latexit sha1_base64="Ca4YvbMNClo7kYc8PyUN5DT0Zd4=">AAACJ3icbVBdSwJBFJ21L7OvrR57GZJAX2TXpHoKy5cejVoVdFlmx1EHZ2eXmdlAFv9NL/2VXoKKqMf+SaNuYNqBgXPOvZc79/gRo1JZ1peRWVldW9/Ibua2tnd298z9g4YMY4GJg0MWipaPJGGUE0dRxUgrEgQFPiNNf1ib1JsPREga8ns1iogboD6nPYqR0pZnXt45hdOidwU7igZEwpm8/itrc7Jc/BVOwS56Zt4qWVPAZWKnJA9S1D3ztdMNcRwQrjBDUrZtK1JugoSimJFxrhNLEiE8RH3S1pQjvclNpneO4Yl2urAXCv24glN3fiJBgZSjwNedAVIDuVibmP/V2rHqXbgJ5VGsCMezRb2YQRXCSWiwSwXBio00QVhQ/VeIB0ggrHS0OR2CvXjyMmmUS/ZZqXJbyVetNI4sOALHoABscA6q4AbUgQMweATP4A28G0/Gi/FhfM5aM0Y6cwj+wPj+AZQSoW8=</latexit>

SU(3)A ⇥ SU(3)B ⇥ SU(3)C ⇥ SU(2)⇥ U(1)

<latexit sha1_base64="XZWjmDDDtW4vcCcg7WbO6Y/MuRE=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoOQg4RdCeoxwYvHCOaBybrMTibJkNnZZaZXCCF/4cWDIl79G2/+jZPHQRMLGoqqbrq7wkQKg6777WTW1jc2t7LbuZ3dvf2D/OFRw8SpZrzOYhnrVkgNl0LxOgqUvJVoTqNQ8mY4vJn6zSeujYjVPY4S7ke0r0RPMIpWesCgek7SoPrIgnzBLbkzkFXiLUgBFqgF+a9ON2ZpxBUySY1pe26C/phqFEzySa6TGp5QNqR93rZU0Ygbfzy7eELOrNIlvVjbUkhm6u+JMY2MGUWh7YwoDsyyNxX/89op9q79sVBJilyx+aJeKgnGZPo+6QrNGcqRJZRpYW8lbEA1ZWhDytkQvOWXV0njouRdlsp35UKluIgjCydwCkXw4AoqcAs1qAMDBc/wCm+OcV6cd+dj3ppxFjPH8AfO5w9kP5AD</latexit>

tA, u
c
A

<latexit sha1_base64="2C2wT/fs1hZgVuzIC+zU2RVVmQ0=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeCF48V7Ae0oWw2m3bp7ibsboQS+he8eFDEq3/Im//GTZqDtj4YeLw3w8y8IOFMG9f9diobm1vbO9Xd2t7+weFR/fikp+NUEdolMY/VIMCaciZp1zDD6SBRFIuA034wu8v9/hNVmsXy0cwT6gs8kSxiBJtcCrGajesNt+kWQOvEK0kDSnTG9a9RGJNUUGkIx1oPPTcxfoaVYYTTRW2UappgMsMTOrRUYkG1nxW3LtCFVUIUxcqWNKhQf09kWGg9F4HtFNhM9aqXi/95w9REt37GZJIaKslyUZRyZGKUP45CpigxfG4JJorZWxGZYoWJsfHUbAje6svrpNdqetfNq4dWo+2WcVThDM7hEjy4gTbcQwe6QGAKz/AKb45wXpx352PZWnHKmVP4A+fzBxgEjjk=</latexit>

dark

Z portal dominates

<latexit sha1_base64="10648MkYr0wcecSrIesQxmChlL8="></latexit>

Y = yt , eY = 0 , M ⇠ TeV



• Non-QCD version of the relaxion: new fermions generate backreaction potential

[Graham, Kaplan, Rajendran, 2015]
<latexit sha1_base64="nbpzEPuAZE4POywvU6Kl1Uyb9Hw="></latexit>

1

32⇡2

�

f
eGµ⌫G

µ⌫

<latexit sha1_base64="dJaU0E6ion2fnYz/jNq2SG5mLJI="></latexit>

⇤4 ⇠ 4⇡f3
⇡̂
Y eY hhi2

M
with

Ultraviolet motivation/2

• Setup is common to different approaches to Higgs naturalness  

         compelling choice to study theory of dark pions ( )N > 1

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

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

<latexit sha1_base64="hjN2JbDAooAJ8W7v2hIV4W9G3iQ=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotQNzWRoG6EghsXLirYBzQxTCaTduhkEmYmQgldufFX3LhQxK3f4M6/cdpmodUDA4dz7uHOPUHKqFSW9WWUFhaXllfKq5W19Y3NLXN7py2TTGDSwglLRDdAkjDKSUtRxUg3FQTFASOdYHg58Tv3REia8Fs1SokXoz6nEcVIack399t+AC+ge60jIbpzoIsTCWtuOqDH0ZFvVq26NQX8S+yCVEGBpm9+umGCs5hwhRmSsmdbqfJyJBTFjIwrbiZJivAQ9UlPU45iIr18esYYHmolhFEi9OMKTtWfiRzFUo7iQE/GSA3kvDcR//N6mYrOvZzyNFOE49miKGNQJXDSCQypIFixkSYIC6r/CvEACYSVbq6iS7DnT/5L2id1+7Tu3DjVhlPUUQZ74ADUgA3OQANcgSZoAQwewBN4Aa/Go/FsvBnvs9GSUWR2wS8YH98UEJbv</latexit>

Vb = ⇤4 cos(�/f)



Dark jets at LHCb

<latexit sha1_base64="P4L8prOQFMI45XtU8/fDgKQ1MNs=">AAACDnicbVC7TsMwFHV4lvIKMLJYVJXKUiVVBYwVLIwF0Ydoospx3daq7US2g1RF+QIWfoWFAYRYmdn4G5w2A7QcydLxuffY954gYlRpx/m2VlbX1jc2C1vF7Z3dvX374LCtwlhi0sIhC2U3QIowKkhLU81IN5IE8YCRTjC5yuqdByIVDcWdnkbE52gk6JBipI3Ut8seR3oseXJ5m1buPR1CL1LUC40nezLJbulp3y45VWcGuEzcnJRAjmbf/vIGIY45ERozpFTPdSLtJ0hqihlJi16sSITwBI1Iz1CBOFF+MlsnhWWjDOAwlOYIDWfqb0eCuFJTHpjObHi1WMvE/2q9WA8v/ISKKNZE4PlHw5hBs3WWDRxQSbBmU0MQltTMCvEYSYS1SbBoQnAXV14m7VrVPavWb+qlRi2PowCOwQmoABecgwa4Bk3QAhg8gmfwCt6sJ+vFerc+5q0rVu45An9gff4A4SCcmQ==</latexit>

BR(Z !   )

Dark jet searches access  
new direction in parameter space

bound

bound

<latexit sha1_base64="zD4zXZBlPy/45Xi2kMZeMrsNh8w=">AAAB+nicdVDLSsNAFL2pr1pfqS7dDBbBVUikVJcFNy4r2Ac2pUymk3boZBJmJpUS+yluXCji1i9x5984aSv4vDDM4dx7ueecIOFMadd9tworq2vrG8XN0tb2zu6eXd5vqTiVhDZJzGPZCbCinAna1Exz2kkkxVHAaTsYX+T99oRKxWJxracJ7UV4KFjICNaG6tvlG1/HyI+wHskoY2Iy69sV16m5eaHfwHPmv1uBZTX69ps/iEkaUaEJx0p1PTfRvQxLzQins5KfKppgMsZD2jVQ4IiqXjaXPkPHhhmgMJbmCY3m7NeNDEdKTaPATOYa1c9eTv7V66Y6PO8ZQ0mqqSCLQ2HKkXGb54AGTFKi+dQATCQzWhEZYYmJNmmVTAifTtH/oHXqeDWnelWt1KvLOIpwCEdwAh6cQR0uoQFNIHAL9/AIT9ad9WA9Wy+L0YK13DmAb2W9fgC1GZRF</latexit>

Z ! inv

<latexit sha1_base64="LABgvYxkzwMKLml6cHfw/a9IwBM=">AAACC3icdVDLSgMxFM34rPU16tJNaBEq4jAjpbosuhHcVLAP6Iwlk2ba0ExmSDJCGbp346+4caGIW3/AnX9jZlrB54XkHs65l+QcP2ZUKtt+N+bmFxaXlgsrxdW19Y1Nc2u7JaNEYNLEEYtEx0eSMMpJU1HFSCcWBIU+I21/dJbp7RsiJI34lRrHxAvRgNOAYqQ01TNLp66K4AWsuEOkUjemE5gRbphcH+T34X7PLNtWzc4K/gaOlXe7DGbV6Jlvbj/CSUi4wgxJ2XXsWHkpEopiRiZFN5EkRniEBqSrIUchkV6ae5nAPc30YRAJfbiCOft1I0WhlOPQ15MhUkP5U8vIv7RuooITL6U8ThThePpQkDCo3WbBwD4VBCs21gBhQfVfIR4igbDS8RV1CJ9O4f+gdWQ5Nat6WS3Xq7M4CmAXlEAFOOAY1ME5aIAmwOAW3INH8GTcGQ/Gs/EyHZ0zZjs74FsZrx9vTple</latexit>

B ! K(⇡̂ ! µ+µ�)



Few-body final states at FCC-ee: prompt
<latexit sha1_base64="pSib9NwbCy/4GmhND4a61m3+8cc=">AAACOXicbZBNS8MwGMdTX+d8q3r0EhzCdhntGOpx4MVjRfeC6xhplm5haVqSVBilX8uL38Kb4MWDIl79AqZdBd18IOHP7/88JM/fixiVyrKejZXVtfWNzdJWeXtnd2/fPDjsyDAWmLRxyELR85AkjHLSVlQx0osEQYHHSNebXmZ+954ISUN+q2YRGQRozKlPMVIaDU3nzlUhrLoTpBInzbTnekgkXlor6E0KM5zrTgr93PYLSBibXz+4NjQrVt3KCy4LuxAVUJQzNJ/cUYjjgHCFGZKyb1uRGiRIKIoZSctuLEmE8BSNSV9LjgIiB0m+eQpPNRlBPxT6cAVz+nsiQYGUs8DTnQFSE7noZfA/rx8r/2KQUB7FinA8f8iPGdRLZzHCERUEKzbTAmFB9V8hniCBsNJhl3UI9uLKy6LTqNtn9eZ1s9JqFHGUwDE4AVVgg3PQAlfAAW2AwQN4AW/g3Xg0Xo0P43PeumIUM0fgTxlf36uwrNE=</latexit>

Z ! (P̂ ! bb̄)(Ŝ ! V̂ f f̄ ! ``ff̄)



Few-body final states at FCC-ee: long-lived
<latexit sha1_base64="PTKBs0A09BsAg4vp519l4AP3hRo="></latexit>

Z ! (P̂ ! bb̄)DV(Ŝ ! V̂ f f̄ ! ``ff̄)

<latexit sha1_base64="bwVMeAnbd1G7WQcxA9qp5pKKbVk=">AAACDnicbVA9SwNBEN2LXzF+RS1tFpOAjeEuiAo2ARsbIUK+MBfC3maSLNm9O3b3hHDkF9j4V2wsFLG1tvPfuJdcoYkPBh7vzTAzzws5U9q2v63Myura+kZ2M7e1vbO7l98/aKogkhQaNOCBbHtEAWc+NDTTHNqhBCI8Di1vfJ34rQeQigV+XU9C6Aoy9NmAUaKN1MuXirfuUBtf4IrtXrmC6JEUcR2a0yKu4jpIcnqPe/mCXbZnwMvESUkBpaj18l9uP6CRAF9TTpTqOHaouzGRmlEO05wbKQgJHZMhdAz1iQDVjWfvTHHJKH08CKQpX+OZ+nsiJkKpifBMZ3KuWvQS8T+vE+nBZTdmfhhp8Ol80SDiWAc4yQb3mQSq+cQQQiUzt2I6IpJQbRLMmRCcxZeXSbNSds7LZ3eVQrWSxpFFR+gYnSAHXaAqukE11EAUPaJn9IrerCfrxXq3PuatGSudOUR/YH3+AFHtmlM=</latexit>

M & 20 TeV @ Tera-Z

[Cheng, Li, Salvioni, Verhaaren 2019]


