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Table 1. The “theory space” of solutions to the hierarchy problem with top partners, organized by SM gauge
charge and spin, with a representative model example in each field. The gauge charge dictates the direct top
partner production mode, which makes the LHC suitable for discovery of colored top partners. For uncolored
top partners, mirror glueballs are highly favored for EW-charged mirror sectors, and possible for singlet top
partners. Higgs coupling shifts of same order as tuning are present in all known fermionic top partner theories.
Together, these two signatures allow discovery of all known uncolored top partner theories. A hypothetical
“singlet-stop” theory is indicated with a question mark, and would have to be discovered by either probing the
UV completion or, for partner masses of a few 100 GeV, with Higgs portal observables (see text).

As exciting as this experimental signature is, it is not a requirement for generic Twin-Higgs
type models—the SM-singlet sector could easily have relatively light quarks, making for a hadron
spectrum more like that of the visible sector. On the other hand, mirror glueballs, and their associated
signals, are a requirement for uncolored naturalness theories with EW-charged mirror sectors, like
Folded SUSY or Quirky Little Higgs. This is due to LEP limits forbidding BSM particles with EW
charge lighter than about 100 GeV [59]. If the structure of the mirror sector is based on our own, it
cannot contain very light strongly interacting matter, resulting in glueballs at the bottom of the mirror-
QCD spectrum. Crucially, this makes mirror glueball signals the smoking-gun discovery signal for
Folded-SUSY type theories.

It is interesting to think about the empty square in Table 1. So far, no explicit theory with SM-
singlet scalar top partners has been proposed. If such a theory existed, and there were no other
SM-charged states required near the weak scale, discovery could be quite difficult. In a Folded-SUSY
like spectrum with weak-scale soft masses we might again expect the existence of mirror glueballs,
with their accompanying experimental signatures. If, however, the mirror sector contains light matter
or mirror-QCD was broken, discovery would have to proceed through Higgs-portal observables: in-
visible direct top partner production h⇤ ! ˜t˜t [60, 61], Higgs cubic coupling shifts [60, 62] at a 100
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�
m2

hHp
2 vH

<latexit sha1_base64="PtpR68kRHO1TYi36VMqdkUR1Y9I=">AAACHHicbVDLSsNAFJ3UV62vqEs3wSK40JKUgroruumygrGFJobJdNIOnTycmRTKkB9x46+4caHixoXg3zhps7CtBy4czrmXe+/xE0q4MM0frbSyura+Ud6sbG3v7O7p+wf3PE4ZwjaKacy6PuSYkgjbggiKuwnDMPQp7vijm9zvjDHjJI7uxCTBbggHEQkIgkJJnt44dwIGkQw9OfScEIohglS2suyhnkmHPzIh65lzNp7zPL1q1swpjGViFaQKCrQ9/cvpxygNcSQQhZz3LDMRroRMEERxVnFSjhOIRnCAe4pGMMTcldPvMuNEKX0jiJmqSBhT9e+EhCHnk9BXnfmNfNHLxf+8XiqCS1eSKEkFjtBsUZBSQ8RGHpXRJwwjQSeKQMSIutVAQ6jSEirQigrBWnx5mdj12lXNvG1Um9dFGmVwBI7BKbDABWiCFmgDGyDwBF7AG3jXnrVX7UP7nLWWtGLmEMxB+/4F+QCjTw==</latexit><latexit sha1_base64="PtpR68kRHO1TYi36VMqdkUR1Y9I=">AAACHHicbVDLSsNAFJ3UV62vqEs3wSK40JKUgroruumygrGFJobJdNIOnTycmRTKkB9x46+4caHixoXg3zhps7CtBy4czrmXe+/xE0q4MM0frbSyura+Ud6sbG3v7O7p+wf3PE4ZwjaKacy6PuSYkgjbggiKuwnDMPQp7vijm9zvjDHjJI7uxCTBbggHEQkIgkJJnt44dwIGkQw9OfScEIohglS2suyhnkmHPzIh65lzNp7zPL1q1swpjGViFaQKCrQ9/cvpxygNcSQQhZz3LDMRroRMEERxVnFSjhOIRnCAe4pGMMTcldPvMuNEKX0jiJmqSBhT9e+EhCHnk9BXnfmNfNHLxf+8XiqCS1eSKEkFjtBsUZBSQ8RGHpXRJwwjQSeKQMSIutVAQ6jSEirQigrBWnx5mdj12lXNvG1Um9dFGmVwBI7BKbDABWiCFmgDGyDwBF7AG3jXnrVX7UP7nLWWtGLmEMxB+/4F+QCjTw==</latexit><latexit sha1_base64="PtpR68kRHO1TYi36VMqdkUR1Y9I=">AAACHHicbVDLSsNAFJ3UV62vqEs3wSK40JKUgroruumygrGFJobJdNIOnTycmRTKkB9x46+4caHixoXg3zhps7CtBy4czrmXe+/xE0q4MM0frbSyura+Ud6sbG3v7O7p+wf3PE4ZwjaKacy6PuSYkgjbggiKuwnDMPQp7vijm9zvjDHjJI7uxCTBbggHEQkIgkJJnt44dwIGkQw9OfScEIohglS2suyhnkmHPzIh65lzNp7zPL1q1swpjGViFaQKCrQ9/cvpxygNcSQQhZz3LDMRroRMEERxVnFSjhOIRnCAe4pGMMTcldPvMuNEKX0jiJmqSBhT9e+EhCHnk9BXnfmNfNHLxf+8XiqCS1eSKEkFjtBsUZBSQ8RGHpXRJwwjQSeKQMSIutVAQ6jSEirQigrBWnx5mdj12lXNvG1Um9dFGmVwBI7BKbDABWiCFmgDGyDwBF7AG3jXnrVX7UP7nLWWtGLmEMxB+/4F+QCjTw==</latexit>

1/m2
hH

<latexit sha1_base64="94DhKEr31tjl9Wo3Y5d5wX9v5FI=">AAAB/XicbVBPS8MwHE39O+e/qnjyEhyCp9kOQb0Nvew4wbrBVkuapVtYkpYkFUYp+FW8eFDx6vfw5rcx3XrQzQeBx3u/H7+XFyaMKu0439bS8srq2nplo7q5tb2za+/t36s4lZh4OGax7IZIEUYF8TTVjHQTSRAPGemE45vC7zwSqWgs7vQkIT5HQ0EjipE2UmAfumf8oRFko6DPkR5hxLJWngd2zak7U8BF4pakBkq0A/urP4hxyonQmCGleq6TaD9DUlPMSF7tp4okCI/RkPQMFYgT5WfT+Dk8McoARrE0T2g4VX9vZIgrNeGhmSwyqnmvEP/zeqmOLv2MiiTVRODZoShlUMew6AIOqCRYs4khCEtqskI8QhJhbRqrmhLc+S8vEq9Rv6o7t+e15nXZRgUcgWNwClxwAZqgBdrAAxhk4Bm8gjfryXqx3q2P2eiSVe4cgD+wPn8ARX2VQQ==</latexit><latexit sha1_base64="94DhKEr31tjl9Wo3Y5d5wX9v5FI=">AAAB/XicbVBPS8MwHE39O+e/qnjyEhyCp9kOQb0Nvew4wbrBVkuapVtYkpYkFUYp+FW8eFDx6vfw5rcx3XrQzQeBx3u/H7+XFyaMKu0439bS8srq2nplo7q5tb2za+/t36s4lZh4OGax7IZIEUYF8TTVjHQTSRAPGemE45vC7zwSqWgs7vQkIT5HQ0EjipE2UmAfumf8oRFko6DPkR5hxLJWngd2zak7U8BF4pakBkq0A/urP4hxyonQmCGleq6TaD9DUlPMSF7tp4okCI/RkPQMFYgT5WfT+Dk8McoARrE0T2g4VX9vZIgrNeGhmSwyqnmvEP/zeqmOLv2MiiTVRODZoShlUMew6AIOqCRYs4khCEtqskI8QhJhbRqrmhLc+S8vEq9Rv6o7t+e15nXZRgUcgWNwClxwAZqgBdrAAxhk4Bm8gjfryXqx3q2P2eiSVe4cgD+wPn8ARX2VQQ==</latexit><latexit sha1_base64="94DhKEr31tjl9Wo3Y5d5wX9v5FI=">AAAB/XicbVBPS8MwHE39O+e/qnjyEhyCp9kOQb0Nvew4wbrBVkuapVtYkpYkFUYp+FW8eFDx6vfw5rcx3XrQzQeBx3u/H7+XFyaMKu0439bS8srq2nplo7q5tb2za+/t36s4lZh4OGax7IZIEUYF8TTVjHQTSRAPGemE45vC7zwSqWgs7vQkIT5HQ0EjipE2UmAfumf8oRFko6DPkR5hxLJWngd2zak7U8BF4pakBkq0A/urP4hxyonQmCGleq6TaD9DUlPMSF7tp4okCI/RkPQMFYgT5WfT+Dk8McoARrE0T2g4VX9vZIgrNeGhmSwyqnmvEP/zeqmOLv2MiiTVRODZoShlUMew6AIOqCRYs4khCEtqskI8QhJhbRqrmhLc+S8vEq9Rv6o7t+e15nXZRgUcgWNwClxwAZqgBdrAAxhk4Bm8gjfryXqx3q2P2eiSVe4cgD+wPn8ARX2VQQ==</latexit>

L = (�t H  Q  Uc + h.c.) + �2t

⇣��HH · eQH
��2 +

��HH
��2�� eU c

H
��2
⌘

<latexit sha1_base64="X0gIFkxuHm4mE8iluYFUDcT+Prw="></latexit><latexit sha1_base64="X0gIFkxuHm4mE8iluYFUDcT+Prw="></latexit><latexit sha1_base64="X0gIFkxuHm4mE8iluYFUDcT+Prw="></latexit>

L = (�t H  Q  Uc + h.c.) + �2t |H|2
⇣�� eQH

��2 +
�� eU c

H
��2
⌘

<latexit sha1_base64="uyiKQNMnfX5mFXcOSBxSxlquHEw="></latexit><latexit sha1_base64="uyiKQNMnfX5mFXcOSBxSxlquHEw="></latexit><latexit sha1_base64="uyiKQNMnfX5mFXcOSBxSxlquHEw="></latexit>

�V / �2
t ⇤

2
���HH

��2 �
��H

��2�
<latexit sha1_base64="qySnH8Tld49fqYpoqQtlK2KvJr8="></latexit><latexit sha1_base64="qySnH8Tld49fqYpoqQtlK2KvJr8="></latexit><latexit sha1_base64="qySnH8Tld49fqYpoqQtlK2KvJr8="></latexit>
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VH = m2
⇣��H

��2 �
��HH

��2
⌘
+

�

2

⇣��H
��2 �

��HH
��2
⌘2

<latexit sha1_base64="L5WYDC/dhmlSZB983+DuTw7m29M="></latexit><latexit sha1_base64="L5WYDC/dhmlSZB983+DuTw7m29M="></latexit><latexit sha1_base64="L5WYDC/dhmlSZB983+DuTw7m29M="></latexit>

H H†

�
<latexit sha1_base64="Ngt4M2Y9OzdzVX8Kv/dxjT6wVls=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjLt1La7ohuXFRxbaIeSyWTa0ExmSDJCGfoRblyouPV/3Pk3pg9BRQ8EDuecS+49QcqZ0gh9WIW19Y3NreJ2aWd3b/+gfHh0p5JMEuqRhCeyF2BFORPU00xz2kslxXHAaTeYXM397j2ViiXiVk9T6sd4JFjECNZG6g64iYZ4WK4g23XqrVoDIrvquqjpGIJqF1WnDh0bLVABK3SG5fdBmJAspkITjpXqOyjVfo6lZoTTWWmQKZpiMsEj2jdU4JgqP1+sO4NnRglhlEjzhIYL9ftEjmOlpnFgkjHWY/Xbm4t/ef1MR00/ZyLNNBVk+VGUcagTOL8dhkxSovnUEEwkM7tCMsYSE20aKpkSvi6F/xOvardsdONW2perNorgBJyCc+CABmiDa9ABHiBgAh7AE3i2UuvRerFel9GCtZo5Bj9gvX0CBraPkQ==</latexit><latexit sha1_base64="Ngt4M2Y9OzdzVX8Kv/dxjT6wVls=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjLt1La7ohuXFRxbaIeSyWTa0ExmSDJCGfoRblyouPV/3Pk3pg9BRQ8EDuecS+49QcqZ0gh9WIW19Y3NreJ2aWd3b/+gfHh0p5JMEuqRhCeyF2BFORPU00xz2kslxXHAaTeYXM397j2ViiXiVk9T6sd4JFjECNZG6g64iYZ4WK4g23XqrVoDIrvquqjpGIJqF1WnDh0bLVABK3SG5fdBmJAspkITjpXqOyjVfo6lZoTTWWmQKZpiMsEj2jdU4JgqP1+sO4NnRglhlEjzhIYL9ftEjmOlpnFgkjHWY/Xbm4t/ef1MR00/ZyLNNBVk+VGUcagTOL8dhkxSovnUEEwkM7tCMsYSE20aKpkSvi6F/xOvardsdONW2perNorgBJyCc+CABmiDa9ABHiBgAh7AE3i2UuvRerFel9GCtZo5Bj9gvX0CBraPkQ==</latexit><latexit sha1_base64="Ngt4M2Y9OzdzVX8Kv/dxjT6wVls=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjLt1La7ohuXFRxbaIeSyWTa0ExmSDJCGfoRblyouPV/3Pk3pg9BRQ8EDuecS+49QcqZ0gh9WIW19Y3NreJ2aWd3b/+gfHh0p5JMEuqRhCeyF2BFORPU00xz2kslxXHAaTeYXM397j2ViiXiVk9T6sd4JFjECNZG6g64iYZ4WK4g23XqrVoDIrvquqjpGIJqF1WnDh0bLVABK3SG5fdBmJAspkITjpXqOyjVfo6lZoTTWWmQKZpiMsEj2jdU4JgqP1+sO4NnRglhlEjzhIYL9ftEjmOlpnFgkjHWY/Xbm4t/ef1MR00/ZyLNNBVk+VGUcagTOL8dhkxSovnUEEwkM7tCMsYSE20aKpkSvi6F/xOvardsdONW2perNorgBJyCc+CABmiDa9ABHiBgAh7AE3i2UuvRerFel9GCtZo5Bj9gvX0CBraPkQ==</latexit>

�
<latexit sha1_base64="Ngt4M2Y9OzdzVX8Kv/dxjT6wVls=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjLt1La7ohuXFRxbaIeSyWTa0ExmSDJCGfoRblyouPV/3Pk3pg9BRQ8EDuecS+49QcqZ0gh9WIW19Y3NreJ2aWd3b/+gfHh0p5JMEuqRhCeyF2BFORPU00xz2kslxXHAaTeYXM397j2ViiXiVk9T6sd4JFjECNZG6g64iYZ4WK4g23XqrVoDIrvquqjpGIJqF1WnDh0bLVABK3SG5fdBmJAspkITjpXqOyjVfo6lZoTTWWmQKZpiMsEj2jdU4JgqP1+sO4NnRglhlEjzhIYL9ftEjmOlpnFgkjHWY/Xbm4t/ef1MR00/ZyLNNBVk+VGUcagTOL8dhkxSovnUEEwkM7tCMsYSE20aKpkSvi6F/xOvardsdONW2perNorgBJyCc+CABmiDa9ABHiBgAh7AE3i2UuvRerFel9GCtZo5Bj9gvX0CBraPkQ==</latexit><latexit sha1_base64="Ngt4M2Y9OzdzVX8Kv/dxjT6wVls=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjLt1La7ohuXFRxbaIeSyWTa0ExmSDJCGfoRblyouPV/3Pk3pg9BRQ8EDuecS+49QcqZ0gh9WIW19Y3NreJ2aWd3b/+gfHh0p5JMEuqRhCeyF2BFORPU00xz2kslxXHAaTeYXM397j2ViiXiVk9T6sd4JFjECNZG6g64iYZ4WK4g23XqrVoDIrvquqjpGIJqF1WnDh0bLVABK3SG5fdBmJAspkITjpXqOyjVfo6lZoTTWWmQKZpiMsEj2jdU4JgqP1+sO4NnRglhlEjzhIYL9ftEjmOlpnFgkjHWY/Xbm4t/ef1MR00/ZyLNNBVk+VGUcagTOL8dhkxSovnUEEwkM7tCMsYSE20aKpkSvi6F/xOvardsdONW2perNorgBJyCc+CABmiDa9ABHiBgAh7AE3i2UuvRerFel9GCtZo5Bj9gvX0CBraPkQ==</latexit><latexit sha1_base64="Ngt4M2Y9OzdzVX8Kv/dxjT6wVls=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjLt1La7ohuXFRxbaIeSyWTa0ExmSDJCGfoRblyouPV/3Pk3pg9BRQ8EDuecS+49QcqZ0gh9WIW19Y3NreJ2aWd3b/+gfHh0p5JMEuqRhCeyF2BFORPU00xz2kslxXHAaTeYXM397j2ViiXiVk9T6sd4JFjECNZG6g64iYZ4WK4g23XqrVoDIrvquqjpGIJqF1WnDh0bLVABK3SG5fdBmJAspkITjpXqOyjVfo6lZoTTWWmQKZpiMsEj2jdU4JgqP1+sO4NnRglhlEjzhIYL9ftEjmOlpnFgkjHWY/Xbm4t/ef1MR00/ZyLNNBVk+VGUcagTOL8dhkxSovnUEEwkM7tCMsYSE20aKpkSvi6F/xOvardsdONW2perNorgBJyCc+CABmiDa9ABHiBgAh7AE3i2UuvRerFel9GCtZo5Bj9gvX0CBraPkQ==</latexit>

HH
<latexit sha1_base64="Q7/07xp75FQJJ6Kogv+24XU/69s=">AAAB83icdVDNTgIxGOziH+If6tFLIzHxtOnCInAjeuGIiSsmsCHdUqCh213bLgnZ8BxePKjx6st4823sAiZqdJImk5nvyzedIOZMaYQ+rNza+sbmVn67sLO7t39QPDy6VVEiCfVIxCN5F2BFORPU00xzehdLisOA004wucr8zpRKxSJxo2cx9UM8EmzICNZG8lv9Xoj1mGCetub9YgnZrlNtVGoQ2WXXRXXHEFS5KDtV6NhogRJYod0vvvcGEUlCKjThWKmug2Ltp1hqRjidF3qJojEmEzyiXUMFDqny00XoOTwzygAOI2me0HChft9IcajULAzMZBZR/fYy8S+vm+hh3U+ZiBNNBVkeGiYc6ghmDcABk5RoPjMEE8lMVkjGWGKiTU8FU8LXT+H/xCvbDRtdu6Xm5aqNPDgBp+AcOKAGmqAF2sADBNyDB/AEnq2p9Wi9WK/L0Zy12jkGP2C9fQKRDpIt</latexit><latexit sha1_base64="Q7/07xp75FQJJ6Kogv+24XU/69s=">AAAB83icdVDNTgIxGOziH+If6tFLIzHxtOnCInAjeuGIiSsmsCHdUqCh213bLgnZ8BxePKjx6st4823sAiZqdJImk5nvyzedIOZMaYQ+rNza+sbmVn67sLO7t39QPDy6VVEiCfVIxCN5F2BFORPU00xzehdLisOA004wucr8zpRKxSJxo2cx9UM8EmzICNZG8lv9Xoj1mGCetub9YgnZrlNtVGoQ2WXXRXXHEFS5KDtV6NhogRJYod0vvvcGEUlCKjThWKmug2Ltp1hqRjidF3qJojEmEzyiXUMFDqny00XoOTwzygAOI2me0HChft9IcajULAzMZBZR/fYy8S+vm+hh3U+ZiBNNBVkeGiYc6ghmDcABk5RoPjMEE8lMVkjGWGKiTU8FU8LXT+H/xCvbDRtdu6Xm5aqNPDgBp+AcOKAGmqAF2sADBNyDB/AEnq2p9Wi9WK/L0Zy12jkGP2C9fQKRDpIt</latexit><latexit sha1_base64="Q7/07xp75FQJJ6Kogv+24XU/69s=">AAAB83icdVDNTgIxGOziH+If6tFLIzHxtOnCInAjeuGIiSsmsCHdUqCh213bLgnZ8BxePKjx6st4823sAiZqdJImk5nvyzedIOZMaYQ+rNza+sbmVn67sLO7t39QPDy6VVEiCfVIxCN5F2BFORPU00xzehdLisOA004wucr8zpRKxSJxo2cx9UM8EmzICNZG8lv9Xoj1mGCetub9YgnZrlNtVGoQ2WXXRXXHEFS5KDtV6NhogRJYod0vvvcGEUlCKjThWKmug2Ltp1hqRjidF3qJojEmEzyiXUMFDqny00XoOTwzygAOI2me0HChft9IcajULAzMZBZR/fYy8S+vm+hh3U+ZiBNNBVkeGiYc6ghmDcABk5RoPjMEE8lMVkjGWGKiTU8FU8LXT+H/xCvbDRtdu6Xm5aqNPDgBp+AcOKAGmqAF2sADBNyDB/AEnq2p9Wi9WK/L0Zy12jkGP2C9fQKRDpIt</latexit>

H†
H

<latexit sha1_base64="TjBPUQO2NphCKc8VvtdIbyYwYfs=">AAAB+nicdVDLTgIxFO3gC/GFuHTTSExcTTowCOyIblhiIkIC46TT6UBD55G2YyQTfsWNCzVu/RJ3/o3lYaJGT9Lk5Jx7c0+Pl3AmFUIfRm5tfWNzK79d2Nnd2z8oHpZuZJwKQrsk5rHoe1hSziLaVUxx2k8ExaHHac+bXM793h0VksXRtZom1AnxKGIBI1hpyS2W2u4wxGpMMM/as9uhj0dusYxM26o1q3WIzIpto4alCaqeV6watEy0QBms0HGL70M/JmlII0U4lnJgoUQ5GRaKEU5nhWEqaYLJBI/oQNMIh1Q62SL7DJ5qxYdBLPSLFFyo3zcyHEo5DT09Oc8pf3tz8S9vkKqg4WQsSlJFI7I8FKQcqhjOi4A+E5QoPtUEE8F0VkjGWGCidF0FXcLXT+H/pFsxmya6ssuti1UbeXAMTsAZsEAdtEAbdEAXEHAPHsATeDZmxqPxYrwuR3PGaucI/IDx9gm+MJR2</latexit><latexit sha1_base64="TjBPUQO2NphCKc8VvtdIbyYwYfs=">AAAB+nicdVDLTgIxFO3gC/GFuHTTSExcTTowCOyIblhiIkIC46TT6UBD55G2YyQTfsWNCzVu/RJ3/o3lYaJGT9Lk5Jx7c0+Pl3AmFUIfRm5tfWNzK79d2Nnd2z8oHpZuZJwKQrsk5rHoe1hSziLaVUxx2k8ExaHHac+bXM793h0VksXRtZom1AnxKGIBI1hpyS2W2u4wxGpMMM/as9uhj0dusYxM26o1q3WIzIpto4alCaqeV6watEy0QBms0HGL70M/JmlII0U4lnJgoUQ5GRaKEU5nhWEqaYLJBI/oQNMIh1Q62SL7DJ5qxYdBLPSLFFyo3zcyHEo5DT09Oc8pf3tz8S9vkKqg4WQsSlJFI7I8FKQcqhjOi4A+E5QoPtUEE8F0VkjGWGCidF0FXcLXT+H/pFsxmya6ssuti1UbeXAMTsAZsEAdtEAbdEAXEHAPHsATeDZmxqPxYrwuR3PGaucI/IDx9gm+MJR2</latexit><latexit sha1_base64="TjBPUQO2NphCKc8VvtdIbyYwYfs=">AAAB+nicdVDLTgIxFO3gC/GFuHTTSExcTTowCOyIblhiIkIC46TT6UBD55G2YyQTfsWNCzVu/RJ3/o3lYaJGT9Lk5Jx7c0+Pl3AmFUIfRm5tfWNzK79d2Nnd2z8oHpZuZJwKQrsk5rHoe1hSziLaVUxx2k8ExaHHac+bXM793h0VksXRtZom1AnxKGIBI1hpyS2W2u4wxGpMMM/as9uhj0dusYxM26o1q3WIzIpto4alCaqeV6watEy0QBms0HGL70M/JmlII0U4lnJgoUQ5GRaKEU5nhWEqaYLJBI/oQNMIh1Q62SL7DJ5qxYdBLPSLFFyo3zcyHEo5DT09Oc8pf3tz8S9vkKqg4WQsSlJFI7I8FKQcqhjOi4A+E5QoPtUEE8F0VkjGWGCidF0FXcLXT+H/pFsxmya6ssuti1UbeXAMTsAZsEAdtEAbdEAXEHAPHsATeDZmxqPxYrwuR3PGaucI/IDx9gm+MJR2</latexit>

�V / �⇤2
⇣��H

��2 +
��HH

��2
⌘

<latexit sha1_base64="U9fR6KV0b1mX2WqqsH/zUEAwfw4="></latexit><latexit sha1_base64="U9fR6KV0b1mX2WqqsH/zUEAwfw4="></latexit><latexit sha1_base64="U9fR6KV0b1mX2WqqsH/zUEAwfw4="></latexit>



IR ISSUES - II

TIM COHEN  [ UNIVERSITY OF OREGON] �13

H H†

H H†

+

etH

hH

t

t

�t �t

p
2�2

t vH
<latexit sha1_base64="wZiGvTB70T/Xm+hT99ZPZ6dQOtA=">AAACDHicbVDLSsNAFJ34rPUVdekmWAUXpSRFUHdFN11WMLbQ1DCZTtuhk0mcuSmUkB9w46+4caHi1g9w5984bbPQ1gMDh3PuYe49QcyZAtv+NpaWV1bX1gsbxc2t7Z1dc2//TkWJJNQlEY9kK8CKciaoCww4bcWS4jDgtBkMryd+c0SlYpG4hXFMOyHuC9ZjBIOWfPPYUw8S0mrmlT2uY13sw33VK498L8QwIJin9cw3S3bFnsJaJE5OSihHwze/vG5EkpAKIBwr1XbsGDoplsAIp1nRSxSNMRniPm1rKnBIVSedXpNZJ1rpWr1I6ifAmqq/EykOlRqHgZ6crKjmvYn4n9dOoHfRSZmIE6CCzD7qJdyCyJpUY3WZpAT4WBNMJNO7WmSAJSagCyzqEpz5kxeJW61cVuybs1LtKm+jgA7RETpFDjpHNVRHDeQigh7RM3pFb8aT8WK8Gx+z0SUjzxygPzA+fwD1FJux</latexit><latexit sha1_base64="wZiGvTB70T/Xm+hT99ZPZ6dQOtA=">AAACDHicbVDLSsNAFJ34rPUVdekmWAUXpSRFUHdFN11WMLbQ1DCZTtuhk0mcuSmUkB9w46+4caHi1g9w5984bbPQ1gMDh3PuYe49QcyZAtv+NpaWV1bX1gsbxc2t7Z1dc2//TkWJJNQlEY9kK8CKciaoCww4bcWS4jDgtBkMryd+c0SlYpG4hXFMOyHuC9ZjBIOWfPPYUw8S0mrmlT2uY13sw33VK498L8QwIJin9cw3S3bFnsJaJE5OSihHwze/vG5EkpAKIBwr1XbsGDoplsAIp1nRSxSNMRniPm1rKnBIVSedXpNZJ1rpWr1I6ifAmqq/EykOlRqHgZ6crKjmvYn4n9dOoHfRSZmIE6CCzD7qJdyCyJpUY3WZpAT4WBNMJNO7WmSAJSagCyzqEpz5kxeJW61cVuybs1LtKm+jgA7RETpFDjpHNVRHDeQigh7RM3pFb8aT8WK8Gx+z0SUjzxygPzA+fwD1FJux</latexit><latexit sha1_base64="wZiGvTB70T/Xm+hT99ZPZ6dQOtA=">AAACDHicbVDLSsNAFJ34rPUVdekmWAUXpSRFUHdFN11WMLbQ1DCZTtuhk0mcuSmUkB9w46+4caHi1g9w5984bbPQ1gMDh3PuYe49QcyZAtv+NpaWV1bX1gsbxc2t7Z1dc2//TkWJJNQlEY9kK8CKciaoCww4bcWS4jDgtBkMryd+c0SlYpG4hXFMOyHuC9ZjBIOWfPPYUw8S0mrmlT2uY13sw33VK498L8QwIJin9cw3S3bFnsJaJE5OSihHwze/vG5EkpAKIBwr1XbsGDoplsAIp1nRSxSNMRniPm1rKnBIVSedXpNZJ1rpWr1I6ifAmqq/EykOlRqHgZ6crKjmvYn4n9dOoHfRSZmIE6CCzD7qJdyCyJpUY3WZpAT4WBNMJNO7WmSAJSagCyzqEpz5kxeJW61cVuybs1LtKm+jgA7RETpFDjpHNVRHDeQigh7RM3pFb8aT8WK8Gx+z0SUjzxygPzA+fwD1FJux</latexit>

�
m2

hHp
2 vH

<latexit sha1_base64="PtpR68kRHO1TYi36VMqdkUR1Y9I=">AAACHHicbVDLSsNAFJ3UV62vqEs3wSK40JKUgroruumygrGFJobJdNIOnTycmRTKkB9x46+4caHixoXg3zhps7CtBy4czrmXe+/xE0q4MM0frbSyura+Ud6sbG3v7O7p+wf3PE4ZwjaKacy6PuSYkgjbggiKuwnDMPQp7vijm9zvjDHjJI7uxCTBbggHEQkIgkJJnt44dwIGkQw9OfScEIohglS2suyhnkmHPzIh65lzNp7zPL1q1swpjGViFaQKCrQ9/cvpxygNcSQQhZz3LDMRroRMEERxVnFSjhOIRnCAe4pGMMTcldPvMuNEKX0jiJmqSBhT9e+EhCHnk9BXnfmNfNHLxf+8XiqCS1eSKEkFjtBsUZBSQ8RGHpXRJwwjQSeKQMSIutVAQ6jSEirQigrBWnx5mdj12lXNvG1Um9dFGmVwBI7BKbDABWiCFmgDGyDwBF7AG3jXnrVX7UP7nLWWtGLmEMxB+/4F+QCjTw==</latexit><latexit sha1_base64="PtpR68kRHO1TYi36VMqdkUR1Y9I=">AAACHHicbVDLSsNAFJ3UV62vqEs3wSK40JKUgroruumygrGFJobJdNIOnTycmRTKkB9x46+4caHixoXg3zhps7CtBy4czrmXe+/xE0q4MM0frbSyura+Ud6sbG3v7O7p+wf3PE4ZwjaKacy6PuSYkgjbggiKuwnDMPQp7vijm9zvjDHjJI7uxCTBbggHEQkIgkJJnt44dwIGkQw9OfScEIohglS2suyhnkmHPzIh65lzNp7zPL1q1swpjGViFaQKCrQ9/cvpxygNcSQQhZz3LDMRroRMEERxVnFSjhOIRnCAe4pGMMTcldPvMuNEKX0jiJmqSBhT9e+EhCHnk9BXnfmNfNHLxf+8XiqCS1eSKEkFjtBsUZBSQ8RGHpXRJwwjQSeKQMSIutVAQ6jSEirQigrBWnx5mdj12lXNvG1Um9dFGmVwBI7BKbDABWiCFmgDGyDwBF7AG3jXnrVX7UP7nLWWtGLmEMxB+/4F+QCjTw==</latexit><latexit sha1_base64="PtpR68kRHO1TYi36VMqdkUR1Y9I=">AAACHHicbVDLSsNAFJ3UV62vqEs3wSK40JKUgroruumygrGFJobJdNIOnTycmRTKkB9x46+4caHixoXg3zhps7CtBy4czrmXe+/xE0q4MM0frbSyura+Ud6sbG3v7O7p+wf3PE4ZwjaKacy6PuSYkgjbggiKuwnDMPQp7vijm9zvjDHjJI7uxCTBbggHEQkIgkJJnt44dwIGkQw9OfScEIohglS2suyhnkmHPzIh65lzNp7zPL1q1swpjGViFaQKCrQ9/cvpxygNcSQQhZz3LDMRroRMEERxVnFSjhOIRnCAe4pGMMTcldPvMuNEKX0jiJmqSBhT9e+EhCHnk9BXnfmNfNHLxf+8XiqCS1eSKEkFjtBsUZBSQ8RGHpXRJwwjQSeKQMSIutVAQ6jSEirQigrBWnx5mdj12lXNvG1Um9dFGmVwBI7BKbDABWiCFmgDGyDwBF7AG3jXnrVX7UP7nLWWtGLmEMxB+/4F+QCjTw==</latexit>

1/m2
hH

<latexit sha1_base64="94DhKEr31tjl9Wo3Y5d5wX9v5FI=">AAAB/XicbVBPS8MwHE39O+e/qnjyEhyCp9kOQb0Nvew4wbrBVkuapVtYkpYkFUYp+FW8eFDx6vfw5rcx3XrQzQeBx3u/H7+XFyaMKu0439bS8srq2nplo7q5tb2za+/t36s4lZh4OGax7IZIEUYF8TTVjHQTSRAPGemE45vC7zwSqWgs7vQkIT5HQ0EjipE2UmAfumf8oRFko6DPkR5hxLJWngd2zak7U8BF4pakBkq0A/urP4hxyonQmCGleq6TaD9DUlPMSF7tp4okCI/RkPQMFYgT5WfT+Dk8McoARrE0T2g4VX9vZIgrNeGhmSwyqnmvEP/zeqmOLv2MiiTVRODZoShlUMew6AIOqCRYs4khCEtqskI8QhJhbRqrmhLc+S8vEq9Rv6o7t+e15nXZRgUcgWNwClxwAZqgBdrAAxhk4Bm8gjfryXqx3q2P2eiSVe4cgD+wPn8ARX2VQQ==</latexit><latexit sha1_base64="94DhKEr31tjl9Wo3Y5d5wX9v5FI=">AAAB/XicbVBPS8MwHE39O+e/qnjyEhyCp9kOQb0Nvew4wbrBVkuapVtYkpYkFUYp+FW8eFDx6vfw5rcx3XrQzQeBx3u/H7+XFyaMKu0439bS8srq2nplo7q5tb2za+/t36s4lZh4OGax7IZIEUYF8TTVjHQTSRAPGemE45vC7zwSqWgs7vQkIT5HQ0EjipE2UmAfumf8oRFko6DPkR5hxLJWngd2zak7U8BF4pakBkq0A/urP4hxyonQmCGleq6TaD9DUlPMSF7tp4okCI/RkPQMFYgT5WfT+Dk8McoARrE0T2g4VX9vZIgrNeGhmSwyqnmvEP/zeqmOLv2MiiTVRODZoShlUMew6AIOqCRYs4khCEtqskI8QhJhbRqrmhLc+S8vEq9Rv6o7t+e15nXZRgUcgWNwClxwAZqgBdrAAxhk4Bm8gjfryXqx3q2P2eiSVe4cgD+wPn8ARX2VQQ==</latexit><latexit sha1_base64="94DhKEr31tjl9Wo3Y5d5wX9v5FI=">AAAB/XicbVBPS8MwHE39O+e/qnjyEhyCp9kOQb0Nvew4wbrBVkuapVtYkpYkFUYp+FW8eFDx6vfw5rcx3XrQzQeBx3u/H7+XFyaMKu0439bS8srq2nplo7q5tb2za+/t36s4lZh4OGax7IZIEUYF8TTVjHQTSRAPGemE45vC7zwSqWgs7vQkIT5HQ0EjipE2UmAfumf8oRFko6DPkR5hxLJWngd2zak7U8BF4pakBkq0A/urP4hxyonQmCGleq6TaD9DUlPMSF7tp4okCI/RkPQMFYgT5WfT+Dk8McoARrE0T2g4VX9vZIgrNeGhmSwyqnmvEP/zeqmOLv2MiiTVRODZoShlUMew6AIOqCRYs4khCEtqskI8QhJhbRqrmhLc+S8vEq9Rv6o7t+e15nXZRgUcgWNwClxwAZqgBdrAAxhk4Bm8gjfryXqx3q2P2eiSVe4cgD+wPn8ARX2VQQ==</latexit>

Get �V / �2
t ⇤

2
���HH

��2 �
��H

��2�
<latexit sha1_base64="qySnH8Tld49fqYpoqQtlK2KvJr8="></latexit><latexit sha1_base64="qySnH8Tld49fqYpoqQtlK2KvJr8="></latexit><latexit sha1_base64="qySnH8Tld49fqYpoqQtlK2KvJr8="></latexit>

Want �V / �2
t ⇤

2
���H

��2 �
��HH

��2�
<latexit sha1_base64="A2Vhhm4wSakJh2EmN/19YcDiZE0="></latexit><latexit sha1_base64="A2Vhhm4wSakJh2EmN/19YcDiZE0="></latexit><latexit sha1_base64="A2Vhhm4wSakJh2EmN/19YcDiZE0="></latexit>



PHENOMENOLOGY

TIM COHEN  [ UNIVERSITY OF OREGON] �14

Higgs portal 

Top partner vevs 

Higgs-top partner mixing 

Eaten top partners 

Modified dark shower phenomenology
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UV COMPLETION

�15



ASIDE: FOLDED SUSY

TIM COHEN  [ UNIVERSITY OF OREGON] �16

Burdman, Chacko, Goh, Harnik [arXiv:hep-ph/0609152]

Uncolored stops 

5D SUSY 

Double the MSSM 

Boundary conditions 
lift colored stops 

Electroweak charged



A MODEL

TIM COHEN  [ UNIVERSITY OF OREGON] �17

Wbrane

MSSM

�
Q,Uc,Dc,L,Ec

�
1
2 ,0

<latexit sha1_base64="rNg91G7oVz2HXoTDVs9CeLJRmxI="></latexit><latexit sha1_base64="rNg91G7oVz2HXoTDVs9CeLJRmxI="></latexit><latexit sha1_base64="rNg91G7oVz2HXoTDVs9CeLJRmxI="></latexit>

H
<latexit sha1_base64="Vn4lR87Z6LYD5GXJO4w99vPn8lQ=">AAAB/HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EULugTcoIXhJIjrC32UvW7O4du3tCOIJ/wVZ7K7H1v9j6S9wkV5jEBwOP92aYmRcmnGnjut9OYW19Y3OruF3a2d3bPygfHjV1nCpCfRLzWLVDrClnkvqGGU7biaJYhJy2wtHd1G89UaVZLB/MOKGBwAPJIkawsVKzG4qsPumVK27VnQGtEi8nFcjR6JV/uv2YpIJKQzjWuuO5iQkyrAwjnE5K3VTTBJMRHtCOpRILqoNsdu0EnVmlj6JY2ZIGzdS/ExkWWo9FaDsFNkO97E3F/7xOaqLrIGMySQ2VZL4oSjkyMZq+jvpMUWL42BJMFLO3IjLEChNjA1rYEopJyYbiLUewSvyL6k3Vvb+s1G7zdIpwAqdwDh5cQQ3q0AAfCDzCC7zCm/PsvDsfzue8teDkM8ewAOfrF0y0lZo=</latexit><latexit sha1_base64="Vn4lR87Z6LYD5GXJO4w99vPn8lQ=">AAAB/HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EULugTcoIXhJIjrC32UvW7O4du3tCOIJ/wVZ7K7H1v9j6S9wkV5jEBwOP92aYmRcmnGnjut9OYW19Y3OruF3a2d3bPygfHjV1nCpCfRLzWLVDrClnkvqGGU7biaJYhJy2wtHd1G89UaVZLB/MOKGBwAPJIkawsVKzG4qsPumVK27VnQGtEi8nFcjR6JV/uv2YpIJKQzjWuuO5iQkyrAwjnE5K3VTTBJMRHtCOpRILqoNsdu0EnVmlj6JY2ZIGzdS/ExkWWo9FaDsFNkO97E3F/7xOaqLrIGMySQ2VZL4oSjkyMZq+jvpMUWL42BJMFLO3IjLEChNjA1rYEopJyYbiLUewSvyL6k3Vvb+s1G7zdIpwAqdwDh5cQQ3q0AAfCDzCC7zCm/PsvDsfzue8teDkM8ewAOfrF0y0lZo=</latexit><latexit sha1_base64="Vn4lR87Z6LYD5GXJO4w99vPn8lQ=">AAAB/HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EULugTcoIXhJIjrC32UvW7O4du3tCOIJ/wVZ7K7H1v9j6S9wkV5jEBwOP92aYmRcmnGnjut9OYW19Y3OruF3a2d3bPygfHjV1nCpCfRLzWLVDrClnkvqGGU7biaJYhJy2wtHd1G89UaVZLB/MOKGBwAPJIkawsVKzG4qsPumVK27VnQGtEi8nFcjR6JV/uv2YpIJKQzjWuuO5iQkyrAwjnE5K3VTTBJMRHtCOpRILqoNsdu0EnVmlj6JY2ZIGzdS/ExkWWo9FaDsFNkO97E3F/7xOaqLrIGMySQ2VZL4oSjkyMZq+jvpMUWL42BJMFLO3IjLEChNjA1rYEopJyYbiLUewSvyL6k3Vvb+s1G7zdIpwAqdwDh5cQQ3q0AAfCDzCC7zCm/PsvDsfzue8teDkM8ewAOfrF0y0lZo=</latexit>

�
Q,Uc,Dc,L,Ec

�
0, 12

<latexit sha1_base64="C642EH5svE1UTRNB9EMAB526Dqw="></latexit><latexit sha1_base64="C642EH5svE1UTRNB9EMAB526Dqw="></latexit><latexit sha1_base64="C642EH5svE1UTRNB9EMAB526Dqw="></latexit>

HH
<latexit sha1_base64="Xr2EYVrGWsKm5eTY64VtMAyNzHE=">AAACCnicdVDNTgIxGOziH+If4tFLIzHxtOmCBLkRvXDExBUSdkO6pUBDu7tpu0ay4RF8Ba9692S8+hJefRK7gIkYnaTJZOb78k0niDlTGqEPK7e2vrG5ld8u7Ozu7R8UD0u3KkokoS6JeCS7AVaUs5C6mmlOu7GkWAScdoLJVeZ37qhULApv9DSmvsCjkA0ZwdpI/WLJC0TamvU9gfWYYJ7xYhnZNYSq9TpENmo0ak7FEMepVKo16NhojjJYot0vfnqDiCSChppwrFTPQbH2Uyw1I5zOCl6iaIzJBI9oz9AQC6r8dJ59Bk+NMoDDSJoXajhXf26kWCg1FYGZzCKq314m/uX1Ej288FMWxommIVkcGiYc6ghmRcABk5RoPjUEE8lMVkjGWGKiTV0rVwIxK5hSvn8O/yduxW7Y6Pq83LxctpMHx+AEnAEH1EETtEAbuICAe/AInsCz9WC9WK/W22I0Zy13jsAKrPcvs4ubVg==</latexit><latexit sha1_base64="Xr2EYVrGWsKm5eTY64VtMAyNzHE=">AAACCnicdVDNTgIxGOziH+If4tFLIzHxtOmCBLkRvXDExBUSdkO6pUBDu7tpu0ay4RF8Ba9692S8+hJefRK7gIkYnaTJZOb78k0niDlTGqEPK7e2vrG5ld8u7Ozu7R8UD0u3KkokoS6JeCS7AVaUs5C6mmlOu7GkWAScdoLJVeZ37qhULApv9DSmvsCjkA0ZwdpI/WLJC0TamvU9gfWYYJ7xYhnZNYSq9TpENmo0ak7FEMepVKo16NhojjJYot0vfnqDiCSChppwrFTPQbH2Uyw1I5zOCl6iaIzJBI9oz9AQC6r8dJ59Bk+NMoDDSJoXajhXf26kWCg1FYGZzCKq314m/uX1Ej288FMWxommIVkcGiYc6ghmRcABk5RoPjUEE8lMVkjGWGKiTV0rVwIxK5hSvn8O/yduxW7Y6Pq83LxctpMHx+AEnAEH1EETtEAbuICAe/AInsCz9WC9WK/W22I0Zy13jsAKrPcvs4ubVg==</latexit><latexit sha1_base64="Xr2EYVrGWsKm5eTY64VtMAyNzHE=">AAACCnicdVDNTgIxGOziH+If4tFLIzHxtOmCBLkRvXDExBUSdkO6pUBDu7tpu0ay4RF8Ba9692S8+hJefRK7gIkYnaTJZOb78k0niDlTGqEPK7e2vrG5ld8u7Ozu7R8UD0u3KkokoS6JeCS7AVaUs5C6mmlOu7GkWAScdoLJVeZ37qhULApv9DSmvsCjkA0ZwdpI/WLJC0TamvU9gfWYYJ7xYhnZNYSq9TpENmo0ak7FEMepVKo16NhojjJYot0vfnqDiCSChppwrFTPQbH2Uyw1I5zOCl6iaIzJBI9oz9AQC6r8dJ59Bk+NMoDDSJoXajhXf26kWCg1FYGZzCKq314m/uX1Ej288FMWxommIVkcGiYc6ghmRcABk5RoPjUEE8lMVkjGWGKiTV0rVwIxK5hSvn8O/yduxW7Y6Pq83LxctpMHx+AEnAEH1EETtEAbuICAe/AInsCz9WC9WK/W22I0Zy13jsAKrPcvs4ubVg==</latexit>

MSSMH
<latexit sha1_base64="f6UyJ3UUiae3Wbp8++VSl6PWLm8="></latexit><latexit sha1_base64="f6UyJ3UUiae3Wbp8++VSl6PWLm8="></latexit><latexit sha1_base64="f6UyJ3UUiae3Wbp8++VSl6PWLm8="></latexit>

y = 0
<latexit sha1_base64="sPsZZJuI6iyXEurYl28B/mgVkXQ=">AAAB+XicbVBNS8NAEJ34WetX1aOXxSJ4KokI6kEoevFY0dhCG8pmu2mX7m7C7kYIsT/Bq949iVd/jVd/ids2B9v6YODx3gwz88KEM21c99tZWl5ZXVsvbZQ3t7Z3dit7+486ThWhPol5rFoh1pQzSX3DDKetRFEsQk6b4fBm7DefqNIslg8mS2ggcF+yiBFsrHSfXbndStWtuROgReIVpAoFGt3KT6cXk1RQaQjHWrc9NzFBjpVhhNNRuZNqmmAyxH3atlRiQXWQT04doWOr9FAUK1vSoIn6dyLHQutMhLZTYDPQ895Y/M9rpya6CHImk9RQSaaLopQjE6Px36jHFCWGZ5Zgopi9FZEBVpgYm87MllCMyjYUbz6CReKf1i5r7t1ZtX5dpFOCQziCE/DgHOpwCw3wgUAfXuAV3pxn5935cD6nrUtOMXMAM3C+fgF0k5P3</latexit><latexit sha1_base64="sPsZZJuI6iyXEurYl28B/mgVkXQ=">AAAB+XicbVBNS8NAEJ34WetX1aOXxSJ4KokI6kEoevFY0dhCG8pmu2mX7m7C7kYIsT/Bq949iVd/jVd/ids2B9v6YODx3gwz88KEM21c99tZWl5ZXVsvbZQ3t7Z3dit7+486ThWhPol5rFoh1pQzSX3DDKetRFEsQk6b4fBm7DefqNIslg8mS2ggcF+yiBFsrHSfXbndStWtuROgReIVpAoFGt3KT6cXk1RQaQjHWrc9NzFBjpVhhNNRuZNqmmAyxH3atlRiQXWQT04doWOr9FAUK1vSoIn6dyLHQutMhLZTYDPQ895Y/M9rpya6CHImk9RQSaaLopQjE6Px36jHFCWGZ5Zgopi9FZEBVpgYm87MllCMyjYUbz6CReKf1i5r7t1ZtX5dpFOCQziCE/DgHOpwCw3wgUAfXuAV3pxn5935cD6nrUtOMXMAM3C+fgF0k5P3</latexit><latexit sha1_base64="sPsZZJuI6iyXEurYl28B/mgVkXQ=">AAAB+XicbVBNS8NAEJ34WetX1aOXxSJ4KokI6kEoevFY0dhCG8pmu2mX7m7C7kYIsT/Bq949iVd/jVd/ids2B9v6YODx3gwz88KEM21c99tZWl5ZXVsvbZQ3t7Z3dit7+486ThWhPol5rFoh1pQzSX3DDKetRFEsQk6b4fBm7DefqNIslg8mS2ggcF+yiBFsrHSfXbndStWtuROgReIVpAoFGt3KT6cXk1RQaQjHWrc9NzFBjpVhhNNRuZNqmmAyxH3atlRiQXWQT04doWOr9FAUK1vSoIn6dyLHQutMhLZTYDPQ895Y/M9rpya6CHImk9RQSaaLopQjE6Px36jHFCWGZ5Zgopi9FZEBVpgYm87MllCMyjYUbz6CReKf1i5r7t1ZtX5dpFOCQziCE/DgHOpwCw3wgUAfXuAV3pxn5935cD6nrUtOMXMAM3C+fgF0k5P3</latexit>

y = ⇡R
<latexit sha1_base64="9Funn3qMRlQ7WEqq/AsuZrXyQIA=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69BIvgQUoignoQil48VjG20ISy2W7apbubsLsRQujBv+BV757Eq3/Fq7/EbZuDbX0w8Hhvhpl5YcKo0o7zbZWWlldW18rrlY3Nre2d6u7eo4pTiYmHYxbLdogUYVQQT1PNSDuRBPGQkVY4vBn7rSciFY3Fg84SEnDUFzSiGGkjtbMrP6H+yX23WnPqzgT2InELUoMCzW71x+/FOOVEaMyQUh3XSXSQI6kpZmRU8VNFEoSHqE86hgrEiQryyb0j+8goPTuKpSmh7Yn6dyJHXKmMh6aTIz1Q895Y/M/rpDq6CHIqklQTgaeLopTZOrbHz9s9KgnWLDMEYUnNrTYeIImwNhHNbAn5qGJCcecjWCTeaf2y7tyd1RrXRTplOIBDOAYXzqEBt9AEDzAweIFXeLOerXfrw/qctpasYmYfZmB9/QIo/JYI</latexit><latexit sha1_base64="9Funn3qMRlQ7WEqq/AsuZrXyQIA=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69BIvgQUoignoQil48VjG20ISy2W7apbubsLsRQujBv+BV757Eq3/Fq7/EbZuDbX0w8Hhvhpl5YcKo0o7zbZWWlldW18rrlY3Nre2d6u7eo4pTiYmHYxbLdogUYVQQT1PNSDuRBPGQkVY4vBn7rSciFY3Fg84SEnDUFzSiGGkjtbMrP6H+yX23WnPqzgT2InELUoMCzW71x+/FOOVEaMyQUh3XSXSQI6kpZmRU8VNFEoSHqE86hgrEiQryyb0j+8goPTuKpSmh7Yn6dyJHXKmMh6aTIz1Q895Y/M/rpDq6CHIqklQTgaeLopTZOrbHz9s9KgnWLDMEYUnNrTYeIImwNhHNbAn5qGJCcecjWCTeaf2y7tyd1RrXRTplOIBDOAYXzqEBt9AEDzAweIFXeLOerXfrw/qctpasYmYfZmB9/QIo/JYI</latexit><latexit sha1_base64="9Funn3qMRlQ7WEqq/AsuZrXyQIA=">AAAB/nicbVBNS8NAEJ3Ur1q/qh69BIvgQUoignoQil48VjG20ISy2W7apbubsLsRQujBv+BV757Eq3/Fq7/EbZuDbX0w8Hhvhpl5YcKo0o7zbZWWlldW18rrlY3Nre2d6u7eo4pTiYmHYxbLdogUYVQQT1PNSDuRBPGQkVY4vBn7rSciFY3Fg84SEnDUFzSiGGkjtbMrP6H+yX23WnPqzgT2InELUoMCzW71x+/FOOVEaMyQUh3XSXSQI6kpZmRU8VNFEoSHqE86hgrEiQryyb0j+8goPTuKpSmh7Yn6dyJHXKmMh6aTIz1Q895Y/M/rpDq6CHIqklQTgaeLopTZOrbHz9s9KgnWLDMEYUnNrTYeIImwNhHNbAn5qGJCcecjWCTeaf2y7tyd1RrXRTplOIBDOAYXzqEBt9AEDzAweIFXeLOerXfrw/qctpasYmYfZmB9/QIo/JYI</latexit>



TOP YUKAWA LOOPS

TIM COHEN  [ UNIVERSITY OF OREGON] �18
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<latexit sha1_base64="TTTsjWPNMGeLVXYX9AhevmkaF+A="></latexit><latexit sha1_base64="TTTsjWPNMGeLVXYX9AhevmkaF+A="></latexit><latexit sha1_base64="TTTsjWPNMGeLVXYX9AhevmkaF+A="></latexit>

!±
B,F = qB,F ±Rmt(H)

<latexit sha1_base64="3agjrL1MrssQcQUQn0aeDkg1qco="></latexit><latexit sha1_base64="3agjrL1MrssQcQUQn0aeDkg1qco="></latexit><latexit sha1_base64="3agjrL1MrssQcQUQn0aeDkg1qco="></latexit>

VCW(H) = � 3Nc
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<latexit sha1_base64="F1VV/TE+5NhWgt8bR9cOUFHEziQ="></latexit><latexit sha1_base64="F1VV/TE+5NhWgt8bR9cOUFHEziQ="></latexit><latexit sha1_base64="F1VV/TE+5NhWgt8bR9cOUFHEziQ="></latexit>

VCW = � 21 ⇣(3)�2
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<latexit sha1_base64="0taRn00xte6de0v7Qrv/b5HLasM="></latexit><latexit sha1_base64="0taRn00xte6de0v7Qrv/b5HLasM="></latexit><latexit sha1_base64="0taRn00xte6de0v7Qrv/b5HLasM="></latexit>
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<latexit sha1_base64="MG71ezFOwfdRTAbbt6oOTtkipU0="></latexit><latexit sha1_base64="MG71ezFOwfdRTAbbt6oOTtkipU0="></latexit><latexit sha1_base64="MG71ezFOwfdRTAbbt6oOTtkipU0="></latexit>

Boundary conditions



TIM COHEN  [ UNIVERSITY OF OREGON] �19

U(1)X
<latexit sha1_base64="3Wxll2pSZIj4PYZAIHAYLauo5ac=">AAACCnicbVDLSsNAFJ34rPUV69JNsAh1UxIR1F3RjcsKxhaaECbTSTt0JgkzN9IS8gn+glvduxK3/oRbv8Rpm4W2HrhwOOdezuWEKWcKbPvLWFldW9/YrGxVt3d29/bNg9qDSjJJqEsSnshuiBXlLKYuMOC0m0qKRchpJxzdTP3OI5WKJfE9TFLqCzyIWcQIBi0FZs0LRe4BHUPuFg3nNOgWgVm3m/YM1jJxSlJHJdqB+e31E5IJGgPhWKmeY6fg51gCI5wWVS9TNMVkhAe0p2mMBVV+Pvu9sE600reiROqJwZqpvy9yLJSaiFBvCgxDtehNxX+9UCwkQ3Tp5yxOM6AxmQdHGbcgsabFWH0mKQE+0QQTyfTvFhliiQno+qq6FGexgmXinjWvmvbdeb11XbZTQUfoGDWQgy5QC92iNnIRQWP0jF7Qq/FkvBnvxsd8dcUobw7RHxifP6XUmqI=</latexit><latexit sha1_base64="3Wxll2pSZIj4PYZAIHAYLauo5ac=">AAACCnicbVDLSsNAFJ34rPUV69JNsAh1UxIR1F3RjcsKxhaaECbTSTt0JgkzN9IS8gn+glvduxK3/oRbv8Rpm4W2HrhwOOdezuWEKWcKbPvLWFldW9/YrGxVt3d29/bNg9qDSjJJqEsSnshuiBXlLKYuMOC0m0qKRchpJxzdTP3OI5WKJfE9TFLqCzyIWcQIBi0FZs0LRe4BHUPuFg3nNOgWgVm3m/YM1jJxSlJHJdqB+e31E5IJGgPhWKmeY6fg51gCI5wWVS9TNMVkhAe0p2mMBVV+Pvu9sE600reiROqJwZqpvy9yLJSaiFBvCgxDtehNxX+9UCwkQ3Tp5yxOM6AxmQdHGbcgsabFWH0mKQE+0QQTyfTvFhliiQno+qq6FGexgmXinjWvmvbdeb11XbZTQUfoGDWQgy5QC92iNnIRQWP0jF7Qq/FkvBnvxsd8dcUobw7RHxifP6XUmqI=</latexit><latexit sha1_base64="3Wxll2pSZIj4PYZAIHAYLauo5ac=">AAACCnicbVDLSsNAFJ34rPUV69JNsAh1UxIR1F3RjcsKxhaaECbTSTt0JgkzN9IS8gn+glvduxK3/oRbv8Rpm4W2HrhwOOdezuWEKWcKbPvLWFldW9/YrGxVt3d29/bNg9qDSjJJqEsSnshuiBXlLKYuMOC0m0qKRchpJxzdTP3OI5WKJfE9TFLqCzyIWcQIBi0FZs0LRe4BHUPuFg3nNOgWgVm3m/YM1jJxSlJHJdqB+e31E5IJGgPhWKmeY6fg51gCI5wWVS9TNMVkhAe0p2mMBVV+Pvu9sE600reiROqJwZqpvy9yLJSaiFBvCgxDtehNxX+9UCwkQ3Tp5yxOM6AxmQdHGbcgsabFWH0mKQE+0QQTyfTvFhliiQno+qq6FGexgmXinjWvmvbdeb11XbZTQUfoGDWQgy5QC92iNnIRQWP0jF7Qq/FkvBnvxsd8dcUobw7RHxifP6XUmqI=</latexit>

VU(1)X =
g2X
2

⇠
⇣
|HH|2 � |H|2 � f2

X

⌘2

<latexit sha1_base64="2yBlUQz0tKz4ffxGbza7EGEX76k="></latexit><latexit sha1_base64="2yBlUQz0tKz4ffxGbza7EGEX76k="></latexit><latexit sha1_base64="2yBlUQz0tKz4ffxGbza7EGEX76k="></latexit>

�⇢ =
4 g2X M2

W

g2 M2
X

�! MX

gX
> 8.6 TeV

<latexit sha1_base64="hdJyPwi66eeLXRJeUh9v1LGmOiE="></latexit><latexit sha1_base64="hdJyPwi66eeLXRJeUh9v1LGmOiE="></latexit><latexit sha1_base64="hdJyPwi66eeLXRJeUh9v1LGmOiE="></latexit>

Z0
<latexit sha1_base64="Q8p1O0PPKuUjhwXWB7mhFbQN9ng=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rWltsY9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFpeWV1rbhe2tjc2t4p7+7dmzjVjDdYLGPdCqjhUijeQIGStxLNaRRI3gyGVxO/+cS1EbG6w1HC/Yj2lQgFo2il24dHt1uuuFV3CrJIvJxUIEe9W/7q9GKWRlwhk9SYtucm6GdUo2CSj0ud1PCEsiHt87alikbc+Nn01DE5skqPhLG2pZBM1d8TGY2MGUWB7YwoDsy8NxH/89ophud+JlSSIldstihMJcGYTP4mPaE5QzmyhDIt7K2EDaimDG06JRuCN//yImmcVC+q7s1ppXaZp1GEAziEY/DgDGpwDXVoAIM+PMMrvDnSeXHenY9Za8HJZ/bhD5zPH0iGjVM=</latexit><latexit sha1_base64="Q8p1O0PPKuUjhwXWB7mhFbQN9ng=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rWltsY9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFpeWV1rbhe2tjc2t4p7+7dmzjVjDdYLGPdCqjhUijeQIGStxLNaRRI3gyGVxO/+cS1EbG6w1HC/Yj2lQgFo2il24dHt1uuuFV3CrJIvJxUIEe9W/7q9GKWRlwhk9SYtucm6GdUo2CSj0ud1PCEsiHt87alikbc+Nn01DE5skqPhLG2pZBM1d8TGY2MGUWB7YwoDsy8NxH/89ophud+JlSSIldstihMJcGYTP4mPaE5QzmyhDIt7K2EDaimDG06JRuCN//yImmcVC+q7s1ppXaZp1GEAziEY/DgDGpwDXVoAIM+PMMrvDnSeXHenY9Za8HJZ/bhD5zPH0iGjVM=</latexit><latexit sha1_base64="Q8p1O0PPKuUjhwXWB7mhFbQN9ng=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rWltsY9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFpeWV1rbhe2tjc2t4p7+7dmzjVjDdYLGPdCqjhUijeQIGStxLNaRRI3gyGVxO/+cS1EbG6w1HC/Yj2lQgFo2il24dHt1uuuFV3CrJIvJxUIEe9W/7q9GKWRlwhk9SYtucm6GdUo2CSj0ud1PCEsiHt87alikbc+Nn01DE5skqPhLG2pZBM1d8TGY2MGUWB7YwoDsy8NxH/89ophud+JlSSIldstihMJcGYTP4mPaE5QzmyhDIt7K2EDaimDG06JRuCN//yImmcVC+q7s1ppXaZp1GEAziEY/DgDGpwDXVoAIM+PMMrvDnSeXHenY9Za8HJZ/bhD5zPH0iGjVM=</latexit>

Z 0
<latexit sha1_base64="1ODkB+JfaCKZgaGWEqxtDaRXTjk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FLx4rGFtsY9lsJ+3SzSbuboQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLS8srqWnG9tLG5tb1T3t2703GqGHosFrFqBVSj4BI9w43AVqKQRoHAZjC8mvjNJ1Sax/LWjBL0I9qXPOSMGiu17h86ieIRdssVt+pOQRZJLScVyNHolr86vZilEUrDBNW6XXMT42dUGc4EjkudVGNC2ZD2sW2ppBFqP5veOyZHVumRMFa2pCFT9fdERiOtR1FgOyNqBnrem4j/ee3UhOd+xmWSGpRstihMBTExmTxPelwhM2JkCWWK21sJG1BFmbERlWwItfmXF4l3Ur2oujenlfplnkYRDuAQjqEGZ1CHa2iABwwEPMMrvDmPzovz7nzMWgtOPrMPf+B8/gB/bY/O</latexit><latexit sha1_base64="1ODkB+JfaCKZgaGWEqxtDaRXTjk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FLx4rGFtsY9lsJ+3SzSbuboQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLS8srqWnG9tLG5tb1T3t2703GqGHosFrFqBVSj4BI9w43AVqKQRoHAZjC8mvjNJ1Sax/LWjBL0I9qXPOSMGiu17h86ieIRdssVt+pOQRZJLScVyNHolr86vZilEUrDBNW6XXMT42dUGc4EjkudVGNC2ZD2sW2ppBFqP5veOyZHVumRMFa2pCFT9fdERiOtR1FgOyNqBnrem4j/ee3UhOd+xmWSGpRstihMBTExmTxPelwhM2JkCWWK21sJG1BFmbERlWwItfmXF4l3Ur2oujenlfplnkYRDuAQjqEGZ1CHa2iABwwEPMMrvDmPzovz7nzMWgtOPrMPf+B8/gB/bY/O</latexit><latexit sha1_base64="1ODkB+JfaCKZgaGWEqxtDaRXTjk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FLx4rGFtsY9lsJ+3SzSbuboQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLS8srqWnG9tLG5tb1T3t2703GqGHosFrFqBVSj4BI9w43AVqKQRoHAZjC8mvjNJ1Sax/LWjBL0I9qXPOSMGiu17h86ieIRdssVt+pOQRZJLScVyNHolr86vZilEUrDBNW6XXMT42dUGc4EjkudVGNC2ZD2sW2ppBFqP5veOyZHVumRMFa2pCFT9fdERiOtR1FgOyNqBnrem4j/ee3UhOd+xmWSGpRstihMBTExmTxPelwhM2JkCWWK21sJG1BFmbERlWwItfmXF4l3Ur2oujenlfplnkYRDuAQjqEGZ1CHa2iABwwEPMMrvDmPzovz7nzMWgtOPrMPf+B8/gB/bY/O</latexit>⇥

<latexit sha1_base64="P3bwZBNUfjiWCkc2IM6MZZb4p50=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMF0xbaUDbbTbt2swm7E6GE/gcvHlS8+oO8+W/ctjlo64OBx3szzMwLUykMuu63s7K6tr6xWdoqb+/s7u1XDg6bJsk04z5LZKLbITVcCsV9FCh5O9WcxqHkrXB0O/VbT1wbkagHHKc8iOlAiUgwilZqdlHE3PQqVbfmzkCWiVeQKhRo9Cpf3X7CspgrZJIa0/HcFIOcahRM8km5mxmeUjaiA96xVFG7JMhn107IqVX6JEq0LYVkpv6eyGlszDgObWdMcWgWvan4n9fJMLoKcqHSDLli80VRJgkmZPo66QvNGcqxJZRpYW8lbEg1ZWgDKtsQvMWXl4l/XruuufcX1fpNkUYJjuEEzsCDS6jDHTTABwaP8Ayv8OYkzovz7nzMW1ecYuYI/sD5/AEiNI8H</latexit><latexit sha1_base64="P3bwZBNUfjiWCkc2IM6MZZb4p50=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMF0xbaUDbbTbt2swm7E6GE/gcvHlS8+oO8+W/ctjlo64OBx3szzMwLUykMuu63s7K6tr6xWdoqb+/s7u1XDg6bJsk04z5LZKLbITVcCsV9FCh5O9WcxqHkrXB0O/VbT1wbkagHHKc8iOlAiUgwilZqdlHE3PQqVbfmzkCWiVeQKhRo9Cpf3X7CspgrZJIa0/HcFIOcahRM8km5mxmeUjaiA96xVFG7JMhn107IqVX6JEq0LYVkpv6eyGlszDgObWdMcWgWvan4n9fJMLoKcqHSDLli80VRJgkmZPo66QvNGcqxJZRpYW8lbEg1ZWgDKtsQvMWXl4l/XruuufcX1fpNkUYJjuEEzsCDS6jDHTTABwaP8Ayv8OYkzovz7nzMW1ecYuYI/sD5/AEiNI8H</latexit><latexit sha1_base64="P3bwZBNUfjiWCkc2IM6MZZb4p50=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMF0xbaUDbbTbt2swm7E6GE/gcvHlS8+oO8+W/ctjlo64OBx3szzMwLUykMuu63s7K6tr6xWdoqb+/s7u1XDg6bJsk04z5LZKLbITVcCsV9FCh5O9WcxqHkrXB0O/VbT1wbkagHHKc8iOlAiUgwilZqdlHE3PQqVbfmzkCWiVeQKhRo9Cpf3X7CspgrZJIa0/HcFIOcahRM8km5mxmeUjaiA96xVFG7JMhn107IqVX6JEq0LYVkpv6eyGlszDgObWdMcWgWvan4n9fJMLoKcqHSDLli80VRJgkmZPo66QvNGcqxJZRpYW8lbEg1ZWgDKtsQvMWXl4l/XruuufcX1fpNkUYJjuEEzsCDS6jDHTTABwaP8Ayv8OYkzovz7nzMW1ecYuYI/sD5/AEiNI8H</latexit>

⇠ =

✓
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X
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◆

<latexit sha1_base64="oGg2eyqLpBdtXjgW4vevRp+VUbw="></latexit><latexit sha1_base64="oGg2eyqLpBdtXjgW4vevRp+VUbw="></latexit><latexit sha1_base64="oGg2eyqLpBdtXjgW4vevRp+VUbw="></latexit>

Non-decoupling D-term

Hyperbolic quartic!



Z0
<latexit sha1_base64="Q8p1O0PPKuUjhwXWB7mhFbQN9ng=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rWltsY9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFpeWV1rbhe2tjc2t4p7+7dmzjVjDdYLGPdCqjhUijeQIGStxLNaRRI3gyGVxO/+cS1EbG6w1HC/Yj2lQgFo2il24dHt1uuuFV3CrJIvJxUIEe9W/7q9GKWRlwhk9SYtucm6GdUo2CSj0ud1PCEsiHt87alikbc+Nn01DE5skqPhLG2pZBM1d8TGY2MGUWB7YwoDsy8NxH/89ophud+JlSSIldstihMJcGYTP4mPaE5QzmyhDIt7K2EDaimDG06JRuCN//yImmcVC+q7s1ppXaZp1GEAziEY/DgDGpwDXVoAIM+PMMrvDnSeXHenY9Za8HJZ/bhD5zPH0iGjVM=</latexit><latexit sha1_base64="Q8p1O0PPKuUjhwXWB7mhFbQN9ng=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rWltsY9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFpeWV1rbhe2tjc2t4p7+7dmzjVjDdYLGPdCqjhUijeQIGStxLNaRRI3gyGVxO/+cS1EbG6w1HC/Yj2lQgFo2il24dHt1uuuFV3CrJIvJxUIEe9W/7q9GKWRlwhk9SYtucm6GdUo2CSj0ud1PCEsiHt87alikbc+Nn01DE5skqPhLG2pZBM1d8TGY2MGUWB7YwoDsy8NxH/89ophud+JlSSIldstihMJcGYTP4mPaE5QzmyhDIt7K2EDaimDG06JRuCN//yImmcVC+q7s1ppXaZp1GEAziEY/DgDGpwDXVoAIM+PMMrvDnSeXHenY9Za8HJZ/bhD5zPH0iGjVM=</latexit><latexit sha1_base64="Q8p1O0PPKuUjhwXWB7mhFbQN9ng=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rWltsY9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFpeWV1rbhe2tjc2t4p7+7dmzjVjDdYLGPdCqjhUijeQIGStxLNaRRI3gyGVxO/+cS1EbG6w1HC/Yj2lQgFo2il24dHt1uuuFV3CrJIvJxUIEe9W/7q9GKWRlwhk9SYtucm6GdUo2CSj0ud1PCEsiHt87alikbc+Nn01DE5skqPhLG2pZBM1d8TGY2MGUWB7YwoDsy8NxH/89ophud+JlSSIldstihMJcGYTP4mPaE5QzmyhDIt7K2EDaimDG06JRuCN//yImmcVC+q7s1ppXaZp1GEAziEY/DgDGpwDXVoAIM+PMMrvDnSeXHenY9Za8HJZ/bhD5zPH0iGjVM=</latexit>

Z 0
<latexit sha1_base64="1ODkB+JfaCKZgaGWEqxtDaRXTjk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FLx4rGFtsY9lsJ+3SzSbuboQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLS8srqWnG9tLG5tb1T3t2703GqGHosFrFqBVSj4BI9w43AVqKQRoHAZjC8mvjNJ1Sax/LWjBL0I9qXPOSMGiu17h86ieIRdssVt+pOQRZJLScVyNHolr86vZilEUrDBNW6XXMT42dUGc4EjkudVGNC2ZD2sW2ppBFqP5veOyZHVumRMFa2pCFT9fdERiOtR1FgOyNqBnrem4j/ee3UhOd+xmWSGpRstihMBTExmTxPelwhM2JkCWWK21sJG1BFmbERlWwItfmXF4l3Ur2oujenlfplnkYRDuAQjqEGZ1CHa2iABwwEPMMrvDmPzovz7nzMWgtOPrMPf+B8/gB/bY/O</latexit><latexit sha1_base64="1ODkB+JfaCKZgaGWEqxtDaRXTjk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FLx4rGFtsY9lsJ+3SzSbuboQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLS8srqWnG9tLG5tb1T3t2703GqGHosFrFqBVSj4BI9w43AVqKQRoHAZjC8mvjNJ1Sax/LWjBL0I9qXPOSMGiu17h86ieIRdssVt+pOQRZJLScVyNHolr86vZilEUrDBNW6XXMT42dUGc4EjkudVGNC2ZD2sW2ppBFqP5veOyZHVumRMFa2pCFT9fdERiOtR1FgOyNqBnrem4j/ee3UhOd+xmWSGpRstihMBTExmTxPelwhM2JkCWWK21sJG1BFmbERlWwItfmXF4l3Ur2oujenlfplnkYRDuAQjqEGZ1CHa2iABwwEPMMrvDmPzovz7nzMWgtOPrMPf+B8/gB/bY/O</latexit><latexit sha1_base64="1ODkB+JfaCKZgaGWEqxtDaRXTjk=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lFUG9FLx4rGFtsY9lsJ+3SzSbuboQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvSATXxnW/ncLS8srqWnG9tLG5tb1T3t2703GqGHosFrFqBVSj4BI9w43AVqKQRoHAZjC8mvjNJ1Sax/LWjBL0I9qXPOSMGiu17h86ieIRdssVt+pOQRZJLScVyNHolr86vZilEUrDBNW6XXMT42dUGc4EjkudVGNC2ZD2sW2ppBFqP5veOyZHVumRMFa2pCFT9fdERiOtR1FgOyNqBnrem4j/ee3UhOd+xmWSGpRstihMBTExmTxPelwhM2JkCWWK21sJG1BFmbERlWwItfmXF4l3Ur2oujenlfplnkYRDuAQjqEGZ1CHa2iABwwEPMMrvDmPzovz7nzMWgtOPrMPf+B8/gB/bY/O</latexit>⇥

<latexit sha1_base64="P3bwZBNUfjiWCkc2IM6MZZb4p50=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMF0xbaUDbbTbt2swm7E6GE/gcvHlS8+oO8+W/ctjlo64OBx3szzMwLUykMuu63s7K6tr6xWdoqb+/s7u1XDg6bJsk04z5LZKLbITVcCsV9FCh5O9WcxqHkrXB0O/VbT1wbkagHHKc8iOlAiUgwilZqdlHE3PQqVbfmzkCWiVeQKhRo9Cpf3X7CspgrZJIa0/HcFIOcahRM8km5mxmeUjaiA96xVFG7JMhn107IqVX6JEq0LYVkpv6eyGlszDgObWdMcWgWvan4n9fJMLoKcqHSDLli80VRJgkmZPo66QvNGcqxJZRpYW8lbEg1ZWgDKtsQvMWXl4l/XruuufcX1fpNkUYJjuEEzsCDS6jDHTTABwaP8Ayv8OYkzovz7nzMW1ecYuYI/sD5/AEiNI8H</latexit><latexit sha1_base64="P3bwZBNUfjiWCkc2IM6MZZb4p50=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMF0xbaUDbbTbt2swm7E6GE/gcvHlS8+oO8+W/ctjlo64OBx3szzMwLUykMuu63s7K6tr6xWdoqb+/s7u1XDg6bJsk04z5LZKLbITVcCsV9FCh5O9WcxqHkrXB0O/VbT1wbkagHHKc8iOlAiUgwilZqdlHE3PQqVbfmzkCWiVeQKhRo9Cpf3X7CspgrZJIa0/HcFIOcahRM8km5mxmeUjaiA96xVFG7JMhn107IqVX6JEq0LYVkpv6eyGlszDgObWdMcWgWvan4n9fJMLoKcqHSDLli80VRJgkmZPo66QvNGcqxJZRpYW8lbEg1ZWgDKtsQvMWXl4l/XruuufcX1fpNkUYJjuEEzsCDS6jDHTTABwaP8Ayv8OYkzovz7nzMW1ecYuYI/sD5/AEiNI8H</latexit><latexit sha1_base64="P3bwZBNUfjiWCkc2IM6MZZb4p50=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMF0xbaUDbbTbt2swm7E6GE/gcvHlS8+oO8+W/ctjlo64OBx3szzMwLUykMuu63s7K6tr6xWdoqb+/s7u1XDg6bJsk04z5LZKLbITVcCsV9FCh5O9WcxqHkrXB0O/VbT1wbkagHHKc8iOlAiUgwilZqdlHE3PQqVbfmzkCWiVeQKhRo9Cpf3X7CspgrZJIa0/HcFIOcahRM8km5mxmeUjaiA96xVFG7JMhn107IqVX6JEq0LYVkpv6eyGlszDgObWdMcWgWvan4n9fJMLoKcqHSDLli80VRJgkmZPo66QvNGcqxJZRpYW8lbEg1ZWgDKtsQvMWXl4l/XruuufcX1fpNkUYJjuEEzsCDS6jDHTTABwaP8Ayv8OYkzovz7nzMW1ecYuYI/sD5/AEiNI8H</latexit>

TENSION

TIM COHEN  [ UNIVERSITY OF OREGON] �20

V⇠⇠⇠U(2,2) =
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em2 + em2

X

�⇣��H
��2 +

��HH
��2
⌘
+

g2Z
2

⇣��H
��4 +

��HH
��4
⌘

<latexit sha1_base64="fygFl0Ln91HL3q70xb18s3ZsnpY="></latexit><latexit sha1_base64="fygFl0Ln91HL3q70xb18s3ZsnpY="></latexit><latexit sha1_base64="fygFl0Ln91HL3q70xb18s3ZsnpY="></latexit>

em2
X = �g2X M2

X

16⇡2
log

✓
(1� ⇠)3

(1� ⇠/2)4

◆

<latexit sha1_base64="3P1n00ieUMscArjZK9wQEjkIqTo="></latexit><latexit sha1_base64="3P1n00ieUMscArjZK9wQEjkIqTo="></latexit><latexit sha1_base64="3P1n00ieUMscArjZK9wQEjkIqTo="></latexit>

�� em2
X

�� &
⇣gX
0.8

⌘4
log

✓
(1� ⇠)3

(1� ⇠/2)4

◆
(440 GeV)

2

<latexit sha1_base64="d96nZX1oqMX9rnIL/XgqZ99cMO0="></latexit><latexit sha1_base64="d96nZX1oqMX9rnIL/XgqZ99cMO0="></latexit><latexit sha1_base64="d96nZX1oqMX9rnIL/XgqZ99cMO0="></latexit>



MINIMIZE

TIM COHEN  [ UNIVERSITY OF OREGON] �21

em2
+ em2

X ' v2H

✓
Nc �4

t

48⇡2

⇥
11 + 21 ⇣(3)� 6 log (�t vH ⇡R)

⇤
� 1

4

M2
Z

v2

◆

<latexit sha1_base64="7irxSABMHO93z3TgKBJXVVMvTqQ="></latexit><latexit sha1_base64="7irxSABMHO93z3TgKBJXVVMvTqQ="></latexit><latexit sha1_base64="7irxSABMHO93z3TgKBJXVVMvTqQ="></latexit>

f2
X ' v2H � v2 +

1

4 g2X ⇠

✓
21Nc ⇣(3)�2

t

8⇡4 R2
+ v2H

M2
Z

v2

◆

<latexit sha1_base64="mqosT6pLv8tpAgxVqowI9Dt3xiU="></latexit><latexit sha1_base64="mqosT6pLv8tpAgxVqowI9Dt3xiU="></latexit><latexit sha1_base64="mqosT6pLv8tpAgxVqowI9Dt3xiU="></latexit>

m2
h '

✓
2M2

Z +

Nc �4
t

2⇡2
v2 log

vH
v

◆
v2H

v2H + v2
<latexit sha1_base64="yGiz8d7545Uy1AjFKXxA5bfWKl8="></latexit><latexit sha1_base64="yGiz8d7545Uy1AjFKXxA5bfWKl8="></latexit><latexit sha1_base64="yGiz8d7545Uy1AjFKXxA5bfWKl8="></latexit>

Conditions for vevs

Physical Higgs mass

Factor of 2 bigger than MSSM

loopt - etH
<latexit sha1_base64="hnyd916LaLguC/L+Op8b2HBsvus=">AAACDHicbVDJSgNBEO1xN26jHr00RsGLYUbccgt68ahgNJAZQk9PJTb2LHTXqGGYH/Dir3jxoOLVD/Dm39iJg7g9KHi8V0VVvSCVQqPjvFsjo2PjE5NT05WZ2bn5BXtx6UwnmeLQ5IlMVCtgGqSIoYkCJbRSBSwKJJwHl4cD//wKlBZJfIr9FPyI9WLRFZyhkTr2GnoIN5jTTVp41yIEFDKEHIuOFzG84EzmR0XHrjo1Zwjq1HYct77r0i/FLUmVlDju2G9emPAsghi5ZFq3XSdFP2cKBZdQVLxMQ8r4JetB29CYRaD9fPhNQdeNEtJuokzFSIfq94mcRVr3o8B0Dk7Uv72B+J/XzrC77+ciTjOEmH8u6maSYkIH0dBQKOAo+4YwroS5lfILphhHE2DFhOD+fvkvaW7V6jXnZLvaOCjTmCIrZJVsEJfskQY5IsekSTi5JffkkTxZd9aD9Wy9fLaOWOXMMvkB6/UD5cKcTg==</latexit><latexit sha1_base64="hnyd916LaLguC/L+Op8b2HBsvus=">AAACDHicbVDJSgNBEO1xN26jHr00RsGLYUbccgt68ahgNJAZQk9PJTb2LHTXqGGYH/Dir3jxoOLVD/Dm39iJg7g9KHi8V0VVvSCVQqPjvFsjo2PjE5NT05WZ2bn5BXtx6UwnmeLQ5IlMVCtgGqSIoYkCJbRSBSwKJJwHl4cD//wKlBZJfIr9FPyI9WLRFZyhkTr2GnoIN5jTTVp41yIEFDKEHIuOFzG84EzmR0XHrjo1Zwjq1HYct77r0i/FLUmVlDju2G9emPAsghi5ZFq3XSdFP2cKBZdQVLxMQ8r4JetB29CYRaD9fPhNQdeNEtJuokzFSIfq94mcRVr3o8B0Dk7Uv72B+J/XzrC77+ciTjOEmH8u6maSYkIH0dBQKOAo+4YwroS5lfILphhHE2DFhOD+fvkvaW7V6jXnZLvaOCjTmCIrZJVsEJfskQY5IsekSTi5JffkkTxZd9aD9Wy9fLaOWOXMMvkB6/UD5cKcTg==</latexit><latexit sha1_base64="hnyd916LaLguC/L+Op8b2HBsvus=">AAACDHicbVDJSgNBEO1xN26jHr00RsGLYUbccgt68ahgNJAZQk9PJTb2LHTXqGGYH/Dir3jxoOLVD/Dm39iJg7g9KHi8V0VVvSCVQqPjvFsjo2PjE5NT05WZ2bn5BXtx6UwnmeLQ5IlMVCtgGqSIoYkCJbRSBSwKJJwHl4cD//wKlBZJfIr9FPyI9WLRFZyhkTr2GnoIN5jTTVp41yIEFDKEHIuOFzG84EzmR0XHrjo1Zwjq1HYct77r0i/FLUmVlDju2G9emPAsghi5ZFq3XSdFP2cKBZdQVLxMQ8r4JetB29CYRaD9fPhNQdeNEtJuokzFSIfq94mcRVr3o8B0Dk7Uv72B+J/XzrC77+ciTjOEmH8u6maSYkIH0dBQKOAo+4YwroS5lfILphhHE2DFhOD+fvkvaW7V6jXnZLvaOCjTmCIrZJVsEJfskQY5IsekSTi5JffkkTxZd9aD9Wy9fLaOWOXMMvkB6/UD5cKcTg==</latexit>

Mixing



SCALES

TIM COHEN  [ UNIVERSITY OF OREGON] �22

⇤
1

2R
Cuto↵

p
2 ⇠ gX vH

<latexit sha1_base64="6LHiiezhoQQy5h+4v/VoLGuC/lM="></latexit><latexit sha1_base64="6LHiiezhoQQy5h+4v/VoLGuC/lM="></latexit><latexit sha1_base64="6LHiiezhoQQy5h+4v/VoLGuC/lM="></latexit>

r
2M2

Z +

Nc �4
t

2⇡2
v2 log

vH
v

<latexit sha1_base64="ovU/SCSFluLoIdJXjYIdCNMwZ3o="></latexit><latexit sha1_base64="ovU/SCSFluLoIdJXjYIdCNMwZ3o="></latexit><latexit sha1_base64="ovU/SCSFluLoIdJXjYIdCNMwZ3o="></latexit>

Weak
<latexit sha1_base64="pB23itSbXcbyFppo506ydh/SnC0=">AAACAXicdVA9TwJBEN3zE/ELtbTZSEysLncoAh3RxhITERIgZG8ZYMPeR3bnjORC51+w1d7K2PpLbP0lLgcmSvQlk7y8N5OZeV4khUbH+bCWlldW19YzG9nNre2d3dze/q0OY8WhzkMZqqbHNEgRQB0FSmhGCpjvSWh4o8up37gDpUUY3OA4go7PBoHoC87QSK02wj0mDWCjSTeXd+zzilsqOtSxC6dusVxKSblYKFPXdlLkyRy1bu6z3Qt57EOAXDKtW64TYSdhCgWXMMm2Yw0R4yM2gJahAfNBd5L05Ak9NkqP9kNlKkCaqj8nEuZrPfY90+kzHOpFbyr+6Xn+wmbslzuJCKIYIeCzxf1YUgzpNA/aEwo4yrEhjCthbqd8yBTjaFLLmlC+P6f/k3rBrtjO9Vm+ejFPJ0MOyRE5IS4pkSq5IjVSJ5yE5JE8kWfrwXqxXq23WeuSNZ85IL9gvX8BF2eYVA==</latexit><latexit sha1_base64="pB23itSbXcbyFppo506ydh/SnC0=">AAACAXicdVA9TwJBEN3zE/ELtbTZSEysLncoAh3RxhITERIgZG8ZYMPeR3bnjORC51+w1d7K2PpLbP0lLgcmSvQlk7y8N5OZeV4khUbH+bCWlldW19YzG9nNre2d3dze/q0OY8WhzkMZqqbHNEgRQB0FSmhGCpjvSWh4o8up37gDpUUY3OA4go7PBoHoC87QSK02wj0mDWCjSTeXd+zzilsqOtSxC6dusVxKSblYKFPXdlLkyRy1bu6z3Qt57EOAXDKtW64TYSdhCgWXMMm2Yw0R4yM2gJahAfNBd5L05Ak9NkqP9kNlKkCaqj8nEuZrPfY90+kzHOpFbyr+6Xn+wmbslzuJCKIYIeCzxf1YUgzpNA/aEwo4yrEhjCthbqd8yBTjaFLLmlC+P6f/k3rBrtjO9Vm+ejFPJ0MOyRE5IS4pkSq5IjVSJ5yE5JE8kWfrwXqxXq23WeuSNZ85IL9gvX8BF2eYVA==</latexit><latexit sha1_base64="pB23itSbXcbyFppo506ydh/SnC0=">AAACAXicdVA9TwJBEN3zE/ELtbTZSEysLncoAh3RxhITERIgZG8ZYMPeR3bnjORC51+w1d7K2PpLbP0lLgcmSvQlk7y8N5OZeV4khUbH+bCWlldW19YzG9nNre2d3dze/q0OY8WhzkMZqqbHNEgRQB0FSmhGCpjvSWh4o8up37gDpUUY3OA4go7PBoHoC87QSK02wj0mDWCjSTeXd+zzilsqOtSxC6dusVxKSblYKFPXdlLkyRy1bu6z3Qt57EOAXDKtW64TYSdhCgWXMMm2Yw0R4yM2gJahAfNBd5L05Ak9NkqP9kNlKkCaqj8nEuZrPfY90+kzHOpFbyr+6Xn+wmbslzuJCKIYIeCzxf1YUgzpNA/aEwo4yrEhjCthbqd8yBTjaFLLmlC+P6f/k3rBrtjO9Vm+ejFPJ0MOyRE5IS4pkSq5IjVSJ5yE5JE8kWfrwXqxXq23WeuSNZ85IL9gvX8BF2eYVA==</latexit>

Hyperbolic
<latexit sha1_base64="pJ1DmUYtcU5z3b8zahlQ+KlHXlc=">AAACCXicdVDLSgMxFM34rPU11aWbYBFcDTO1tboruumygmML7VAyaaYNzTxI7qhl6B/4C25170rc+hVu/RLTh6BFD4QczrmXe+/xE8EV2PaHsbS8srq2ntvIb25t7+yahb0bFaeSMpfGIpYtnygmeMRc4CBYK5GMhL5gTX94OfGbt0wqHkfXMEqYF5J+xANOCWipaxY6wO4hq2tL+rHgdNw1i7blnFRLlQq2rbI9gSanM+JY098uojkaXfOz04tpGrIIqCBKtR07AS8jEjgVbJzvpIolhA5Jn7U1jUjIlJdNVx/jI630cBBL/SLAU/VnR0ZCpUahrytDAgO16E3EPz0/XJgMwZmX8ShJgUV0NjhIBYYYT3LBPS4ZBTHShFDJ9e6YDogkFHR6eR3K9+X4f+KWrHPLvioXaxfzdHLoAB2iY+SgKqqhOmogF1F0hx7RE3o2HowX49V4m5UuGfOeffQLxvsXRmabGQ==</latexit><latexit sha1_base64="pJ1DmUYtcU5z3b8zahlQ+KlHXlc=">AAACCXicdVDLSgMxFM34rPU11aWbYBFcDTO1tboruumygmML7VAyaaYNzTxI7qhl6B/4C25170rc+hVu/RLTh6BFD4QczrmXe+/xE8EV2PaHsbS8srq2ntvIb25t7+yahb0bFaeSMpfGIpYtnygmeMRc4CBYK5GMhL5gTX94OfGbt0wqHkfXMEqYF5J+xANOCWipaxY6wO4hq2tL+rHgdNw1i7blnFRLlQq2rbI9gSanM+JY098uojkaXfOz04tpGrIIqCBKtR07AS8jEjgVbJzvpIolhA5Jn7U1jUjIlJdNVx/jI630cBBL/SLAU/VnR0ZCpUahrytDAgO16E3EPz0/XJgMwZmX8ShJgUV0NjhIBYYYT3LBPS4ZBTHShFDJ9e6YDogkFHR6eR3K9+X4f+KWrHPLvioXaxfzdHLoAB2iY+SgKqqhOmogF1F0hx7RE3o2HowX49V4m5UuGfOeffQLxvsXRmabGQ==</latexit><latexit sha1_base64="pJ1DmUYtcU5z3b8zahlQ+KlHXlc=">AAACCXicdVDLSgMxFM34rPU11aWbYBFcDTO1tboruumygmML7VAyaaYNzTxI7qhl6B/4C25170rc+hVu/RLTh6BFD4QczrmXe+/xE8EV2PaHsbS8srq2ntvIb25t7+yahb0bFaeSMpfGIpYtnygmeMRc4CBYK5GMhL5gTX94OfGbt0wqHkfXMEqYF5J+xANOCWipaxY6wO4hq2tL+rHgdNw1i7blnFRLlQq2rbI9gSanM+JY098uojkaXfOz04tpGrIIqCBKtR07AS8jEjgVbJzvpIolhA5Jn7U1jUjIlJdNVx/jI630cBBL/SLAU/VnR0ZCpUahrytDAgO16E3EPz0/XJgMwZmX8ShJgUV0NjhIBYYYT3LBPS4ZBTHShFDJ9e6YDogkFHR6eR3K9+X4f+KWrHPLvioXaxfzdHLoAB2iY+SgKqqhOmogF1F0hx7RE3o2HowX49V4m5UuGfOeffQLxvsXRmabGQ==</latexit>

mhH
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mh=125±5 GeV

gX=0.9
Tan[β]=∞
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Accidental                global symmetryU(2, 2)
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SM neutral scalar top partners

5D SUSY UV completion

Top partner vevs!

Higgs portal
direct

production

scalar fermion

QCD SUSY

Composite Higgs/

RS

EW folded SUSY

Quirky Little

Higgs

singlet ?

Twin

Higgs

{

{

{

strong
direct

production

DY
direct

production

Higgs portal observables

Higgs coupling shifts

⇠ tuning

Mirror Glueballs

Table 1. The “theory space” of solutions to the hierarchy problem with top partners, organized by SM gauge
charge and spin, with a representative model example in each field. The gauge charge dictates the direct top
partner production mode, which makes the LHC suitable for discovery of colored top partners. For uncolored
top partners, mirror glueballs are highly favored for EW-charged mirror sectors, and possible for singlet top
partners. Higgs coupling shifts of same order as tuning are present in all known fermionic top partner theories.
Together, these two signatures allow discovery of all known uncolored top partner theories. A hypothetical
“singlet-stop” theory is indicated with a question mark, and would have to be discovered by either probing the
UV completion or, for partner masses of a few 100 GeV, with Higgs portal observables (see text).

As exciting as this experimental signature is, it is not a requirement for generic Twin-Higgs
type models—the SM-singlet sector could easily have relatively light quarks, making for a hadron
spectrum more like that of the visible sector. On the other hand, mirror glueballs, and their associated
signals, are a requirement for uncolored naturalness theories with EW-charged mirror sectors, like
Folded SUSY or Quirky Little Higgs. This is due to LEP limits forbidding BSM particles with EW
charge lighter than about 100 GeV [59]. If the structure of the mirror sector is based on our own, it
cannot contain very light strongly interacting matter, resulting in glueballs at the bottom of the mirror-
QCD spectrum. Crucially, this makes mirror glueball signals the smoking-gun discovery signal for
Folded-SUSY type theories.

It is interesting to think about the empty square in Table 1. So far, no explicit theory with SM-
singlet scalar top partners has been proposed. If such a theory existed, and there were no other
SM-charged states required near the weak scale, discovery could be quite difficult. In a Folded-SUSY
like spectrum with weak-scale soft masses we might again expect the existence of mirror glueballs,
with their accompanying experimental signatures. If, however, the mirror sector contains light matter
or mirror-QCD was broken, discovery would have to proceed through Higgs-portal observables: in-
visible direct top partner production h⇤ ! ˜t˜t [60, 61], Higgs cubic coupling shifts [60, 62] at a 100
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WHAT IS THE 
MACHINE LEARNING?

with Spencer Chang and Bryan Ostdiek

arXiv:1709.10106



RISE OF THE MACHINES
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(DEEP) NEURAL NETWORKS
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TRAINING

TIM COHEN  [ UNIVERSITY OF OREGON] �30

Loss function: minimize comparison 
between network output and input labels
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between network output and input labels
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Michael Nielsen [http://neuralnetworksanddeeplearning.com/]

Early important papers: 
George Cybenko, Aproximation by superpositions of a sigmoidal function [1989]; 

Kurt Hornik, Maxwell Stinchcobe, and Halbert White, Multilayer Feedforward Networks are Universal 
Approximators [1989]. 
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PREMISE
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Machine learning algorithm 
finds all available features 
for discriminating signal 

from background.



GOING DEEPER
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Shallow networks require exponential nodes 
to model functions to arbitrary accuracy. 

Deep networks converge faster  
(at the expense of transparency).



GOING DEEPER
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Shallow networks require exponential nodes 
to model functions to arbitrary accuracy. 

Deep networks converge faster  
(at the expense of transparency).

Practically: 
Small single layer networks are linear discriminators; 

Deep networks are sensitive to non-linearities.
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Spencer Chang, TC, Bryan Ostdiek [arXiv:1709.10106]



FRAMING THE QUESTION
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Given 
input 
data

An ideal 
classifier 
will yield

;

Did the machine learn that the boundary is a circle? 
Does it know that  “                       x” ?

x

2 + y

2 = r

2



A SIMPLE PROPOSAL
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(a) Train machine on low level data 
(b) Compute low level AUC 
(c) Choose a variable: compute (planing) weights 
(d) Train machine on weighed (planed) data 
(e) Compute planed AUC 
(f) Compare: looking for significant performance drop 

(AUC = area under ROC curve; sub with favorite performance metric.)

Machine relies on presence of relations between 
variables that distinguish signal from background.

Proposal: DATA PLANING

See also de Oliveria, Kagan, Nachman, Schwartzman [arXiv:1511.05190]

Human wants to infer what drives classification. 



PLANING VS SATURATION
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“Saturation”: another way to ask 
What is the Machine Learning?

(a) Train network on low level data 
(b) Compute low level AUC 
(c) Choose a high level variable 
(d) Train new machine using low + high level variables 
(e) Compute low/high hybrid AUC 
(f) No performance change implies network has saturated

Saturation: expect minimal changes in performance. 
Planing: large qualitative changes. 

Measure how much power variables are providing.

Used in Baldi, Sadowski, Whiteson [arXiv:1402.4735 and 1410.3469]; Baldi, Bauer, Eng, Sadowski, 
Whiteson [arXiv:1603.09349]; Guest, Collado, Baldi, Hsu, Urban, Whiteson [arXiv:1607.08633]; 

Datta, Larkoski [arXiv:1704.08249]; Aguilar-Saavedra, Collins, Mishra [arXiv:1709.01087]



TECHNICAL ASIDE
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All machines are neural networks. 
Linear network = 0 hidden layers. 
Deep network = 3 hidden layers. 
Hidden layer has 50 nodes. 
Sigmoid activation on final node, otherwise ReLu activation 
Test set = 10% of events, 4.5% for validation. 
Error bars from 10 networks with random initial conditions. 
Implemented by Keras package with TensorFlow backend. 
Metrics computed on test set using scikit-learn.



DATA PLANING: TOY MODEL
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BSM MODELS
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BSM DISTRIBUTIONS
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Kinematics

Note: highly idealized.

After planing in mass



DATA PLANING: BSM
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vector couplings

left-handed couplings
No remaining ability 

 to discriminate.

�|y| = |y(e+)|� |y(e�)|



A CLOSER LOOK
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left-handed couplings

�|y| = |y(e+)|� |y(e�)|

Train a network using 
(a) only mass: AUC = 0.939 
(b) both: AUC = 0.989
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OUTLOOK
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(Deep) neutral network is universal fitter. 

Train to distinguish signal from background. 

But what is the machine learning? 

Data planing procedure unpacks discriminating power. 

Future work: Apply to more realistic setting. 

Future work: Apply when best variables are unknown.


