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2)       Dark rhos -- kinetic mixing with SM

3)       Dark pions -- resonant pair-production through dark rho

4)       Dark pion decay -- “gaugephilic” versus “gaugephobic”

5)       LHC signals, constraints, opportunities

6)       Discussion

1)       Motivation



Imagine ...

Pions of QCD had exact SU(2) isospin symmetry: 

Qu = �Qd =
1

2
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1)                              (electric charge commutes with t3)

2)                              (up & down Yukawa couplings equal)mu = md
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Imagine ...

Pions of QCD had exact SU(2) isospin symmetry: 

All contributions to axial anomaly vanish.

Tr Q2t3 = 0 Tr MQ2t3 = 0 etc .

Qu = �Qd =
1
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Imagine ...

All contributions to axial anomaly vanish.

Tr Q2t3 = 0 Tr MQ2t3 = 0 etc .

π0 (still) decays -- through mixing with the Goldstone (just like π±) 

πa Ga
f

f̄′�

Weak decay                        possible, highly suppressed by phase spaceπ+ → π0W*

(highly suppressed by ye since open mode is π0 -> e+e-)

Pions of QCD had exact SU(2) isospin symmetry: 

Qu = �Qd =
1
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2)                              (up & down Yukawa couplings equal)mu = md
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“Dark” Mesons“QCD” Mesons

Exact SU(2) isospin symmetry Exact SU(2) custodial symmetry

SU(3)color SU(Ndark)

2 flavors (u,d) 2 (and 4) flavor theories

chiral fermion masses 
      (above EW scale)

vector-like and/or chiral  
    fermion masses

fermions transform under 
     EW + QCD

fermions transform under 
     EW + “dark color”

pions in triplet pions in triplet (or triplets + ...)

baryons

π+-
π0

ρ′�s

πa/Ga mixing small 
    (v2/f2 small)

effective πa/Ga mixing small 
    (v2/M2 small)



“Dark” sectors that contain a new, strongly-coupled, confining force near 
the weak scale are well-motivated from a wide variety of perspectives:

• Theories with strongly-coupled composite dark matter, e.g., 
     Dark baryons (e.g., “Stealth Dark Matter”) 
     Dark mesons (e.g., Ectocolor DM; heavy chiral DM; etc.) 
     SIDM/SIMP/etc.

•  Theories that explain electroweak symmetry breaking, e.g., 
     Bosonic technicolor / strongly-coupled induced EWSB 
     Composite Higgs theories 
     Relaxion with new (non-QCD) dark sector

•  Theories that provide interesting / novel LHC phenomena, e.g., 
      Hidden valleys 
      Quirky theories and signals 
      Vectorlike confinement

For this talk ̶ focus is on LHC phenomena.

Plenty of Motivation ...



Outline

2)       Dark rhos -- kinetic mixing with SM

3)       Dark pions -- resonant pair-production through dark rho

4)       Dark pion decay -- “gaugephilic” versus “gaugephobic”

5)       LHC signals, constraints, opportunities

6)       Discussion

1)       Motivation



Dark ρ ̶ B/W Kinetic Mixing

One of the critical observations is ρ <̶> gauge boson kinetic mixing

Two types!

U(1)-like  (       only)⇢0

SU(2)-like

B, W a

This provides a portal into the dark sector!

[Kilic, Okui, Sundrum 0906.0577]

✏0Bµ⌫�
3aF a,µ⌫
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FIG. 1: The left panel shows the production cross section at
p
s = 13 TeV for the dark

vector mesons. The blue and orange lines depict whether the vector mesons are charged
under either SU(2) or U(1) and kinetically mix with the appropriate standard model
gauge bosons. The middle and right panels show the subsequent branching ratio for the ⇢D

depending on whether or not it can decay to the ⇡D. The red lines denote decays to quark
anti-quark pairs, and the dashed line indicates the top quark. The purple lines show
leptonic decays.

terms of an overall parameter a with mass dimension �1, a SM mass mf or mW , and
a massless parameter ⇠ that controls the relative strength of the fermionic and bosonic
⇡D interactions. This form is convenient, as coupling ⇡D to SM fields in this fashion
requires breaking electroweak symmetry and hence the coupling strengths must be
proportional to the mass of a SM field. The primary role of the a parameter is to set
the total width of the ⇡D. We will primarily be focused on scenarios where the ⇡D

decay promptly. This sets a lower bound on (amSM), where mSM is the mass of the
mass of the SM particle(s) in the dominant ⇡D decay, though displaced ⇡D scenarios
may also be interesting to study.

• The only remaining parameter is the relative strength parameter. We will consider
two possibilties for ⇠: 1.) ⇠ ⇠ 1, a scenario we denote as gauge-philic, and 2.)

Ndark = 4

⇢D
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Two Qualitatively Different Scenarios

m⇡D

m⇢D

< 0.5
<latexit sha1_base64="BP9STCaxTHuEkBJwXRE0OEC52pQ=">AAACEXicbZC7TsMwFIadcivlFmBksaiQOqAqQSAYGCpgYCwSvUhNFDmu01q1k8h2kKoor8DCq7AwgBArGxtvg5NmgJYj2fr0/+fIPr8fMyqVZX0blaXlldW16nptY3Nre8fc3evKKBGYdHDEItH3kSSMhqSjqGKkHwuCuM9Iz59c537vgQhJo/BeTWPicjQKaUAxUlryzIYTCIRT7qVOTL2bLCtQjKOcoXMML/PLap55Zt1qWkXBRbBLqIOy2p755QwjnHASKsyQlAPbipWbIqEoZiSrOYkkMcITNCIDjSHiRLppsVEGj7QyhEEk9AkVLNTfEyniUk65rzs5UmM57+Xif94gUcGFm9IwThQJ8eyhIGFQRTCPBw6pIFixqQaEBdV/hXiMdERKh1jTIdjzKy9C96RpW0377rTeuirjqIIDcAgawAbnoAVuQRt0AAaP4Bm8gjfjyXgx3o2PWWvFKGf2wZ8yPn8AopKcKg==</latexit><latexit sha1_base64="BP9STCaxTHuEkBJwXRE0OEC52pQ=">AAACEXicbZC7TsMwFIadcivlFmBksaiQOqAqQSAYGCpgYCwSvUhNFDmu01q1k8h2kKoor8DCq7AwgBArGxtvg5NmgJYj2fr0/+fIPr8fMyqVZX0blaXlldW16nptY3Nre8fc3evKKBGYdHDEItH3kSSMhqSjqGKkHwuCuM9Iz59c537vgQhJo/BeTWPicjQKaUAxUlryzIYTCIRT7qVOTL2bLCtQjKOcoXMML/PLap55Zt1qWkXBRbBLqIOy2p755QwjnHASKsyQlAPbipWbIqEoZiSrOYkkMcITNCIDjSHiRLppsVEGj7QyhEEk9AkVLNTfEyniUk65rzs5UmM57+Xif94gUcGFm9IwThQJ8eyhIGFQRTCPBw6pIFixqQaEBdV/hXiMdERKh1jTIdjzKy9C96RpW0377rTeuirjqIIDcAgawAbnoAVuQRt0AAaP4Bm8gjfjyXgx3o2PWWvFKGf2wZ8yPn8AopKcKg==</latexit><latexit sha1_base64="BP9STCaxTHuEkBJwXRE0OEC52pQ=">AAACEXicbZC7TsMwFIadcivlFmBksaiQOqAqQSAYGCpgYCwSvUhNFDmu01q1k8h2kKoor8DCq7AwgBArGxtvg5NmgJYj2fr0/+fIPr8fMyqVZX0blaXlldW16nptY3Nre8fc3evKKBGYdHDEItH3kSSMhqSjqGKkHwuCuM9Iz59c537vgQhJo/BeTWPicjQKaUAxUlryzIYTCIRT7qVOTL2bLCtQjKOcoXMML/PLap55Zt1qWkXBRbBLqIOy2p755QwjnHASKsyQlAPbipWbIqEoZiSrOYkkMcITNCIDjSHiRLppsVEGj7QyhEEk9AkVLNTfEyniUk65rzs5UmM57+Xif94gUcGFm9IwThQJ8eyhIGFQRTCPBw6pIFixqQaEBdV/hXiMdERKh1jTIdjzKy9C96RpW0377rTeuirjqIIDcAgawAbnoAVuQRt0AAaP4Bm8gjfjyXgx3o2PWWvFKGf2wZ8yPn8AopKcKg==</latexit><latexit sha1_base64="BP9STCaxTHuEkBJwXRE0OEC52pQ=">AAACEXicbZC7TsMwFIadcivlFmBksaiQOqAqQSAYGCpgYCwSvUhNFDmu01q1k8h2kKoor8DCq7AwgBArGxtvg5NmgJYj2fr0/+fIPr8fMyqVZX0blaXlldW16nptY3Nre8fc3evKKBGYdHDEItH3kSSMhqSjqGKkHwuCuM9Iz59c537vgQhJo/BeTWPicjQKaUAxUlryzIYTCIRT7qVOTL2bLCtQjKOcoXMML/PLap55Zt1qWkXBRbBLqIOy2p755QwjnHASKsyQlAPbipWbIqEoZiSrOYkkMcITNCIDjSHiRLppsVEGj7QyhEEk9AkVLNTfEyniUk65rzs5UmM57+Xif94gUcGFm9IwThQJ8eyhIGFQRTCPBw6pIFixqQaEBdV/hXiMdERKh1jTIdjzKy9C96RpW0377rTeuirjqIIDcAgawAbnoAVuQRt0AAaP4Bm8gjfjyXgx3o2PWWvFKGf2wZ8yPn8AopKcKg==</latexit>

m⇡D

m⇢D

> 0.5
<latexit sha1_base64="jagyN+wkZRvdjXxZH0qeA/OraI0=">AAACEXicbZBNS8MwGMfT+TbnW9Wjl+AQdpDRiqInGerB4wT3AmspaZZuYUlbklQYpV/Bi1/FiwdFvHrz5rcx7XrQzQcSfvz/z0Py/P2YUaks69uoLC2vrK5V12sbm1vbO+buXldGicCkgyMWib6PJGE0JB1FFSP9WBDEfUZ6/uQ693sPREgahfdqGhOXo1FIA4qR0pJnNpxAIJxyL3Vi6t1kWYFiHOUMnWN4mV9W88wz61bTKgougl1CHZTV9swvZxjhhJNQYYakHNhWrNwUCUUxI1nNSSSJEZ6gERloDBEn0k2LjTJ4pJUhDCKhT6hgof6eSBGXcsp93cmRGst5Lxf/8waJCi7clIZxokiIZw8FCYMqgnk8cEgFwYpNNSAsqP4rxGOkI1I6xJoOwZ5feRG6J03batp3p/XWVRlHFRyAQ9AANjgHLXAL2qADMHgEz+AVvBlPxovxbnzMWitGObMP/pTx+QOlqJws</latexit><latexit sha1_base64="jagyN+wkZRvdjXxZH0qeA/OraI0=">AAACEXicbZBNS8MwGMfT+TbnW9Wjl+AQdpDRiqInGerB4wT3AmspaZZuYUlbklQYpV/Bi1/FiwdFvHrz5rcx7XrQzQcSfvz/z0Py/P2YUaks69uoLC2vrK5V12sbm1vbO+buXldGicCkgyMWib6PJGE0JB1FFSP9WBDEfUZ6/uQ693sPREgahfdqGhOXo1FIA4qR0pJnNpxAIJxyL3Vi6t1kWYFiHOUMnWN4mV9W88wz61bTKgougl1CHZTV9swvZxjhhJNQYYakHNhWrNwUCUUxI1nNSSSJEZ6gERloDBEn0k2LjTJ4pJUhDCKhT6hgof6eSBGXcsp93cmRGst5Lxf/8waJCi7clIZxokiIZw8FCYMqgnk8cEgFwYpNNSAsqP4rxGOkI1I6xJoOwZ5feRG6J03batp3p/XWVRlHFRyAQ9AANjgHLXAL2qADMHgEz+AVvBlPxovxbnzMWitGObMP/pTx+QOlqJws</latexit><latexit sha1_base64="jagyN+wkZRvdjXxZH0qeA/OraI0=">AAACEXicbZBNS8MwGMfT+TbnW9Wjl+AQdpDRiqInGerB4wT3AmspaZZuYUlbklQYpV/Bi1/FiwdFvHrz5rcx7XrQzQcSfvz/z0Py/P2YUaks69uoLC2vrK5V12sbm1vbO+buXldGicCkgyMWib6PJGE0JB1FFSP9WBDEfUZ6/uQ693sPREgahfdqGhOXo1FIA4qR0pJnNpxAIJxyL3Vi6t1kWYFiHOUMnWN4mV9W88wz61bTKgougl1CHZTV9swvZxjhhJNQYYakHNhWrNwUCUUxI1nNSSSJEZ6gERloDBEn0k2LjTJ4pJUhDCKhT6hgof6eSBGXcsp93cmRGst5Lxf/8waJCi7clIZxokiIZw8FCYMqgnk8cEgFwYpNNSAsqP4rxGOkI1I6xJoOwZ5feRG6J03batp3p/XWVRlHFRyAQ9AANjgHLXAL2qADMHgEz+AVvBlPxovxbnzMWitGObMP/pTx+QOlqJws</latexit><latexit sha1_base64="jagyN+wkZRvdjXxZH0qeA/OraI0=">AAACEXicbZBNS8MwGMfT+TbnW9Wjl+AQdpDRiqInGerB4wT3AmspaZZuYUlbklQYpV/Bi1/FiwdFvHrz5rcx7XrQzQcSfvz/z0Py/P2YUaks69uoLC2vrK5V12sbm1vbO+buXldGicCkgyMWib6PJGE0JB1FFSP9WBDEfUZ6/uQ693sPREgahfdqGhOXo1FIA4qR0pJnNpxAIJxyL3Vi6t1kWYFiHOUMnWN4mV9W88wz61bTKgougl1CHZTV9swvZxjhhJNQYYakHNhWrNwUCUUxI1nNSSSJEZ6gERloDBEn0k2LjTJ4pJUhDCKhT6hgof6eSBGXcsp93cmRGst5Lxf/8waJCi7clIZxokiIZw8FCYMqgnk8cEgFwYpNNSAsqP4rxGOkI1I6xJoOwZ5feRG6J03batp3p/XWVRlHFRyAQ9AANjgHLXAL2qADMHgEz+AVvBlPxovxbnzMWitGObMP/pTx+QOlqJws</latexit>

⇢D
<latexit sha1_base64="CvRa2R1CvTVKISxm/fWio6i9zP8=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9BjUg8cI5gHJEmYns8mY2ZllplcIIf/gxYMiXv0fb/6Nk2QPmljQUFR1090VpVJY9P1vb2V1bX1js7BV3N7Z3dsvHRw2rM4M43WmpTatiFouheJ1FCh5KzWcJpHkzWh4M/WbT9xYodUDjlIeJrSvRCwYRSc1Omagu7fdUtmv+DOQZRLkpAw5at3SV6enWZZwhUxSa9uBn2I4pgYFk3xS7GSWp5QNaZ+3HVU04TYcz66dkFOn9EisjSuFZKb+nhjTxNpRErnOhOLALnpT8T+vnWF8FY6FSjPkis0XxZkkqMn0ddIThjOUI0coM8LdStiAGsrQBVR0IQSLLy+Txnkl8CvB/UW5ep3HUYBjOIEzCOASqnAHNagDg0d4hld487T34r17H/PWFS+fOYI/8D5/AGRGjv4=</latexit><latexit sha1_base64="CvRa2R1CvTVKISxm/fWio6i9zP8=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9BjUg8cI5gHJEmYns8mY2ZllplcIIf/gxYMiXv0fb/6Nk2QPmljQUFR1090VpVJY9P1vb2V1bX1js7BV3N7Z3dsvHRw2rM4M43WmpTatiFouheJ1FCh5KzWcJpHkzWh4M/WbT9xYodUDjlIeJrSvRCwYRSc1Omagu7fdUtmv+DOQZRLkpAw5at3SV6enWZZwhUxSa9uBn2I4pgYFk3xS7GSWp5QNaZ+3HVU04TYcz66dkFOn9EisjSuFZKb+nhjTxNpRErnOhOLALnpT8T+vnWF8FY6FSjPkis0XxZkkqMn0ddIThjOUI0coM8LdStiAGsrQBVR0IQSLLy+Txnkl8CvB/UW5ep3HUYBjOIEzCOASqnAHNagDg0d4hld487T34r17H/PWFS+fOYI/8D5/AGRGjv4=</latexit><latexit sha1_base64="CvRa2R1CvTVKISxm/fWio6i9zP8=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9BjUg8cI5gHJEmYns8mY2ZllplcIIf/gxYMiXv0fb/6Nk2QPmljQUFR1090VpVJY9P1vb2V1bX1js7BV3N7Z3dsvHRw2rM4M43WmpTatiFouheJ1FCh5KzWcJpHkzWh4M/WbT9xYodUDjlIeJrSvRCwYRSc1Omagu7fdUtmv+DOQZRLkpAw5at3SV6enWZZwhUxSa9uBn2I4pgYFk3xS7GSWp5QNaZ+3HVU04TYcz66dkFOn9EisjSuFZKb+nhjTxNpRErnOhOLALnpT8T+vnWF8FY6FSjPkis0XxZkkqMn0ddIThjOUI0coM8LdStiAGsrQBVR0IQSLLy+Txnkl8CvB/UW5ep3HUYBjOIEzCOASqnAHNagDg0d4hld487T34r17H/PWFS+fOYI/8D5/AGRGjv4=</latexit><latexit sha1_base64="CvRa2R1CvTVKISxm/fWio6i9zP8=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9BjUg8cI5gHJEmYns8mY2ZllplcIIf/gxYMiXv0fb/6Nk2QPmljQUFR1090VpVJY9P1vb2V1bX1js7BV3N7Z3dsvHRw2rM4M43WmpTatiFouheJ1FCh5KzWcJpHkzWh4M/WbT9xYodUDjlIeJrSvRCwYRSc1Omagu7fdUtmv+DOQZRLkpAw5at3SV6enWZZwhUxSa9uBn2I4pgYFk3xS7GSWp5QNaZ+3HVU04TYcz66dkFOn9EisjSuFZKb+nhjTxNpRErnOhOLALnpT8T+vnWF8FY6FSjPkis0XxZkkqMn0ddIThjOUI0coM8LdStiAGsrQBVR0IQSLLy+Txnkl8CvB/UW5ep3HUYBjOIEzCOASqnAHNagDg0d4hld487T34r17H/PWFS+fOYI/8D5/AGRGjv4=</latexit>

⇡D
<latexit sha1_base64="5HBzRAOTS1QUCNwKjxKZhfgAhaA=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4rmLbQhrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4dua3n1BpnshHM0kxiOlQ8ogzaqzk91Lev+tXa27dnYOsEq8gNSjQ7Fe/eoOEZTFKwwTVuuu5qQlyqgxnAqeVXqYxpWxMh9i1VNIYdZDPj52SM6sMSJQoW9KQufp7Iqex1pM4tJ0xNSO97M3E/7xuZqLrIOcyzQxKtlgUZYKYhMw+JwOukBkxsYQyxe2thI2ooszYfCo2BG/55VXSuqh7bt17uKw1boo4ynACp3AOHlxBA+6hCT4w4PAMr/DmSOfFeXc+Fq0lp5g5hj9wPn8Ak3OOhA==</latexit><latexit sha1_base64="5HBzRAOTS1QUCNwKjxKZhfgAhaA=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4rmLbQhrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4dua3n1BpnshHM0kxiOlQ8ogzaqzk91Lev+tXa27dnYOsEq8gNSjQ7Fe/eoOEZTFKwwTVuuu5qQlyqgxnAqeVXqYxpWxMh9i1VNIYdZDPj52SM6sMSJQoW9KQufp7Iqex1pM4tJ0xNSO97M3E/7xuZqLrIOcyzQxKtlgUZYKYhMw+JwOukBkxsYQyxe2thI2ooszYfCo2BG/55VXSuqh7bt17uKw1boo4ynACp3AOHlxBA+6hCT4w4PAMr/DmSOfFeXc+Fq0lp5g5hj9wPn8Ak3OOhA==</latexit><latexit sha1_base64="5HBzRAOTS1QUCNwKjxKZhfgAhaA=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4rmLbQhrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4dua3n1BpnshHM0kxiOlQ8ogzaqzk91Lev+tXa27dnYOsEq8gNSjQ7Fe/eoOEZTFKwwTVuuu5qQlyqgxnAqeVXqYxpWxMh9i1VNIYdZDPj52SM6sMSJQoW9KQufp7Iqex1pM4tJ0xNSO97M3E/7xuZqLrIOcyzQxKtlgUZYKYhMw+JwOukBkxsYQyxe2thI2ooszYfCo2BG/55VXSuqh7bt17uKw1boo4ynACp3AOHlxBA+6hCT4w4PAMr/DmSOfFeXc+Fq0lp5g5hj9wPn8Ak3OOhA==</latexit><latexit sha1_base64="5HBzRAOTS1QUCNwKjxKZhfgAhaA=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4rmLbQhrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4dua3n1BpnshHM0kxiOlQ8ogzaqzk91Lev+tXa27dnYOsEq8gNSjQ7Fe/eoOEZTFKwwTVuuu5qQlyqgxnAqeVXqYxpWxMh9i1VNIYdZDPj52SM6sMSJQoW9KQufp7Iqex1pM4tJ0xNSO97M3E/7xuZqLrIOcyzQxKtlgUZYKYhMw+JwOukBkxsYQyxe2thI2ooszYfCo2BG/55VXSuqh7bt17uKw1boo4ynACp3AOHlxBA+6hCT4w4PAMr/DmSOfFeXc+Fq0lp5g5hj9wPn8Ak3OOhA==</latexit>

⇡D
<latexit sha1_base64="5HBzRAOTS1QUCNwKjxKZhfgAhaA=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4rmLbQhrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4dua3n1BpnshHM0kxiOlQ8ogzaqzk91Lev+tXa27dnYOsEq8gNSjQ7Fe/eoOEZTFKwwTVuuu5qQlyqgxnAqeVXqYxpWxMh9i1VNIYdZDPj52SM6sMSJQoW9KQufp7Iqex1pM4tJ0xNSO97M3E/7xuZqLrIOcyzQxKtlgUZYKYhMw+JwOukBkxsYQyxe2thI2ooszYfCo2BG/55VXSuqh7bt17uKw1boo4ynACp3AOHlxBA+6hCT4w4PAMr/DmSOfFeXc+Fq0lp5g5hj9wPn8Ak3OOhA==</latexit><latexit sha1_base64="5HBzRAOTS1QUCNwKjxKZhfgAhaA=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4rmLbQhrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4dua3n1BpnshHM0kxiOlQ8ogzaqzk91Lev+tXa27dnYOsEq8gNSjQ7Fe/eoOEZTFKwwTVuuu5qQlyqgxnAqeVXqYxpWxMh9i1VNIYdZDPj52SM6sMSJQoW9KQufp7Iqex1pM4tJ0xNSO97M3E/7xuZqLrIOcyzQxKtlgUZYKYhMw+JwOukBkxsYQyxe2thI2ooszYfCo2BG/55VXSuqh7bt17uKw1boo4ynACp3AOHlxBA+6hCT4w4PAMr/DmSOfFeXc+Fq0lp5g5hj9wPn8Ak3OOhA==</latexit><latexit sha1_base64="5HBzRAOTS1QUCNwKjxKZhfgAhaA=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4rmLbQhrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4dua3n1BpnshHM0kxiOlQ8ogzaqzk91Lev+tXa27dnYOsEq8gNSjQ7Fe/eoOEZTFKwwTVuuu5qQlyqgxnAqeVXqYxpWxMh9i1VNIYdZDPj52SM6sMSJQoW9KQufp7Iqex1pM4tJ0xNSO97M3E/7xuZqLrIOcyzQxKtlgUZYKYhMw+JwOukBkxsYQyxe2thI2ooszYfCo2BG/55VXSuqh7bt17uKw1boo4ynACp3AOHlxBA+6hCT4w4PAMr/DmSOfFeXc+Fq0lp5g5hj9wPn8Ak3OOhA==</latexit><latexit sha1_base64="5HBzRAOTS1QUCNwKjxKZhfgAhaA=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GNRDx4rmLbQhrLZTtqlm03Y3Qgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777ZTW1jc2t8rblZ3dvf2D6uFRSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4dua3n1BpnshHM0kxiOlQ8ogzaqzk91Lev+tXa27dnYOsEq8gNSjQ7Fe/eoOEZTFKwwTVuuu5qQlyqgxnAqeVXqYxpWxMh9i1VNIYdZDPj52SM6sMSJQoW9KQufp7Iqex1pM4tJ0xNSO97M3E/7xuZqLrIOcyzQxKtlgUZYKYhMw+JwOukBkxsYQyxe2thI2ooszYfCo2BG/55VXSuqh7bt17uKw1boo4ynACp3AOHlxBA+6hCT4w4PAMr/DmSOfFeXc+Fq0lp5g5hj9wPn8Ak3OOhA==</latexit>

g⇢d⇡d⇡d ⇠ 4⇡p
Ndark

⇢D
<latexit sha1_base64="CvRa2R1CvTVKISxm/fWio6i9zP8=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9BjUg8cI5gHJEmYns8mY2ZllplcIIf/gxYMiXv0fb/6Nk2QPmljQUFR1090VpVJY9P1vb2V1bX1js7BV3N7Z3dsvHRw2rM4M43WmpTatiFouheJ1FCh5KzWcJpHkzWh4M/WbT9xYodUDjlIeJrSvRCwYRSc1Omagu7fdUtmv+DOQZRLkpAw5at3SV6enWZZwhUxSa9uBn2I4pgYFk3xS7GSWp5QNaZ+3HVU04TYcz66dkFOn9EisjSuFZKb+nhjTxNpRErnOhOLALnpT8T+vnWF8FY6FSjPkis0XxZkkqMn0ddIThjOUI0coM8LdStiAGsrQBVR0IQSLLy+Txnkl8CvB/UW5ep3HUYBjOIEzCOASqnAHNagDg0d4hld487T34r17H/PWFS+fOYI/8D5/AGRGjv4=</latexit><latexit sha1_base64="CvRa2R1CvTVKISxm/fWio6i9zP8=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9BjUg8cI5gHJEmYns8mY2ZllplcIIf/gxYMiXv0fb/6Nk2QPmljQUFR1090VpVJY9P1vb2V1bX1js7BV3N7Z3dsvHRw2rM4M43WmpTatiFouheJ1FCh5KzWcJpHkzWh4M/WbT9xYodUDjlIeJrSvRCwYRSc1Omagu7fdUtmv+DOQZRLkpAw5at3SV6enWZZwhUxSa9uBn2I4pgYFk3xS7GSWp5QNaZ+3HVU04TYcz66dkFOn9EisjSuFZKb+nhjTxNpRErnOhOLALnpT8T+vnWF8FY6FSjPkis0XxZkkqMn0ddIThjOUI0coM8LdStiAGsrQBVR0IQSLLy+Txnkl8CvB/UW5ep3HUYBjOIEzCOASqnAHNagDg0d4hld487T34r17H/PWFS+fOYI/8D5/AGRGjv4=</latexit><latexit sha1_base64="CvRa2R1CvTVKISxm/fWio6i9zP8=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9BjUg8cI5gHJEmYns8mY2ZllplcIIf/gxYMiXv0fb/6Nk2QPmljQUFR1090VpVJY9P1vb2V1bX1js7BV3N7Z3dsvHRw2rM4M43WmpTatiFouheJ1FCh5KzWcJpHkzWh4M/WbT9xYodUDjlIeJrSvRCwYRSc1Omagu7fdUtmv+DOQZRLkpAw5at3SV6enWZZwhUxSa9uBn2I4pgYFk3xS7GSWp5QNaZ+3HVU04TYcz66dkFOn9EisjSuFZKb+nhjTxNpRErnOhOLALnpT8T+vnWF8FY6FSjPkis0XxZkkqMn0ddIThjOUI0coM8LdStiAGsrQBVR0IQSLLy+Txnkl8CvB/UW5ep3HUYBjOIEzCOASqnAHNagDg0d4hld487T34r17H/PWFS+fOYI/8D5/AGRGjv4=</latexit><latexit sha1_base64="CvRa2R1CvTVKISxm/fWio6i9zP8=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9BjUg8cI5gHJEmYns8mY2ZllplcIIf/gxYMiXv0fb/6Nk2QPmljQUFR1090VpVJY9P1vb2V1bX1js7BV3N7Z3dsvHRw2rM4M43WmpTatiFouheJ1FCh5KzWcJpHkzWh4M/WbT9xYodUDjlIeJrSvRCwYRSc1Omagu7fdUtmv+DOQZRLkpAw5at3SV6enWZZwhUxSa9uBn2I4pgYFk3xS7GSWp5QNaZ+3HVU04TYcz66dkFOn9EisjSuFZKb+nhjTxNpRErnOhOLALnpT8T+vnWF8FY6FSjPkis0XxZkkqMn0ddIThjOUI0coM8LdStiAGsrQBVR0IQSLLy+Txnkl8CvB/UW5ep3HUYBjOIEzCOASqnAHNagDg0d4hld487T34r17H/PWFS+fOYI/8D5/AGRGjv4=</latexit>

Decays to dark pions dominate 
(for Ndark not too large)

Decays to SM dominate 
 (especially                     )⇢0D ! `+`�

<latexit sha1_base64="0pdPa6GpqgpmgbwaCuoumd72Fu0=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0UQxJKIoMuiLlxWsA9o0jCZTpqhk0yYmSgldO3GX3HjQhG3foE7/8ZpmoW2HriXwzn3MnOPnzAqlWV9G6WFxaXllfJqZW19Y3PL3N5pSZ4KTJqYMy46PpKE0Zg0FVWMdBJBUOQz0vaHVxO/fU+EpDy+U6OEuBEaxDSgGCkteea+I0LuXfcs6Ag6CBUSgj9AhzDWO877iWdWrZqVA84TuyBVUKDhmV9On+M0IrHCDEnZta1EuRkSimJGxhUnlSRBeIgGpKtpjCIi3Sw/ZQwPtdKHARe6YgVz9fdGhiIpR5GvJyOkQjnrTcT/vG6qggs3o3GSKhLj6UNByqDicJIL7FNBsGIjTRAWVP8V4hAJhJVOr6JDsGdPniet05pt1ezbs2r9soijDPbAATgCNjgHdXADGqAJMHgEz+AVvBlPxovxbnxMR0tGsbML/sD4/AE/Wpn2</latexit><latexit sha1_base64="0pdPa6GpqgpmgbwaCuoumd72Fu0=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0UQxJKIoMuiLlxWsA9o0jCZTpqhk0yYmSgldO3GX3HjQhG3foE7/8ZpmoW2HriXwzn3MnOPnzAqlWV9G6WFxaXllfJqZW19Y3PL3N5pSZ4KTJqYMy46PpKE0Zg0FVWMdBJBUOQz0vaHVxO/fU+EpDy+U6OEuBEaxDSgGCkteea+I0LuXfcs6Ag6CBUSgj9AhzDWO877iWdWrZqVA84TuyBVUKDhmV9On+M0IrHCDEnZta1EuRkSimJGxhUnlSRBeIgGpKtpjCIi3Sw/ZQwPtdKHARe6YgVz9fdGhiIpR5GvJyOkQjnrTcT/vG6qggs3o3GSKhLj6UNByqDicJIL7FNBsGIjTRAWVP8V4hAJhJVOr6JDsGdPniet05pt1ezbs2r9soijDPbAATgCNjgHdXADGqAJMHgEz+AVvBlPxovxbnxMR0tGsbML/sD4/AE/Wpn2</latexit><latexit sha1_base64="0pdPa6GpqgpmgbwaCuoumd72Fu0=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0UQxJKIoMuiLlxWsA9o0jCZTpqhk0yYmSgldO3GX3HjQhG3foE7/8ZpmoW2HriXwzn3MnOPnzAqlWV9G6WFxaXllfJqZW19Y3PL3N5pSZ4KTJqYMy46PpKE0Zg0FVWMdBJBUOQz0vaHVxO/fU+EpDy+U6OEuBEaxDSgGCkteea+I0LuXfcs6Ag6CBUSgj9AhzDWO877iWdWrZqVA84TuyBVUKDhmV9On+M0IrHCDEnZta1EuRkSimJGxhUnlSRBeIgGpKtpjCIi3Sw/ZQwPtdKHARe6YgVz9fdGhiIpR5GvJyOkQjnrTcT/vG6qggs3o3GSKhLj6UNByqDicJIL7FNBsGIjTRAWVP8V4hAJhJVOr6JDsGdPniet05pt1ezbs2r9soijDPbAATgCNjgHdXADGqAJMHgEz+AVvBlPxovxbnxMR0tGsbML/sD4/AE/Wpn2</latexit><latexit sha1_base64="0pdPa6GpqgpmgbwaCuoumd72Fu0=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0UQxJKIoMuiLlxWsA9o0jCZTpqhk0yYmSgldO3GX3HjQhG3foE7/8ZpmoW2HriXwzn3MnOPnzAqlWV9G6WFxaXllfJqZW19Y3PL3N5pSZ4KTJqYMy46PpKE0Zg0FVWMdBJBUOQz0vaHVxO/fU+EpDy+U6OEuBEaxDSgGCkteea+I0LuXfcs6Ag6CBUSgj9AhzDWO877iWdWrZqVA84TuyBVUKDhmV9On+M0IrHCDEnZta1EuRkSimJGxhUnlSRBeIgGpKtpjCIi3Sw/ZQwPtdKHARe6YgVz9fdGhiIpR5GvJyOkQjnrTcT/vG6qggs3o3GSKhLj6UNByqDicJIL7FNBsGIjTRAWVP8V4hAJhJVOr6JDsGdPniet05pt1ezbs2r9soijDPbAATgCNjgHdXADGqAJMHgEz+AVvBlPxovxbnxMR0tGsbML/sD4/AE/Wpn2</latexit>

SM

SM

Decay⇢D
<latexit sha1_base64="CvRa2R1CvTVKISxm/fWio6i9zP8=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9BjUg8cI5gHJEmYns8mY2ZllplcIIf/gxYMiXv0fb/6Nk2QPmljQUFR1090VpVJY9P1vb2V1bX1js7BV3N7Z3dsvHRw2rM4M43WmpTatiFouheJ1FCh5KzWcJpHkzWh4M/WbT9xYodUDjlIeJrSvRCwYRSc1Omagu7fdUtmv+DOQZRLkpAw5at3SV6enWZZwhUxSa9uBn2I4pgYFk3xS7GSWp5QNaZ+3HVU04TYcz66dkFOn9EisjSuFZKb+nhjTxNpRErnOhOLALnpT8T+vnWF8FY6FSjPkis0XxZkkqMn0ddIThjOUI0coM8LdStiAGsrQBVR0IQSLLy+Txnkl8CvB/UW5ep3HUYBjOIEzCOASqnAHNagDg0d4hld487T34r17H/PWFS+fOYI/8D5/AGRGjv4=</latexit><latexit sha1_base64="CvRa2R1CvTVKISxm/fWio6i9zP8=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9BjUg8cI5gHJEmYns8mY2ZllplcIIf/gxYMiXv0fb/6Nk2QPmljQUFR1090VpVJY9P1vb2V1bX1js7BV3N7Z3dsvHRw2rM4M43WmpTatiFouheJ1FCh5KzWcJpHkzWh4M/WbT9xYodUDjlIeJrSvRCwYRSc1Omagu7fdUtmv+DOQZRLkpAw5at3SV6enWZZwhUxSa9uBn2I4pgYFk3xS7GSWp5QNaZ+3HVU04TYcz66dkFOn9EisjSuFZKb+nhjTxNpRErnOhOLALnpT8T+vnWF8FY6FSjPkis0XxZkkqMn0ddIThjOUI0coM8LdStiAGsrQBVR0IQSLLy+Txnkl8CvB/UW5ep3HUYBjOIEzCOASqnAHNagDg0d4hld487T34r17H/PWFS+fOYI/8D5/AGRGjv4=</latexit><latexit sha1_base64="CvRa2R1CvTVKISxm/fWio6i9zP8=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9BjUg8cI5gHJEmYns8mY2ZllplcIIf/gxYMiXv0fb/6Nk2QPmljQUFR1090VpVJY9P1vb2V1bX1js7BV3N7Z3dsvHRw2rM4M43WmpTatiFouheJ1FCh5KzWcJpHkzWh4M/WbT9xYodUDjlIeJrSvRCwYRSc1Omagu7fdUtmv+DOQZRLkpAw5at3SV6enWZZwhUxSa9uBn2I4pgYFk3xS7GSWp5QNaZ+3HVU04TYcz66dkFOn9EisjSuFZKb+nhjTxNpRErnOhOLALnpT8T+vnWF8FY6FSjPkis0XxZkkqMn0ddIThjOUI0coM8LdStiAGsrQBVR0IQSLLy+Txnkl8CvB/UW5ep3HUYBjOIEzCOASqnAHNagDg0d4hld487T34r17H/PWFS+fOYI/8D5/AGRGjv4=</latexit><latexit sha1_base64="CvRa2R1CvTVKISxm/fWio6i9zP8=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0R9BjUg8cI5gHJEmYns8mY2ZllplcIIf/gxYMiXv0fb/6Nk2QPmljQUFR1090VpVJY9P1vb2V1bX1js7BV3N7Z3dsvHRw2rM4M43WmpTatiFouheJ1FCh5KzWcJpHkzWh4M/WbT9xYodUDjlIeJrSvRCwYRSc1Omagu7fdUtmv+DOQZRLkpAw5at3SV6enWZZwhUxSa9uBn2I4pgYFk3xS7GSWp5QNaZ+3HVU04TYcz66dkFOn9EisjSuFZKb+nhjTxNpRErnOhOLALnpT8T+vnWF8FY6FSjPkis0XxZkkqMn0ddIThjOUI0coM8LdStiAGsrQBVR0IQSLLy+Txnkl8CvB/UW5ep3HUYBjOIEzCOASqnAHNagDg0d4hld487T34r17H/PWFS+fOYI/8D5/AGRGjv4=</latexit>

⇠
⇣
g(

0)
⌘2

p
Ndark

4⇡
<latexit sha1_base64="X/rZfoNTLSmIB0jOW8dBMTWnvV8="></latexit><latexit sha1_base64="X/rZfoNTLSmIB0jOW8dBMTWnvV8="></latexit><latexit sha1_base64="X/rZfoNTLSmIB0jOW8dBMTWnvV8="></latexit><latexit sha1_base64="X/rZfoNTLSmIB0jOW8dBMTWnvV8="></latexit>



Dilepton Resonances: Two Different Outcomes

Figure 4: Constraints on the kinetic mixing between the the SM and ⇢0D (times the
leptonic branching fraction of ⇢0D) from the non-observation of a dilepton resonance near
m⇢D . The black line is the model-independent limit. To illustrate the impact of this bound
on the model space, we have superimposed the predicted ✏2 ⇥ BR(⇢0D ! `+`�) for the
SU(2)L model, varying the number of colors between 2 to 16. On the right, the 2-body
decay ⇢0D ! ⇡+

d ⇡
�
d is kinematically forbidden, leading to strong constraints:

m⇢D > 1.5-2.5 TeV. On the left, the 2-body decay ⇢0D ! ⇡+
d ⇡

�
d is open, and we see that

when ND . 4, there is no constraint from resonant ⇢0D production and decay to dileptons.

[120,121]. Using the ATLAS 13 TeV search with 36.1 fb�1 of integrated luminosity [120], we
have recast the dilepton searches for the combined electron and muon channels into a limit
on ⇢D cross section times branching fraction to leptons. This is accomplished by simulating
the production of ⇢D and decaying them according to the branching ratios shown in Fig 1.
After passing through a parton shower, hadronization, and detector simulation, we select
events which contain same-flavor opposite-sign leptons within the ATLAS selection criteria.
The combined efficiency (branching ratio times the detector efficiencies) multiplied by the
cross section can then be compared against the exclusion limits provided by the ATLAS
HEPData [122].

In Fig. 4, we illustrate the bounds that we have obtained by determining the largest
coupling of the ⇢0D to the SM for any choice of m⇢D within the range of interest in this paper.
The coupling is completely determined by the model-independent quantity ✏2 ⇥ BR(⇢0D !

`+`�), that is shown as a black line in both panels of Fig. 4. Also superimposed on the
panels are the predicted sizes of ✏2 ⇥ BR(⇢0D ! `+`�) for a given m⇡D/m⇢D and number of
dark colors ND in the SU(2)L model. It is important to note that ✏ is the kinetic mixing
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No constraint on 
dark rhos!

                     
m⇢D & 2 TeV
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Dark Pion Pair-Production through ρ
Provides main source of dark pion production
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How do dark pions decay?

Seek lowest dimension operator(s) preserving custodial SU(2). 
If the SM preserved custodial symmetry, two terms @ dim-4:

Triplet interaction with fermions

Triplet interaction with gauge bosons
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How do dark pions decay?

Seek lowest dimension operator(s) preserving custodial SU(2). 
With SM custodial symmetry violation:
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Effective Lagrangian for Custodially Symmetric Dark Pion Decay



Ultraviolet Origin of Effective Theory

Bosonic technicolor / strongly-coupled induced EWSB
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Dark pion decay to 

decay to fermions proportional to Yukawa couplings

Just like as if QCD pions were scaled up in mass.
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<latexit sha1_base64="4XEH+wmayLz/G0Rx6yZm7qB9D74=">AAACB3icbVDLSsNAFL3xWesr6lKQwSK4KokIuiy6cVnBPqAJYTKZtENnkjAzKZTQnRt/xY0LRdz6C+78G6dtFtp6YOBwzrncuSfMOFPacb6tldW19Y3NylZ1e2d3b98+OGyrNJeEtkjKU9kNsaKcJbSlmea0m0mKRchpJxzeTv3OiErF0uRBjzPqC9xPWMwI1kYK7BOPm3CEkaeYQF4sMSlEEE+KUeBlbBLYNafuzICWiVuSGpRoBvaXF6UkFzTRhGOleq6Tab/AUjPC6aTq5YpmmAxxn/YMTbCgyi9md0zQmVEiFKfSvESjmfp7osBCqbEITVJgPVCL3lT8z+vlOr72C5ZkuaYJmS+Kc450iqaloIhJSjQfG4KJZOaviAyw6UKb6qqmBHfx5GXSvqi7Tt29v6w1bso6KnAMp3AOLlxBA+6gCS0g8AjP8Apv1pP1Yr1bH/PoilXOHMEfWJ8/WGyZnQ==</latexit><latexit sha1_base64="4XEH+wmayLz/G0Rx6yZm7qB9D74=">AAACB3icbVDLSsNAFL3xWesr6lKQwSK4KokIuiy6cVnBPqAJYTKZtENnkjAzKZTQnRt/xY0LRdz6C+78G6dtFtp6YOBwzrncuSfMOFPacb6tldW19Y3NylZ1e2d3b98+OGyrNJeEtkjKU9kNsaKcJbSlmea0m0mKRchpJxzeTv3OiErF0uRBjzPqC9xPWMwI1kYK7BOPm3CEkaeYQF4sMSlEEE+KUeBlbBLYNafuzICWiVuSGpRoBvaXF6UkFzTRhGOleq6Tab/AUjPC6aTq5YpmmAxxn/YMTbCgyi9md0zQmVEiFKfSvESjmfp7osBCqbEITVJgPVCL3lT8z+vlOr72C5ZkuaYJmS+Kc450iqaloIhJSjQfG4KJZOaviAyw6UKb6qqmBHfx5GXSvqi7Tt29v6w1bso6KnAMp3AOLlxBA+6gCS0g8AjP8Apv1pP1Yr1bH/PoilXOHMEfWJ8/WGyZnQ==</latexit><latexit sha1_base64="4XEH+wmayLz/G0Rx6yZm7qB9D74=">AAACB3icbVDLSsNAFL3xWesr6lKQwSK4KokIuiy6cVnBPqAJYTKZtENnkjAzKZTQnRt/xY0LRdz6C+78G6dtFtp6YOBwzrncuSfMOFPacb6tldW19Y3NylZ1e2d3b98+OGyrNJeEtkjKU9kNsaKcJbSlmea0m0mKRchpJxzeTv3OiErF0uRBjzPqC9xPWMwI1kYK7BOPm3CEkaeYQF4sMSlEEE+KUeBlbBLYNafuzICWiVuSGpRoBvaXF6UkFzTRhGOleq6Tab/AUjPC6aTq5YpmmAxxn/YMTbCgyi9md0zQmVEiFKfSvESjmfp7osBCqbEITVJgPVCL3lT8z+vlOr72C5ZkuaYJmS+Kc450iqaloIhJSjQfG4KJZOaviAyw6UKb6qqmBHfx5GXSvqi7Tt29v6w1bso6KnAMp3AOLlxBA+6gCS0g8AjP8Apv1pP1Yr1bH/PoilXOHMEfWJ8/WGyZnQ==</latexit><latexit sha1_base64="4XEH+wmayLz/G0Rx6yZm7qB9D74=">AAACB3icbVDLSsNAFL3xWesr6lKQwSK4KokIuiy6cVnBPqAJYTKZtENnkjAzKZTQnRt/xY0LRdz6C+78G6dtFtp6YOBwzrncuSfMOFPacb6tldW19Y3NylZ1e2d3b98+OGyrNJeEtkjKU9kNsaKcJbSlmea0m0mKRchpJxzeTv3OiErF0uRBjzPqC9xPWMwI1kYK7BOPm3CEkaeYQF4sMSlEEE+KUeBlbBLYNafuzICWiVuSGpRoBvaXF6UkFzTRhGOleq6Tab/AUjPC6aTq5YpmmAxxn/YMTbCgyi9md0zQmVEiFKfSvESjmfp7osBCqbEITVJgPVCL3lT8z+vlOr72C5ZkuaYJmS+Kc450iqaloIhJSjQfG4KJZOaviAyw6UKb6qqmBHfx5GXSvqi7Tt29v6w1bso6KnAMp3AOLlxBA+6gCS0g8AjP8Apv1pP1Yr1bH/PoilXOHMEfWJ8/WGyZnQ==</latexit>



                                          

Dark pion decay to 

There are TWO distinct classes of theories:

Gaugephilic Gaugephobic

h

W±;Z

⇡±;⇡0

heavier state mixes with Higgs boson

W±h, Zh

For decays to                   : W±h, Zh

suppressed!

� ⇠ ⇠MW,Z

v⇡
<latexit sha1_base64="SLhJbA9onL5HSD/TWV+hKlEac8U=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0VQKCURQZdFN26ECvaBTQiTyaQdOpmEmUmxhHyDG3/FjQtF3Lpy5984bbPQ1gMDh3PO5c49fsKoVJb1bZSWlldW18rrlY3Nre0dc3evLeNUYNLCMYtF10eSMMpJS1HFSDcRBEU+Ix1/eDXxOyMiJI35nRonxI1Qn9OQYqS05JknDtPhAEFH0gg6oUA4cx4odGrwxss6tfs8z0aek9DcM6tW3ZoCLhK7IFVQoOmZX04Q4zQiXGGGpOzZVqLcDAlFMSN5xUklSRAeoj7pacpRRKSbTU/K4ZFWAhjGQj+u4FT9PZGhSMpx5OtkhNRAznsT8T+vl6rwws0oT1JFOJ4tClMGVQwn/cCACoIVG2uCsKD6rxAPkK5F6RYrugR7/uRF0j6t21bdvj2rNi6LOsrgAByCY2CDc9AA16AJWgCDR/AMXsGb8WS8GO/GxyxaMoqZffAHxucPgledXw==</latexit><latexit sha1_base64="SLhJbA9onL5HSD/TWV+hKlEac8U=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0VQKCURQZdFN26ECvaBTQiTyaQdOpmEmUmxhHyDG3/FjQtF3Lpy5984bbPQ1gMDh3PO5c49fsKoVJb1bZSWlldW18rrlY3Nre0dc3evLeNUYNLCMYtF10eSMMpJS1HFSDcRBEU+Ix1/eDXxOyMiJI35nRonxI1Qn9OQYqS05JknDtPhAEFH0gg6oUA4cx4odGrwxss6tfs8z0aek9DcM6tW3ZoCLhK7IFVQoOmZX04Q4zQiXGGGpOzZVqLcDAlFMSN5xUklSRAeoj7pacpRRKSbTU/K4ZFWAhjGQj+u4FT9PZGhSMpx5OtkhNRAznsT8T+vl6rwws0oT1JFOJ4tClMGVQwn/cCACoIVG2uCsKD6rxAPkK5F6RYrugR7/uRF0j6t21bdvj2rNi6LOsrgAByCY2CDc9AA16AJWgCDR/AMXsGb8WS8GO/GxyxaMoqZffAHxucPgledXw==</latexit><latexit sha1_base64="SLhJbA9onL5HSD/TWV+hKlEac8U=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0VQKCURQZdFN26ECvaBTQiTyaQdOpmEmUmxhHyDG3/FjQtF3Lpy5984bbPQ1gMDh3PO5c49fsKoVJb1bZSWlldW18rrlY3Nre0dc3evLeNUYNLCMYtF10eSMMpJS1HFSDcRBEU+Ix1/eDXxOyMiJI35nRonxI1Qn9OQYqS05JknDtPhAEFH0gg6oUA4cx4odGrwxss6tfs8z0aek9DcM6tW3ZoCLhK7IFVQoOmZX04Q4zQiXGGGpOzZVqLcDAlFMSN5xUklSRAeoj7pacpRRKSbTU/K4ZFWAhjGQj+u4FT9PZGhSMpx5OtkhNRAznsT8T+vl6rwws0oT1JFOJ4tClMGVQwn/cCACoIVG2uCsKD6rxAPkK5F6RYrugR7/uRF0j6t21bdvj2rNi6LOsrgAByCY2CDc9AA16AJWgCDR/AMXsGb8WS8GO/GxyxaMoqZffAHxucPgledXw==</latexit><latexit sha1_base64="SLhJbA9onL5HSD/TWV+hKlEac8U=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0VQKCURQZdFN26ECvaBTQiTyaQdOpmEmUmxhHyDG3/FjQtF3Lpy5984bbPQ1gMDh3PO5c49fsKoVJb1bZSWlldW18rrlY3Nre0dc3evLeNUYNLCMYtF10eSMMpJS1HFSDcRBEU+Ix1/eDXxOyMiJI35nRonxI1Qn9OQYqS05JknDtPhAEFH0gg6oUA4cx4odGrwxss6tfs8z0aek9DcM6tW3ZoCLhK7IFVQoOmZX04Q4zQiXGGGpOzZVqLcDAlFMSN5xUklSRAeoj7pacpRRKSbTU/K4ZFWAhjGQj+u4FT9PZGhSMpx5OtkhNRAznsT8T+vl6rwws0oT1JFOJ4tClMGVQwn/cCACoIVG2uCsKD6rxAPkK5F6RYrugR7/uRF0j6t21bdvj2rNi6LOsrgAByCY2CDc9AA16AJWgCDR/AMXsGb8WS8GO/GxyxaMoqZffAHxucPgledXw==</latexit>

⇠ ⇠ m2
h

m2
KD

�m2
h

<latexit sha1_base64="r/EArlgUeCt3F3ck/TFIdio9Tyw=">AAACEXicbVDLSgMxFM34rPU16tJNsAjdWGaKoMuiLgQ3FewDOtMhk2ba0CQzJBmxDP0FN/6KGxeKuHXnzr8xbWehrQcu93DOvST3hAmjSjvOt7W0vLK6tl7YKG5ube/s2nv7TRWnEpMGjlks2yFShFFBGppqRtqJJIiHjLTC4eXEb90TqWgs7vQoIT5HfUEjipE2UmCXvQcKPUU59CKJcMaDQbc6Ni27Ca7G3So8gTMpsEtOxZkCLhI3JyWQox7YX14vxiknQmOGlOq4TqL9DElNMSPjopcqkiA8RH3SMVQgTpSfTS8aw2Oj9GAUS1NCw6n6eyNDXKkRD80kR3qg5r2J+J/XSXV07mdUJKkmAs8eilIGdQwn8cAelQRrNjIEYUnNXyEeIJOMNiEWTQju/MmLpFmtuE7FvT0t1S7yOArgEByBMnDBGaiBa1AHDYDBI3gGr+DNerJerHfrYza6ZOU7B+APrM8fCpacfA==</latexit><latexit sha1_base64="r/EArlgUeCt3F3ck/TFIdio9Tyw=">AAACEXicbVDLSgMxFM34rPU16tJNsAjdWGaKoMuiLgQ3FewDOtMhk2ba0CQzJBmxDP0FN/6KGxeKuHXnzr8xbWehrQcu93DOvST3hAmjSjvOt7W0vLK6tl7YKG5ube/s2nv7TRWnEpMGjlks2yFShFFBGppqRtqJJIiHjLTC4eXEb90TqWgs7vQoIT5HfUEjipE2UmCXvQcKPUU59CKJcMaDQbc6Ni27Ca7G3So8gTMpsEtOxZkCLhI3JyWQox7YX14vxiknQmOGlOq4TqL9DElNMSPjopcqkiA8RH3SMVQgTpSfTS8aw2Oj9GAUS1NCw6n6eyNDXKkRD80kR3qg5r2J+J/XSXV07mdUJKkmAs8eilIGdQwn8cAelQRrNjIEYUnNXyEeIJOMNiEWTQju/MmLpFmtuE7FvT0t1S7yOArgEByBMnDBGaiBa1AHDYDBI3gGr+DNerJerHfrYza6ZOU7B+APrM8fCpacfA==</latexit><latexit sha1_base64="r/EArlgUeCt3F3ck/TFIdio9Tyw=">AAACEXicbVDLSgMxFM34rPU16tJNsAjdWGaKoMuiLgQ3FewDOtMhk2ba0CQzJBmxDP0FN/6KGxeKuHXnzr8xbWehrQcu93DOvST3hAmjSjvOt7W0vLK6tl7YKG5ube/s2nv7TRWnEpMGjlks2yFShFFBGppqRtqJJIiHjLTC4eXEb90TqWgs7vQoIT5HfUEjipE2UmCXvQcKPUU59CKJcMaDQbc6Ni27Ca7G3So8gTMpsEtOxZkCLhI3JyWQox7YX14vxiknQmOGlOq4TqL9DElNMSPjopcqkiA8RH3SMVQgTpSfTS8aw2Oj9GAUS1NCw6n6eyNDXKkRD80kR3qg5r2J+J/XSXV07mdUJKkmAs8eilIGdQwn8cAelQRrNjIEYUnNXyEeIJOMNiEWTQju/MmLpFmtuE7FvT0t1S7yOArgEByBMnDBGaiBa1AHDYDBI3gGr+DNerJerHfrYza6ZOU7B+APrM8fCpacfA==</latexit><latexit sha1_base64="r/EArlgUeCt3F3ck/TFIdio9Tyw=">AAACEXicbVDLSgMxFM34rPU16tJNsAjdWGaKoMuiLgQ3FewDOtMhk2ba0CQzJBmxDP0FN/6KGxeKuHXnzr8xbWehrQcu93DOvST3hAmjSjvOt7W0vLK6tl7YKG5ube/s2nv7TRWnEpMGjlks2yFShFFBGppqRtqJJIiHjLTC4eXEb90TqWgs7vQoIT5HfUEjipE2UmCXvQcKPUU59CKJcMaDQbc6Ni27Ca7G3So8gTMpsEtOxZkCLhI3JyWQox7YX14vxiknQmOGlOq4TqL9DElNMSPjopcqkiA8RH3SMVQgTpSfTS8aw2Oj9GAUS1NCw6n6eyNDXKkRD80kR3qg5r2J+J/XSXV07mdUJKkmAs8eilIGdQwn8cAelQRrNjIEYUnNXyEeIJOMNiEWTQju/MmLpFmtuE7FvT0t1S7yOArgEByBMnDBGaiBa1AHDYDBI3gGr+DNerJerHfrYza6ZOU7B+APrM8fCpacfA==</latexit>

⇠ ⇠ 1
<latexit sha1_base64="9eMydg7VosR1DOeG/vZJ9l6Cdms=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9mIoMeiF48VbCt2l5JNs21okl2SrFiW/gsvHhTx6r/x5r8xbfegrQ8GHu/NMDMvSgU31ve/vdLK6tr6RnmzsrW9s7tX3T9omyTTlLVoIhJ9HxHDBFesZbkV7D7VjMhIsE40up76nUemDU/UnR2nLJRkoHjMKbFOegieOAoMlwj3qjW/7s+AlgkuSA0KNHvVr6Cf0EwyZakgxnSxn9owJ9pyKtikEmSGpYSOyIB1HVVEMhPms4sn6MQpfRQn2pWyaKb+nsiJNGYsI9cpiR2aRW8q/ud1MxtfhjlXaWaZovNFcSaQTdD0fdTnmlErxo4Qqrm7FdEh0YRaF1LFhYAXX14m7bM69uv49rzWuCriKMMRHMMpYLiABtxAE1pAQcEzvMKbZ7wX7937mLeWvGLmEP7A+/wBlzOQMQ==</latexit><latexit sha1_base64="9eMydg7VosR1DOeG/vZJ9l6Cdms=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9mIoMeiF48VbCt2l5JNs21okl2SrFiW/gsvHhTx6r/x5r8xbfegrQ8GHu/NMDMvSgU31ve/vdLK6tr6RnmzsrW9s7tX3T9omyTTlLVoIhJ9HxHDBFesZbkV7D7VjMhIsE40up76nUemDU/UnR2nLJRkoHjMKbFOegieOAoMlwj3qjW/7s+AlgkuSA0KNHvVr6Cf0EwyZakgxnSxn9owJ9pyKtikEmSGpYSOyIB1HVVEMhPms4sn6MQpfRQn2pWyaKb+nsiJNGYsI9cpiR2aRW8q/ud1MxtfhjlXaWaZovNFcSaQTdD0fdTnmlErxo4Qqrm7FdEh0YRaF1LFhYAXX14m7bM69uv49rzWuCriKMMRHMMpYLiABtxAE1pAQcEzvMKbZ7wX7937mLeWvGLmEP7A+/wBlzOQMQ==</latexit><latexit sha1_base64="9eMydg7VosR1DOeG/vZJ9l6Cdms=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9mIoMeiF48VbCt2l5JNs21okl2SrFiW/gsvHhTx6r/x5r8xbfegrQ8GHu/NMDMvSgU31ve/vdLK6tr6RnmzsrW9s7tX3T9omyTTlLVoIhJ9HxHDBFesZbkV7D7VjMhIsE40up76nUemDU/UnR2nLJRkoHjMKbFOegieOAoMlwj3qjW/7s+AlgkuSA0KNHvVr6Cf0EwyZakgxnSxn9owJ9pyKtikEmSGpYSOyIB1HVVEMhPms4sn6MQpfRQn2pWyaKb+nsiJNGYsI9cpiR2aRW8q/ud1MxtfhjlXaWaZovNFcSaQTdD0fdTnmlErxo4Qqrm7FdEh0YRaF1LFhYAXX14m7bM69uv49rzWuCriKMMRHMMpYLiABtxAE1pAQcEzvMKbZ7wX7937mLeWvGLmEP7A+/wBlzOQMQ==</latexit><latexit sha1_base64="9eMydg7VosR1DOeG/vZJ9l6Cdms=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9mIoMeiF48VbCt2l5JNs21okl2SrFiW/gsvHhTx6r/x5r8xbfegrQ8GHu/NMDMvSgU31ve/vdLK6tr6RnmzsrW9s7tX3T9omyTTlLVoIhJ9HxHDBFesZbkV7D7VjMhIsE40up76nUemDU/UnR2nLJRkoHjMKbFOegieOAoMlwj3qjW/7s+AlgkuSA0KNHvVr6Cf0EwyZakgxnSxn9owJ9pyKtikEmSGpYSOyIB1HVVEMhPms4sn6MQpfRQn2pWyaKb+nsiJNGYsI9cpiR2aRW8q/ud1MxtfhjlXaWaZovNFcSaQTdD0fdTnmlErxo4Qqrm7FdEh0YRaF1LFhYAXX14m7bM69uv49rzWuCriKMMRHMMpYLiABtxAE1pAQcEzvMKbZ7wX7937mLeWvGLmEP7A+/wBlzOQMQ==</latexit>



We’ve seen this before

Gaugephilic Gaugephobic

h

W±;Z

⇡±;⇡0

Georgi-Machacek model 
(replace                        triplet)

2HDM 
(replace                           )

mixing angle

⇡
±,0 ! H

±,0
3 ⇡

±,0 ! H
±
, A

0

⇠ ⇠ sH ⇠ O(1)
<latexit sha1_base64="BIY7V+sA4yHJNiV+RlJs6I04iU0=">AAACCXicbZC7TsMwFIadcivlFmBksaiQylIlCAnGCpZuFIlepCaKHNdprdpOZDuIKurKwquwMIAQK2/AxtvgtBmg5ZcsffrPOfI5f5gwqrTjfFulldW19Y3yZmVre2d3z94/6Kg4lZi0ccxi2QuRIowK0tZUM9JLJEE8ZKQbjq/zeveeSEVjcacnCfE5GgoaUYy0sQIbeg8UeopyqILmHDyO9Agjlt1Ma+5pYFedujMTXAa3gCoo1ArsL28Q45QToTFDSvVdJ9F+hqSmmJFpxUsVSRAeoyHpGxSIE+Vns0um8MQ4AxjF0jyh4cz9PZEhrtSEh6Yz31It1nLzv1o/1dGln1GRpJoIPP8oShnUMcxjgQMqCdZsYgBhSc2uEI+QRFib8ComBHfx5GXonNVdp+7enlcbV0UcZXAEjkENuOACNEATtEAbYPAInsEreLOerBfr3fqYt5asYuYQ/JH1+QOy+ZkL</latexit><latexit sha1_base64="BIY7V+sA4yHJNiV+RlJs6I04iU0=">AAACCXicbZC7TsMwFIadcivlFmBksaiQylIlCAnGCpZuFIlepCaKHNdprdpOZDuIKurKwquwMIAQK2/AxtvgtBmg5ZcsffrPOfI5f5gwqrTjfFulldW19Y3yZmVre2d3z94/6Kg4lZi0ccxi2QuRIowK0tZUM9JLJEE8ZKQbjq/zeveeSEVjcacnCfE5GgoaUYy0sQIbeg8UeopyqILmHDyO9Agjlt1Ma+5pYFedujMTXAa3gCoo1ArsL28Q45QToTFDSvVdJ9F+hqSmmJFpxUsVSRAeoyHpGxSIE+Vns0um8MQ4AxjF0jyh4cz9PZEhrtSEh6Yz31It1nLzv1o/1dGln1GRpJoIPP8oShnUMcxjgQMqCdZsYgBhSc2uEI+QRFib8ComBHfx5GXonNVdp+7enlcbV0UcZXAEjkENuOACNEATtEAbYPAInsEreLOerBfr3fqYt5asYuYQ/JH1+QOy+ZkL</latexit><latexit sha1_base64="BIY7V+sA4yHJNiV+RlJs6I04iU0=">AAACCXicbZC7TsMwFIadcivlFmBksaiQylIlCAnGCpZuFIlepCaKHNdprdpOZDuIKurKwquwMIAQK2/AxtvgtBmg5ZcsffrPOfI5f5gwqrTjfFulldW19Y3yZmVre2d3z94/6Kg4lZi0ccxi2QuRIowK0tZUM9JLJEE8ZKQbjq/zeveeSEVjcacnCfE5GgoaUYy0sQIbeg8UeopyqILmHDyO9Agjlt1Ma+5pYFedujMTXAa3gCoo1ArsL28Q45QToTFDSvVdJ9F+hqSmmJFpxUsVSRAeoyHpGxSIE+Vns0um8MQ4AxjF0jyh4cz9PZEhrtSEh6Yz31It1nLzv1o/1dGln1GRpJoIPP8oShnUMcxjgQMqCdZsYgBhSc2uEI+QRFib8ComBHfx5GXonNVdp+7enlcbV0UcZXAEjkENuOACNEATtEAbYPAInsEreLOerBfr3fqYt5asYuYQ/JH1+QOy+ZkL</latexit><latexit sha1_base64="BIY7V+sA4yHJNiV+RlJs6I04iU0=">AAACCXicbZC7TsMwFIadcivlFmBksaiQylIlCAnGCpZuFIlepCaKHNdprdpOZDuIKurKwquwMIAQK2/AxtvgtBmg5ZcsffrPOfI5f5gwqrTjfFulldW19Y3yZmVre2d3z94/6Kg4lZi0ccxi2QuRIowK0tZUM9JLJEE8ZKQbjq/zeveeSEVjcacnCfE5GgoaUYy0sQIbeg8UeopyqILmHDyO9Agjlt1Ma+5pYFedujMTXAa3gCoo1ArsL28Q45QToTFDSvVdJ9F+hqSmmJFpxUsVSRAeoyHpGxSIE+Vns0um8MQ4AxjF0jyh4cz9PZEhrtSEh6Yz31It1nLzv1o/1dGln1GRpJoIPP8oShnUMcxjgQMqCdZsYgBhSc2uEI+QRFib8ComBHfx5GXonNVdp+7enlcbV0UcZXAEjkENuOACNEATtEAbYPAInsEreLOerBfr3fqYt5asYuYQ/JH1+QOy+ZkL</latexit>

⇠ ⇠ cos(� � ↵) ⇠ m2
h

m2
H
�m2

h
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⇡D

⌘
⌧ 1 the gauge-phobic case where the bosonic interactions are strongly

suppressed. While these two choices may seem completely arbitrary at first, a large
class of models can be mapped into this categorization (see Ref. [? ] for more details).
Specifically, the Stealth Dark Matter models [3–5] and others similar to it happen
to fall into the gauge-phobic category – see appendix A for the explicit mapping –
whereas models of induced symmetry breaking [6] or Georgi-Machachek models [] are
gauge-philic. [AM: While the parameterization in Eq. (7) gives the impression that a
and ⇠ can be dialed freely and independently, this is not always the case and depends
on the UV. For example, mapping the induced EWSB scenario [] into Eq. (7) we find
that a is fixed by the requirements of EWSB and ⇠ ⇠ O(1). However, as we will
detail in [? ], there are UV scenarios for every combination of small/large (amSM),
gauge-philic/gauge-phobic. ]

• Given ⇠, the branching fractions of the ⇡D are fully specified as a function of the pion
mass As ⇡D decay couplings are / mass, they decay to the heaviest kinematically
available SM particles. The branching ratios for the gauge-philic and -phobic scenarios
are compared side by side in Fig 2 (charged ⇡D) and 3 (neutral ⇡D) below2

FIG. 2: Branching ratios of the charged pions

For the charged ⇡D, the branching ratios in the two cases are similar at small masses.
However, the unsuppressed bosonic couplings in the gauge-philic scenario mean the
⇡D ! W

+
h quickly dominates once it is kinematically allowed (due to the kinematic

enhancement of decays to longitudinal W ), while the ⇡D ! tb̄ mode always dominates
at heavy mass for the gauge-phobic case. There is a similar pattern in the branching
ratio of the neutral pions. Again, when the pion is light, the decay modes between
the two categories are similar and are dominated by the bb̄ mode. This similarity
persists after ⇡D passes the Zh threshold. However, as ⇡D is further increased past
the tt̄ threshold we can spot the difference, as the ⇡D ! t̄t branching ratio dominates

2 [AM: The reader may notice that we have omitted the anomanly-induced decay ⇡D
0
! �� from Fig. 3. The

existence of anomaly-induced decays depends on the hypercharge assignment of the underlying fermions
that make up dark mesons, so we have assumed an anomaly-free assignment for simplicity. Adding in the
anomalous decays would only change our results in the limit where (amSM ),mSM = mb,mZ ,mt is so
small that the anomalous decays (amplitude /

1
F ⇡

, where F⇡ is the scale of the new strong interaction)
can compete.]

7

FIG. 3: Branching ratios of the neutral pions

at large ⇡D masses in the gauge-phobic case but stays subdominant to Zh in the
gauge-philic case.

III. COLLIDER CONSTRAINTS

• Having established the dark meson phenomenological Lagrangian and fleshed out the
relevant parameters, we now move on to LHC constraints.

• It is clear from Fig. 1 that the phenomenology of dark mesons bifurcates at ⌘ = 0.5. For
⌘ > 0.5, the ⇢D cannot kinematically decay to a pair of dark pions and decays to SM
fermions dominate (Fig. 1 includes three-body decays, which we see are always small
and will neglect). The decays into SM fermions are determined solely by the gauge
and color charges of the fermions, so the ⇢D phenomenology is essentially independent
of the details of how the pions interact with the SM.

• When ⌘ < 0.5, ⇢D ! ⇡D⇡D is open and dominates so completely that Z
0 bounds on

vanish. In this case, we need to look for dark mesons in dark pion pair production3

Resonant production pp ! ⇢D ! ⇡D⇡D certainly contributes to this channel, but it
also includes DY production; whether one or the other dominates will depend on the
mass of the ⇢D. The final states populated by dark pion pairs depends on how the
dark pions decay, which in turn depends on whether we are in a gauge-philic or -phobic
scenario.

• We will work with 10 benchmarks which span the phenomenology possibilities men-
tioned above. Using the labeling scheme mentioned earlier, these benchmarks are:
[BO: We don’t have a gauge-philic U(1)][AM: do we really want to keep both philic
and phobic for the 55 model?]

3 [AM: When (amSM ) is large, single production of ⇡D can be important. We will not explore this case
here, as we are primarily interesting in scenarios where (amSM ) is small, as these are less constrained.
The constraints from single ⇡D production in the case of induced EWSB have already been worked out
in Ref. []].

It makes a difference!
Gaugephilic Gaugephobic

[GK, Martin, Ostdiek, Tong 
1809.10184]

⇡D
±
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Figure 8: Exclusions from the ATLAS search for supersymmetry in final states with tau
leptons [136]. The dark mesons on the lighter side of our spectrum predominately decay to
taus, and the cross sections are large. The SU(2)L type models are excluded if
m⇡D . 180 GeV while the SU(2)R models limits are around 130 GeV. This is the only
search which limits the SU(2)R models where the ⇢D can decay to ⇡D⇡D.

4.2 Generic multilepton searches

Examining Table 2, once m⇡D & 150 GeV, pair produced dark pions decay to lots of bottom
and top quarks, along with Z and W . It should be expected that searches utilizing bs and
leptons could place strong constraints on the benchmark models. While we studied many
model driven searches and found no limits (see Sec. 4.4), model-independent searches proved
useful. Both ATLAS and CMS have a generic search at 8 TeV based on final states with
multiple leptons. (Neither collaboration has repeated the analysis at 13 TeV).

The inclusive ATLAS search looks for 3+ leptons [137]. The basic search requirements
are: 1 electron or muon for triggering purposes (pT > 26 GeV, |⌘| < 2.5), a second electron
or muon with slightly looser requirements, and a third e/µ or hadronic ⌧ . The events are
broken into further sub-categories according to several kinematic variables, such as the b-jet
multiplicity, or whether or not the event contains a same-flavor-opposite-sign lepton anti-
lepton pair. The signal regions are not orthogonal, and they set bounds on the BSM cross
section of roughly a few fb.

Applied to ⇡D production, we find the most constraining signal regions are those con-
taining a hadronic ⌧ and that contain � 1 b-jet or have low HT,L, defined as the scalar sum
of the pT of the three leading leptons (or ⌧) in the event. The limits depends strongly on
the lepton and tau identification. In particular, the ATLAS study used only single-prong
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One can recast new physics searches involving final state tau’s, e.g. EW gauginos @ ATLAS:

Charged dark pions less than about 130-180 GeV are ruled out.

LHC Sensitivity I

[GK, Martin, Ostdiek, Tong 1809.10184]



LHC Sensitivity II:  Beyond Taus

Model-independent multilepton searches are generically sensitive to: 
qq̄ ! ⇢ ! ⇡+⇡� ! W+hW�h

qq̄ ! ⇢ ! ⇡±⇡0 ! W±hZh

qq̄ ! ⇢ ! ⇡±⇡0 ! tb̄ Zh

For gaugephobic models the hadronic modes can be challenging
qq̄ ! ⇢ ! ⇡±⇡0 ! tb̄ bb̄

qq̄ ! ⇢ ! ⇡±⇡0 ! tb̄ ⌧+⌧�

Model-dependent multilepton searches (SUSY gauginos), however,  
are much less optimal due to large MET (or large Meff) requirements.

qq̄ ! ⇢ ! ⇡+⇡� ! tb̄ t̄b

qq̄ ! ⇢ ! ⇡±⇡0 ! tb̄ tt̄



Figure 12: Signal regions of ATLAS searches for three leptons or same sign leptons which
have sensitivity to our benchmarks. The left panel shows the limits from the 8 TeV
analysis [140] and the right panel has the limits for the 13 TeV analysis [141]. The 8 TeV
analysis has bounds to the largest values of m⇡D for all of the 8 and 13 TeV analysis which
we studied. The 13 TeV search does not do as well because the focus of the analysis shifted
to search for higher mass objects.

background of 3.1± 1.6. With this, models which would produce 7.0 expected signal events
are excluded at the 95% CL. The left panel of Fig. 12 shows the results of this signal region
with number of expected events for the different models are shown in the red, blue, and green
lines. The regions where the expected events extends above the black line are excluded. The
only benchmarks which are limited by this search are the SU(2)45L models. The gaugephilic
version is excluded for 210 GeV . m⇡D . 420 GeV, while the gaugephobic model is ruled
out if m⇡D is between 250 GeV and 500 GeV. These are the strongest limits that we obtained
for all of the searches.

With the success of the 8 TeV analysis, there was hope that when the search was
extended to 13 TeV, the limits would greatly improve. However, this is not that case. Using
36 fb�1 of

p
s = 13 TeV collisions, ATLAS searched for supersymmetry in final states with

two same-sign leptons or three leptons [141]. The basic requirements are nearly the same
for the lepton reconstruction, however, the ⌘ cut is tightened to |⌘| < 2.0 for electrons and
loosened to |⌘| < 2.5 for muons.
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Multilepton Constraints
8 TeV Constraints 13 TeV Constraints

[GK, Martin, Ostdiek, Tong 1809.10184]

8 TeV Constraints Stronger Than 13 TeV!



Limitations of 13 TeV Search Regions
EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

JHEP 09 (2017) 084 CERN-EP-2017-108
5th October 2017

Search for supersymmetry in final states with two

same-sign or three leptons and jets using 36 fb
�1

ofp
s = 13 TeV pp collision data with the ATLAS

detector

The ATLAS Collaboration

A search for strongly produced supersymmetric particles using signatures involving multiple
energetic jets and either two isolated same-sign leptons (e or µ), or at least three isolated
leptons, is presented. The analysis relies on the identification of b-jets and high missing
transverse momentum to achieve good sensitivity. A data sample of proton–proton collisions
at
p

s = 13 TeV recorded with the ATLAS detector at the Large Hadron Collider in 2015 and
2016, corresponding to a total integrated luminosity of 36.1 fb�1, is used for the search. No
significant excess over the Standard Model prediction is observed. The results are interpreted
in several simplified supersymmetric models featuring R-parity conservation or R-parity vi-
olation, extending the exclusion limits from previous searches. In models considering gluino
pair production, gluino masses are excluded up to 1.87 TeV at 95% confidence level. When
bottom squarks are pair-produced and decay to a chargino and a top quark, models with
bottom squark masses below 700 GeV and light neutralinos are excluded at 95% confid-
ence level. In addition, model-independent limits are set on a possible contribution of new
phenomena to the signal region yields.

c� 2017 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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Signal region Nsignal
leptons Nb-jets Njets pjet

T Emiss
T me↵ Emiss

T /me↵ Other Targeted
[GeV] [GeV] [GeV] Signal

Rpc2L2bS � 2SS � 2 � 6 > 25 > 200 > 600 > 0.25 – Fig. 1(a)
Rpc2L2bH � 2SS � 2 � 6 > 25 – > 1800 > 0.15 – Fig. 1(a), NUHM2
Rpc2Lsoft1b � 2SS � 1 � 6 > 25 > 100 – > 0.3 20,10 <p`1T ,p`2T < 100 GeV Fig. 1(b)
Rpc2Lsoft2b � 2SS � 2 � 6 > 25 > 200 > 600 > 0.25 20,10 <p`1T ,p`2T < 100 GeV Fig. 1(b)
Rpc2L0bS � 2SS = 0 � 6 > 25 > 150 – > 0.25 – Fig. 1(c)
Rpc2L0bH � 2SS = 0 � 6 > 40 > 250 > 900 – – Fig. 1(c)
Rpc3L0bS � 3 = 0 � 4 > 40 > 200 > 600 – – Fig. 1(d)
Rpc3L0bH � 3 = 0 � 4 > 40 > 200 > 1600 – – Fig. 1(d)
Rpc3L1bS � 3 � 1 � 4 > 40 > 200 > 600 – – Other
Rpc3L1bH � 3 � 1 � 4 > 40 > 200 > 1600 – – Other
Rpc2L1bS � 2SS � 1 � 6 > 25 > 150 > 600 > 0.25 – Fig. 1(e)
Rpc2L1bH � 2SS � 1 � 6 > 25 > 250 – > 0.2 – Fig. 1(e)
Rpc3LSS1b � `±`±`± � 1 – – – – – veto 81<me±e±<101 GeV Fig. 1(f)
Rpv2L1bH � 2SS � 1 � 6 > 50 – > 2200 – – Figs. 1(g), 1(h)
Rpv2L0b = 2SS = 0 � 6 > 40 – > 1800 – veto 81<me±e±<101 GeV Fig. 1(i)
Rpv2L2bH � 2SS � 2 � 6 > 40 – > 2000 – veto 81<me±e±<101 GeV Fig. 1(j)
Rpv2L2bS � `�`� � 2 � 3 > 50 – > 1200 – – Fig. 1(k)
Rpv2L1bS � `�`� � 1 � 4 > 50 – > 1200 – – Fig. 1(l)
Rpv2L1bM � `�`� � 1 � 4 > 50 – > 1800 – – Fig. 1(l)

Table 2: Summary of the signal region definitions. Unless explicitly stated in the table, at least two signal leptons
with pT >20 GeV and same charge (SS) are required in each signal region. Requirements are placed on the number
of signal leptons (Nsignal

leptons), the number of b-jets with pT > 20 GeV (Nb-jets), the number of jets (Njets) above a certain
pT threshold (pjet

T ), Emiss
T , me↵ and/or Emiss

T /me↵ . The last column indicates the targeted signal model. The Rpc3L1b
and Rpc3L1bH SRs are not motivated by a particular signal model and can be seen as a natural extension of the
Rpc3L0b SRs with the same kinematic selections but requiring at least one b-jet.

the production of top quark pairs, and events containing at least one fake or non-prompt (FNP) lepton.
The FNP lepton mainly originates from heavy-flavour hadron decays in events containing top quarks, or
W or Z bosons. Hadrons misidentified as leptons, electrons from photon conversions and leptons from
pion or kaon decays in flight are other possible sources. Data-driven methods used for the estimation of
this reducible background in the signal and validation regions are described in Section 5.1.

The second background category is the irreducible background from events with two same-sign prompt
leptons or at least three prompt leptons and is estimated using the MC simulation samples. Since diboson
and tt̄V events are the main irreducible backgrounds in the signal regions, dedicated validation regions
(VR) with an enhanced contribution from these processes, and small signal contamination, are defined
to verify the background predictions from the simulation (Section 5.2). Section 5.3 discusses the sys-
tematic uncertainties considered when performing the background estimation in the signal and validation
regions.

5.1 Reducible background estimation methods

Charge misidentification is only relevant for electrons. The contribution of charge-flip events to the
SR/VR is estimated using the data. The electron charge-flip probability is extracted in a Z/�⇤ ! ee data
sample using a likelihood fit which takes as input the numbers of same-sign and opposite-sign electron
pairs observed in a window of 10 GeV around the Z boson mass. The charge-flip probability is a free

9

Only one signal region has no requirements on ETmiss and meff



Figure 6: Summary of the dark meson exclusions for the benchmark scenarios and values
of the ⇡D and ⇢D masses. The scenarios are labeled by the type of kinetic mixing, the ratio
of the dark pion to dark rho mass ⌘ = m⇡D/m⇢D , and the relative strength of the fermionic
versus bosonic dark pion decay modes. All of the dark pions decay promptly. The top line
indicates the bound on ⇢0D inferred from recasting the latest dilepton bounds and
interpreted in terms of m⇡D . The next five lines (in black) show the ⇡D mass bound from
the most constraining 8 and 13 TeV searches we could find. The union of the exclusions
from all of the searches is shown in the last line.

The next two lines in the Fig. 6 display the best constraints we could find for 13 TeV
searches. The first of these is a search for supersymmetry in final states with either same-sign
leptons or three leptons. Recasted in terms of dark pions, it excludes m⇡D in the 200-300 GeV
range for the gaugephilic and slightly worse for the gaugephobic categories when ⌘ = 0.45.
This search does not work when ⌘ = 0.25 because for fixed m⇡D , smaller ⌘ implies a heavier
⇢ and therefore a smaller resonant contribution to pion pair production. The other 13 TeV
search with moderate sensitivity is a supersymmetry search with final states of tau leptons.
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Current Bounds from LHC

Dark Pion Mass [GeV] Dark Pion Mass [GeV] Dark Pion Mass [GeV]

mρ = 4mπ mρ = 2.2mπ mρ = 1.8mπ

[GK, Martin, Ostdiek, Tong 
1809.10184]



We examined MANY other searches...
Search

p
s [TeV] Comments

ATLAS search for a CP-odd
Higgs boson decaying to Zh
[142]

8 Veto events with more than 2 b-
tagged jets kills efficiency

ATLAS search for tt reso-
nances [143]

8 Must have exactly one lepton.
We have too many jets, confuses
search

CMS Pair produced lepto-
quark [144]

8 Looking for bb̄⌧+⌧�. Has minor
sensitivity to overall rates, would
do better with shape analysis but
not enough data is provided to re-
cast this.

ATLAS search for SUSY in
final states with multiple b-
jets [145]

13 Looking for heavy states, so de-
mands large Emiss

T and meff

CMS search for V h [146] 13 Looking for single production.
Needs very boosted hard object.

CMS Di-Higgs ! ⌧⌧ bb̄
[147]

13 Neutral pions decay through mix-
ing with the Higgs. Measurement
uses BDTs and is not recastable.

CMS Low mass vector reso-
nances ! qq̄ [148]

13 Looks for a bump on the falling
soft-drop jet mass spectrum. Not
enough information to recast
the designed decorrelated tagger.
Only sensitive to � & 103 pb.

CMS Vector-like T ! t h
[149]

13 Looking for t h resonance, only
very heavy and needs QCD pro-
duction.

Table 3: Possible search strategies which seem like they should set bounds, but have
limited-to-no sensitivity.

theory model, it is important that the results be presented in such a way that they can be
reproduced without insider knowledge.
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A new strongly coupled sector, near the weak scale, that preserves  
custodial SU(2), is possible, motivated, and yields interesting signals @ LHC. 

Dark pions, in the context of this talk, are really just a set of scalar  
multiplets in various electroweak representations.  Unlike 2HDM et al., 
searches, pair-production is dominant. 

Some signals are already searched for (and set constraints). 
Many search strategies are, however, not well-optimized for 
signals with small MET and comparably small Meff.  

         Best constraints limit  

Theory space is interesting ̶ gaugephilic/gaugephobic  
distinction reveals properties of underlying theory.  Many  
“just a bunch of EW scalar” theories can be UV completed  
into pNGBs of a strongly-coupled theory.

Discussion

�(pp ! ⇢ ! ⇡⇡) . 0.5� few pb
<latexit sha1_base64="Mu8y5XXpYewYY4caLgzguNsatkE="></latexit><latexit sha1_base64="Mu8y5XXpYewYY4caLgzguNsatkE="></latexit><latexit sha1_base64="Mu8y5XXpYewYY4caLgzguNsatkE="></latexit><latexit sha1_base64="Mu8y5XXpYewYY4caLgzguNsatkE="></latexit>



Extra



Aside ̶ single production of dark pions:

f

f̄

⇡±;⇡0

q

q̄

Very familiar from standard 2HDM (                          ), 
this can occur when π/G mixing is large, e.g.,  
bosonic technicolor / induced EWSB. 

Chang et al., have explored constraints (pretty tough). 

In dark sectors that are approximately vector-like 
(safe from S parameter; Higgs coupling constraints), 
single production modes are suppressed.

⇡
±,0 ! H

±
, A

0

[Chang, Galloway, Luty, Salvioni, Tsai 1411.6023]



Figure 5: Constraints on the value of 1/v⇡ as a function of the dark pion mass. Precise
measurements of the top quark exclude regions above the red line. The green, blue, and
orange lines come from collider searches for heavy Higgs particles (mainly in 2HDM).
Lastly, the brown and pink dashed lines are not constraints, but show at what point the
phenomenology changes. Below these lines, the pions start to travel an appreciable
distance in the detector, either leading to displaced vertices or disappearing tracks. The
lower of these lines are around the scale when the particles leave the detector either as
missing energy or look like stable charged particles.

possible and relevant to the phenomenology. In the model of bosonic technicolor / induced
electroweak symmetry breaking, this sets the strongest constraints [14].

We can also characterize the parameter space of our effective theory by determining
the constraints on 1/v⇡ of Eq. (12). In Fig. 5, we consider several processes where single
dark pion production can set upper bounds on 1/v⇡. One process is top decay, t ! ⇡+

Db̄.
In this process the ⇡+

D must be somewhat lighter than the top quark, and thus ⇡+
D ! ⌧+⌫⌧

dominates for the charged pions, leading to an excess of ⌧ ’s in top decay. LHC analyses of
top decay, however, are consistent with lepton universality [123,124]. For values of the pion
mass slightly less than the top quark mass, the pion branching ratio to ⌧ is similar to the
SM branching ratio of the W to tau. Thus, in this region the branching ratio alone is not
enough to constrain the coupling. Instead, we use the total width of the top quark [125–127]
as a secondary constraint, and exclude any region where the BSM additions to the top decay
change either the width or the tauonic branching ratio by more than two standard deviations
away from the measured values. This constraint is shown in red in Fig. 5.

There are also many searches for the heavy Higgs particles of two-Higgs doublet models
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Bounds on         from single       productoin⇡D
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