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Theory motivation

• Hidden sectors: light, confining, feebly coupled to the Standard Model 

Can be part of answer to key questions: 

Little hierarchy through Neutral Naturalness, hidden hadrons as Dark Matter * 

• Very relevant given current experimental status. 

Dark Sector theory motivations sharpen aim & chart progress 

• Irrelevant portals are well motivated, yet have not received much attention  

compared to renormalizable Higgs / kinetic / ν

Ennio Salvioni 1
* see talk by Michele Redi



• Hidden valley signatures are diverse, many opportunities for progress 

LHC plays critical role, but need dedicated strategies for selection & analysis 

Targets:  

• maximise coverage of existing detectors, especially for “dark jet”-type signals 

• assess interplay with LLP-specific proposals, and intensity frontier 

• Having a theory of dark pions helps: coherent description 

✓  Dark pions are CP-odd (composite ALPs) or CP-even (composite scalars) 

✓  Direct link with Z boson decays to dark sector, strong potential

Ennio Salvioni

[Freytsis, Knapen, Robinson, Tsai 2016] 
[Renner, Schwaller 2018] 
[Cheng, Li, Salvioni, Verhaaren 2019] 
[Contino, Max, Mishra 2020]
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Experiment/pheno motivation

[Cheng, Li, Salvioni, 2109.xxxxx]



A theory of dark pions

Ennio Salvioni

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

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

[Cheng, Li, Salvioni, 2109.xxxxx]
•  dark QCD, confining at  

•  light dark quarks      , SM singlets 

•  heavy dark quarks                    under  

SU(Nd) Λ
N

N SU(2)L × U(1)Y
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M
⌧ ⇤ ! (N2 � 1) pNGBs
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Ultraviolet motivation/1

Ennio Salvioni

• “Tripled Top” framework for neutral naturalness: accidental SUSY of the spectrum

light Dirac fermions

This model, with   and  Y = yt Ỹ = 0

[Cheng, Li, Salvioni, Verhaaren 2018] 
[Burdman, Chacko, Goh, Harnik 2006]
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SU(3)A ⇥ SU(3)B ⇥ SU(3)C ⇥ SU(2)⇥ U(1)



Ennio Salvioni

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

[Graham, Kaplan, Rajendran, 2015]
<latexit sha1_base64="nbpzEPuAZE4POywvU6Kl1Uyb9Hw="></latexit>
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Y eY hhi2

M
with

•  out of minimality.   QCD is peculiar: N = 1 N = 1

5

Ultraviolet motivation/2

- no Goldstone bosons, spectrum fully computable (in principle) on lattice, given strong scale  

- vector meson decays to SM,

Λ

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

Vb = ⇤4 cos(�/f)

<latexit sha1_base64="s0mfgYdN+Ym3nxFx62eOCXpNpJk=">AAACDnicbVDNS8MwHE39nPOr6tFLcAw8jVaGehzowYsw0X3AWkqapVtY0pQkFUbpX+DFf8WLB0W8evbmf2O2FdHNB4GX934/kvfChFGlHefLWlpeWV1bL22UN7e2d3btvf22EqnEpIUFE7IbIkUYjUlLU81IN5EE8ZCRTji6mPideyIVFfGdHifE52gQ04hipI0U2FVPDkVwCT0tYBRknuTw9jr3QiSzKP+5B3bFqTlTwEXiFqQCCjQD+9PrC5xyEmvMkFI910m0nyGpKWYkL3upIgnCIzQgPUNjxInys2mcHFaN0oeRkObEGk7V3xsZ4kqNeWgmOdJDNe9NxP+8Xqqjcz+jcZJqEuPZQ1HKoMk+6Qb2qSRYs7EhCEtq/grxEEmEtWmwbEpw5yMvkvZJzT2t1W/qlUa9qKMEDsEROAYuOAMNcAWaoAUweABP4AW8Wo/Ws/Vmvc9Gl6xi5wD8gfXxDarUm9g=</latexit>

⇢D ! fSMf̄SM

[Cheng, Li, Salvioni, Verhaaren 2019]



Ennio Salvioni

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

[Graham, Kaplan, Rajendran, 2015]
<latexit sha1_base64="nbpzEPuAZE4POywvU6Kl1Uyb9Hw="></latexit>
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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.
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Vb = ⇤4 cos(�/f)



Tree-level quark EFT

Ennio Salvioni

• Integrate out heavy fermions Q
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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

Z portal @ dim-6, Higgs portal @ dim-5:  

   and    give very different parametrics 

(when  ,  important correction to light quark masses, too)

Ỹ ∼ 0 Ỹ ∼ Y

Ỹ ∼ Y
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Tree-level quark EFT

Ennio Salvioni

• Integrate out heavy fermions Q
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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)

8

Z bound allows  or Y Ỹ ∼ 1

h bound allows Y ∼ Ỹ ∼ 0.1



Dark pion decays

Ennio Salvioni

• 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

[Cheng, Li, Salvioni, 2109.xxxxx]

•  flavors,N = 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��

(in general, no dark  are distinct states)U(1) → ̂π1,2

<latexit sha1_base64="2JludeTHa3XKfdmfqTymrW76Q/Y="></latexit>

⇡̂a ⇠  
0
i�a�5 

0

9



Dark pions as composite ALPs

Ennio Salvioni

<latexit sha1_base64="v02sy4+h+Xhmp+wTu7I/aaT9bVQ=">AAACB3icbVDLSgMxFM3UV62Pjrp0EyyCIJYZKepGKHQjrirYB7TTkkkzbWiSGZKMUIZ+gN/gVtfuxK2f4dI/MdPOwrYeuHA4517O5fgRo0o7zreVW1vf2NzKbxd2dvf2i/bBYVOFscSkgUMWyraPFGFUkIammpF2JAniPiMtf1xL/dYTkYqG4lFPIuJxNBQ0oBhpI/Xt4n0vqdem8BY6veTifNq3S07ZmQGuEjcjJZCh3rd/uo MQx5wIjRlSquM6kfYSJDXFjEwL3ViRCOExGpKOoQJxorxk9vgUnhplAINQmhEaztS/FwniSk24bzY50iO17KXif14n1sGNl1ARxZoIPA8KYgZ1CNMW4IBKgjWbGIKwpOZXiEdIIqxNVwspPk87cZcbWCXNy7J7Va48VErVStZOHhyDE3AGXHANquAO1EEDYBCDF/AK3qxn6936sD7nqzkruzkCC7C+fgGZgphg</latexit>

JPC = 0�+

<latexit sha1_base64="9zHUt+iy2oRmr9HkOtIjNicdd7o="></latexit>

Le↵ ⇠ @µ⇡̂

fa

X

f

cf f̄�
µ�5f

decay constant = not a physical scale,  
combination of underlying parameters

• Light ALPs coupled to SM fermions 

Need detailed description of hadronic decays for  

• Extend data-driven methods of [Aloni, Soreq, Williams 1811.03474]  

Match to ChPT below 1 GeV; include scalar, vector, tensor resonances for 1-3 GeV 

Arbitrary couplings to SM fermions

ma ≲ 3 GeV

<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)

10



Exclusive decays of light ALPs: calculation

Ennio Salvioni
[Cheng, Li, Salvioni, 2109.xxxxx]

Appendix with easy-to-use,  
general results

11



[Cheng, Li, Salvioni, 2109.xxxxx]

Exclusive decays of light ALPs: results

<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)

12



Exclusive decays of light ALPs: results

<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)



Exclusive decays of light ALPs: results

<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)

• ALP has nontrivial U(3) representation up to 3 GeV,
 dominates 

• No  coupling     

• Very different pattern from other known models

a → P(V → PP)
ρ0π0π0 → Γ(a → 3π0) ≪ Γ(a → π+π−π0)



Exclusive decays of light ALPs: results

<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)

Γ(a → K*+K*−) ≪ Γ(a → K*0K*0)



Branching ratios

<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)



CP-even dark pion: mixing with the Higgs

Ennio Salvioni

• Light CP-even scalar mixed with Higgs    apply results of [Winkler, 1809.01876]  

• Non-trivial interplay with dark quark mass matrix

→

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

JPC = 0��
<latexit sha1_base64="LaHpBigXn93Ur51Z3luB2rfTcac="></latexit>

Le↵ ⇠ �s✓
mf

v
⇡̂f̄f

<latexit sha1_base64="S0ncFl+RwP1fUHjr8hTiUz5pWYM="></latexit>

s(2)✓ ⇠ 2⇡f2
⇡̂

v

m2
h

Y eY
M

⇠ 10�6

✓
Y eY /M

10�2 TeV�1

◆✓
f⇡̂
GeV

◆2

17



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

JPC = 0��
<latexit sha1_base64="LaHpBigXn93Ur51Z3luB2rfTcac="></latexit>

Le↵ ⇠ �s✓
mf

v
⇡̂f̄f

CP-even dark pion: mixing with the Higgs

Ennio Salvioni 18



Case study: model with Ỹ = 0

Ennio Salvioni

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

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

19



Case study: model with Ỹ = 0

Ennio Salvioni

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

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

• All pions decay through Z portal;  via CP-violating mixing with ̂π2 ̂π1

• No constraints from Higgs invisible decays 

•   phases    for ,(N − 1)2 → N = 2

20



Case study: model with Ỹ = 0

Ennio Salvioni

• No constraints from Higgs invisible decays 

•   phases    for ,(N − 1)2 → N = 2

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

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

<latexit sha1_base64="/QheMVdJFifnU1CAwr9wQCOF0wI="></latexit>

tan 2✓12 ⇡ 0.20

1 + 0.036
�
4⇡v
M

�2 ! �⇡̂2 ⇡ sin2 ✓12 �⇡̂1

For generic texture: 

3 free parameters: 
<latexit sha1_base64="R/4erbrbcP94BE7il528tuqUqB0=">AAACJHicbZDLSsNAFIYn9VbrLerSzWARXJSalKIuC27cCBXsBZoQJtNpO3QmiTMTIYS8hA/hM7jVtTtx4UbwTZy0XfTiDwM/3zmHc+b3I0alsqxvo7C2vrG5Vdwu7ezu7R+Yh0dtGcYCkxYOWSi6PpKE0YC0FFWMdCNBEPcZ6fjjm7zeeSJC0jB4UElEXI6GAR1QjJRGnllJLu4q0HmMUR8OvNQZIZU6Ec2yypTxeeaZZatqTQRXjT0zZTBT0zN/nX6IY04ChRmSsmdbkXJTJBTFjGQlJ5YkQniMhqSnbYA4kW46+VUGzzTRR4VCv0DBCZ2fSBGXMuG+7uRIjeRyLYf/1XqxGly7KQ2iWJEATxcNYgZVCPOIYJ8KghVLtEFYUH0rxCMkEFY6yIUtPs8zsZcTWDXtWtW+rNbv6+VGbZZOEZyAU3AObHAFGuAWNEELYPAMXsEbeDdejA/j0/iathaM2cwxWJDx8wdHU6W6</latexit>

y/M, f⇡̂, m⇡̂

21

• All pions decay through Z portal;  via CP-violating mixing with ̂π2 ̂π1



Case study: model with Ỹ = 0

Ennio Salvioni 22

<latexit sha1_base64="JUhQs0gT2IDyH27JomuLq55x584=">AAACMHicbVDLSiNBFK12fMT4iuPSTWEQ4sLYHXwMzCbgQjdCBBOFdGxuV6pNYVV3UVUtE4r+pNnMp4wbBUXc+hVWYha+DhQczrmXW+fEkjNtfP/em/oxPTM7V5ovLywuLa9UVn92dJYrQtsk45m6iEFTzlLaNsxweiEVBRFzeh5fH4788xuqNMvSMzOUtCfgKmUJI2CcFFWOkggubS3YKnAIUqrsD27U93D4OxRgBkrYFu04Sz OBk8iGAzA2lKwoLu12UODacOdky9FGEVWqft0fA38lwYRU0QStqPI/7GckFzQ1hIPW3cCXpmdBGUY4LcphrqkEcg1XtOtoCoLqnh0HLvCmU/o4yZR7qcFj9f2GBaH1UMRuchRDf/ZG4ndeNzfJr55lqcwNTcnboSTn2GR41B7uM0WJ4UNHgCjm/orJABQQ4zouuxKCz5G/kk6jHuzXd093q83GpI4SWkcbqIYCdICa6Bi1UBsR9Bfdogf06P3z7rwn7/ltdMqb7KyhD/BeXgGFRqgJ</latexit>

f (1)
a ⇡ 2.5 PeV ⇠ f�1

⇡̂ (y/M)�2
 between 10 meters and 1 millimeter 

Excellent LLP target

cτ



Case study: model with Ỹ = 0

Ennio Salvioni

Focus on  here, but much more to dôπ → μ+μ−

23

perturbative QCDhadronic exclusive

<latexit sha1_base64="9QnOlYpI6wOUsm1nQ7fVJIUUrHw=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBZBEEsiRV0W3LisYB/QxjKZTtqhk0mYmSgl9lPcuFDErV/izr9xknahrQfmcjjnXu6d48ecKe0431ZhZXVtfaO4Wdra3tnds8v7LRUlktAmiXgkOz5WlDNBm5ppTjuxpDj0OW374+vMbz9QqVgk7vQkpl6Ih4IFjGBtpL5d7sXs/hRl9SyvTt+uOFUnB1om7pxUYI5G3/7qDSKShFRowrFSXdeJtZdiqRnhdFrqJYrGmIzxkHYNFTikykvz06fo2CgDFETSPKFRrv6eSHGo1CT0TWeI9Ugtepn4n9dNdHDlpUzEiaaCzBYFCUc6QlkOaMAkJZpPDMFEMnMrIiMsMdEmrZIJwV388jJpnVfdi2rttlapO/M4inAIR3ACLlxCHW6gAU0g8AjP8Apv1pP1Yr1bH7PWgjWfOYA/sD5/AHphks0=</latexit>

⇡+⇡�⇡0
<latexit sha1_base64="EP5COdH+ClkQkhOVqgySVtENeb0=">AAACJXicbZDLSgMxFIYzXmu9jbp0EyxCS2mZkaIuXBTcCN1UsBfotCWTpm1oZjIkGaEMfRk3voobFxYRXPkqZqazqK0HAh//OSfJ/7sBo1JZ1rexsbm1vbOb2cvuHxweHZsnp03JQ4FJA3PGRdtFkjDqk4aiipF2IAjyXEZa7uQ+7reeiZCU+09qGpCuh0Y+HVKMlJb65l2tFzlIKmjNoMP1ZHxRVJstqYrDfK1XhE5Ae6VCzKWEi4W+mbPKVlJwHewUciCtet+cOwOOQ4/4CjMkZce2AtWNkFAUMzLLOqEkAcITNCIdjT7yiOxGicsZvNTKAA650MdXMFGXNyLkSTn1XD3pITWWq71Y/K/XCdXwthtRPwgV8fHioWHIoDYeRwYHVBCs2FQDwoLqv0I8RgJhpYPN6hDsVcvr0Lwq29flymMlVy2ncWTAObgAeWCDG1AFD6AOGgCDF/AGPsDceDXejU/jazG6YaQ7Z+BPGT+/ex+iow==</latexit>

K⇤0K
⇤0 ! (K+⇡�)(K�⇡+)

<latexit sha1_base64="WomHSuZ1+l2jrhkT8KFcYx06Dyo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0hE1GPBi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z+oHh61TJJpxpsskYnuhNRwKRRvokDJO6nmNA4lb4fj25nffuLaiEQ94iTlQUyHSkSCUbTSg+u6/WrNc705yCrxC1KDAo1+9as3SFgWc4VMUmO6vpdikFONgkk+rfQyw1PKxnTIu5YqGnMT5PNTp+TMKgMSJdqWQjJXf0/kNDZmEoe2M6Y4MsveTPzP62YY3QS5UGmGXLHFoiiTBBMy+5sMhOYM5cQSyrSwtxI2opoytOlUbAj+8surpHXh+lfu5f1lre4WcZThBE7hHHy4hjrcQQOawGAIz/AKb450Xpx352PRWnKKmWP4A+fzB0jOjRc=</latexit>...

<latexit sha1_base64="DOH58jmv/7f7uSzyetwIjww9aXc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0ikqMeCF6GXCqYttKFstpt26Waz7G6EEvobvHhQxKs/yJv/xm2bg7Y+GHi8N8PMvEhypo3nfTuljc2t7Z3ybmVv/+DwqHp80tZppggNSMpT1Y2wppwJGhhmOO1KRXEScdqJJndzv/NElWapeDRTScMEjwSLGcHGSkGz2ZdsUK15rrcAWid+QWpQoDWofvWHKckSKgzhWOue70kT5lgZRjidVfqZphKTCR7RnqUCJ1SH+eLYGbqwyhDFqbIlDFqovydynGg9TSLbmWAz1qveXPzP62Umvg1zJmRmqCDLRXHGkUnR/HM0ZIoSw6eWYKKYvRWRMVaYGJtPxYbgr768TtpXrn/t1h/qtYZbxFGGMziHS/DhBhpwDy0IgACDZ3iFN0c4L86787FsLTnFzCn8gfP5A3vtjmw=</latexit>

KK⇡



Meson FCNC decays
<latexit sha1_base64="0nrgvGppP4NLSFIKrn5k9f+xS34="></latexit>

Le↵ ⇠ d̄L↵dL� 
0
 0, ↵ < �

-

I d-
a

±*: ¥÷÷Ea.
• Amplitude can be fully adapted from    results in  [Inami, Lim 1980] ds̄ → νν̄

small hierarchy of scales, finite terms important (factor ~ 3 in rate)

Ennio Salvioni 24



Meson FCNC decays

Ennio Salvioni

•  : bounds from  @ LHCb and @ CHARM beam dumpma > 2mμ B → K(*) (a → μμ)

25

bounds from [Döbrich, Ertas,  
Kahlhöfer, Spadaro 2018]

ALP coupled to weak isospin

Proposed LLP experiments can extend reach strongly: CODEX-b, FASER 2, MATHUSLA

fa ≳ 0.6 PeV

<latexit sha1_base64="gKitzKD4agZNJaXKVRCh9FeBQOA=">AAACGHicbVDLSgMxFM34rPVVdekmWARXdaaUWuim4MZlBfuAThkyaaYNTWaG5I5Qhn6GG3/FjQtF3Hbn35hpK2jrgcDJOfdy7z1+LLgG2/6yNja3tnd2c3v5/YPDo+PCyWlbR4mirEUjEamuTzQTPGQt4CBYN1aMSF+wjj++zfzOI1OaR+EDTGLWl2QY8oBTAkbyCteBR7A7BFMhcc2tY1cSGCmZQjQ1v6qN3fqP1GTtqVco2iV7DrxOnCUpoiWaXmHmDiKaSBYCFUTrnmPH0E+JAk4Fm+bdRLOY0DEZsp6hIZFM99P5YVN8aZQBDiJlXgh4rv7uSInUeiJ9U5ntqFe9TPzP6yUQ1PopD+MEWEgXg4JEYIhwlhIecMUoiIkhhCpudsV0RBShYLLMmxCc1ZPXSbtccqqlyn2l2Cgv48ihc3SBrpCDblAD3aEmaiGKntALekPv1rP1an1Yn4vSDWvZc4b+wJp9Azhsnz0=</latexit>

fa & 8 to 60 PeV

[CODEX-b Expression of Interest 2019]
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<latexit sha1_base64="dZVvlFzwWBGb1l3Fo/vV3g2G7Qw="></latexit>

BR(Z !  0 
0
) ⇠ 2⇥ 10�4 y4

✓
TeV

M

◆4

 Z bosons @ HL-LHC: strong discovery potential, still mostly unexplored> 1011

Dark showers at the LHC



Dark showers at the LHC

Ennio Salvioni 27

[Schwaller, Stolarski, Weiler 2015] 
[CMS 2018]

No hard SM activity automatically present (contrast to emerging jets) 

To begin, focus on trigger-friendly  ̂π → μ+μ−

<latexit sha1_base64="dZVvlFzwWBGb1l3Fo/vV3g2G7Qw="></latexit>

BR(Z !  0 
0
) ⇠ 2⇥ 10�4 y4

✓
TeV

M

◆4
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B decay bound

Dark showers @ LHCb

 
bound
Z → inv

For LHCb, apply latest search for displaced  [LHCb 2007.03923], 

including backgrounds, to project to Run 3 and high luminosity

X → μ+μ−



Ennio Salvioni

dark jets probes new direction in parameter spaceZ →

29
B decay bound

Dark showers @ LHCb

 
bound
Z → inv



dark jets probes new direction in parameter spaceZ →

30
B decay bound

Dark showers @ LHCb

 
bound
Z → inv

• For ATLAS and CMS, sensitivity studies are more complex (separate paper) 

@ CMS, data scouting for displaced dimuons is qualitative change [CMS PAS EXO-20-014] 

Very low    and    become accessible, exploit volume and luminositypT mμμ

Ennio Salvioni

(   at trigger level)lxy < 11 cm



Summary and plans

Ennio Salvioni

• Theory of dark pions, coherent framework motivated by naturalness ideas. 

Integrate out heavy fermion mediators    irrelevant  and  portals 

• Dark pions are automatically LLPs in testable parameter range 

• Just scratched the pheno: dark showers @ ATLAS and CMS,  

hadronic dark pion decays, intensity frontier signatures … all to be done 

• Most advanced calculation to date of exclusive ALP decays in  range, 

(arbitrary couplings to SM fermions)

→ Z h

ma ≲ 3 GeV

31
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• Irrelevant portals: less exotic than one may think 

Interesting analogy with neutrinos: 
“Hidden sector” coupled feebly to already-known particles. 

W and Z are “heavy mediators” giving higher-dim operators at low energies

<latexit sha1_base64="FcZiFy38f0wnJVgM/96GI9U2Lq4="></latexit>

L6 ⇠ g2Z
m2

Z

⌫̄�µ⌫ē�µe

Theoretical proposal 1930 (Pauli) 

Experimental discovery 1956 (Cowan & Reines) 

Mediators produced on shell 1983 (UA1 & UA2)

[Contino, Max, Mishra 2012.08537]

…

Ennio Salvioni

Theory motivation



Direct searches for heavy mediators?

Ennio Salvioni

<latexit sha1_base64="j/ElNzbR/fkKP15mJli4ibb6huE="></latexit>

ud̄ ! W ⇤ ! QuQd ! (W+ )(Z ) or (W+ )(Z )

If dark jets are invisible: ~ Higgsino bounds for very light neutralino LSP

All-hadronic + MET at ATLAS: 

<latexit sha1_base64="E5eZsMFlcuKY7bzwKZ9zlmZ9m2Y=">AAACGHicbVDLSgMxFM3UV62vUZfdBIvgapiRooKbghs3QoW+oDOUTJq2oUlmSDJiGbrwN/wBt/oH7sStO3/A7zDTzsK2HggczrmXc3PCmFGlXffbKqytb2xuFbdLO7t7+wf24VFLRYnEpIkjFslOiBRhVJCmppqRTiwJ4iEj7XB8k/ntByIVjURDT2IScDQUdEAx0kbq2eU76A+18Tn0HM+/9jnSI8nTBmlNe3bFddwZ4CrxclIBOeo9+8fvRzjhRGjMkFJdz411kCKpKWZkWvITRWKEx2hIuoYKxIkK0tknpvDUKH04iKR5QsOZ+ncjRVypCQ/NZHajWvYy8V/vcR6wmK4HV0FKRZxoIvA8fJAwqCOYtQT7VBKs2cQQhCU190M8QhJhbbosmWK85RpWSevc8S6c6n21UqvmFRVBGZyAM+CBS1ADt6AOmgCDJ/ACXsGb9Wy9Wx/W53y0YOU7x2AB1tcvXsWfzA==</latexit>

M & 1.1 TeV

[ATLAS 2108.07586]

<latexit sha1_base64="Vjjmnsof4n7iIKFcJCUkUcG7cbQ=">AAACGHicbVDLSgMxFM3UV62vUZfdBIvgapjRooKbghs3QoW+oDOUTJq2oUlmSDJiGbrwN/wBt/oH7sStO3/A7zDTzsJWDwQO59zLuTlhzKjSrvtlFVZW19Y3ipulre2d3T17/6ClokRi0sQRi2QnRIowKkhTU81IJ5YE8ZCRdji+zvz2PZGKRqKhJzEJOBoKOqAYaSP17PIt9Ifa+Bx6zpl/5XOkR5KnDdKa9uyK67gzwL/Ey0kF5Kj37G+/H+GEE6ExQ0p1PTfWQYqkppiRaclPFIkRHqMh6RoqECcqSGefmMJjo/ThIJLmCQ1n6u+NFHGlJjw0k9mNatnLxH+9h3nAYroeXAYpFXGiicDz8EHCoI5g1hLsU0mwZhNDEJbU3A/xCEmEtemyZIrxlmv4S1qnjnfuVO+qlVo1r6gIyuAInAAPXIAauAF10AQYPIJn8AJerSfrzXq3PuajBSvfOQQLsD5/AGIRn84=</latexit>

M & 1.3 TeV(HL-LHC estimate:                         )  



CP-even dark pion

Ennio Salvioni

• In most general setup with , nontrivial interplay with quark mass matrix 

• Define 

Y, Ỹ ≠ 0

<latexit sha1_base64="kodQtqxNyog4VtlxKj0HqbgCr+U="></latexit>

! ⇠ 
Y eY v2

M

For CP-even  , shortest lifetime 

is obtained for  

(mild coincidence of scales)

̂π2

κ ∼ 1

h → inv

<latexit sha1_base64="K1PsgE6GzrR2iPnQifQsPUjfXM8="></latexit>

s(2)✓ = 2⇡d()f2
⇡̂
yey
M

v

m2
h



CP-even vs CP-odd pions

Ennio Salvioni

<latexit sha1_base64="K1PsgE6GzrR2iPnQifQsPUjfXM8="></latexit>

s(2)✓ = 2⇡d()f2
⇡̂
yey
M

v

m2
h

• Strong mass dependence of dark shower decay features 

• For , CP-even pion can be the shortest-lived onem ̂π ≳ 4 GeV



Muon-rich dark showers @ LHCb

Ennio Salvioni

<latexit sha1_base64="atnUGrnC8L6CRE5JUDGVbexkDKM=">AAACKHicbVDLSsNAFJ3UV62vqks3g0WoICGpRQU3BV24rNAXJKFMptN26MwkzEyEEvIbfoTf4FbX7qRL/RLTtIJtPXDhcM693HuPHzKqtGVNjNza+sbmVn67sLO7t39QPDxqqSCSmDRxwALZ8ZEijArS1FQz0gklQdxnpO2P7qZ++4lIRQPR0OOQeBwNBO1TjHQqdYuWK4dBtwHLLkd6KHl830rOoUsFdGyzcgEvTctzb39NzJNusWSZVga4Suw5KYE56t3il9sLcMSJ0JghpRzbCrUXI6kpZiQpuJEiIcIjNCBOSgXiRHlx9lkCz1KlB/uBTEtomKl/J2LElRpzP+2cnqiWvan4n+dEun/jxVSEkSYCzxb1IwZ1AKcxwR6VBGs2TgnCkqa3QjxEEmGdhrmwxc8ysZcTWCWtimlfmdXHaqlWmaeTByfgFJSBDa5BDTyAOmgCDJ7BK3gD78aL8WF8GpNZa86YzxyDBRjfP/IEpTc=</latexit>

⇢T (DV) 2 [1.2, 3.0] cm

*preliminary*

13 TeV

 signal̂π3  signal̂π1



Muon-rich dark showers @ LHCb

Ennio Salvioni

*preliminary*

13 TeV

<latexit sha1_base64="FOERZJYHT7DtEC57MpEfE+x+feE="></latexit>

BR(Z !  0 
0
) / (y/M)4

<latexit sha1_base64="+KBEs+LsrqhdUjVg1NW9a8CM5+Q="></latexit>

⌧1,3 / f�2
⇡̂ (y/M)�4

relation predicted by benchmark 



Dark Sectors @ ATLAS

• Impressive array of Run 2 dark sector searches. Important focus on exotic Higgs decays

Ennio Salvioni

✓ Displaced jets in MS, calorimeter, and ID + MS

<latexit sha1_base64="LNwvL9Z4Fq0Rdj6X6/RLfy/s3xQ=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSKIh5KIqMeClx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777aytb2xubRd2irt7+weHpaPjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G9zO//YRK81g+mEmCfkSHkoecUWOlRq1fKrsVdw6ySryclCFHvV/66g1ilkYoDRNU667nJsbPqDKcCZwWe6nGhLIxHWLXUkkj1H42P3RKzq0yIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQnv/IzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynaELzll1dJ66ri3VTcxnW5epnHUYBTOIML8OAWqlCDOjSBAcIzvMKb8+i8OO/Ox6J1zclnTuAPnM8fl+eMuQ==</latexit>

H

[ATLAS 1811.07370, 1902.03094, 1911.12575]

[ATLAS 1909.01246]

• All of these rely on LLP-specific triggers

✓ Two displaced “dark-photon jets”  
(muonic or hadronic)

<latexit sha1_base64="9uOUd5Ql359C9/2fc1l4P8wpJ1c=">AAACGHicbVDLTgIxFO3gC/GFunTTSEjQBc4YfCyJblyikUfCEHKnFGhoZyZtx0gmfIYbf8WNC41xy86/sQOzUPQkNzk5596053ghZ0rb9peVWVpeWV3Lruc2Nre2d/K7ew0VRJLQOgl4IFseKMqZT+uaaU5boaQgPE6b3ug68ZsPVCoW+Pd6HNKOgIHP+oyANlI3f+IK0EMp4qu7SckdgBDQ7WFXB9ilnCdzhF0IQxk84sqZW+zmC3bZngH/JU5KCihFrZufur2ARIL6mnBQqu3Yoe7EIDUjnE5ybqRoCGQEA9o21AdBVSeeBZvgolF6uB9IM77GM/XnRQxCqbHwzGYSQy16ifif1450/7ITMz+MNPXJ/KF+xLHJnbSEe0xSovnYECCSmb9iMgQJRJsuc6YEZzHyX9I4LTvnZfu2Uqgep3Vk0QE6RCXkoAtURTeohuqIoCf0gt7Qu/VsvVof1ud8NWOlN/voF6zpNzchnyM=</latexit>

BR(�d ! ``) ⇡ 45%

<latexit sha1_base64="t1C/gL54D19UAiZ8iyYZeDP8hgM=">AAACEXicbVC7TsMwFHV4lvIKMLJYVJUKQ5UgxGOrYGEsiD6kJqoc122t2k5kO4gqyi+w8CssDCDEysbG3+C0GaDlSJaOzrlXvucEEaNKO863tbC4tLyyWlgrrm9sbm3bO7tNFcYSkwYOWSjbAVKEUUEammpG2pEkiAeMtILRVea37olUNBR3ehwRn6OBoH2KkTZS1654HOmh5MnlbVpR0NMhDLwAySRID6GHokiGD/DC8cpdu+RUnQngPHFzUgI56l37y+uFOOZEaMyQUh3XibSfIKkpZiQterEiEcIjNCAdQwXiRPnJJFEKy0bpwX4ozRMaTtTfGwniSo15YCaz+9Wsl4n/eZ1Y98/9hIoo1kTg6Uf9mEGTO6sH9qgkWLOxIQhLam6FeIgkwtqUWDQluLOR50nzuOqeVp2bk1LtKK+jAPbBAagAF5yBGrgGddAAGDyCZ/AK3qwn68V6tz6mowtWvrMH/sD6/AHW/JxJ</latexit>

BR(s ! bb̄) ⇡ 90%
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Higgs portalZ portal

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

L6 ⇠ Y
2

M2

⇣
H

†
DµH �

µ
 +

↵̂s

12⇡
|H|2Ĝµ⌫Ĝ

µ⌫
⌘

(take )Y = yt ≈ 1

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

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

�h ⇡ 49 pb
Z decays to hidden sector dominate

 @ HL-LHC!> 1011 Z

• LEP sensitivity ( ,  parameter, visible signatures) limited to  - Z → invisible ̂T ∼ 0.7 1 TeV

 @ LEP∼ 2 × 107 Z

is wide open for the LHCM ≳ 1 TeV

<latexit sha1_base64="piX5RSlH2A5UUBAd1YBHqVjkvXI=">AAACUHicbVFNTxsxEJ1NC4Tw0dAeuViNkMKBaBdFBYlLBJdeKgEiARGHyOt4Ewvv2rK9iMjan8iFW39HLz20Am8SpBYYyfLzezPj8XOsBDc2DH8GlQ8fl5ZXqqu1tfWNzU/1rc89I3NNWZdKIfVVTAwTPGNdy61gV0ozksaCXca3J6V+ece04TK7sFPFBikZZzzhlFhPDetjnBI70ak7Pi+a19hKhJXhWPqasqUrT8UuwkQpLe 9R1DrElqfMoCi8cXvtAuFjPm4inGhCXYSPXtpdsF5RuB9zffemPaw3wlY4C/QWRAvQgEWcDuuPeCRpnrLMUkGM6UehsgNHtOVUsKKGc8MUobdkzPoeZsQPNXAzQwq045kRSqT2K7Noxv5b4UhqzDSNfWY5r3mtleR7Wj+3yeHA8UzllmV0flGSC+R9K91FI64ZtWLqAaGa+1kRnRDvjfV/UPMmRK+f/Bb09lvRt1Z41m50woUdVdiGr9CECA6gA9/hFLpA4QF+wR/4GzwGv4OnSjBPfdnhC/wXldozJByztA==</latexit>

BR(Z !   ) ⇡ 1.8⇥ 10�4
⇣1 TeV

M

⌘4
<latexit sha1_base64="osiZ9ID5A/DFj5iE/u8CIp1BYoI="></latexit>

BR(h ! ĝĝ) ⇡ 1.3⇥ 10�4
⇣1 TeV

M

⌘4⇣ ↵̂s

0.2
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Higgs portalZ portal

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

L6 ⇠ Y
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M2

⇣
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†
DµH �

µ
 +

↵̂s

12⇡
|H|2Ĝµ⌫Ĝ

µ⌫
⌘

(take )Y = yt ≈ 1

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

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

�h ⇡ 49 pb

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

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

Nf � 2

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

- vector meson decays to SM

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

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

ππ
[Cheng, Li, Salvioni, Verhaaren 1906.02198]

[Cheng, Li, Salvioni, Verhaaren in progress]

 @ HL-LHC!> 1011 Z

Z decays to hidden sector dominate

<latexit sha1_base64="piX5RSlH2A5UUBAd1YBHqVjkvXI=">AAACUHicbVFNTxsxEJ1NC4Tw0dAeuViNkMKBaBdFBYlLBJdeKgEiARGHyOt4Ewvv2rK9iMjan8iFW39HLz20Am8SpBYYyfLzezPj8XOsBDc2DH8GlQ8fl5ZXqqu1tfWNzU/1rc89I3NNWZdKIfVVTAwTPGNdy61gV0ozksaCXca3J6V+ece04TK7sFPFBikZZzzhlFhPDetjnBI70ak7Pi+a19hKhJXhWPqasqUrT8UuwkQpLe 9R1DrElqfMoCi8cXvtAuFjPm4inGhCXYSPXtpdsF5RuB9zffemPaw3wlY4C/QWRAvQgEWcDuuPeCRpnrLMUkGM6UehsgNHtOVUsKKGc8MUobdkzPoeZsQPNXAzQwq045kRSqT2K7Noxv5b4UhqzDSNfWY5r3mtleR7Wj+3yeHA8UzllmV0flGSC+R9K91FI64ZtWLqAaGa+1kRnRDvjfV/UPMmRK+f/Bb09lvRt1Z41m50woUdVdiGr9CECA6gA9/hFLpA4QF+wR/4GzwGv4OnSjBPfdnhC/wXldozJByztA==</latexit>

BR(Z !   ) ⇡ 1.8⇥ 10�4
⇣1 TeV

M

⌘4
<latexit sha1_base64="osiZ9ID5A/DFj5iE/u8CIp1BYoI="></latexit>

BR(h ! ĝĝ) ⇡ 1.3⇥ 10�4
⇣1 TeV

M

⌘4⇣ ↵̂s

0.2

⌘2



• Pseudoscalar 

• Vector 

• Scalar

Hidden meson decays

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

helicity-suppressed

dominates

It turns out, all lightest mesons decay back to SM via Z portal



Hidden meson lifetimes

decay length  
[meters]

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

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

• Hidden strong scale 

• Mediation scale

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

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

Two main parameters determine signatures:
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