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The Higgs mystery

Can we calculate it within a more fundamental theory?

<latexit sha1_base64="Aop+nHz/iUO0+SRHBswSF8xMaGc=">AAACDXicbVDLTgIxFO3gC/E16tJNI5pgVDJDiLIxIXHDEhMBE2YknU4HGjqPtB0TMvADbvwVNy40xq17d/6NZZiFgidpc3rOvW3vcSJGhTSMby23tLyyupZfL2xsbm3v6Lt7bRHGHJMWDlnI7xwkCKMBaUkqGbmLOEG+w0jHGV5P/c4D4YKGwa0cRcT2UT+gHsVIKqmnH7VLjRN4Bc+hdebfV+C4MVb7KbSYusNF6bna04tG2UgBF4mZkSLI0OzpX5Yb4tgngcQMCdE1jUjaCeKSYkYmBSsWJEJ4iPqkq2iAfCLsJJ1mAo+V4kIv5GoFEqbq744E+UKMfEdV+kgOxLw3Ff/zurH0anZCgyiWJMCzh7yYQRnCaTTQpZxgyUaKIMyp+ivEA8QRlirAggrBnB95kbQrZfOiXL2pFuu1LI48OACHoARMcAnqoAGaoAUweATP4BW8aU/ai/aufcxKc1rWsw/+QPv8AfKzmFo=</latexit>

V (H) = �m
2|H|2 + �|H|4
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Motivation

Other scalar particles we know: pions 

They are composite pseudo Nambu-Goldstone bosons (pNGBs)

Old question: could the Higgs field be a (composite) pNGB too?

<latexit sha1_base64="UlNlsPrjqz+JdDEZtTRGOQXdp0I=">AAAB/HicbVBNS8NAEJ34WetXtEcvi0Wol5JI0R4LXjxWsB/QhLLZbtulm026uxFCqH/FiwdFvPpDvPlv3LY5aOuDgcd7M8zMC2LOlHacb2tjc2t7Z7ewV9w/ODw6tk9O2ypKJKEtEvFIdgOsKGeCtjTTnHZjSXEYcNoJJrdzv/NIpWKReNBpTP0QjwQbMoK1kfp2yWsyT7EQVbwAy2w6Q9PLvl12qs4CaJ24OSlDjmbf/vIGEUlCKjThWKme68Taz7DUjHA6K3qJojEmEzyiPUMFDqnys8XxM3RhlAEaRtKU0Gih/p7IcKhUGgamM8R6rFa9ufif10v0sO5nTMSJpoIsFw0TjnSE5kmgAZOUaJ4agolk5lZExlhiok1eRROCu/ryOmlfVd3rau2+Vm7U8zgKcAbnUAEXbqABd9CEFhBI4Rle4c16sl6sd+tj2bph5TMl+APr8werpJQe</latexit>

⇧ ⇠ (q̄q)

[Kaplan, Georgi 1984] 
[Kaplan 1992] 
[Agashe, Contino, Pomarol 2004] 
and many, many others

Goldstone shift symmetry 
(leading order transformation 

under broken generators)

<latexit sha1_base64="WulgQLOzghsv1kP3mJj9WiMkCU0=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL4tFEISSSNEeC148VrC10ISy2W7apZtN2J0IJfbgX/HiQRGv/g1v/hs3bQ7a+mDZx3szzMwLEsE1OM63VVpZXVvfKG9WtrZ3dvfs/YOOjlNFWZvGIlbdgGgmuGRt4CBYN1GMRIFg98H4OvfvH5jSPJZ3MEmYH5Gh5CGnBIzUt4+8FscexDj/zw0bMSA47NtVp+bMgJeJW5AqKtDq21/eIKZpxCRQQbTuuU4CfkYUcCrYtOKlmiWEjsmQ9QyVJGLaz2b7T/GpUQY4jJV5EvBM/d2RkUjrSRSYyojASC96ufif10shbPgZl0kKTNL5oDAV2Nybh4EHXDEKYmIIoYqbXTEdEUUomMgqJgR38eRl0rmouZe1+m292mwUcZTRMTpBZ8hFV6iJblALtRFFj+gZvaI368l6sd6tj3lpySp6DtEfWJ8/qWmUkg==</latexit>

⇧ ! ⇧+ ✓f

<latexit sha1_base64="zJbk83raeb9Cei3A0flv1CgZago=">AAACAXicdVDLSsNAFJ34rPUVdSO4GSyCqzDRoi1uCm7cCBXsA5pQJtNJO3QmCTMToYS68VfcuFDErX/hzr9x0lbweeDC4Zx7ufeeIOFMaYTerbn5hcWl5cJKcXVtfWPT3tpuqjiVhDZIzGPZDrCinEW0oZnmtJ1IikXAaSsYnud+64ZKxeLoWo8S6gvcj1jICNZG6tq7IfQUE9BFyDvzBNYDKbJL2hx37RJyytUKOq7C38R10AQlMEO9a795vZikgkaacKxUx0WJ9jMsNSOcjoteqmiCyRD3acfQCAuq/GzywRgeGKUHw1iaijScqF8nMiyUGonAdOY3qp9eLv7ldVIdVvyMRUmqaUSmi8KUQx3DPA7YY5ISzUeGYCKZuRWSAZaYaBNa0YTw+Sn8nzSPHPfEKV+VSzU0i6MA9sA+OAQuOAU1cAHqoAEIuAX34BE8WXfWg/VsvUxb56zZzA74Buv1A4eVlk0=</latexit>

f ⇠ 100 MeV

<latexit sha1_base64="vJElM9yuC21mABLp/zxtyykxaAw=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BItQL2W3FPUiFLz0WMF+QLuUbJptQ7PZNckKZemf8OJBEa/+HW/+G9N2D9r6YODx3gwz8/xYcG0c5xvlNja3tnfyu4W9/YPDo+LxSVtHiaKsRSMRqa5PNBNcspbhRrBurBgJfcE6/uRu7neemNI8kg9mGjMvJCPJA06JsVK3XW5c4lvsDIolp+IsgNeJm5ESZGgOil/9YUSTkElDBdG65zqx8VKiDKeCzQr9RLOY0AkZsZ6lkoRMe+ni3hm+sMoQB5GyJQ1eqL8nUhJqPQ192xkSM9ar3lz8z+slJrjxUi7jxDBJl4uCRGAT4fnzeMgVo0ZMLSFUcXsrpmOiCDU2ooINwV19eZ20qxX3qlK7r5Xq1SyOPJzBOZTBhWuoQwOa0AIKAp7hFd7QI3pB7+hj2ZpD2cwp/AH6/AGnyo5f</latexit>

V (H) = 0

A light Higgs is natural

at leading order
<latexit sha1_base64="V5yJf/IeUbnEb1BbjwvVqLfmWas=">AAAB+3icbVDLSgNBEOz1GeNrjUcvg0EQhLAbgnoMeMkxgnlAsoTZyWwyZPbBTK8YlvyKFw+KePVHvPk3TpI9aGLBMEVVN91dfiKFRsf5tjY2t7Z3dgt7xf2Dw6Nj+6TU1nGqGG+xWMaq61PNpYh4CwVK3k0Up6Evecef3M39ziNXWsTRA04T7oV0FIlAMIpGGtilBuljTBrkyvxjjpQEA7vsVJwFyDpxc1KGHM2B/dUfxiwNeYRMUq17rpOgl1GFgkk+K/ZTzRPKJnTEe4ZGNOTayxa7z8iFUYYkiJV5EZKF+rsjo6HW09A3lSHFsV715uJ/Xi/F4NbLRJSkyCO2HBSkkphr50GQoVCcoZwaQpkSZlfCxlRRhiauognBXT15nbSrFfe6UruvlevVPI4CnME5XIILN1CHBjShBQye4Ble4c2aWS/Wu/WxLN2w8p5T+APr8weHwpLK</latexit>

H ! H + ✓f
<latexit sha1_base64="pQGeXdRHhQxXY4aIiNPRAY8u34U=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFclUSKuiy4cVmhL2hCmUxv2qEzSZiZCCHUX3HjQhG3fog7/8ZJm4W2Hhg4nHMv98wJEs6Udpxva2Nza3tnt7JX3T84PDq2T057Kk4lhS6NeSwHAVHAWQRdzTSHQSKBiIBDP5jdFX7/EaRicdTRWQK+IJOIhYwSbaSRXQuxp5jAniB6KkXegd58ZNedhrMAXiduSeqoRHtkf3njmKYCIk05UWroOon2cyI1oxzmVS9VkBA6IxMYGhoRAcrPF+Hn+MIoYxzG0rxI44X6eyMnQqlMBGayyKhWvUL8zxumOrz1cxYlqYaILg+FKcc6xkUTeMwkUM0zQwiVzGTFdEokodr0VTUluKtfXie9q4Z73Wg+NOutZllHBZ2hc3SJXHSDWugetVEXUZShZ/SK3qwn68V6tz6WoxtWuVNDf2B9/gBuJpSb</latexit>

f ⇠ TeV
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The need for tn
<latexit sha1_base64="UtmB+zT5d00CSSK/NCJLzVbIPwo=">AAAB7XicdVBNSwMxEJ2tX7V+VT16CRbBU9mVWvUiBS8eK9gPaJeSTbNtbDZZkmyhLP0PXjwo4tX/481/Y9quUEUfDDzem2FmXhBzpo3rfjq5ldW19Y38ZmFre2d3r7h/0NQyUYQ2iORStQOsKWeCNgwznLZjRXEUcNoKRjczvzWmSjMp7s0kpn6EB4KFjGBjpea4yzkKe8WSW3bnQEvk3PWuqh7yMqUEGeq94ke3L0kSUWEIx1p3PDc2foqVYYTTaaGbaBpjMsID2rFU4IhqP51fO0UnVumjUCpbwqC5ujyR4kjrSRTYzgibof7tzcS/vE5iwks/ZSJODBVksShMODISzV5HfaYoMXxiCSaK2VsRGWKFibEBFWwI35+i/0nzrOxVy5W7Sql2ncWRhyM4hlPw4AJqcAt1aACBB3iEZ3hxpPPkvDpvi9ack80cwg84719gn48B</latexit>

v ⌧ f

Leading term of EFT for pNGBs:

<latexit sha1_base64="TDIafxOIunkims7Nk4ML6ehn77c="></latexit>

� = ei⇧
aTa/f

✓
~0N
1

◆
=

 
sin ⇧

f
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⇧

cos ⇧
f

!
<latexit sha1_base64="ZbJimt5/uIbd2zE84MKyw+4SNgE=">AAACEHicbZDLSsNAFIYnXmu9RV26GSyiq5JIUZcFNy4r9AZNLJPpSTt0cunMpFBCHsGNr+LGhSJuXbrzbZy2QbT1h4GP/5zDmfN7MWdSWdaXsbK6tr6xWdgqbu/s7u2bB4dNGSWCQoNGPBJtj0jgLISGYopDOxZAAo9DyxveTOutMQjJorCuJjG4AemHzGeUKG11zTOnxrADo4SNsSNHQqXOGGiq3ey+jn8465olq2zNhJfBzqGEctW65qfTi2gSQKgoJ1J2bCtWbkqEYpRDVnQSCTGhQ9KHjsaQBCDddHZQhk+108N+JPQLFZ65vydSEkg5CTzdGRA1kIu1qflfrZMo/9pNWRgnCkI6X+QnHKsIT9PBPSaAKj7RQKhg+q+YDoggVOkMizoEe/HkZWhelO3LcuWuUqpW8jgK6BidoHNkoytURbeohhqIogf0hF7Qq/FoPBtvxvu8dcXIZ47QHxkf3yUZnUU=</latexit>

⇧ ⌘
p

~⇧T ~⇧

<latexit sha1_base64="Wtva91KU+sIjNW10NCP9hddJdbM=">AAACHHicbVBLSwMxGMzWV62vVY9egkXwVHZrUS9CwR48eKjQF3S3SzbNtqHZB0lWKMv+EC/+FS8eFPHiQfDfmG1X0NaBwGTm+0hm3IhRIQ3jSyusrK6tbxQ3S1vbO7t7+v5BR4Qxx6SNQxbynosEYTQgbUklI72IE+S7jHTdyXXmd+8JFzQMWnIaEdtHo4B6FCOpJEc/s3wkxxix5DaFV9DyOMKJN6imSTVtOJYfQysa00ELNgY/F+joZaNizACXiZmTMsjRdPQPaxji2CeBxAwJ0TeNSNoJ4pJiRtKSFQsSITxBI9JXNEA+EXYyC5fCE6UMoRdydQIJZ+rvjQT5Qkx9V01mUcSil4n/ef1Yepd2QoMoliTA84e8mEEZwqwpOKScYMmmiiDMqforxGOk+pGqz5IqwVyMvEw61Yp5Xqnd1cr1Wl5HERyBY3AKTHAB6uAGNEEbYPAAnsALeNUetWftTXufjxa0fOcQ/IH2+Q1VeaDY</latexit>

L =
f2

2
Dµ�

TDµ�

Introducing the SM weak interactions:

<latexit sha1_base64="hree8K/w0Xc68V8Eg+NCX9hJpOY="></latexit>

Dµ� = @µ�� igW a
µT

a
L�� ig0BµT

3
R�

<latexit sha1_base64="kVbAFRERTzc2UhI0UzsLWMGL52Y="></latexit>

chV V

cSMhV V

= cos
h⇧i
f

=

s

1� v2

f2

<latexit sha1_base64="Y+tIl/11PmHYH7+UY8W3tYTFMrY=">AAACBHicdVDLSgMxFM34rPU16rKbYBFcDTOlVsVNwYUuK9gHdIaSSdM2NJMMSaZYhi7c+CtuXCji1o9w59+YaSv4PHDhcM693HtPGDOqtOu+WwuLS8srq7m1/PrG5ta2vbPbUCKRmNSxYEK2QqQIo5zUNdWMtGJJUBQy0gyH55nfHBGpqODXehyTIEJ9TnsUI22kjl0YQR/FsRQ3sFSu+Gd+hPRARukFaUw6dtF1jlzvtOLB38 Rz3CmKYI5ax37zuwInEeEaM6RU23NjHaRIaooZmeT9RJEY4SHqk7ahHEVEBen0iQk8MEoX9oQ0xTWcql8nUhQpNY5C05ndqH56mfiX10507yRIKY8TTTieLeolDGoBs0Rgl0qCNRsbgrCk5laIB0girE1ueRPC56fwf9IoOV7FKV+Vi9XSPI4cKIB9cAg8cAyq4BLUQB1gcAvuwSN4su6sB+vZepm1LljzmT3wDdbrBwg/l7I=</latexit>

v ⇡ 246 GeV

<latexit sha1_base64="YkwNHvnxXGgUHegwMXgShNJo5ko=">AAAB9HicdVDLSgMxFL1TX7W+qi7dBIvQIowzUqvuCm5caUVrC+1QMmmmDc08TDKFMvQ73LhQxK0f486/MdNW8Hngcg/n3EtujhtxJpVlvRuZufmFxaXscm5ldW19I7+5dSvDWBBaJyEPRdPFknIW0LpiitNmJCj2XU4b7uAs9RtDKiQLgxs1iqjj417APEaw0pJzfVm82LdLB2kvdfIFyzyy7NOKjX4T27QmKMAMtU7+rd0NSezTQBGOpWzZVqScBAvFCKfjXDuWNMJkgHu0pWmAfSqdZHL0GO1ppYu8UOgKFJqoXzcS7Es58l096WPVlz+9VPzLa8XKO3ESFkSxogGZPuTFHKkQpQmgLhOUKD7SBBPB9K2I9LHAROmccjqEz5+i/8ntoWlXzPJVuVC1ZnFkYQd2oQg2HEMVzqEGdSBwB/fwCE/G0Hgwno2X6WjGmO1swzcYrx/7mZBC</latexit>

SO(N + 1)/SO(N)

suppression 
of Higgs couplings  

to other SM particles
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<latexit sha1_base64="kVbAFRERTzc2UhI0UzsLWMGL52Y="></latexit>

chV V

cSMhV V

= cos
h⇧i
f

=

s

1� v2

f2

suppression 
of Higgs couplings  

to other SM particles
<latexit sha1_base64="Y+tIl/11PmHYH7+UY8W3tYTFMrY=">AAACBHicdVDLSgMxFM34rPU16rKbYBFcDTOlVsVNwYUuK9gHdIaSSdM2NJMMSaZYhi7c+CtuXCji1o9w59+YaSv4PHDhcM693HtPGDOqtOu+WwuLS8srq7m1/PrG5ta2vbPbUCKRmNSxYEK2QqQIo5zUNdWMtGJJUBQy0gyH55nfHBGpqODXehyTIEJ9TnsUI22kjl0YQR/FsRQ3sFSu+Gd+hPRARukFaUw6dtF1jlzvtOLB38 Rz3CmKYI5ax37zuwInEeEaM6RU23NjHaRIaooZmeT9RJEY4SHqk7ahHEVEBen0iQk8MEoX9oQ0xTWcql8nUhQpNY5C05ndqH56mfiX10507yRIKY8TTTieLeolDGoBs0Rgl0qCNRsbgrCk5laIB0girE1ueRPC56fwf9IoOV7FKV+Vi9XSPI4cKIB9cAg8cAyq4BLUQB1gcAvuwSN4su6sB+vZepm1LljzmT3wDdbrBwg/l7I=</latexit>

v ⇡ 246 GeV

[ATLAS-CONF-2020-027]

LHC Run 2:  
Higgs couplings agree with SM to (10 ~ 20)%

Need               by a factor 3 ~ 4 at least
<latexit sha1_base64="4OeTn5adL831m9Sr6YosdGZqhJk=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY8FLx4r2A9ol5JNs21sNlmSbKEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8LG5tb2TnG3tLd/cHhUPj5pGZVqyppUCaU7ITFMcMmallvBOolmJA4Fa4fju7nfnjBtuJKPdpqwICZDySNOiXVSa9ITAkf9csWregvgdeLnpAI5Gv3yV2+gaBozaakgxnR9L7FBRrTlVLBZqZcalhA6JkPWdVSSmJkgW1w7wxdOGeBIaVfS4oX6eyIjsTHTOHSdMbEjs+rNxf+8bmqj2yDjMkktk3S5KEoFtgrPX8cDrhm1YuoIoZq7WzEdEU2odQGVXAj+6svrpHVV9a+rtYdapV7L4yjCGZzDJfhwA3W4hwY0gcITPMMrvCGFXtA7+li2FlA+cwp/gD5/AD6PjuE=</latexit>

v ⌧ f

The need for tn
<latexit sha1_base64="UtmB+zT5d00CSSK/NCJLzVbIPwo=">AAAB7XicdVBNSwMxEJ2tX7V+VT16CRbBU9mVWvUiBS8eK9gPaJeSTbNtbDZZkmyhLP0PXjwo4tX/481/Y9quUEUfDDzem2FmXhBzpo3rfjq5ldW19Y38ZmFre2d3r7h/0NQyUYQ2iORStQOsKWeCNgwznLZjRXEUcNoKRjczvzWmSjMp7s0kpn6EB4KFjGBjpea4yzkKe8WSW3bnQEvk3PWuqh7yMqUEGeq94ke3L0kSUWEIx1p3PDc2foqVYYTTaaGbaBpjMsID2rFU4IhqP51fO0UnVumjUCpbwqC5ujyR4kjrSRTYzgibof7tzcS/vE5iwks/ZSJODBVksShMODISzV5HfaYoMXxiCSaK2VsRGWKFibEBFWwI35+i/0nzrOxVy5W7Sql2ncWRhyM4hlPw4AJqcAt1aACBB3iEZ3hxpPPkvDpvi9ack80cwg84719gn48B</latexit>

v ⌧ f

3



Realizing tn
<latexit sha1_base64="UtmB+zT5d00CSSK/NCJLzVbIPwo=">AAAB7XicdVBNSwMxEJ2tX7V+VT16CRbBU9mVWvUiBS8eK9gPaJeSTbNtbDZZkmyhLP0PXjwo4tX/481/Y9quUEUfDDzem2FmXhBzpo3rfjq5ldW19Y38ZmFre2d3r7h/0NQyUYQ2iORStQOsKWeCNgwznLZjRXEUcNoKRjczvzWmSjMp7s0kpn6EB4KFjGBjpea4yzkKe8WSW3bnQEvk3PWuqh7yMqUEGeq94ke3L0kSUWEIx1p3PDc2foqVYYTTaaGbaBpjMsID2rFU4IhqP51fO0UnVumjUCpbwqC5ujyR4kjrSRTYzgibof7tzcS/vE5iwks/ZSJODBVksShMODISzV5HfaYoMXxiCSaK2VsRGWKFibEBFWwI35+i/0nzrOxVy5W7Sql2ncWRhyM4hlPw4AJqcAt1aACBB3iEZ3hxpPPkvDpvi9ack80cwg84719gn48B</latexit>

v ⌧ f

The vast majority of models require fine-tuning to achieve it

“minimal tuning” to get      
<latexit sha1_base64="klQVi8IioWCXGGHKS4va18xCVqc=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FLx4r2A9oQ9lsN+3SzSbsTgol9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpb2zu7e8X90sHh0fFJ+fSsbeJUM95isYx1N6CGS6F4CwVK3k00p1EgeSeY3C/8zpRrI2L1hLOE+xEdKREKRtFKnSnpS0nCQbniVt0lyCbxclKBHM1B+as/jFkacYVMUmN6npugn1GNgkk+L/VTwxPKJnTEe5YqGnHjZ8tz5+TKKkMSxtqWQrJUf09kNDJmFgW2M6I4NuveQvzP66UY3vmZUEmKXLHVojCVBGOy+J0MheYM5cwSyrSwtxI2ppoytAmVbAje+subpH1T9erV2mOt0qjlcRThAi7hGjy4hQY8QBNawGACz/AKb07ivDjvzseqteDkM+fwB87nD5UTjws=</latexit>

v ⌧ f
[Panico, Redi, Tesi, Wulzer 2012]

Here I present a new class of potentials giving this naturally: “Gegenbauer Goldstones” 

             is dominated by top sector               link with top phenomenology

<latexit sha1_base64="NIzyTbnugCYBvb1sh23sPe83mBk=">AAACEnicbVDLSsNAFJ34rPUVdelmsBR0U5JSH8uCLlxWsA9oYplMb9qhkwczk0IJ/QY3/oobF4q4deXOv3HSZqGtB+7lcM69zNzjxZxJZVnfxsrq2vrGZmGruL2zu7dvHhy2ZJQICk0a8Uh0PCKBsxCaiikOnVgACTwObW90nfntMQjJovBeTWJwAzIImc8oUVrqmWfODXBFsCNZgB1fEJqOH6rT1NcNOxykzAzbcso9s2RVrBnwMrFzUkI5Gj3zy+lHNAkgVJQTKbu2FSs3JUIxymFadBIJMaEjMoCupiEJQLrp7KQpLmulj/1I6AoVnqm/N1ISSDkJPD0ZEDWUi14m/ud1E+VfuSkL40RBSOcP+QnHKsJZPrjPBFDFJ5oQKpj+K6ZDonNROsWiDsFePHmZtKoV+6JSu6uV6ud5HAV0jE7QKbLRJaqjW9RATUTRI3pGr+jNeDJejHfjYz66YuQ7R+gPjM8fr9uczg==</latexit>

� ⇠ v2

f2
. 10%

<latexit sha1_base64="shi4QBVn0BZO7PrKj68Ock3Bl7s=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqiRSH+Cm4MZlBfuAJoTJdNIOncmEmYlQQnDjr7hxoYhbv8Kdf+OkzUJbD1w4nHMv994TJowq7Tjf1tLyyuraemWjurm1vbNr7+13lEglJm0smJC9ECnCaEzammpGeokkiIeMdMPxTeF3H4hUVMT3epIQn6NhTCOKkTZSYB92gsyTHLrQu/Y40iPJMyZEkueBXXPqzhRwkbglqYESrc D+8gYCp5zEGjOkVN91Eu1nSGqKGcmrXqpIgvAYDUnf0Bhxovxs+kIOT4wygJGQpmINp+rviQxxpSY8NJ3FlWreK8T/vH6qoys/o3GSahLj2aIoZVALWOQBB1QSrNnEEIQlNbdCPEISYW1Sq5oQ3PmXF0nnrO5e1Bt3jVrzvIyjAo7AMTgFLrgETXALWqANMHgEz+AVvFlP1ov1bn3MWpescuYA/IH1+QP7Ypco</latexit>

V1 loop

<latexit sha1_base64="peQtaCdD1zLd8qvzK1zdxJNJCy0="></latexit>

V1 loop ⇠ y2t
16⇡2

M2
T f

2

✓
� sin2

⇧

f
+ sin4

⇧

f

◆

top partner mass
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Warm-up: Abelian Goldstone

For a single  Goldstone,  

we know a simple way to get

U(1)

Make it a pNGB: explicit breaking from operator of charge

<latexit sha1_base64="aMKiuzzEoUrOhq3cxkPn4lPEQmY="></latexit>

�V =
✏ �

fn�4
�n + h.c.

<latexit sha1_base64="vWw5TyxqrHGD5d5krn0ayY2xrHo="></latexit>

�V ⇠ ✏�f4 cos

✓
n⇧

f

◆

<latexit sha1_base64="iJVjFxSYpRSBy3cBGjeEkyBpAN0=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5pIUTdCwY3LCPYBTSyT6U07dDIJMxOhhuKvuHGhiFv/w51/4/Sx0NYDFw7n3Mu994QpZ0o7zrdVWFpeWV0rrpc2Nre2d+zdvYZKMkmhThOeyFZIFHAmoK6Z5tBKJZA45NAMB9djv/kAUrFE3OlhCkFMeoJFjBJtpI594Ht9hq9whOE+Z9j32Gk06thlp+JMgBeJOyNlNIPXsb/8bkKzGISmnCjVdp1UBzmRmlEOo5KfKUgJHZAetA0VJAYV5JPrR/jYKF0cJdKU0Hii/p7ISazUMA5NZ0x0X817Y/E/r53p6DLImUgzDYJOF0UZxzrB4yhwl0mgmg8NIVQycyumfSIJ1SawkgnBnX95kTTOKu55pXpbLdeqsziK6BAdoRPkogtUQzfIQ3VE0SN6Rq/ozXqyXqx362PaWrBmM/voD6zPH1/Kk9w=</latexit>

� = fei⇧/f

<latexit sha1_base64="9hYeI8HKHKBHYp3LrboTyFLTwbA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6perXrdvK7Ua3kcRTiDc7gED26gDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB1mOM7w==</latexit>n

<latexit sha1_base64="27rutun3eELUyZm6VZDCAODVQeo="></latexit>

L = @µ�
⇤@µ�� �

�
�⇤�� f2

�2

<latexit sha1_base64="r+lL0Fm0kkL1S8ZnGrxH6Qf86rg=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyGoB4DXjxGMImQLGF2MpsMmccyMyuEJb/gxYMiXv0hb/6Ns8keNLGgoajqprsrSjgz1ve/vdLG5tb2Tnm3srd/cHhUPT7pGpVqQjtEcaUfI2woZ5J2LLOcPiaaYhFx2oumt7nfe6LaMCUf7CyhocBjyWJGsM2lxiBhw2rNr/sLoHUSFKQGBdrD6tdgpEgqqLSEY2P6gZ/YMMPaMsLpvDJIDU0wmeIx7TsqsaAmzBa3ztGFU0YoVtqVtGih/p7IsDBmJiLXKbCdmFUvF//z+qmNb8KMySS1VJLlojjlyCqUP45GTFNi+cwRTDRztyIywRoT6+KpuBCC1ZfXSbdRD67qzftmrdUs4ijDGZzDJQRwDS24gzZ0gMAEnuEV3jzhvXjv3seyteQVM6fwB97nD7+7jgQ=</latexit>

2⇡

<latexit sha1_base64="Jv6V9es5/yFbbavmr5WWHaTDtrg="></latexit>

h⇧i
f

=
⇡

n
⌧ 1

<latexit sha1_base64="2vAOlb/DBYbCTYe+FAu4RqOyI/Y=">AAAB7HicdVDLSgNBEOz1GeMr6tHLYBA8LbNhE5ODEPDiMYJ5QLKE2ckkGTI7u8zMCmHJN3jxoIhXP8ibf+PkIahoQUNR1U13V5gIrg3GH87a+sbm1nZuJ7+7t39wWDg6buk4VZQ1aSxi1QmJZoJL1jTcCNZJFCNRKFg7nFzP/fY9U5rH8s5MExZEZCT5kFNirNSU6ApV+oUidnGpWvZLCLulMq55NUvK2KtVfOS5eIEirNDoF957g5imEZOGCqJ118OJCTKiDKeCzfK9VLOE0AkZsa6lkkRMB9ni2Bk6t8oADWNlSxq0UL9PZCTSehqFtjMiZqx/e3PxL6+bmmE1yLhMUsMkXS4apgKZGM0/RwOuGDViagmhittbER0TRaix+eRtCF+fov9Jq+R6Fde/9Yt1fxVHDk7hDC7Ag0uoww00oAkUODzAEzw70nl0XpzXZeuas5o5gR9w3j4B43COEA==</latexit>

n = 6example:

<latexit sha1_base64="qluWnzg2AcPUs5lpGh3pmeakxI8=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU01KUY8FLx4rmLbQhrLZTtqlm03Y3Qil9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777RQ2Nre2d4q7pb39g8Oj8vFJSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4bu63n1BpnshHM0kxiOlQ8ogzaqzk95r8KuqXK27VXYCsEy8nFcjR7Je/eoOEZTFKwwTVuuu5qQmmVBnOBM5KvUxjStmYDrFrqaQx6mC6OHZGLqwyIFGibElDFurviSmNtZ7Eoe2MqRnpVW8u/ud1MxPdBlMu08ygZMtFUSaIScj8czLgCpkRE0soU9zeStiIKsqMzadkQ/BWX14nrVrVu67WH+qVRi2PowhncA6X4MENNOAemuADAw7P8ApvjnRenHfnY9lacPKZU/gD5/MHS0mOTw==</latexit>

⇧/f

<latexit sha1_base64="ucNu5Doz5Qh6m9jRBhSkfO202T4=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU02kVI8FLx4r2A9oQ9lsN+3SzSbsTgol9Gd48aCIV3+NN/+N2zYHrT4YeLw3w8y8IJHCoOt+OYWNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7hZ+Z8q1EbF6xFnC/YiOlAgFo2il3pRckZD0pSTeoFxxq+4S5C/xclKBHM1B+bM/jFkacYVMUmN6npugn1GNgkk+L/VTwxPKJnTEe5YqGnHjZ8uT5+TCKkMSxtqWQrJUf05kNDJmFgW2M6I4NuveQvzP66UY3vqZUEmKXLHVojCVBGOy+J8MheYM5cwSyrSwtxI2ppoytCmVbAje+st/Sfu66tWrtYdapVHP4yjCGZzDJXhwAw24hya0gEEMT/ACrw46z86b875qLTj5zCn8gvPxDSPLj9U=</latexit>

v/f ⌧ 1

<latexit sha1_base64="KtcwwQn9LRDTPZgnBc5d7MKP5BA="></latexit>

Zn : ⇧ ! ⇧+
2⇡

n
f
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Non-Abelian Goldstones

How to get              naturally?
<latexit sha1_base64="Ss6J0hVM7zeZltw81g/GVOTHTFA=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0VwFSaaaLMruHFZwT6gDWUynbRDJ5MwMymU0I9w40IRt36PO//GSVtBRQ9cOJxzL/feE6acKY3Qh1VaW9/Y3CpvV3Z29/YPqodHbZVkktAWSXgiuyFWlDNBW5ppTruppDgOOe2Ek5vC70ypVCwR93qW0iDGI8EiRrA2UmcK+5zDaFCtIRt5vucgiGwPOf5lQXy/7noedGy0QA2s0BxU3/vDhGQxFZpwrFTPQakOciw1I5zOK/1M0RSTCR7RnqECx1QF+eLcOTwzyhBGiTQlNFyo3ydyHCs1i0PTGWM9Vr+9QvzL62U6qgc5E2mmqSDLRVHGoU5g8TscMkmJ5jNDMJHM3ArJGEtMtEmoYkL4+hT+T9oXtnNlu3dureGu4iiDE3AKzoEDrkED3IImaAECJuABPIFnK7UerRfrddlaslYzx+AHrLdPBW+PWQ==</latexit>

v ⌧ f

Consider  Goldstone bosons, from spontaneous breaking of global symmetryN

<latexit sha1_base64="ArjsYVOLmBxayxOU6BfsCYx9ayo=">AAAB+HicbZDLSsNAFIZP6q3WS6Mu3QwWoUWoiRR1WXDjSivaC7ShTKaTdujkwsxEqKFP4saFIm59FHe+jZM2C239YeDjP+dwzvxuxJlUlvVt5FZW19Y38puFre2d3aK5t9+SYSwIbZKQh6LjYkk5C2hTMcVpJxIU+y6nbXd8ldbbj1RIFgYPahJRx8fDgHmMYKWtvlm8vy3fnNgVdIpSqvTNklW1ZkLLYGdQgkyNvvnVG4Qk9m mgCMdSdm0rUk6ChWKE02mhF0saYTLGQ9rVGGCfSieZHT5Fx9oZIC8U+gUKzdzfEwn2pZz4ru70sRrJxVpq/lfrxsq7dBIWRLGiAZkv8mKOVIjSFNCACUoUn2jARDB9KyIjLDBROquCDsFe/PIytM6q9nm1dlcr1WtZHHk4hCMogw0XUIdraEATCMTwDK/wZjwZL8a78TFvzRnZzAH8kfH5A8T4kIk=</latexit>

SO(N + 1)/SO(N) (best studied pattern for pNGB Higgs)

<latexit sha1_base64="Svqf/KCBWp6KRDb5yGkOlCs7iiE="></latexit>

L =
1

2
@µ�

T@µ�� �
�
�T�� f2

�2
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Non-Abelian Goldstones

<latexit sha1_base64="ArjsYVOLmBxayxOU6BfsCYx9ayo=">AAAB+HicbZDLSsNAFIZP6q3WS6Mu3QwWoUWoiRR1WXDjSivaC7ShTKaTdujkwsxEqKFP4saFIm59FHe+jZM2C239YeDjP+dwzvxuxJlUlvVt5FZW19Y38puFre2d3aK5t9+SYSwIbZKQh6LjYkk5C2hTMcVpJxIU+y6nbXd8ldbbj1RIFgYPahJRx8fDgHmMYKWtvlm8vy3fnNgVdIpSqvTNklW1ZkLLYGdQgkyNvvnVG4Qk9m mgCMdSdm0rUk6ChWKE02mhF0saYTLGQ9rVGGCfSieZHT5Fx9oZIC8U+gUKzdzfEwn2pZz4ru70sRrJxVpq/lfrxsq7dBIWRLGiAZkv8mKOVIjSFNCACUoUn2jARDB9KyIjLDBROquCDsFe/PIytM6q9nm1dlcr1WtZHHk4hCMogw0XUIdraEATCMTwDK/wZjwZL8a78TFvzRnZzAH8kfH5A8T4kIk=</latexit>

SO(N + 1)/SO(N)

Explicit breaking to              by spurion in    -index symmetric tensor irrep of 
<latexit sha1_base64="YAROX77sfnnXpDxYLfuyowvwo4c=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BItQEcquFPVY8OJJK9oPaJeSTbNtaDa7JFmhLP0RXjwo4tXf481/Y9ruQVsfDDzem2Fmnh8Lro3jfKPcyura+kZ+s7C1vbO7V9w/aOooUZQ1aCQi1faJZoJL1jDcCNaOFSOhL1jLH11P/dYTU5pH8tGMY+aFZCB5wCkxVmo93JVvz9zTXrHkVJwZ8DJxM1KCDPVe8avbj2gSMmmoIFp3XCc2XkqU4VSwSaGbaBYTOiID1rFUkpBpL52dO8EnVunjIFK2pMEz9fdESkKtx6FvO0NihnrRm4r/eZ3EBFdeymWcGCbpfFGQCGwiPP0d97li1IixJYQqbm/FdEgUocYmVLAhuIsvL5PmecW9qFTvq6VaNYsjD0dwDGVw4RJqcAN1aACFETzDK7yhGL2gd/Qxb82hbOYQ/gB9/gCENo5Y</latexit>

SO(N + 1)

<latexit sha1_base64="Svqf/KCBWp6KRDb5yGkOlCs7iiE="></latexit>

L =
1

2
@µ�

T@µ�� �
�
�T�� f2

�2

Radiatively stable at  and all loop orders, because only operator allowed. 

Corrections at  and higher

O(ϵ)
O(ϵ2)

irrep    traceless →
<latexit sha1_base64="eo19TFpjoIHSbiA6hAWZZT+81TU="></latexit>

�V =
✏ �

fn�4
Ki1...in

n �i1 . . .�in

<latexit sha1_base64="X8VHTqQtTSBOOdXRFLbJf/XXukI=">AAAB6HicdVDLSsNAFJ3UV62vqks3g0VwFSba1GZXcOOyBfuANpTJdNKOnUzCzEQooV/gxoUibv0kd/6Nk7aCih64cDjnXu69J0g4UxqhD6uwtr6xuVXcLu3s7u0flA+POipOJaFtEvNY9gKsKGeCtjXTnPYSSXEUcNoNpte5372nUrFY3OpZQv0IjwULGcHaSC0xLFeQjVzPdRBEtosc7zInnlevui50bLRABazQHJbfB6OYpBEVmnCsVN9BifYzLDUjnM5Lg1TRBJMpHtO+oQJHVPnZ4tA5PDPKCIaxNCU0XKjfJzIcKTWLAtMZYT1Rv71c/Mvrpzqs+xkTSaqpIMtFYcqhjmH+NRwxSYnmM0MwkczcCskES0y0yaZkQvj6FP5POhe2U7OrrWqlUVvFUQQn4BScAwdcgQa4AU3QBgRQ8ACewLN1Zz1aL9brsrVgrWaOwQ9Yb59Gv409</latexit>n
<latexit sha1_base64="LHgIydFpSTiDAqUH8hQWmCy2cZQ=">AAAB7HicbVBNSwMxEJ31s9avqkcvwSLUS9mVoh4LXjxpRbcttEvJptk2NMkuSVYoS3+DFw+KePUHefPfmLZ70NYHA4/3ZpiZFyacaeO6387K6tr6xmZhq7i9s7u3Xzo4bOo4VYT6JOaxaodYU84k9Q0znLYTRbEIOW2Fo+up33qiSrNYPppxQgOBB5JFjGBjJf/hrnJ71iuV3ao7A1omXk7KkKPRK311+zFJBZWGcKx1x3MTE2RYGUY4nRS7qaYJJiM8oB1LJRZUB9ns2Ak6tUofRbGyJQ2aqb8nMiy0HovQdgpshnrRm4r/eZ3URFdBxmSSGirJfFGUcmRiNP0c9ZmixPCxJZgoZm9FZIgVJsbmU7QheIsvL5PmedW7qNbua+V6LY+jAMdwAhXw4BLqcAMN8IEAg2d4hTdHOi/Ou/Mxb11x8pkj+APn8wesJo3o</latexit>

SO(N)

[in d = 2: Brézin, Zinn-Justin, Le Guillou 1976]

(best studied pattern for pNGB Higgs)

Consider  Goldstone bosons, from spontaneous breaking of global symmetryN
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Enter Gegenbauer

Parametrize

<latexit sha1_base64="W0awBG6rZIkhI+fUKglZRtN8i20=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVC9CwYvHCvYDmlA2202zdLOJu5tCCf0dXjwo4tUf481/46bNQVsfDDzem2Fmnp9wprRtf1uljc2t7Z3ybmVv/+DwqHp80lVxKgntkJjHsu9jRTkTtKOZ5rSfSIojn9OeP7nL/d6USsVi8ahnCfUiPBYsYARrI3luO2ToFgXITUI2rNbsur0AWidOQWpQoD2sfrmjmKQRFZpwrNTAsRPtZVhqRjidV9xU0QSTCR7TgaECR1R52eLoObowyggFsTQlNFqovycyHCk1i3zTGWEdqlUvF//zBqkObryMiSTVVJDloiDlSMcoTwCNmKRE85khmEhmbkUkxBITbXKqmBCc1ZfXSfeq7jTrjYdGrdUs4ijDGZzDJThwDS24hzZ0gMATPMMrvFlT68V6tz6WrSWrmDmFP7A+fwA/EZEW</latexit>

� = f�

<latexit sha1_base64="TDIafxOIunkims7Nk4ML6ehn77c="></latexit>

� = ei⇧
aTa/f

✓
~0N
1

◆
=

 
sin ⇧

f
~⇧
⇧

cos ⇧
f

!

Radiatively stable at  and all loop orders, because only operator allowed. 

Corrections at  and higher

O(ϵ)
O(ϵ2)

irrep    traceless →
<latexit sha1_base64="eo19TFpjoIHSbiA6hAWZZT+81TU="></latexit>

�V =
✏ �

fn�4
Ki1...in

n �i1 . . .�in

<latexit sha1_base64="ZbJimt5/uIbd2zE84MKyw+4SNgE=">AAACEHicbZDLSsNAFIYnXmu9RV26GSyiq5JIUZcFNy4r9AZNLJPpSTt0cunMpFBCHsGNr+LGhSJuXbrzbZy2QbT1h4GP/5zDmfN7MWdSWdaXsbK6tr6xWdgqbu/s7u2bB4dNGSWCQoNGPBJtj0jgLISGYopDOxZAAo9DyxveTOutMQjJorCuJjG4AemHzGeUKG11zTOnxrADo4SNsSNHQqXOGGiq3ey+jn8465olq2zNhJfBzqGEctW65qfTi2gSQKgoJ1J2bCtWbkqEYpRDVnQSCTGhQ9KHjsaQBCDddHZQhk+108N+JPQLFZ65vydSEkg5CTzdGRA1kIu1qflfrZMo/9pNWRgnCkI6X+QnHKsIT9PBPSaAKj7RQKhg+q+YDoggVOkMizoEe/HkZWhelO3LcuWuUqpW8jgK6BidoHNkoytURbeohhqIogf0hF7Qq/FoPBtvxvu8dcXIZ47QHxkf3yUZnUU=</latexit>

⇧ ⌘
p

~⇧T ~⇧

<latexit sha1_base64="WoXb0n73VrjsKjVcCvPAsmQIRI4="></latexit>

�V = ✏�f4G(N�1)/2
n (cos⇧/f)

potential is a 
Gegenbauer polynomial 

[in d = 2: Brézin, Zinn-Justin, Le Guillou 1976]
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Leopold Gegenbauer 
1849 - 1903

Gegenbauer?



Gegenbauer?

Gegenbauer polynomials can be seen as generalization of Legendre polynomials  

to  spatial dimensions D ≠ 3

Here, they arise from explicit breaking of internal symmetry , 

variables are pNGB fields

SO(N + 1) → SO(N )

<latexit sha1_base64="93356qV3Fb+cf1S5xxeKkH6llIc="></latexit>

f(~r ) =
1X

`=0

c`P`(cos ✓)

<latexit sha1_base64="ga1HKXYwqyHXHWUng4v9nx/l6zY=">AAAB9XicbZDLTgIxFIbP4A3xhrp000hMYENmgKhLEjfuxCiXBEbSKR1o6HQmbUdDJryHGxca49Z3cefbWGAWCv5Jky//OSc95/cizpS27W8rs7a+sbmV3c7t7O7tH+QPj1oqjCWhTRLyUHY8rChngjY105x2Iklx4HHa9sZXs3r7kUrFQnGvJxF1AzwUzGcEa2M93N0Uq6WeDpGBSqmfL9hley60Ck4KBUjV6Oe/eoOQxAEVmnCsVNexI+0mWGpGOJ3merGiESZjPKRdgwIHVLnJfOspOjPOAPmhNE9oNHd/TyQ4UGoSeKYzwHqklmsz879aN9b+pZswEcWaCrL4yI85MmfOIkADJinRfGIAE8nMroiMsMREm6ByJgRn+eRVaFXKznm5dlsr1O00jiycwCkUwYELqMM1NKAJBCQ8wyu8WU/Wi/VufSxaM1Y6cwx/ZH3+ALUxkKc=</latexit>

SO(3) ! SO(2)

<latexit sha1_base64="vH29Hz7cMgnzxDk/OgbMBUgC/Fs=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS8lKUS9CwYvHCvYD2qVk02wbmmSXJCuUpT/CiwdFvPp7vPlvTNs9aOuDgcd7M8zMCxPBjcX421tb39jc2i7sFHf39g8OS0fHLROnmrImjUWsOyExTHDFmpZbwTqJZkSGgrXD8d3Mbz8xbXisHu0kYYEkQ8UjTol1Ursi0S3CF/1SGVfxHGiV+DkpQ45Gv/TVG8Q0lUxZKogxXR8nNsiItpwKNi32UsMSQsdkyLqOKiKZCbL5uVN07pQBimLtSlk0V39PZEQaM5Gh65TEjsyyNxP/87qpjW6CjKsktUzRxaIoFcjGaPY7GnDNqBUTRwjV3N2K6IhoQq1LqOhC8JdfXiWty6p/Va091Mp1nMdRgFM4gwr4cA11uIcGNIHCGJ7hFd68xHvx3r2PReual8+cwB94nz82ZI4i</latexit>

(m = 0)

multipole expansion of axi-symmetric 
function of spacetime coordinates

<latexit sha1_base64="DHx2qBYI43P5z97NjmZKt6alLQw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0qBehoAePFUxbaEPZbCft0s0m7G6EUvobvHhQxKs/yJv/xm2bg1YfDDzem2FmXpgKro3rfjmFldW19Y3iZmlre2d3r7x/0NRJphj6LBGJaodUo+ASfcONwHaqkMahwFY4upn5rUdUmifywYxTDGI6kDzijBor+bfkmpz3yhW36s5B/hIvJxXI0eiVP7v9hGUxSsME1brjuakJJlQZzgROS91MY0rZiA6wY6mkMepgMj92Sk6s0idRomxJQ+bqz4kJjbUex6HtjKkZ6mVvJv7ndTITXQUTLtPMoGSLRVEmiEnI7HPS5wqZEWNLKFPc3krYkCrKjM2nZEPwll/+S5pnVe+iWruvVepuHkcRjuAYTsGDS6jDHTTABwYcnuAFXh3pPDtvzvuiteDkM4fwC87HNzVxjZc=</latexit>

D = 3

They appear in many areas of physics, for example in the expansion of conformal 

blocks in  CFTd
[Hogervorst, Rychkov 2013]
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The shape of Gegenbauers

<latexit sha1_base64="qluWnzg2AcPUs5lpGh3pmeakxI8=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU01KUY8FLx4rmLbQhrLZTtqlm03Y3Qil9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777RQ2Nre2d4q7pb39g8Oj8vFJSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4bu63n1BpnshHM0kxiOlQ8ogzaqzk95r8KuqXK27VXYCsEy8nFcjR7Je/eoOEZTFKwwTVuuu5qQmmVBnOBM5KvUxjStmYDrFrqaQx6mC6OHZGLqwyIFGibElDFurviSmNtZ7Eoe2MqRnpVW8u/ud1MxPdBlMu08ygZMtFUSaIScj8czLgCpkRE0soU9zeStiIKsqMzadkQ/BWX14nrVrVu67WH+qVRi2PowhncA6X4MENNOAemuADAw7P8ApvjnRenHfnY9lacPKZU/gD5/MHS0mOTw==</latexit>

⇧/f

<latexit sha1_base64="iX+PbK20BL4Sd/sFjamE4LzoEpg=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkp6rHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUbA9KZbfiLkDWiZeTMuRoDEpf/WHM0gilYYJq3fPcxPgZVYYzgbNiP9WYUDahI+xZKmmE2s8Wh87IpVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNkUbgrf68jppVyvedaXWrJXr1TyOApzDBVyBBzdQh3toQAsYIDzDK7w5j86L8+58LFs3nHzmDP7A+fwBsM+M0w==</latexit>

V

<latexit sha1_base64="6wXoP7U1Vg09Vlbv11cBo+MF6/4=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBg9SkFPVY8OKxgrWFNpTNdtMu3WzC7kQoob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYW9/Y3Cpul3Z29/YPyodHjyZONeMtFstYdwJquBSKt1Cg5J1EcxoFkreD8e3Mbz9xbUSsHnCScD+iQyVCwShaqdVLxGWtX664VXcOskq8nFQgR7Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzYKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimGN34mVJIiV2yxKEwlwZjMPicDoTlDObGEMi3srYSNqKYMbT4lG4K3/PIqeaxVvatq/b5eaVzkcRThBE7hHDy4hgbcQRNawEDAM7zCm6OcF+fd+Vi0Fpx85hj+wPn8ASuLjjU=</latexit>

⇡/2
<latexit sha1_base64="VOQ03komR0QEP9YhlEeh99zX500=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5REinosePFY0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NJME/YgOJQ85o8ZKD72E98sVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14Y2fcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmldVr2rau2+Vqlf5HEU4QRO4Rw8uIY63EEDmsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wdMDY3A</latexit>⇡

<latexit sha1_base64="0/STpJPUVzkVuxvJpwrkqahkq+c=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4kJJIUY8FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777aytb2xubRd2irt7+weHpaPjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlhtsvld2KOwdZJV5OypCj3i999QYxSyOUhgmqdddzE+NnVBnOBE6LvVRjQtmYDrFrqaQRaj+bHzol51YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1IS3fsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2RRtCN7yy6ukdVXxrivVRrVcu8zjKMApnMEFeHADNbiHOjSBAcIzvMKb8+i8OO/Ox6J1zclnTuAPnM8fdWmMpw==</latexit>

0

<latexit sha1_base64="Ex5SJ7YbqLHcdywXeutBjvB4ZPA=">AAAB7HicdVDLSsNAFJ3UV62vqks3g0VwFSYhre1CKLhxJRVMW2hDmUwn7dDJJMxMhBL6DW5cKOLWD3Ln3zh9CCp64MLhnHu5954w5UxphD6swtr6xuZWcbu0s7u3f1A+PGqrJJOE+iThieyGWFHOBPU105x2U0lxHHLaCSdXc79zT6ViibjT05QGMR4JFjGCtZH8G3gJvUG5gmzk1queC5HtVlHDaRhSRU6j5kHHRgtUwAqtQfm9P0xIFlOhCcdK9RyU6iDHUjPC6azUzxRNMZngEe0ZKnBMVZAvjp3BM6MMYZRIU0LDhfp9IsexUtM4NJ0x1mP125uLf3m9TEf1IGcizTQVZLkoyjjUCZx/DodMUqL51BBMJDO3QjLGEhNt8imZEL4+hf+Ttms7Ndu79SpNdxVHEZyAU3AOHHABmuAatIAPCGDgATyBZ0tYj9aL9bpsLVirmWPwA9bbJ67Ojew=</latexit>

N = 4
<latexit sha1_base64="HjbhwHynvghr0E1nTgoYHSq6QOA="></latexit>

G(N�1)/2
n (cos⇧/f)

<latexit sha1_base64="kdAeMbFsFhtAW3RuRdJGTr+oKL8=">AAAB8nicdVDLSgMxFL3js9ZX1aWbYBHazThT2qq7ght3VrQPmA4lk2ba0ExmSDJCKf0MNy4UcevXuPNvTB+CzwMJh3Pu5d57goQzpR3n3VpaXlldW89sZDe3tnd2c3v7TRWnktAGiXks2wFWlDNBG5ppTtuJpDgKOG0Fw4up37qjUrFY3OpRQv0I9wULGcHaSN7NVaFSPDF/udjN5R274rjnVRf9Jq7tzJCHBerd3FunF5M0okITjpXyXCfR/hhLzQink2wnVTTBZIj71DNU4IgqfzxbeYKOjdJDYSzNExrN1K8dYxwpNYoCUxlhPVA/van4l+elOjzzx0wkqaaCzAeFKUc6RtP7UY9JSjQfGYKJZGZXRAZYYqJNSlkTwuel6H/SLNlu1S5fl/O10iKODBzCERTAhVOowSXUoQEEYriHR3iytPVgPVsv89Ila9FzAN9gvX4A086PoQ==</latexit>

SO(5)/SO(4)

<latexit sha1_base64="rcqj06z1EzZHxSmnJdRboCgQiho="></latexit>

h⇧i
f

⇡
jN/2,1

n+ N�1
2

⇡ 5.1

n
⌧ 1

for large <latexit sha1_base64="7mrDa0VVBYCu+nMx34H63dKi160=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6redbXWrFXqtTyOIpzBOVyCBzdQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4A1cmM7Q==</latexit>n

A radiatively stable way to obtain 

                 for non-Abelian Goldstones<latexit sha1_base64="outecSvrWd2pzzr+BpROpV/uAa8=">AAACAnicbZA9SwNBEIbn/Izx69RKbBaDYBXuJKhlwMYygvmAXAh7m7lkyd7esbsnhBBs/Cs2ForY+ivs/Ddukis08YWFh3dmmJ03TAXXxvO+nZXVtfWNzcJWcXtnd2/fPThs6CRTDOssEYlqhVSj4BLrhhuBrVQhjUOBzXB4M603H1Bpnsh7M0qxE9O+5BFn1Fir6x4Hgsq+QBLUOAlUzkKQqOuWvLI3E1kGP4cS5Kp13a+gl7AsRmmYoFq3fS81nTFVhjOBk2KQaUwpG9I+ti1KGqPujGcnTMiZdXokSpR90pCZ+3tiTGOtR3FoO2NqBnqxNjX/q7UzE113xlymmUHJ5ouiTBCTkGkepMcVMiNGFihT3P6VsAFVlBmbWtGG4C+evAyNi7J/Wa7cVUrVSh5HAU7gFM7Bhyuowi3UoA4MHuEZXuHNeXJenHfnY9664uQzR/BHzucP7MuWcw==</latexit>

h⇧i ⌧ f

<latexit sha1_base64="EQfWwQmQBH5rzelbJt6qxQ8oNyg=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjJDW9uFUHDjsoJ9QDuUTJppYzPJkGSEMvQf3LhQxK3/486/MX0IKnrgwuGce7n3njDhTBuEPpzc2vrG5lZ+u7Czu7d/UDw8amuZKkJbRHKpuiHWlDNBW4YZTruJojgOOe2Ek6u537mnSjMpbs00oUGMR4JFjGBjpbaAl9BHg2IJucivVco+RK5fQXWvbkkFefVqGXouWqAEVmgOiu/9oSRpTIUhHGvd81Biggwrwwins0I/1TTBZIJHtGepwDHVQba4dgbPrDKEkVS2hIEL9ftEhmOtp3FoO2Nsxvq3Nxf/8nqpiWpBxkSSGirIclGUcmgknL8Oh0xRYvjUEkwUs7dCMsYKE2MDKtgQvj6F/5O273pVt3xTLjX8VRx5cAJOwTnwwAVogGvQBC1AwB14AE/g2ZHOo/PivC5bc85q5hj8gPP2CUuejkQ=</latexit>

n = 20

<latexit sha1_base64="+vHq5LoHB4G3ceyheZg2EIC5F6g=">AAACE3icdZDLSgMxFIYzXmu9VV26CRZBRIZMmdZ2V3DjsoK9QDuUTJppQzOZIckIZeg7uPFV3LhQxK0bd76N6WVARQ8Efv7vnOTk92POlEbo01pZXVvf2Mxt5bd3dvf2CweHLRUlktAmiXgkOz5WlDNBm5ppTjuxpDj0OW3746sZb99RqVgkbvUkpl6Ih4IFjGBtrH7hPO3NL+nKoe+lyEalatktXSC7VEY1p2ZEGTm1ijsV036hmHGYcZhx6NhoXkWwrEa/8NEbRCQJqdCEY6W6Doq1l2KpGeF0mu8lisaYjPGQdo0UOKTKS+frTOGpcQYwiKQ5QsO5+30ixaFSk9A3nSHWI/Wbzcy/WDfRQdVLmYgTTQVZPBQkHOoIzgKCAyYp0XxiBCaSmV0hGWGJiTYx5k0I2U/h/6JVsp2K7d64xbq7jCMHjsEJOAMOuAR1cA0aoAkIuAeP4Bm8WA/Wk/VqvS1aV6zlzBH4Udb7Fxeumng=</latexit>nEven

Differently from Abelian case,  

not periodic (only approximately)
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Outline

✓ Gegenbauer Goldstones 
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Composite Higgs potential: standard

In classic models, top sector loops break EW symmetry:

<latexit sha1_base64="aMIHrdZzX21mhgq+SMvEs0IjSEk=">AAACBHicbVDLSsNAFJ34rPUVddnNYBFclaQUdVnQhcsK9gFNLJPpTTt0Mgkzk0IJXbjxV9y4UMStH+HOv3HaZqGtB+7lcM69zNwTJJwp7Tjf1tr6xubWdmGnuLu3f3BoHx23VJxKCk0a81h2AqKAMwFNzTSHTiKBRAGHdjC6nvntMUjFYnGvJwn4ERkIFjJKtJF6dsm7Aa4J9hSLsBdKQrPxQ3Wahab17LJTcebAq8TNSRnlaPTsL68f0zQCoSknSnVdJ9F+RqRmlMO06KUKEkJHZABdQwWJQPnZ/IgpPjNKH4exNCU0nqu/NzISKTWJAjMZET1Uy95M/M/rpjq88jMmklSDoIuHwpRjHeNZIrjPJFDNJ4YQKpn5K6ZDYpLQJreiCcFdPnmVtKoV96JSu6uV69U8jgIqoVN0jlx0ieroFjVQE1H0iJ7RK3qznqwX6936WIyuWfnOCfoD6/MHKTeXwQ==</latexit>

� ⇠ v2

f2

“minimal tuning” 
   to get      

<latexit sha1_base64="HmgeqVFvdg8wXEX11qQGl9uWfbs="></latexit>

V =
Ncy2t
16⇡2

M2
T f

2
�
� sin2 ⇧/f +sin4 ⇧/f

�
+ �gauge sin

2 ⇧/f

<latexit sha1_base64="klQVi8IioWCXGGHKS4va18xCVqc=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FLx4r2A9oQ9lsN+3SzSbsTgol9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpb2zu7e8X90sHh0fFJ+fSsbeJUM95isYx1N6CGS6F4CwVK3k00p1EgeSeY3C/8zpRrI2L1hLOE+xEdKREKRtFKnSnpS0nCQbniVt0lyCbxclKBHM1B+as/jFkacYVMUmN6npugn1GNgkk+L/VTwxPKJnTEe5YqGnHjZ8tz5+TKKkMSxtqWQrJUf09kNDJmFgW2M6I4NuveQvzP66UY3vmZUEmKXLHVojCVBGOy+J0MheYM5cwSyrSwtxI2ppoytAmVbAje+subpH1T9erV2mOt0qjlcRThAi7hGjy4hQY8QBNawGACz/AKb07ivDjvzseqteDkM+fwB87nD5UTjws=</latexit>

v ⌧ f

(in unitary gauge, )Π = h
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<latexit sha1_base64="HmgeqVFvdg8wXEX11qQGl9uWfbs="></latexit>

V =
Ncy2t
16⇡2

M2
T f

2
�
� sin2 ⇧/f +sin4 ⇧/f

�
+ �gauge sin

2 ⇧/f

mass of QCD-charged top partners
<latexit sha1_base64="wqmR9piYEwCmdb34MEGEXNSFC+A=">AAACBnicdVDLSgMxFM34rPVVdSlCsAiuhsx0qi1uCm7cCBX6gk4pmTRtQ5OZIckIZejKjb/ixoUibv0Gd/6N6UNQ0QOBwznnkntPEHOmNEIf1tLyyuraemYju7m1vbOb29tvqCiRhNZJxCPZCrCinIW0rpnmtBVLikXAaTMYXU795i2VikVhTY9j2hF4ELI+I1gbqZs7uu7WoD/QJiGgYxf8C19gPZQirdHGpJvLI7tcRp5XhMguItd1S4agglsqOyaOZsiDBard3Lvfi0giaKgJx0q1HRTrToqlZoTTSdZPFI0xGeEBbRsaYkFVJ52dMYEnRunBfiTNCzWcqd8nUiyUGovAJKc7qt/eVPzLaye6X+qkLIwTTUMy/6ifcKgjOO0E9pikRPOxIZhIZnaFZIglJto0lzUlfF0K/ycN13bObO/Gy1fcRR0ZcAiOwSlwwDmogCtQBXVAwB14AE/g2bq3Hq0X63UeXbIWMwfgB6y3TztDmFY=</latexit>

MT & 1.3 TeVLHC Run 2:

[ATLAS-CONF-2021-024]

In classic models, top sector loops break EW symmetry:

Composite Higgs potential: standard
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Instead, we take EW preserving top contribution + Gegenbauer term:

<latexit sha1_base64="7mLLEDGzmCmMU5DjN2+W5k0AKAs="></latexit>

V = 
Ncy2t
16⇡2

M2
T f

2
⇥
+ sin2 ⇧/f + �G(N�1)/2

n (cos⇧/f)
⇤

positive sign size of explicit breaking  
associated with Gegenbauer

allows to tune overall size

The Gegenbauer is assumed to originate from UV breaking in non-minimal irrep 

“Internal” to strong sector - think of quark masses in QCD

Composite Higgs potential: Gegenbauer
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Instead, we take EW preserving top contribution + Gegenbauer term:

<latexit sha1_base64="7mLLEDGzmCmMU5DjN2+W5k0AKAs="></latexit>

V = 
Ncy2t
16⇡2

M2
T f

2
⇥
+ sin2 ⇧/f + �G(N�1)/2

n (cos⇧/f)
⇤

<latexit sha1_base64="qluWnzg2AcPUs5lpGh3pmeakxI8=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU01KUY8FLx4rmLbQhrLZTtqlm03Y3Qil9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777RQ2Nre2d4q7pb39g8Oj8vFJSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4bu63n1BpnshHM0kxiOlQ8ogzaqzk95r8KuqXK27VXYCsEy8nFcjR7Je/eoOEZTFKwwTVuuu5qQmmVBnOBM5KvUxjStmYDrFrqaQx6mC6OHZGLqwyIFGibElDFurviSmNtZ7Eoe2MqRnpVW8u/ud1MxPdBlMu08ygZMtFUSaIScj8czLgCpkRE0soU9zeStiIKsqMzadkQ/BWX14nrVrVu67WH+qVRi2PowhncA6X4MENNOAemuADAw7P8ApvjnRenHfnY9lacPKZU/gD5/MHS0mOTw==</latexit>

⇧/f

<latexit sha1_base64="iX+PbK20BL4Sd/sFjamE4LzoEpg=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkp6rHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUbA9KZbfiLkDWiZeTMuRoDEpf/WHM0gilYYJq3fPcxPgZVYYzgbNiP9WYUDahI+xZKmmE2s8Wh87IpVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNkUbgrf68jppVyvedaXWrJXr1TyOApzDBVyBBzdQh3toQAsYIDzDK7w5j86L8+58LFs3nHzmDP7A+fwBsM+M0w==</latexit>

V

<latexit sha1_base64="iLOorN0yWEJ1WBIf7uz3AuTXTAk=">AAAB7XicdVDJSgNBEK2JW4xb1KOXxiB4GmZCjHoQAl48RjALJEPo6fQkbXq6h+4eIQz5By8eFPHq/3jzb+wsguuDgsd7VVTVCxPOtPG8dye3tLyyupZfL2xsbm3vFHf3mlqmitAGkVyqdog15UzQhmGG03aiKI5DTlvh6HLqt+6o0kyKGzNOaBDjgWARI9hYqSnQBSp7vWLJc088/7zqo9/Ed70ZSrBAvVd86/YlSWMqDOFY647vJSbIsDKMcDopdFNNE0xGeEA7lgocUx1ks2sn6MgqfRRJZUsYNFO/TmQ41noch7Yzxmaof3pT8S+vk5roLMiYSFJDBZkvilKOjETT11GfKUoMH1uCiWL2VkSGWGFibEAFG8Lnp+h/0iy7ftWtXFdKtfIijjwcwCEcgw+nUIMrqEMDCNzCPTzCkyOdB+fZeZm35pzFzD58g/P6AUMrjj4=</latexit>

n = 20

<latexit sha1_base64="aM+Y2/QidvMS07w+x87nLoAa4xA=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0hKrXoQCl48SQXTFtpQNttNu3SzCbsboYT+Bi8eFPHqD/Lmv3HTVvDzwcDjvRlm5gUJZ0o7zrtVWFpeWV0rrpc2Nre2d8q7ey0Vp5JQj8Q8lp0AK8qZoJ5mmtNOIimOAk7bwfgy99t3VCoWi1s9Sagf4aFgISNYG8m7Rheo1i9XHPvEcc/rLvpNXNuZoQILNPvlt94gJmlEhSYcK9V1nUT7GZaaEU6npV6qaILJGA9p11CBI6r8bHbsFB0ZZYDCWJoSGs3UrxMZjpSaRIHpjLAeqZ9eLv7ldVMdnvkZE0mqqSDzRWHKkY5R/jkaMEmJ5hNDMJHM3IrICEtMtMmnZEL4/BT9T1pV263btZtapVFdxFGEAziEY3DhFBpwBU3wgACDe3iEJ0tYD9az9TJvLViLmX34Buv1A6ZbjeY=</latexit>

N = 4

for  , minimum is at originγ < γc

<latexit sha1_base64="z/sYOWGfvhVuN9mBIJriCl10vD0="></latexit>

�c ⇡ 8⇥ 10�4 (10/n)3.6

Composite Higgs potential: Gegenbauer
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Instead, we take EW preserving top contribution + Gegenbauer term:

<latexit sha1_base64="7mLLEDGzmCmMU5DjN2+W5k0AKAs="></latexit>

V = 
Ncy2t
16⇡2

M2
T f

2
⇥
+ sin2 ⇧/f + �G(N�1)/2

n (cos⇧/f)
⇤

Gegenbauer dominates

<latexit sha1_base64="qluWnzg2AcPUs5lpGh3pmeakxI8=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU01KUY8FLx4rmLbQhrLZTtqlm03Y3Qil9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777RQ2Nre2d4q7pb39g8Oj8vFJSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4bu63n1BpnshHM0kxiOlQ8ogzaqzk95r8KuqXK27VXYCsEy8nFcjR7Je/eoOEZTFKwwTVuuu5qQmmVBnOBM5KvUxjStmYDrFrqaQx6mC6OHZGLqwyIFGibElDFurviSmNtZ7Eoe2MqRnpVW8u/ud1MxPdBlMu08ygZMtFUSaIScj8czLgCpkRE0soU9zeStiIKsqMzadkQ/BWX14nrVrVu67WH+qVRi2PowhncA6X4MENNOAemuADAw7P8ApvjnRenHfnY9lacPKZU/gD5/MHS0mOTw==</latexit>

⇧/f

<latexit sha1_base64="iX+PbK20BL4Sd/sFjamE4LzoEpg=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkp6rHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUbA9KZbfiLkDWiZeTMuRoDEpf/WHM0gilYYJq3fPcxPgZVYYzgbNiP9WYUDahI+xZKmmE2s8Wh87IpVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNkUbgrf68jppVyvedaXWrJXr1TyOApzDBVyBBzdQh3toQAsYIDzDK7w5j86L8+58LFs3nHzmDP7A+fwBsM+M0w==</latexit>

V

<latexit sha1_base64="iLOorN0yWEJ1WBIf7uz3AuTXTAk=">AAAB7XicdVDJSgNBEK2JW4xb1KOXxiB4GmZCjHoQAl48RjALJEPo6fQkbXq6h+4eIQz5By8eFPHq/3jzb+wsguuDgsd7VVTVCxPOtPG8dye3tLyyupZfL2xsbm3vFHf3mlqmitAGkVyqdog15UzQhmGG03aiKI5DTlvh6HLqt+6o0kyKGzNOaBDjgWARI9hYqSnQBSp7vWLJc088/7zqo9/Ed70ZSrBAvVd86/YlSWMqDOFY647vJSbIsDKMcDopdFNNE0xGeEA7lgocUx1ks2sn6MgqfRRJZUsYNFO/TmQ41noch7Yzxmaof3pT8S+vk5roLMiYSFJDBZkvilKOjETT11GfKUoMH1uCiWL2VkSGWGFibEAFG8Lnp+h/0iy7ftWtXFdKtfIijjwcwCEcgw+nUIMrqEMDCNzCPTzCkyOdB+fZeZm35pzFzD58g/P6AUMrjj4=</latexit>

n = 20

<latexit sha1_base64="aM+Y2/QidvMS07w+x87nLoAa4xA=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0hKrXoQCl48SQXTFtpQNttNu3SzCbsboYT+Bi8eFPHqD/Lmv3HTVvDzwcDjvRlm5gUJZ0o7zrtVWFpeWV0rrpc2Nre2d8q7ey0Vp5JQj8Q8lp0AK8qZoJ5mmtNOIimOAk7bwfgy99t3VCoWi1s9Sagf4aFgISNYG8m7Rheo1i9XHPvEcc/rLvpNXNuZoQILNPvlt94gJmlEhSYcK9V1nUT7GZaaEU6npV6qaILJGA9p11CBI6r8bHbsFB0ZZYDCWJoSGs3UrxMZjpSaRIHpjLAeqZ9eLv7ldVMdnvkZE0mqqSDzRWHKkY5R/jkaMEmJ5hNDMJHM3IrICEtMtMmnZEL4/BT9T1pV263btZtapVFdxFGEAziEY3DhFBpwBU3wgACDe3iEJ0tYD9az9TJvLViLmX34Buv1A6ZbjeY=</latexit>

N = 4

no tuning to get 
<latexit sha1_base64="I3+rmRDPhc3hrwh1H/cftHlVFsE=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjLtdNplwY3LCrYW2qFk0kwbm0mGJFMopf/gxoUibv0fd/6N6UNQ0QMXDufcy733RCln2iD04eQ2Nre2d/K7hb39g8Oj4vFJW8tMEdoikkvVibCmnAnaMsxw2kkVxUnE6V00vlr4dxOqNJPi1kxTGiZ4KFjMCDZWak96nMO4XywhF3nVoB5A5Pp+xavULAlqftVD0HPREiWwRrNffO8NJMkSKgzhWOuuh1ITzrAyjHA6L/QyTVNMxnhIu5YKnFAdzpbXzuGFVQYwlsqWMHCpfp+Y4UTraRLZzgSbkf7tLcS/vG5m4no4YyLNDBVktSjOODQSLl6HA6YoMXxqCSaK2VshGWGFibEBFWwIX5/C/0m77HqB69/4pUZ5HUcenIFzcAk8UAMNcA2aoAUIuAcP4Ak8O9J5dF6c11VrzlnPnIIfcN4+AaTKjyY=</latexit>

v ⌧ f

🙂
but need  tuning 

for Higgs mass
κ ≪ 1

😬for  , minimum is at originγ < γc

Composite Higgs potential: Gegenbauer
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Instead, we take EW preserving top contribution + Gegenbauer term:

<latexit sha1_base64="7mLLEDGzmCmMU5DjN2+W5k0AKAs="></latexit>

V = 
Ncy2t
16⇡2

M2
T f

2
⇥
+ sin2 ⇧/f + �G(N�1)/2

n (cos⇧/f)
⇤

Gegenbauer dominates

Gegenbauer is 
small perturbation

<latexit sha1_base64="qluWnzg2AcPUs5lpGh3pmeakxI8=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU01KUY8FLx4rmLbQhrLZTtqlm03Y3Qil9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777RQ2Nre2d4q7pb39g8Oj8vFJSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4bu63n1BpnshHM0kxiOlQ8ogzaqzk95r8KuqXK27VXYCsEy8nFcjR7Je/eoOEZTFKwwTVuuu5qQmmVBnOBM5KvUxjStmYDrFrqaQx6mC6OHZGLqwyIFGibElDFurviSmNtZ7Eoe2MqRnpVW8u/ud1MxPdBlMu08ygZMtFUSaIScj8czLgCpkRE0soU9zeStiIKsqMzadkQ/BWX14nrVrVu67WH+qVRi2PowhncA6X4MENNOAemuADAw7P8ApvjnRenHfnY9lacPKZU/gD5/MHS0mOTw==</latexit>

⇧/f

<latexit sha1_base64="iX+PbK20BL4Sd/sFjamE4LzoEpg=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkp6rHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUbA9KZbfiLkDWiZeTMuRoDEpf/WHM0gilYYJq3fPcxPgZVYYzgbNiP9WYUDahI+xZKmmE2s8Wh87IpVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNkUbgrf68jppVyvedaXWrJXr1TyOApzDBVyBBzdQh3toQAsYIDzDK7w5j86L8+58LFs3nHzmDP7A+fwBsM+M0w==</latexit>

V

<latexit sha1_base64="iLOorN0yWEJ1WBIf7uz3AuTXTAk=">AAAB7XicdVDJSgNBEK2JW4xb1KOXxiB4GmZCjHoQAl48RjALJEPo6fQkbXq6h+4eIQz5By8eFPHq/3jzb+wsguuDgsd7VVTVCxPOtPG8dye3tLyyupZfL2xsbm3vFHf3mlqmitAGkVyqdog15UzQhmGG03aiKI5DTlvh6HLqt+6o0kyKGzNOaBDjgWARI9hYqSnQBSp7vWLJc088/7zqo9/Ed70ZSrBAvVd86/YlSWMqDOFY647vJSbIsDKMcDopdFNNE0xGeEA7lgocUx1ks2sn6MgqfRRJZUsYNFO/TmQ41noch7Yzxmaof3pT8S+vk5roLMiYSFJDBZkvilKOjETT11GfKUoMH1uCiWL2VkSGWGFibEAFG8Lnp+h/0iy7ftWtXFdKtfIijjwcwCEcgw+nUIMrqEMDCNzCPTzCkyOdB+fZeZm35pzFzD58g/P6AUMrjj4=</latexit>

n = 20

<latexit sha1_base64="aM+Y2/QidvMS07w+x87nLoAa4xA=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0hKrXoQCl48SQXTFtpQNttNu3SzCbsboYT+Bi8eFPHqD/Lmv3HTVvDzwcDjvRlm5gUJZ0o7zrtVWFpeWV0rrpc2Nre2d8q7ey0Vp5JQj8Q8lp0AK8qZoJ5mmtNOIimOAk7bwfgy99t3VCoWi1s9Sagf4aFgISNYG8m7Rheo1i9XHPvEcc/rLvpNXNuZoQILNPvlt94gJmlEhSYcK9V1nUT7GZaaEU6npV6qaILJGA9p11CBI6r8bHbsFB0ZZYDCWJoSGs3UrxMZjpSaRIHpjLAeqZ9eLv7ldVMdnvkZE0mqqSDzRWHKkY5R/jkaMEmJ5hNDMJHM3IrICEtMtMmnZEL4/BT9T1pV263btZtapVFdxFGEAziEY3DhFBpwBU3wgACDe3iEJ0tYD9az9TJvLViLmX34Buv1A6ZbjeY=</latexit>

N = 4

no tuning to get 
<latexit sha1_base64="I3+rmRDPhc3hrwh1H/cftHlVFsE=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjLtdNplwY3LCrYW2qFk0kwbm0mGJFMopf/gxoUibv0fd/6N6UNQ0QMXDufcy733RCln2iD04eQ2Nre2d/K7hb39g8Oj4vFJW8tMEdoikkvVibCmnAnaMsxw2kkVxUnE6V00vlr4dxOqNJPi1kxTGiZ4KFjMCDZWak96nMO4XywhF3nVoB5A5Pp+xavULAlqftVD0HPREiWwRrNffO8NJMkSKgzhWOuuh1ITzrAyjHA6L/QyTVNMxnhIu5YKnFAdzpbXzuGFVQYwlsqWMHCpfp+Y4UTraRLZzgSbkf7tLcS/vG5m4no4YyLNDBVktSjOODQSLl6HA6YoMXxqCSaK2VshGWGFibEBFWwIX5/C/0m77HqB69/4pUZ5HUcenIFzcAk8UAMNcA2aoAUIuAcP4Ak8O9J5dF6c11VrzlnPnIIfcN4+AaTKjyY=</latexit>

v ⌧ f

🙂
but need  tuning 

for Higgs mass
κ ≪ 1

😬

must tune to get
<latexit sha1_base64="hvz6khR+K1zViO/jlwzGWSK+RRw=">AAAB7XicdVDLSgNBEOz1GeMr6tHLYBA8LbNxo+YW8OIxgnlAsoTZyWwyZnZ2mZkNhJB/8OJBEa/+jzf/xslDUNGChqKqm+6uMBVcG4w/nJXVtfWNzdxWfntnd2+/cHDY0EmmKKvTRCSqFRLNBJesbrgRrJUqRuJQsGY4vJ75zRFTmifyzoxTFsSkL3nEKTFWaow6QqCoWyhit4y9SrmCsFsq44rvW4I9jM995Ll4jiIsUesW3ju9hGYxk4YKonXbw6kJJkQZTgWb5juZZimhQ9JnbUsliZkOJvNrp+jUKj0UJcqWNGiufp+YkFjrcRzazpiYgf7tzcS/vHZmoqtgwmWaGSbpYlGUCWQSNHsd9bhi1IixJYQqbm9FdEAUocYGlLchfH2K/ieNkutduP6tX6yWlnHk4BhO4Aw8uIQq3EAN6kDhHh7gCZ6dxHl0XpzXReuKs5w5gh9w3j4BltCPHA==</latexit>

v ⌧ f

😬

but  for mh = 125 GeV
κ ∼ O(1)

🙂

Composite Higgs potential: Gegenbauer

Total tuning minimized in “intermediate” region
13



<latexit sha1_base64="OM4zzhdPbkTNCcFXR4ReJ/pYQqE=">AAACF3icbZDLSsNAFIYn9VbrLerSzWApuApJKdplwY0boaJNC00Mk+mkHTq5MDMRS8hbuPFV3LhQxK3ufBunbQRt/WHg4z/ncOb8fsKokKb5pZVWVtfWN8qbla3tnd09ff/AFnHKMengmMW85yNBGI1IR1LJSC/hBIU+I11/fD6td+8IFzSObuQkIW6IhhENKEZSWZ5uOAFHOMNeNrLtPP+B28zhIby+zHPooCTh8T00jaZT8/SqaZgzwWWwCqiCQm1P/3QGMU5DEknMkBB9y0ykmyEuKWYkrzipIAnCYzQkfYURColws9ldOawpZwCDmKsXSThzf09kKBRiEvqqM0RyJBZrU/O/Wj+VQdPNaJSkkkR4vihIGZQxnIYEB5QTLNlEAcKcqr9CPEIqKKmirKgQrMWTl8GuG9ap0bhqVFv1Io4yOALH4ARY4Ay0wAVogw7A4AE8gRfwqj1qz9qb9j5vLWnFzCH4I+3jG8L4n5I=</latexit>chV V

cSMhV V

⇡ 0.8%

total tuning better than 10% 
and beyond LHC reach

Quantifying the fine-tuning

10−1

100

<latexit sha1_base64="dLGkiZuMgluRqpbq2msCFyucaHo=">AAACNHicbZBBa9RAFMcnrbXrajXWo5fBRVgP3SalWC+Fgh4ELyu428JmXV5mX7JDZ5Iw81JYQj5UL/0gvYjgwVK8+hmcbHPQrX8Y+PN77/Hm/eNCSUtB8N3b2Hyw9XC786j7+MnO02f+892xzUsjcCRylZuzGCwqmeGIJCk8KwyCjhWexufvm/rpBRor8+wLLQucakgzmUgB5NDM/xR9QEXAj3mkMKE+jxIDoooKMCRBOZqnPN m/qNdQlILWUPPIyHRBb75We2E983vBIFiJ3zdha3qs1XDmX0fzXJQaMxIKrJ2EQUHTqtkjFNbdqLRYgDiHFCfOZqDRTqvV0TV/7cicJ7lxLyO+on9PVKCtXerYdWqghV2vNfB/tUlJybtpJbOiJMzE3aKkVJxy3iTI59KgILV0BoSR7q9cLMClRi7nrgshXD/5vhkfDMK3g8PPh72ToI2jw16yV6zPQnbETthHNmQjJtgl+8Z+shvvyvvh3Xq/7lo3vHbmBftH3u8/e3uquQ==</latexit>

� =

✓
@ log f/v

@ log �

◆�1
<latexit sha1_base64="iYGDsgU0AY4SNb2fkeCbU9JX8ZQ=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9mVUj0WvHisYD+gXUo2zbax2SQkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZepDgz1ve/vcLG5tb2TnG3tLd/cHhUPj5pG5lqQltEcqm7ETaUM0FblllOu0pTnEScdqLJ7dzvPFFtmBQPdqpomOCRYDEj2Dqp3Z9gpfCgXPGr/gJonQQ5qUCO5qD81R9KkiZUWMKxMb3AVzbMsLaMcDor9VNDFSYTPKI9RwVOqAmzxbUzdOGUIYqldiUsWqi/JzKcGDNNIteZYDs2q95c/M/rpTa+CTMmVGqpIMtFccqRlWj+OhoyTYnlU0cw0czdisgYa0ysC6jkQghWX14n7atqUK/W7muVRj2PowhncA6XEMA1NOAOmtACAo/wDK/w5knvxXv3PpatBS+fOYU/8D5/AJV+jxw=</latexit>

0

10−1

100

vev tuning 
(solid)

mass tuning 
(dashed)

10−2 10−2

<latexit sha1_base64="jdrKdFKD5Tdh6H1cE7QrqJQ4e08=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjLjtLYLoeDGZQXbCu1QMmnaxmaSIckIZeg/uHGhiFv/x51/Y/oQVPTAhcM593LvPVHCmTYIfTi5ldW19Y38ZmFre2d3r7h/0NIyVYQ2ieRS3UZYU84EbRpmOL1NFMVxxGk7Gl/O/PY9VZpJcWMmCQ1jPBRswAg2VmoJeAE91CuWkFuroSAoQ+SWke/7VUvQmV+tedBz0RwlsESjV3zv9iVJYyoM4VjrjocSE2ZYGUY4nRa6qaYJJmM8pB1LBY6pDrP5tVN4YpU+HEhlSxg4V79PZDjWehJHtjPGZqR/ezPxL6+TmkE1zJhIUkMFWSwapBwaCWevwz5TlBg+sQQTxeytkIywwsTYgAo2hK9P4f+k5btexQ2ug1K9sowjD47AMTgFHjgHdXAFGqAJCLgDD+AJPDvSeXRenNdFa85ZzhyCH3DePgFNQ45I</latexit>

n = 10
<latexit sha1_base64="7LSPmA9nEPIEqvkv3xVwifp7h/M=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBVUlKUUGEghs3QoW+oAllMp20Q2cmYWYilFBw46+4caGIW3/CnX/jpM1CWw9cOJxzL/feE8SMKu0431ZhZXVtfaO4Wdra3tnds/cP2ipKJCYtHLFIdgOkCKOCtDTVjHRjSRAPGOkE45vM7zwQqWgkmnoSE5+joaAhxUgbqW8f3fWb8BqGpqrQu/I40iPJ0yZpT/t22ak4M8Bl4uakDHI0+vaXN4hwwonQmCGleq4Taz9FUlPMyLTkJYrECI/RkPQMFYgT5aezH6bw1CgDGEbSlNBwpv6eSBFXasID05ndqBa9TPzP6yU6vPRTKuJEE4Hni8KEQR3BLBA4oJJgzSaGICypuRXiEZIIaxNbyYTgLr68TNrVinteqd3XyvVqHkcRHIMTcAZccAHq4BY0QAtg8AiewSt4s56sF+vd+pi3Fqx85hD8gfX5Aw6Tld0=</latexit>

MT = f = 2 TeV

<latexit sha1_base64="6KPRc+VJ9kY/J4x2lojjtnLqtDA=">AAAB/XicdVDLSsNAFJ3UV62v+Ni5GSwFVzGJtequ4MZlBfuANi2T6aQdOkmGmUmxhuKvuHGhiFv/w51/4/Qh+Dxw4XDOvdx7j88Zlcq2343MwuLS8kp2Nbe2vrG5ZW7v1GScCEyqOGaxaPhIEkYjUlVUMdLggqDQZ6TuDy4mfn1IhKRxdK1GnHgh6kU0oBgpLXXMPXfYdo+CtgtbiHMR38DjVqFj5m3rxHbOSw78TRzLniIP5qh0zLdWN8ZJSCKFGZKy6dhceSkSimJGxrlWIglHeIB6pKlphEIivXR6/RgWtNKFQSx0RQpO1a8TKQqlHIW+7gyR6suf3kT8y2smKjjzUhrxRJEIzxYFCYMqhpMoYJcKghUbaYKwoPpWiPtIIKx0YDkdwuen8H9Scy2nZBWvivmyPY8jC/bBATgEDjgFZXAJKqAKMLgF9+ARPBl3xoPxbLzMWjPGfGYXfIPx+gGD55Pz</latexit>

2v2/f2 ⇡ 3%(compare to standard estimate:                        )
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Summary for QCD-charged Naturalness

In principle, Gegenbauer potential could realize    naturally  

in composite pNGB models 

Due to LHC lower bounds on QCD-charged top partners, 

radiative top sector potential is too large and forces some tuning 

Still, can obtain ~ 10% tuning for colored top partners as heavy as 2 TeV, 

while Higgs coupling deviations are out of reach. 

Strengthens further the motivation to search for QCD-charged vectorlike fermions 

at LHC, in all plausible decay modes 

v ≪ f

15



Outline

✓ Gegenbauer Goldstones 

✓ Application to QCD-charged Naturalness 

✓ Application to Neutral Naturalness



Gegenbauer’s Twin

Gegenbauer potential can realize    naturally 

But for standard composite pNGB Higgs, top sector potential still forces some tuning: 

QCD-charged top partner masses are constrained by LHC data 

Twin Higgs models can reduce size of top contribution: top partners are QCD-neutral

v ≪ f

Could Gegenbauer’s Twin be fully natural?

[Chacko, Goh, Harnik 2005]
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Twin Higgs

Standard Model

<latexit sha1_base64="7caUNLl+0c9bUrdIU2g/+oWeUvk=">AAACFnicbVBNS8NAEN34WetX1aOXYBG8WBIp6lHw4rGCbcUmlM120i5udsPuRCkhv8KLf8WLB0W8ijf/jduag18PBh7vzTAzL0oFN+h5H87M7Nz8wmJlqbq8srq2XtvY7BiVaQZtpoTSlxE1ILiENnIUcJlqoEkkoBtdn0787g1ow5W8wHEKYUKHksecUbRSv7YfGKTsWoPIg4TiiFGRXxX9gyIPhJJDATFqPhwh1VrdFv1a3Wt4U7h/iV+SOinR6tfeg4FiWQISmaDG9HwvxTCnGjkTUFSDzEBq99Mh9CyVNAET5tO3CnfXKgM3VtqWRHeqfp/IaWLMOIls5+R089ubiP95vQzj4zDnMs0QJPtaFGfCReVOMnIHXANDMbaEMs3trS4bUU0Z2iSrNgT/98t/Seeg4R82mufN+slhGUeFbJMdskd8ckROyBlpkTZh5I48kCfy7Nw7j86L8/rVOuOUM1vkB5y3TwsGoSg=</latexit>

Z2 !

Twin Standard Model

L = ytQAHAtA + ŷtQBHBtB
<latexit sha1_base64="fEi3ZaVmAyV85USi5f5x8BvIqsk=">AAACIHicbZC7SgNBFIZn4y3GW9TSZjARBCHspjA2QoxNCosEzAWSsMxOZpMhsxdmzgrLkkex8VVsLBTRTp/GySaFJh744ec75zBzficUXIFpfhmZtfWNza3sdm5nd2//IH941FZBJClr0UAEsusQxQT3WQs4CNYNJSOeI1jHmdzO+p0HJhUP/HuIQzbwyMjnLqcENLLzlWLfIzCmRCR3U3yNYxtw077BdS3QusD9MYEknqa8pnlN81rRzhfMkpkWXjXWwhTQohp2/rM/DGjkMR+oIEr1LDOEQUIkcCrYNNePFAsJnZAR62nrE4+pQZIeOMVnmgyxG0gtH3BKf28kxFMq9hw9ObtGLfdm8L9eLwL3apBwP4yA+XT+kBsJDAGepYWHXDIKItaGUMn1XzEdE0ko6ExzOgRr+eRV0y6XLLNkNcuF6uUijiw6QafoHFmogqqojhqohSh6RM/oFb0ZT8aL8W58zEczxmLnGP0p4/sH0eWgMw==</latexit><latexit sha1_base64="fEi3ZaVmAyV85USi5f5x8BvIqsk=">AAACIHicbZC7SgNBFIZn4y3GW9TSZjARBCHspjA2QoxNCosEzAWSsMxOZpMhsxdmzgrLkkex8VVsLBTRTp/GySaFJh744ec75zBzficUXIFpfhmZtfWNza3sdm5nd2//IH941FZBJClr0UAEsusQxQT3WQs4CNYNJSOeI1jHmdzO+p0HJhUP/HuIQzbwyMjnLqcENLLzlWLfIzCmRCR3U3yNYxtw077BdS3QusD9MYEknqa8pnlN81rRzhfMkpkWXjXWwhTQohp2/rM/DGjkMR+oIEr1LDOEQUIkcCrYNNePFAsJnZAR62nrE4+pQZIeOMVnmgyxG0gtH3BKf28kxFMq9hw9ObtGLfdm8L9eLwL3apBwP4yA+XT+kBsJDAGepYWHXDIKItaGUMn1XzEdE0ko6ExzOgRr+eRV0y6XLLNkNcuF6uUijiw6QafoHFmogqqojhqohSh6RM/oFb0ZT8aL8W58zEczxmLnGP0p4/sH0eWgMw==</latexit><latexit sha1_base64="fEi3ZaVmAyV85USi5f5x8BvIqsk=">AAACIHicbZC7SgNBFIZn4y3GW9TSZjARBCHspjA2QoxNCosEzAWSsMxOZpMhsxdmzgrLkkex8VVsLBTRTp/GySaFJh744ec75zBzficUXIFpfhmZtfWNza3sdm5nd2//IH941FZBJClr0UAEsusQxQT3WQs4CNYNJSOeI1jHmdzO+p0HJhUP/HuIQzbwyMjnLqcENLLzlWLfIzCmRCR3U3yNYxtw077BdS3QusD9MYEknqa8pnlN81rRzhfMkpkWXjXWwhTQohp2/rM/DGjkMR+oIEr1LDOEQUIkcCrYNNePFAsJnZAR62nrE4+pQZIeOMVnmgyxG0gtH3BKf28kxFMq9hw9ObtGLfdm8L9eLwL3apBwP4yA+XT+kBsJDAGepYWHXDIKItaGUMn1XzEdE0ko6ExzOgRr+eRV0y6XLLNkNcuF6uUijiw6QafoHFmogqqojhqohSh6RM/oFb0ZT8aL8W58zEczxmLnGP0p4/sH0eWgMw==</latexit><latexit sha1_base64="fEi3ZaVmAyV85USi5f5x8BvIqsk=">AAACIHicbZC7SgNBFIZn4y3GW9TSZjARBCHspjA2QoxNCosEzAWSsMxOZpMhsxdmzgrLkkex8VVsLBTRTp/GySaFJh744ec75zBzficUXIFpfhmZtfWNza3sdm5nd2//IH941FZBJClr0UAEsusQxQT3WQs4CNYNJSOeI1jHmdzO+p0HJhUP/HuIQzbwyMjnLqcENLLzlWLfIzCmRCR3U3yNYxtw077BdS3QusD9MYEknqa8pnlN81rRzhfMkpkWXjXWwhTQohp2/rM/DGjkMR+oIEr1LDOEQUIkcCrYNNePFAsJnZAR62nrE4+pQZIeOMVnmgyxG0gtH3BKf28kxFMq9hw9ObtGLfdm8L9eLwL3apBwP4yA+XT+kBsJDAGepYWHXDIKItaGUMn1XzEdE0ko6ExzOgRr+eRV0y6XLLNkNcuF6uUijiw6QafoHFmogqqojhqohSh6RM/oFb0ZT8aL8W58zEczxmLnGP0p4/sH0eWgMw==</latexit>

�V = � Nc
8⇡2

�
y
2
t⇤

2
A|HA|2 + ŷ

2
t⇤

2
B |HB |2

�
<latexit sha1_base64="ffOBgkaffQ3rfpFL+tZ/2ThK/VU="></latexit><latexit sha1_base64="ffOBgkaffQ3rfpFL+tZ/2ThK/VU="></latexit><latexit sha1_base64="ffOBgkaffQ3rfpFL+tZ/2ThK/VU="></latexit><latexit sha1_base64="ffOBgkaffQ3rfpFL+tZ/2ThK/VU="></latexit>

The top partners are neutral under whole SM (& charged under Twin QCD) 

They can still be really light

The         protects Higgs mass from quadratic corrections
17



Twin Higgs potential

[Craig, Katz, Strassler, Sundrum 2015] 
[Barbieri, Greco, Rattazzi, Wulzer 2015]

Quartic terms do not cancel exactly, but resulting potential is not realistic:

<latexit sha1_base64="HRpIa1MFCoh9RHgZEIHSoo2Ytew=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqheh4MVjBfsBbSib7aRdutmE3U2hhP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53CxubW9k5xt7S3f3B4VD4+aek4VQybLBax6gRUo+ASm4YbgZ1EIY0Cge1gfD/32xNUmsfyyUwT9CM6lDzkjBorNSfkjrj9csWtuguQdeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOCs1Es1JpSN6RC7lkoaofazxbEzcmGVAQljZUsaslB/T2Q00noaBbYzomakV725+J/XTU1462dcJqlByZaLwlQQE5P552TAFTIjppZQpri9lbARVZQZm0/JhuCtvrxOWldVr1a9fryu1Gt5HEU4g3O4BA9uoA4P0IAmMODwDK/w5kjnxXl3PpatBSefOYU/cD5/AH9Djcw=</latexit>

v = 0
<latexit sha1_base64="n9oiJDemZ48ZkbnLCrK3QkiJG9c=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqheh4MVjBfsBbSib7aZdutmE3UmhhP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0ikMOi6305hY3Nre6e4W9rbPzg8Kh+ftEycasabLJax7gTUcCkUb6JAyTuJ5jQKJG8H4/u5355wbUSsnnCacD+iQyVCwShaqTkhdyTslytu1V2ArBMvJxXI0eiXv3qDmKURV8gkNabruQn6GdUomOSzUi81PKFsTIe8a6miETd+tjh2Ri6sMiBhrG0pJAv190RGI2OmUWA7I4ojs+rNxf+8borhrZ8JlaTIFVsuClNJMCbzz8lAaM5QTi2hTAt7K2EjqilDm0/JhuCtvrxOWldVr1a9fryu1Gt5HEU4g3O4BA9uoA4P0IAmMBDwDK/w5ijnxXl3PpatBSefOYU/cD5/ANEbjgI=</latexit>

v = for

<latexit sha1_base64="n0o7yThAZiGnOvK85JGO7eENKWs="></latexit>

Vt ⇡
3y4t f

4

64⇡2


sin4

h

f
log

a

sin2 h/f
+ cos4

h

f
log

a

cos2 h/f

�

Need some form of       breaking               again, tuning 
<latexit sha1_base64="O3KUnltdc3qU9VMax7M01EQxxrM=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyUoi4LblxWsA9sh5JJM21oJhmTTKEM/Q43LhRx68e482/MtLPQ1gOBwzn3ck9OEHOmjet+O4WNza3tneJuaW//4PCofHzS1jJRhLaI5FJ1A6wpZ4K2DDOcdmNFcRRw2gkmt5nfmVKlmRQPZhZTP8IjwUJGsLGS34+wGRPM08f5oDYoV9yquwBaJ15OKpCjOSh/9YeSJBEVhnCsdc9zY+OnWBlGOJ2X+ommMSYTPKI9SwWOqPbTReg5urDKEIVS2ScMWqi/N1IcaT2LAjuZhdSrXib+5/USE974KRNxYqggy0NhwpGRKGsADZmixPCZJZgoZrMiMsYKE2N7KtkSvNUvr5N2repdVev39UqjltdRhDM4h0vw4BoacAdNaAGBJ3iGV3hzps6L8+58LEcLTr5zCn/gfP4Aw52SDg==</latexit>

Z2

<latexit sha1_base64="pJshjC2Hymc2z4lUV0QuBchaneg=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEVyUJRd0IBV24rGAf0MQymd60QycPZiaFEoobf8WNC0Xc+hXu/BunbRbaeuBeDufcy8w9fsKZVJb1bRRWVtfWN4qbpa3tnd09c/+gKeNUUGjQmMei7RMJnEXQUExxaCcCSOhzaPnD66nfGoGQLI7u1TgBLyT9iAWMEqWlrnnk3gBXBF9hNxCEZs7owZlkgW5ds2xVrBnwMrFzUkY56l3zy+3FNA0hUpQTKTu2lSgvI0IxymFSclMJCaFD0oeOphEJQXrZ7IQJPtVKDwex0BUpPFN/b2QklHIc+noyJGogF72p+J/XSVVw6WUsSlIFEZ0/FKQcqxhP88A9JoAqPtaEUMH0XzEdEB2F0qmVdAj24snLpOlU7PNK9a5arjl5HEV0jE7QGbLRBaqhW1RHDUTRI3pGr+jNeDJejHfjYz5aMPKdQ/QHxucP762Wdw==</latexit>

� =
2v2

f2
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Gegenbauer’s Twin

<latexit sha1_base64="HRpIa1MFCoh9RHgZEIHSoo2Ytew=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqheh4MVjBfsBbSib7aRdutmE3U2hhP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53CxubW9k5xt7S3f3B4VD4+aek4VQybLBax6gRUo+ASm4YbgZ1EIY0Cge1gfD/32xNUmsfyyUwT9CM6lDzkjBorNSfkjrj9csWtuguQdeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOCs1Es1JpSN6RC7lkoaofazxbEzcmGVAQljZUsaslB/T2Q00noaBbYzomakV725+J/XTU1462dcJqlByZaLwlQQE5P552TAFTIjppZQpri9lbARVZQZm0/JhuCtvrxOWldVr1a9fryu1Gt5HEU4g3O4BA9uoA4P0IAmMODwDK/w5kjnxXl3PpatBSefOYU/cD5/AH9Djcw=</latexit>

v = 0
<latexit sha1_base64="n9oiJDemZ48ZkbnLCrK3QkiJG9c=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqheh4MVjBfsBbSib7aZdutmE3UmhhP4GLx4U8eoP8ua/cdvmoK0PBh7vzTAzL0ikMOi6305hY3Nre6e4W9rbPzg8Kh+ftEycasabLJax7gTUcCkUb6JAyTuJ5jQKJG8H4/u5355wbUSsnnCacD+iQyVCwShaqTkhdyTslytu1V2ArBMvJxXI0eiXv3qDmKURV8gkNabruQn6GdUomOSzUi81PKFsTIe8a6miETd+tjh2Ri6sMiBhrG0pJAv190RGI2OmUWA7I4ojs+rNxf+8borhrZ8JlaTIFVsuClNJMCbzz8lAaM5QTi2hTAt7K2EjqilDm0/JhuCtvrxOWldVr1a9fryu1Gt5HEU4g3O4BA9uoA4P0IAmMBDwDK/w5ijnxXl3PpatBSefOYU/cD5/ANEbjgI=</latexit>

v = for

<latexit sha1_base64="n0o7yThAZiGnOvK85JGO7eENKWs="></latexit>
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3y4t f
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
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f
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�

Here, we introduce a Gegenbauer contribution: 

generalize construction to  explicit breakingSO(8) → SO(4) × SO(4)

<latexit sha1_base64="vlt86zzV+jR179d/Ifo0GdGrSX8=">AAACF3icbVDLSgMxFM34rPU16tJNsAjtpp2ppboRCi7qsoJ9QB9DJs20oZlkSDJCGfoXbvwVNy4Ucas7/8b0sdDWAxcO59zLvff4EaNKO863tba+sbm1ndpJ7+7tHxzaR8cNJWKJSR0LJmTLR4owykldU81IK5IEhT4jTX90M/WbD0QqKvi9HkekG6IBpwHFSBvJs/MNr9pLsjw3gdewQyJFmeAw6JVg1eO95KJQnGQ7WChYHBaCHPTsjJN3ZoCrxF2QDFig5tlfnb7AcUi4xgwp1XadSHcTJDXFjEzSnViRCOERGpC2oRyFRHWT2V8TeG6UPgyENMU1nKm/JxIUKjUOfdMZIj1Uy95U/M9rxzq46iaUR7EmHM8XBTGDWsBpSLBPJcGajQ1BWFJzK8RDJBHWJsq0CcFdfnmVNIp5t5wv3ZUylfIijhQ4BWcgC1xwCSrgFtRAHWDwCJ7BK3iznqwX6936mLeuWYuZE/AH1ucPdK+c7w==</latexit>

V (n)
G = ✏f4G3/2

n (cos 2h/f)

Quartic terms do not cancel exactly, but resulting potential is not realistic:

18



standard Twin model (Twin hypercharge not gauged)

Fine tuning:
Gegenbauer’s Twin with 

 or  and  
has essentially no tuning

n = 6 n = 8 f ∼ 1 TeV

Gegenbauer’s Twin

19



Top phenomenology

Leading effect:
<latexit sha1_base64="P+MPkgFlKq82HSSwn9GApY5L7KU=">AAACE3icbVA9SwNBEN3z2/gVtbRZDIJahLsQ1FKwsVQxMZBLjrnNXlzcvTt254Rw3H+w8a/YWChia2Pnv3HzUajxwcDjvRlm5oWpFAZd98uZmZ2bX1hcWi6trK6tb5Q3t5omyTTjDZbIRLdCMFyKmDdQoOStVHNQoeQ34d3Z0L+559qIJL7GQco7CvqxiAQDtFJQPvQjDSz3ijzq1gq674egcyyCK+r3QSno+iqjGFwddGtBueJW3RHoNPEmpEImuAjKn34vYZniMTIJxrQ9N8VODhoFk7wo+ZnhKbA76PO2pTEobjr56KeC7lmlR6NE24qRjtSfEzkoYwYqtJ0K8Nb89Ybif147w+ikk4s4zZDHbLwoyiTFhA4Doj2hOUM5sASYFvZWym7BhoQ2xpINwfv78jRp1qreUbV+Wa+c1idxLJEdskv2iUeOySk5JxekQRh5IE/khbw6j86z8+a8j1tnnMnMNvkF5+Mbw96daA==</latexit>

1

f2
(t̄R�

µtR)
2

• Top partners are SM-neutral. Production only through Higgs portal, small rates 

• But even if direct signatures are elusive, can probe corrections to Higgs/top couplings  

• General preference for large compositeness of right-handed top  

       SMEFT operators built out of        (and     ) expected with maximal size  
<latexit sha1_base64="L+SKycvPwJruO9BUBDioWy8ZEvc=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI8BLx7jIw9IljA7mU2GzM4uM71CWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38z89hPXRsTqEScJ9yM6VCIUjKKVHrB/3y9X3Ko7B1klXk4qkKPRL3/1BjFLI66QSWpM13MT9DOqUTDJp6VeanhC2ZgOeddSRSNu/Gx+6pScWWVAwljbUkjm6u+JjEbGTKLAdkYUR2bZm4n/ed0Uw2s/EypJkSu2WBSmkmBMZn+TgdCcoZxYQpkW9lbCRlRThjadkg3BW355lbQuql6tenl3WanX8jiKcAKncA4eXEEdbqEBTWAwhGd4hTdHOi/Ou/OxaC04+cwx/IHz+QM27o26</latexit>

tR
<latexit sha1_base64="mjSWv5waPODURZ/AMd+fTCaX7bA=">AAAB6HicdVDLSsNAFJ34rPVVdelmsAiuwkSb2uwKbrpswT6gDWUynbRjJ5MwMxFK6Be4caGIWz/JnX/jpK2gogcuHM65l3vvCRLOlEbow1pb39jc2i7sFHf39g8OS0fHHRWnktA2iXksewFWlDNB25ppTnuJpDgKOO0G05vc795TqVgsbvUsoX6Ex4KFjGBtpFZjWCojG7me6yCIbBc53lVOPK9WcV3o2GiBMlihOSy9D0YxSSMqNOFYqb6DEu1nWGpGOJ0XB6miCSZTPKZ9QwWOqPKzxaFzeG6UEQxjaUpouFC/T2Q4UmoWBaYzwnqifnu5+JfXT3VY8zMmklRTQZaLwpRDHcP8azhikhLNZ4ZgIpm5FZIJlphok03RhPD1KfyfdC5tp2pXWpVyvbqKowBOwRm4AA64BnXQAE3QBgRQ8ACewLN1Zz1aL9brsnXNWs2cgB+w3j4BDSeNFw==</latexit>

H

(HL-LHC)

[de Blas et al. 1902.00134]

[multi-lepton + jets projection,  
Banelli et al. 2010.05915] 

<latexit sha1_base64="+s8UHW7ZjRvUoxVS/d5u/k0O3xM="></latexit>

chXX

cSMhXX

=

s

1� v2

f2

<latexit sha1_base64="8Nf+muyX+mp+/wSsJgt4jE6e5ik=">AAACAHicdVC7SgNBFJ2NrxhfUQsLm8GsEAuX2U1ikkYCNpYR8oJkCbOTWTNk9sHMrBBCGn/FxkIRWz/Dzr9x8hBU9MCFwzn3cu89XsyZVAh9GKmV1bX1jfRmZmt7Z3cvu3/QklEiCG2SiEei42FJOQtpUzHFaScWFAcep21vdDXz23dUSBaFDTWOqRvg25D5jGClpX72yPThJczbVsGE59C0rbIJG7R11s/mkFWtomKxBJFVQo7jVDRBBadStaFtoTlyYIl6P/veG0QkCWioCMdSdm0UK3eChWKE02mml0gaYzLCt7SraYgDKt3J/IEpPNXKAPqR0BUqOFe/T0xwIOU48HRngNVQ/vZm4l9eN1F+xZ2wME4UDclikZ9wqCI4SwMOmKBE8bEmmAimb4VkiAUmSmeW0SF8fQr/Jy3Hsi+s4o2TqznLONLgGJyAPLBBGdTANaiDJiBgCh7AE3g27o1H48V4XbSmjOXMIfgB4+0TTUeSWg==</latexit>

f > (1.3 - 1.7 TeV)

<latexit sha1_base64="YRE6Sz1F4dN6ljOcAw1cPbV7XIg=">AAAB9HicdVDLSgMxFM3UV62vqks3wVZwNWRqRzsbKbhxWaEvaIeSSTNtaOZhkimUod/hxoUibv0Yd/6NmbaCih4IHM45l3tzvJgzqRD6MHJr6xubW/ntws7u3v5B8fCoLaNEENoiEY9E18OSchbSlmKK024sKA48Tjve5CbzO1MqJIvCpprF1A3wKGQ+I1hpyS378BpaZrUMm7Q9KJaQiWzHthBEpo0s5yIjjlOr2rZOoQVKYIXGoPjeH0YkCWioCMdS9iwUKzfFQjHC6bzQTySNMZngEe1pGuKASjddHD2HZ1oZQj8S+oUKLtTvEykOpJwFnk4GWI3lby8T//J6ifJrbsrCOFE0JMtFfsKhimDWABwyQYniM00wEUzfCskYC0yU7qmgS/j6KfyftCumdWlW7yqlemVVRx6cgFNwDixwBergFjRACxBwDx7AE3g2psaj8WK8LqM5YzVzDH7AePsE2laQLw==</latexit>

f > 1.4 TeV

20



Higgs cubic coupling

For Gegenbauer’s Twin, corrections are parametrically enhanced 

testable 
at HL-LHC

“Smoking gun” signal: could even be first deviation observed at LHC

[Durieux, McCullough, Salvioni 2202.01228 + 2209.00666]

21



Conclusions

Gegenbauer potentials can realize             for a pNGB Higgs without fine-tuning 

Require to drop often assumed “minimality criteria” about origin  

of (explicit) symmetry breaking 

For QCD-charged Naturalness: irreducible size of top potential limits success, 

yet improvement over canonical models 

For Neutral Naturalness: “Gegenbauer’s Twin” shows that fully natural 

electroweak breaking is still compatible with LHC results. 

Direct signatures could be elusive, but important deviations expected  

in Higgs and top interactions

<latexit sha1_base64="4OeTn5adL831m9Sr6YosdGZqhJk=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY8FLx4r2A9ol5JNs21sNlmSbKEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8LG5tb2TnG3tLd/cHhUPj5pGZVqyppUCaU7ITFMcMmallvBOolmJA4Fa4fju7nfnjBtuJKPdpqwICZDySNOiXVSa9ITAkf9csWregvgdeLnpAI5Gv3yV2+gaBozaakgxnR9L7FBRrTlVLBZqZcalhA6JkPWdVSSmJkgW1w7wxdOGeBIaVfS4oX6eyIjsTHTOHSdMbEjs+rNxf+8bmqj2yDjMkktk3S5KEoFtgrPX8cDrhm1YuoIoZq7WzEdEU2odQGVXAj+6svrpHVV9a+rtYdapV7L4yjCGZzDJfhwA3W4hwY0gcITPMMrvCGFXtA7+li2FlA+cwp/gD5/AD6PjuE=</latexit>

v ⌧ f
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Backup slides



More on radiative stability

For general              invariant potential
<latexit sha1_base64="nUS9Z09chOSbe324j0hoEhNeED0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBahXkpSinosePGkFU1baEPZbDft0s0m7G6EEvobvHhQxKs/yJv/xk2bg7Y+GHi8N8PMPD/mTGnb/rYKa+sbm1vF7dLO7t7+QfnwqK2iRBLqkohHsutjRTkT1NVMc9qNJcWhz2nHn1xnfueJSsUi8ainMfVCPBIsYARrI7kPd9Xb80G5YtfsOdAqcXJSgRytQfmrP4xIElKhCcdK9Rw71l6KpWaE01mpnygaYzLBI9ozVOCQKi+dHztDZ0YZoiCSpoRGc/X3RIpDpaahbzpDrMdq2cvE/7xeooMrL2UiTjQVZLEoSDjSEco+R0MmKdF8aggmkplbERljiYk2+ZRMCM7yy6ukXa85F7XGfaPSrOdxFOEETqEKDlxCE26gBS4QYPAMr/BmCevFerc+Fq0FK585hj+wPn8Aq4yN5g==</latexit>

SO(N)
<latexit sha1_base64="8jkWB4MUTW3iswFGHRouBg4dc30=">AAACEXicbVDLSgMxFM3UV62vUZdugkWoIHVGBnUjFFzosoJ9QGcsmUymDc0kQ5IRSukvuPFX3LhQxK07d/6NaTsLrR4IHM65h5t7wpRRpR3nyyosLC4trxRXS2vrG5tb9vZOU4lMYtLAggnZDpEijHLS0FQz0k4lQUnISCscXE781j2Rigp+q4cpCRLU4zSmGGkjde1KE15An6SKMsGhz0wyQjC+8/wjeFXxsVDQr9Pj+LBrl52qMwX8S9yclEGOetf+9COBs4RwjRlSquM6qQ5GSGqKGRmX/EyRFOEB6pGOoRwlRAWj6UVjeGCUCMZCmsc1nKo/EyOUKDVMQjOZIN1X895E/M/rZDo+D0aUp5kmHM8WxRmDWsBJPTCikmDNhoYgLKn5K8R9JBHWpsSSKcGdP/kvaZ5U3dOqd+OVa15eRxHsgX1QAS44AzVwDeqgATB4AE/gBbxaj9az9Wa9z0YLVp7ZBb9gfXwDr8ia/w==</latexit>

V = ✏�f4 G(cos⇧/f)

quadratic piece of one-loop CW is

<latexit sha1_base64="73JIb1i70Eeb5XJ9zFn/ph36rjw="></latexit>

Vquantum = ✏�f4


G+

⇤2

32⇡2f2

⇣
G00 + (N � 1) cot

⇧

f
G0

⌘�

<latexit sha1_base64="T74FSIFbfT1WVwAJiU0SLla8jc4=">AAACE3icdVC7TsMwFHXKq5RXgJHFokIUhpCgUmCrxMJYJNoiNVHluE5r1XGC7VSqov4DC7/CwgBCrCxs/A1OWxDPI13p6Jx77XuPHzMqlW2/GbmZ2bn5hfxiYWl5ZXXNXN9oyCgRmNRxxCJx5SNJGOWkrqhi5CoWBIU+I02/f5b5zQERkkb8Ug1j4oWoy2lAMVJaapv7u9Al1wkdQDcQCKdujISiiI0+GSy5NXoQ7I3aZtG2jmzntOLA38Sx7DGKYIpa23x1OxFOQsIVZkjKlmPHykuzZzEjo4KbSBIj3Edd0tKUo5BILx3fNII7WunAIBK6uIJj9etEikIph6GvO0OkevKnl4l/ea1EBSdeSnmcKMLx5KMgYVBFMAsIdqggWLGhJggLqneFuId0NkrHWNAhfFwK/yeNQ8upWOWLcrFqT+PIgy2wDUrAAcegCs5BDdQBBjfgDjyAR+PWuDeejOdJa86YzmyCbzBe3gG58J4K</latexit>

0 ⌘ @

@(⇧/f)

, multiplicative renormalization!
<latexit sha1_base64="2y6jTcLfAa/vGVUU/++zud/0IsE=">AAAB8HicdVBPS8MwHE3nvzn/TT16CQ7BU0m11fU28KDHCW5TtjLSLN3CkrYkqTDKPoUXD4p49eN489uYbhNU9EHg8d7vR37vhSlnSiP0YZWWlldW18rrlY3Nre2d6u5eWyWZJLRFEp7I2xAryllMW5ppTm9TSbEIOe2E44vC79xTqVgS3+hJSgOBhzGLGMHaSHe9VCapTuBlv1pDNvJ8z0EQ2R5y/NOC+H7d9Tzo2GiGGlig2a++9wYJyQSNNeFYqa6DUh3kWGpGOJ1WepmiKSZjPKRdQ2MsqAry2cFTeGSUAYwSaV6s4Uz9vpFjodREhGZSYD1Sv71C/MvrZjqqBzmL00zTmMw/ijIOTcQiPRwwSYnmE0MwkczcCskIS0y06ahiSvhKCv8n7RPbObPda7fWcBd1lMEBOATHwAHnoAGuQBO0AAECPIAn8GxJ69F6sV7noyVrsbMPfsB6+wT+DZCE</latexit>

/ Gif

[Alonso, Jenkins, Manohar 2015]

Can also see Gegenbauers emerge from Coleman-Weinberg potential:



More on radiative stability

For general              invariant potential
<latexit sha1_base64="nUS9Z09chOSbe324j0hoEhNeED0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBahXkpSinosePGkFU1baEPZbDft0s0m7G6EEvobvHhQxKs/yJv/xk2bg7Y+GHi8N8PMPD/mTGnb/rYKa+sbm1vF7dLO7t7+QfnwqK2iRBLqkohHsutjRTkT1NVMc9qNJcWhz2nHn1xnfueJSsUi8ainMfVCPBIsYARrI7kPd9Xb80G5YtfsOdAqcXJSgRytQfmrP4xIElKhCcdK9Rw71l6KpWaE01mpnygaYzLBI9ozVOCQKi+dHztDZ0YZoiCSpoRGc/X3RIpDpaahbzpDrMdq2cvE/7xeooMrL2UiTjQVZLEoSDjSEco+R0MmKdF8aggmkplbERljiYk2+ZRMCM7yy6ukXa85F7XGfaPSrOdxFOEETqEKDlxCE26gBS4QYPAMr/BmCevFerc+Fq0FK585hj+wPn8Aq4yN5g==</latexit>

SO(N)
<latexit sha1_base64="8jkWB4MUTW3iswFGHRouBg4dc30=">AAACEXicbVDLSgMxFM3UV62vUZdugkWoIHVGBnUjFFzosoJ9QGcsmUymDc0kQ5IRSukvuPFX3LhQxK07d/6NaTsLrR4IHM65h5t7wpRRpR3nyyosLC4trxRXS2vrG5tb9vZOU4lMYtLAggnZDpEijHLS0FQz0k4lQUnISCscXE781j2Rigp+q4cpCRLU4zSmGGkjde1KE15An6SKMsGhz0wyQjC+8/wjeFXxsVDQr9Pj+LBrl52qMwX8S9yclEGOetf+9COBs4RwjRlSquM6qQ5GSGqKGRmX/EyRFOEB6pGOoRwlRAWj6UVjeGCUCMZCmsc1nKo/EyOUKDVMQjOZIN1X895E/M/rZDo+D0aUp5kmHM8WxRmDWsBJPTCikmDNhoYgLKn5K8R9JBHWpsSSKcGdP/kvaZ5U3dOqd+OVa15eRxHsgX1QAS44AzVwDeqgATB4AE/gBbxaj9az9Wa9z0YLVp7ZBb9gfXwDr8ia/w==</latexit>

V = ✏�f4 G(cos⇧/f)

Can also see Gegenbauers emerge from Coleman-Weinberg potential:

quadratic piece of one-loop CW is

<latexit sha1_base64="73JIb1i70Eeb5XJ9zFn/ph36rjw="></latexit>

Vquantum = ✏�f4


G+

⇤2

32⇡2f2

⇣
G00 + (N � 1) cot

⇧

f
G0

⌘�

<latexit sha1_base64="T74FSIFbfT1WVwAJiU0SLla8jc4=">AAACE3icdVC7TsMwFHXKq5RXgJHFokIUhpCgUmCrxMJYJNoiNVHluE5r1XGC7VSqov4DC7/CwgBCrCxs/A1OWxDPI13p6Jx77XuPHzMqlW2/GbmZ2bn5hfxiYWl5ZXXNXN9oyCgRmNRxxCJx5SNJGOWkrqhi5CoWBIU+I02/f5b5zQERkkb8Ug1j4oWoy2lAMVJaapv7u9Al1wkdQDcQCKdujISiiI0+GSy5NXoQ7I3aZtG2jmzntOLA38Sx7DGKYIpa23x1OxFOQsIVZkjKlmPHykuzZzEjo4KbSBIj3Edd0tKUo5BILx3fNII7WunAIBK6uIJj9etEikIph6GvO0OkevKnl4l/ea1EBSdeSnmcKMLx5KMgYVBFMAsIdqggWLGhJggLqneFuId0NkrHWNAhfFwK/yeNQ8upWOWLcrFqT+PIgy2wDUrAAcegCs5BDdQBBjfgDjyAR+PWuDeejOdJa86YzmyCbzBe3gG58J4K</latexit>

0 ⌘ @

@(⇧/f)

, multiplicative renormalization!
<latexit sha1_base64="2y6jTcLfAa/vGVUU/++zud/0IsE=">AAAB8HicdVBPS8MwHE3nvzn/TT16CQ7BU0m11fU28KDHCW5TtjLSLN3CkrYkqTDKPoUXD4p49eN489uYbhNU9EHg8d7vR37vhSlnSiP0YZWWlldW18rrlY3Nre2d6u5eWyWZJLRFEp7I2xAryllMW5ppTm9TSbEIOe2E44vC79xTqVgS3+hJSgOBhzGLGMHaSHe9VCapTuBlv1pDNvJ8z0EQ2R5y/NOC+H7d9Tzo2GiGGlig2a++9wYJyQSNNeFYqa6DUh3kWGpGOJ1WepmiKSZjPKRdQ2MsqAry2cFTeGSUAYwSaV6s4Uz9vpFjodREhGZSYD1Sv71C/MvrZjqqBzmL00zTmMw/ijIOTcQiPRwwSYnmE0MwkczcCskIS0y06ahiSvhKCv8n7RPbObPda7fWcBd1lMEBOATHwAHnoAGuQBO0AAECPIAn8GxJ69F6sV7noyVrsbMPfsB6+wT+DZCE</latexit>

/ Gif

[Alonso, Jenkins, Manohar 2015]

Indeed, Gegenbauers satisfy differential equation

<latexit sha1_base64="3qOKlA2Ky0gx68jB2ka6E4Dw+6o="></latexit>

G↵ 00
n + 2↵ cot

⇧

f
G↵ 0

n + n(n+ 2↵)G↵
n = 0

<latexit sha1_base64="p3Rhh1wVhLeLtAAS5/m1y6mRl7k=">AAAB/3icbVBNS8NAEJ34WetXVPDiZbEIXixJKepFKHjxJBXsBzSlbLabdulmE3Y3Qok5+Fe8eFDEq3/Dm//GbZuDtj4YeLw3w8w8P+ZMacf5tpaWV1bX1gsbxc2t7Z1de2+/qaJEEtogEY9k28eKciZoQzPNaTuWFIc+py1/dD3xWw9UKhaJez2OaTfEA8ECRrA2Us8+9DCPhxhdIS+QmKS3Z26WVrKeXXLKzhRokbg5KUGOes/+8voRSUIqNOFYqY7rxLqbYqkZ4TQreomiMSYjPKAdQwUOqeqm0/szdGKUPgoiaUpoNFV/T6Q4VGoc+qYzxHqo5r2J+J/XSXRw2U2ZiBNNBZktChKOdIQmYaA+k5RoPjYEE8nMrYgMsclBm8iKJgR3/uVF0qyU3fNy9a5aqlXzOApwBMdwCi5cQA1uoA4NIPAIz/AKb9aT9WK9Wx+z1iUrnzmAP7A+fwCW2pUn</latexit>

↵ =
N � 1

2

Radiative corrections do not alter functional form



More on radiative stability

For general              invariant potential
<latexit sha1_base64="nUS9Z09chOSbe324j0hoEhNeED0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBahXkpSinosePGkFU1baEPZbDft0s0m7G6EEvobvHhQxKs/yJv/xk2bg7Y+GHi8N8PMPD/mTGnb/rYKa+sbm1vF7dLO7t7+QfnwqK2iRBLqkohHsutjRTkT1NVMc9qNJcWhz2nHn1xnfueJSsUi8ainMfVCPBIsYARrI7kPd9Xb80G5YtfsOdAqcXJSgRytQfmrP4xIElKhCcdK9Rw71l6KpWaE01mpnygaYzLBI9ozVOCQKi+dHztDZ0YZoiCSpoRGc/X3RIpDpaahbzpDrMdq2cvE/7xeooMrL2UiTjQVZLEoSDjSEco+R0MmKdF8aggmkplbERljiYk2+ZRMCM7yy6ukXa85F7XGfaPSrOdxFOEETqEKDlxCE26gBS4QYPAMr/BmCevFerc+Fq0FK585hj+wPn8Aq4yN5g==</latexit>

SO(N)
<latexit sha1_base64="8jkWB4MUTW3iswFGHRouBg4dc30=">AAACEXicbVDLSgMxFM3UV62vUZdugkWoIHVGBnUjFFzosoJ9QGcsmUymDc0kQ5IRSukvuPFX3LhQxK07d/6NaTsLrR4IHM65h5t7wpRRpR3nyyosLC4trxRXS2vrG5tb9vZOU4lMYtLAggnZDpEijHLS0FQz0k4lQUnISCscXE781j2Rigp+q4cpCRLU4zSmGGkjde1KE15An6SKMsGhz0wyQjC+8/wjeFXxsVDQr9Pj+LBrl52qMwX8S9yclEGOetf+9COBs4RwjRlSquM6qQ5GSGqKGRmX/EyRFOEB6pGOoRwlRAWj6UVjeGCUCMZCmsc1nKo/EyOUKDVMQjOZIN1X895E/M/rZDo+D0aUp5kmHM8WxRmDWsBJPTCikmDNhoYgLKn5K8R9JBHWpsSSKcGdP/kvaZ5U3dOqd+OVa15eRxHsgX1QAS44AzVwDeqgATB4AE/gBbxaj9az9Wa9z0YLVp7ZBb9gfXwDr8ia/w==</latexit>

V = ✏�f4 G(cos⇧/f)

Can also see Gegenbauers emerge from Coleman-Weinberg potential:

quadratic piece of one-loop CW is

<latexit sha1_base64="73JIb1i70Eeb5XJ9zFn/ph36rjw="></latexit>

Vquantum = ✏�f4


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⇤2

32⇡2f2

⇣
G00 + (N � 1) cot

⇧

f
G0

⌘�

<latexit sha1_base64="T74FSIFbfT1WVwAJiU0SLla8jc4=">AAACE3icdVC7TsMwFHXKq5RXgJHFokIUhpCgUmCrxMJYJNoiNVHluE5r1XGC7VSqov4DC7/CwgBCrCxs/A1OWxDPI13p6Jx77XuPHzMqlW2/GbmZ2bn5hfxiYWl5ZXXNXN9oyCgRmNRxxCJx5SNJGOWkrqhi5CoWBIU+I02/f5b5zQERkkb8Ug1j4oWoy2lAMVJaapv7u9Al1wkdQDcQCKdujISiiI0+GSy5NXoQ7I3aZtG2jmzntOLA38Sx7DGKYIpa23x1OxFOQsIVZkjKlmPHykuzZzEjo4KbSBIj3Edd0tKUo5BILx3fNII7WunAIBK6uIJj9etEikIph6GvO0OkevKnl4l/ea1EBSdeSnmcKMLx5KMgYVBFMAsIdqggWLGhJggLqneFuId0NkrHWNAhfFwK/yeNQ8upWOWLcrFqT+PIgy2wDUrAAcegCs5BDdQBBjfgDjyAR+PWuDeejOdJa86YzmyCbzBe3gG58J4K</latexit>

0 ⌘ @

@(⇧/f)

, multiplicative renormalization!
<latexit sha1_base64="2y6jTcLfAa/vGVUU/++zud/0IsE=">AAAB8HicdVBPS8MwHE3nvzn/TT16CQ7BU0m11fU28KDHCW5TtjLSLN3CkrYkqTDKPoUXD4p49eN489uYbhNU9EHg8d7vR37vhSlnSiP0YZWWlldW18rrlY3Nre2d6u5eWyWZJLRFEp7I2xAryllMW5ppTm9TSbEIOe2E44vC79xTqVgS3+hJSgOBhzGLGMHaSHe9VCapTuBlv1pDNvJ8z0EQ2R5y/NOC+H7d9Tzo2GiGGlig2a++9wYJyQSNNeFYqa6DUh3kWGpGOJ1WepmiKSZjPKRdQ2MsqAry2cFTeGSUAYwSaV6s4Uz9vpFjodREhGZSYD1Sv71C/MvrZjqqBzmL00zTmMw/ijIOTcQiPRwwSYnmE0MwkczcCskIS0y06ahiSvhKCv8n7RPbObPda7fWcBd1lMEBOATHwAHnoAGuQBO0AAECPIAn8GxJ69F6sV7noyVrsbMPfsB6+wT+DZCE</latexit>

/ Gif

[Alonso, Jenkins, Manohar 2015]

Abelian case is recovered for  : N = 1

<latexit sha1_base64="KsYMnXnGoAQXe69KJuVIlrhsz5Q=">AAAB9XicbVBNSwMxEJ2tX7V+VT16CRapp7IrRT0WPNRjBfsB7VqyabYNzW5CklXK0v/hxYMiXv0v3vw3pu0etPXBwOO9GWbmBZIzbVz328mtrW9sbuW3Czu7e/sHxcOjlhaJIrRJBBeqE2BNOYtp0zDDaUcqiqOA03Ywvpn57UeqNBPxvZlI6kd4GLOQEWys9FAvl1FPKiGNQHXUL5bcijsHWiVeRkqQodEvfvUGgiQRjQ3hWOuu50rjp1gZRjidFnqJphKTMR7SrqUxjqj20/nVU3RmlQEKhbIVGzRXf0+kONJ6EgW2M8JmpJe9mfif101MeO2nLJaJoTFZLAoTjuyPswjQgClKDJ9Ygoli9lZERlhhYmxQBRuCt/zyKmldVLzLSvWuWqpVszjycAKncA4eXEENbqEBTSCg4Ble4c15cl6cd+dj0Zpzsplj+APn8weVTZE9</latexit>

G00 / G

<latexit sha1_base64="suiyMJrP4eTeuRkZumHySZ5/U6w=">AAACAXicbVBNS8NAEJ34WetX1IvgZbEInkoiRb0IBQ96rGA/oAlls920SzebsLsRSogX/4oXD4p49V9489+4bXPQ1gcDj/dmmJkXJJwp7Tjf1tLyyuraemmjvLm1vbNr7+23VJxKQpsk5rHsBFhRzgRtaqY57SSS4ijgtB2Mrid++4FKxWJxr8cJ9SM8ECxkBGsj9ezDG3SFPBIr5IUSk0wgr8HyLMx7dsWpOlOgReIWpAIFGj37y+vHJI2o0IRjpbquk2g/w1Izwmle9lJFE0xGeEC7hgocUeVn0w9ydGKUPgpjaUpoNFV/T2Q4UmocBaYzwnqo5r2J+J/XTXV46WdMJKmmgswWhSlHOkaTOFCfSUo0HxuCiWTmVkSG2CShTWhlE4I7//IiaZ1V3fNq7a5WqdeKOEpwBMdwCi5cQB1uoQFNIPAIz/AKb9aT9WK9Wx+z1iWrmDmAP7A+fwAlbpYM</latexit>

G = cos
n⇧

f



Gegenbauers from irreps

Consider scalar function

<latexit sha1_base64="zAJuB0KteI7HCYLqta2fHSeq6Cc=">AAACBnicbVDLSgMxFM3UV62vqksRgkVw0zIjpbosuHElFewD2loyaaYNzWSG5I5QprNy46+4caGIW7/BnX9j2s5CWw9cODnnXnLvcUPBNdj2t5VZWV1b38hu5ra2d3b38vsHDR1EirI6DUSgWi7RTHDJ6sBBsFaoGPFdwZru6GrqNx+Y0jyQdzAOWdcnA8k9TgkYqZc/ngDuhEOOi7gDXPRZPH0lk/vYKd4kvXzBLtkz4GXipKSAUtR6+a9OP6CRzyRQQbRuO3YI3Zgo4FSwJNeJNAsJHZEBaxsqic90N56dkeBTo/SxFyhTEvBM/T0RE1/rse+aTp/AUC96U/E/rx2Bd9mNuQwjYJLOP/IigSHA00xwnytGQYwNIVRxsyumQ6IIBZNczoTgLJ68TBrnJadSKt+WC9VKGkcWHaETdIYcdIGq6BrVUB1R9Iie0St6s56sF+vd+pi3Zqx05hD9gfX5A1qImGU=</latexit>

|t�� �̃|1�N

<latexit sha1_base64="UHOwfCNNe49pjYn+Ip90Rji8NFI=">AAACKXicbVDLSgMxFM3UV62vqks3wSK4KjNSqsuCG1dSwT6gU4ZM5k4bmsmMSaZYhv6OG3/FjYKibv0R0weirQcCh3POJfceP+FMadv+sHIrq2vrG/nNwtb2zu5ecf+gqeJUUmjQmMey7RMFnAloaKY5tBMJJPI5tPzB5cRvDUEqFotbPUqgG5GeYCGjRBvJK9ZczXgAmZv02Ri7cJeyIXZ96DGRJRHRkt0beQg0s8feNXZd7JiUCH5Mr1iyy/YUeJk4c1JCc9S94osbxDSNQGjKiVIdx050NyNSM8phXHBTBQmhA9KDjqGCRKC62fTSMT4xSoDDWJonNJ6qvycyEik1inyTNPv11aI3Ef/zOqkOL7oZE0mqQdDZR2HKsY7xpDYcMAlU85EhhEpmdsW0TySh2pRbMCU4iycvk+ZZ2amWKzeVUq06ryOPjtAxOkUOOkc1dIXqqIEoekBP6BW9WY/Ws/Vufc6iOWs+c4j+wPr6BhqHp7c=</latexit>

�̃ ⌘
✓
~0N
1

◆

<latexit sha1_base64="p3XDy6mQg7yBieu06Kv9EBIWyHY="></latexit>

=
1X

n=0

tnKi1...in
n �i1 . . .�in

Taylor expansion

traceless, because Laplacian  
vanishes away from origin

<latexit sha1_base64="NlrPXDE0KlYgP5kYgPVXkIXiS74=">AAACGXicbVDJSgNBEO1xjXGLevTSGIQESTIzhOgx4MWTRDALZJLQ0+lJmvQsdNcIYchvePFXvHhQxKOe/Bs7y0ETHxQ83quiqp4bCa7ANL+NtfWNza3t1E56d2//4DBzdNxQYSwpq9NQhLLlEsUED1gdOAjWiiQjvitY0x1dT/3mA5OKh8E9jCPW8ckg4B6nBLTUy5iOYB7kLFzANgbs0FBhp8ZLHr7A0LWxI/lgCPlukrMKt/ mSPellsmbRnAGvEmtBsmiBWi/z6fRDGvssACqIUm3LjKCTEAmcCjZJO7FiEaEjMmBtTQPiM9VJZp9N8LlW+tgLpa4A8Ez9PZEQX6mx7+pOn8BQLXtT8T+vHYN31Ul4EMXAAjpf5MUCQ4inMeE+l4yCGGtCqOT6VkyHRBIKOsy0DsFafnmVNOyiVSmW78rZamURRwqdojOUQxa6RFV0g2qojih6RM/oFb0ZT8aL8W58zFvXjMXMCfoD4+sHA8ecjA==</latexit>�
1� 2t cos⇧/f + t2

�(1�N)/2

<latexit sha1_base64="FsLbOXmbHLjWqbBEA0WHGx5JVmE=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKiF6EgBePCZgHJEuYnfQmY2Znl5lZIYR8gRcPinj1k7z5N06SPWhiQUNR1U13V5AIro3rfju5jc2t7Z38bmFv/+DwqHh80tJxqhg2WSxi1QmoRsElNg03AjuJQhoFAtvB+G7ut59QaR7LBzNJ0I/oUPKQM2qs1LjtF0tu2V2ArBMvIyXIUO8Xv3qDmKURSsME1brruYnxp1QZzgTOCr1UY0LZmA6xa6mkEWp/ujh0Ri6sMiBhrGxJQxbq74kpjbSeRIHtjKgZ6VVvLv7ndVMT3vhTLpPUoGTLRWEqiInJ/Gsy4AqZERNLKFPc3krYiCrKjM2mYEPwVl9eJ62rslctVxqVUq2axZGHMziHS/DgGmpwD3VoAgOEZ3iFN+fReXHenY9la87JZk7hD5zPH4wfjL4=</latexit> =

<latexit sha1_base64="/zfRv/1nQWy6RBOtqDapmRokEgE="></latexit> 1X

n=0

tnG(N�1)/2
n (cos⇧/f)

<latexit sha1_base64="FsLbOXmbHLjWqbBEA0WHGx5JVmE=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKiF6EgBePCZgHJEuYnfQmY2Znl5lZIYR8gRcPinj1k7z5N06SPWhiQUNR1U13V5AIro3rfju5jc2t7Z38bmFv/+DwqHh80tJxqhg2WSxi1QmoRsElNg03AjuJQhoFAtvB+G7ut59QaR7LBzNJ0I/oUPKQM2qs1LjtF0tu2V2ArBMvIyXIUO8Xv3qDmKURSsME1brruYnxp1QZzgTOCr1UY0LZmA6xa6mkEWp/ujh0Ri6sMiBhrGxJQxbq74kpjbSeRIHtjKgZ6VVvLv7ndVMT3vhTLpPUoGTLRWEqiInJ/Gsy4AqZERNLKFPc3krYiCrKjM2mYEPwVl9eJ62rslctVxqVUq2axZGHMziHS/DgGmpwD3VoAgOEZ3iFN+fReXHenY9la87JZk7hD5zPH4wfjL4=</latexit> =

<latexit sha1_base64="hIwPp8S7dh+cS6EvYiQrSeLopoE="></latexit>

Ki1...in
n =

1

n!

@n�1�N

@�i1 . . . @�in

����
�̃

generating function for Gegenbauers is
<latexit sha1_base64="a2zxXPdW+nPDSm4vWWsTrdFkEgE="></latexit>

�
1� 2tx+ t2

��↵
=

1X

n=0

tnG↵
n(x)



Gegenbauers from irreps

Consider scalar function

<latexit sha1_base64="zAJuB0KteI7HCYLqta2fHSeq6Cc=">AAACBnicbVDLSgMxFM3UV62vqksRgkVw0zIjpbosuHElFewD2loyaaYNzWSG5I5QprNy46+4caGIW7/BnX9j2s5CWw9cODnnXnLvcUPBNdj2t5VZWV1b38hu5ra2d3b38vsHDR1EirI6DUSgWi7RTHDJ6sBBsFaoGPFdwZru6GrqNx+Y0jyQdzAOWdcnA8k9TgkYqZc/ngDuhEOOi7gDXPRZPH0lk/vYKd4kvXzBLtkz4GXipKSAUtR6+a9OP6CRzyRQQbRuO3YI3Zgo4FSwJNeJNAsJHZEBaxsqic90N56dkeBTo/SxFyhTEvBM/T0RE1/rse+aTp/AUC96U/E/rx2Bd9mNuQwjYJLOP/IigSHA00xwnytGQYwNIVRxsyumQ6IIBZNczoTgLJ68TBrnJadSKt+WC9VKGkcWHaETdIYcdIGq6BrVUB1R9Iie0St6s56sF+vd+pi3Zqx05hD9gfX5A1qImGU=</latexit>

|t�� �̃|1�N

<latexit sha1_base64="UHOwfCNNe49pjYn+Ip90Rji8NFI=">AAACKXicbVDLSgMxFM3UV62vqks3wSK4KjNSqsuCG1dSwT6gU4ZM5k4bmsmMSaZYhv6OG3/FjYKibv0R0weirQcCh3POJfceP+FMadv+sHIrq2vrG/nNwtb2zu5ecf+gqeJUUmjQmMey7RMFnAloaKY5tBMJJPI5tPzB5cRvDUEqFotbPUqgG5GeYCGjRBvJK9ZczXgAmZv02Ri7cJeyIXZ96DGRJRHRkt0beQg0s8feNXZd7JiUCH5Mr1iyy/YUeJk4c1JCc9S94osbxDSNQGjKiVIdx050NyNSM8phXHBTBQmhA9KDjqGCRKC62fTSMT4xSoDDWJonNJ6qvycyEik1inyTNPv11aI3Ef/zOqkOL7oZE0mqQdDZR2HKsY7xpDYcMAlU85EhhEpmdsW0TySh2pRbMCU4iycvk+ZZ2amWKzeVUq06ryOPjtAxOkUOOkc1dIXqqIEoekBP6BW9WY/Ws/Vufc6iOWs+c4j+wPr6BhqHp7c=</latexit>

�̃ ⌘
✓
~0N
1

◆

<latexit sha1_base64="p3XDy6mQg7yBieu06Kv9EBIWyHY="></latexit>

=
1X

n=0

tnKi1...in
n �i1 . . .�in

Taylor expansion

traceless, because Laplacian  
vanishes away from origin

<latexit sha1_base64="NlrPXDE0KlYgP5kYgPVXkIXiS74=">AAACGXicbVDJSgNBEO1xjXGLevTSGIQESTIzhOgx4MWTRDALZJLQ0+lJmvQsdNcIYchvePFXvHhQxKOe/Bs7y0ETHxQ83quiqp4bCa7ANL+NtfWNza3t1E56d2//4DBzdNxQYSwpq9NQhLLlEsUED1gdOAjWiiQjvitY0x1dT/3mA5OKh8E9jCPW8ckg4B6nBLTUy5iOYB7kLFzANgbs0FBhp8ZLHr7A0LWxI/lgCPlukrMKt/ mSPellsmbRnAGvEmtBsmiBWi/z6fRDGvssACqIUm3LjKCTEAmcCjZJO7FiEaEjMmBtTQPiM9VJZp9N8LlW+tgLpa4A8Ez9PZEQX6mx7+pOn8BQLXtT8T+vHYN31Ul4EMXAAjpf5MUCQ4inMeE+l4yCGGtCqOT6VkyHRBIKOsy0DsFafnmVNOyiVSmW78rZamURRwqdojOUQxa6RFV0g2qojih6RM/oFb0ZT8aL8W58zFvXjMXMCfoD4+sHA8ecjA==</latexit>�
1� 2t cos⇧/f + t2

�(1�N)/2

<latexit sha1_base64="FsLbOXmbHLjWqbBEA0WHGx5JVmE=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKiF6EgBePCZgHJEuYnfQmY2Znl5lZIYR8gRcPinj1k7z5N06SPWhiQUNR1U13V5AIro3rfju5jc2t7Z38bmFv/+DwqHh80tJxqhg2WSxi1QmoRsElNg03AjuJQhoFAtvB+G7ut59QaR7LBzNJ0I/oUPKQM2qs1LjtF0tu2V2ArBMvIyXIUO8Xv3qDmKURSsME1brruYnxp1QZzgTOCr1UY0LZmA6xa6mkEWp/ujh0Ri6sMiBhrGxJQxbq74kpjbSeRIHtjKgZ6VVvLv7ndVMT3vhTLpPUoGTLRWEqiInJ/Gsy4AqZERNLKFPc3krYiCrKjM2mYEPwVl9eJ62rslctVxqVUq2axZGHMziHS/DgGmpwD3VoAgOEZ3iFN+fReXHenY9la87JZk7hD5zPH4wfjL4=</latexit> =

<latexit sha1_base64="/zfRv/1nQWy6RBOtqDapmRokEgE="></latexit> 1X

n=0

tnG(N�1)/2
n (cos⇧/f)

<latexit sha1_base64="FsLbOXmbHLjWqbBEA0WHGx5JVmE=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKiF6EgBePCZgHJEuYnfQmY2Znl5lZIYR8gRcPinj1k7z5N06SPWhiQUNR1U13V5AIro3rfju5jc2t7Z38bmFv/+DwqHh80tJxqhg2WSxi1QmoRsElNg03AjuJQhoFAtvB+G7ut59QaR7LBzNJ0I/oUPKQM2qs1LjtF0tu2V2ArBMvIyXIUO8Xv3qDmKURSsME1brruYnxp1QZzgTOCr1UY0LZmA6xa6mkEWp/ujh0Ri6sMiBhrGxJQxbq74kpjbSeRIHtjKgZ6VVvLv7ndVMT3vhTLpPUoGTLRWEqiInJ/Gsy4AqZERNLKFPc3krYiCrKjM2mYEPwVl9eJ62rslctVxqVUq2axZGHMziHS/DgGmpwD3VoAgOEZ3iFN+fReXHenY9la87JZk7hD5zPH4wfjL4=</latexit> =

<latexit sha1_base64="hIwPp8S7dh+cS6EvYiQrSeLopoE="></latexit>

Ki1...in
n =

1

n!

@n�1�N

@�i1 . . . @�in

����
�̃

generating function for Gegenbauers is

Gegenbauer polynomials from explicit                                     breaking
<latexit sha1_base64="H7LpX25An0Fs2ll80gsXiEqxRJc=">AAAB+nicdZDLSgMxFIYzXmu9TXXpJliEFmHIlFrbXcGNK61oL9AOJZNm2tDMhSSjlLGP4saFIm59Ene+jZm2gor+EPj5zjnknN+NOJMKoQ9jaXlldW09s5Hd3Nre2TVzey0ZxoLQJgl5KDoulpSzgDYVU5x2IkGx73Ladsdnab19S4VkYXCjJhF1fDwMmMcIVhr1zdz1ZeHi2C7Cngph6ot9M4+sE2TXKhWILITsctXWplaraghtTVLlwUKNvvneG4Qk9mmgCMdSdm0UKSfBQjHC6TTbiyWNMBnjIe1qG2CfSieZrT6FR5oMoBcK/QIFZ/T7RIJ9KSe+qzt9rEbydy2Ff9W6sfKqTsKCKFY0IPOPvJhDfWaaAxwwQYniE20wEUzvCskIC0yUTiurQ/i6FP5vWiXLrljlq3K+XlrEkQEH4BAUgA1OQR2cgwZoAgLuwAN4As/GvfFovBiv89YlYzGzD37IePsEH46R9A==</latexit>

SO(N + 1) ! SO(N)

<latexit sha1_base64="a2zxXPdW+nPDSm4vWWsTrdFkEgE="></latexit>

�
1� 2tx+ t2

��↵
=

1X

n=0

tnG↵
n(x)



The shape of Gegenbauers

<latexit sha1_base64="qluWnzg2AcPUs5lpGh3pmeakxI8=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU01KUY8FLx4rmLbQhrLZTtqlm03Y3Qil9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777RQ2Nre2d4q7pb39g8Oj8vFJSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4bu63n1BpnshHM0kxiOlQ8ogzaqzk95r8KuqXK27VXYCsEy8nFcjR7Je/eoOEZTFKwwTVuuu5qQmmVBnOBM5KvUxjStmYDrFrqaQx6mC6OHZGLqwyIFGibElDFurviSmNtZ7Eoe2MqRnpVW8u/ud1MxPdBlMu08ygZMtFUSaIScj8czLgCpkRE0soU9zeStiIKsqMzadkQ/BWX14nrVrVu67WH+qVRi2PowhncA6X4MENNOAemuADAw7P8ApvjnRenHfnY9lacPKZU/gD5/MHS0mOTw==</latexit>

⇧/f

<latexit sha1_base64="iX+PbK20BL4Sd/sFjamE4LzoEpg=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kkkp6rHgxWML9gPaUDbbSbt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8pAzaqzUbA9KZbfiLkDWiZeTMuRoDEpf/WHM0gilYYJq3fPcxPgZVYYzgbNiP9WYUDahI+xZKmmE2s8Wh87IpVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNkUbgrf68jppVyvedaXWrJXr1TyOApzDBVyBBzdQh3toQAsYIDzDK7w5j86L8+58LFs3nHzmDP7A+fwBsM+M0w==</latexit>

V

<latexit sha1_base64="6wXoP7U1Vg09Vlbv11cBo+MF6/4=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBg9SkFPVY8OKxgrWFNpTNdtMu3WzC7kQoob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYW9/Y3Cpul3Z29/YPyodHjyZONeMtFstYdwJquBSKt1Cg5J1EcxoFkreD8e3Mbz9xbUSsHnCScD+iQyVCwShaqdVLxGWtX664VXcOskq8nFQgR7Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzYKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimGN34mVJIiV2yxKEwlwZjMPicDoTlDObGEMi3srYSNqKYMbT4lG4K3/PIqeaxVvatq/b5eaVzkcRThBE7hHDy4hgbcQRNawEDAM7zCm6OcF+fd+Vi0Fpx85hj+wPn8ASuLjjU=</latexit>

⇡/2
<latexit sha1_base64="VOQ03komR0QEP9YhlEeh99zX500=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5REinosePFY0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NJME/YgOJQ85o8ZKD72E98sVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14Y2fcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKmldVr2rau2+Vqlf5HEU4QRO4Rw8uIY63EEDmsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wdMDY3A</latexit>⇡

<latexit sha1_base64="0/STpJPUVzkVuxvJpwrkqahkq+c=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4kJJIUY8FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777aytb2xubRd2irt7+weHpaPjlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7GdzO//YRK81g+mEmCfkSHkoecUWOlhtsvld2KOwdZJV5OypCj3i999QYxSyOUhgmqdddzE+NnVBnOBE6LvVRjQtmYDrFrqaQRaj+bHzol51YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1IS3fsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2RRtCN7yy6ukdVXxrivVRrVcu8zjKMApnMEFeHADNbiHOjSBAcIzvMKb8+i8OO/Ox6J1zclnTuAPnM8fdWmMpw==</latexit>

0

<latexit sha1_base64="Ex5SJ7YbqLHcdywXeutBjvB4ZPA=">AAAB7HicdVDLSsNAFJ3UV62vqks3g0VwFSYhre1CKLhxJRVMW2hDmUwn7dDJJMxMhBL6DW5cKOLWD3Ln3zh9CCp64MLhnHu5954w5UxphD6swtr6xuZWcbu0s7u3f1A+PGqrJJOE+iThieyGWFHOBPU105x2U0lxHHLaCSdXc79zT6ViibjT05QGMR4JFjGCtZH8G3gJvUG5gmzk1queC5HtVlHDaRhSRU6j5kHHRgtUwAqtQfm9P0xIFlOhCcdK9RyU6iDHUjPC6azUzxRNMZngEe0ZKnBMVZAvjp3BM6MMYZRIU0LDhfp9IsexUtM4NJ0x1mP125uLf3m9TEf1IGcizTQVZLkoyjjUCZx/DodMUqL51BBMJDO3QjLGEhNt8imZEL4+hf+Ttms7Ndu79SpNdxVHEZyAU3AOHHABmuAatIAPCGDgATyBZ0tYj9aL9bpsLVirmWPwA9bbJ67Ojew=</latexit>

N = 4

<latexit sha1_base64="EQfWwQmQBH5rzelbJt6qxQ8oNyg=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjJDW9uFUHDjsoJ9QDuUTJppYzPJkGSEMvQf3LhQxK3/486/MX0IKnrgwuGce7n3njDhTBuEPpzc2vrG5lZ+u7Czu7d/UDw8amuZKkJbRHKpuiHWlDNBW4YZTruJojgOOe2Ek6u537mnSjMpbs00oUGMR4JFjGBjpbaAl9BHg2IJucivVco+RK5fQXWvbkkFefVqGXouWqAEVmgOiu/9oSRpTIUhHGvd81Biggwrwwins0I/1TTBZIJHtGepwDHVQba4dgbPrDKEkVS2hIEL9ftEhmOtp3FoO2Nsxvq3Nxf/8nqpiWpBxkSSGirIclGUcmgknL8Oh0xRYvjUEkwUs7dCMsYKE2MDKtgQvj6F/5O273pVt3xTLjX8VRx5cAJOwTnwwAVogGvQBC1AwB14AE/g2ZHOo/PivC5bc85q5hj8gPP2CUuejkQ=</latexit>

n = 20

<latexit sha1_base64="HjbhwHynvghr0E1nTgoYHSq6QOA="></latexit>

G(N�1)/2
n (cos⇧/f)

<latexit sha1_base64="kdAeMbFsFhtAW3RuRdJGTr+oKL8=">AAAB8nicdVDLSgMxFL3js9ZX1aWbYBHazThT2qq7ght3VrQPmA4lk2ba0ExmSDJCKf0MNy4UcevXuPNvTB+CzwMJh3Pu5d57goQzpR3n3VpaXlldW89sZDe3tnd2c3v7TRWnktAGiXks2wFWlDNBG5ppTtuJpDgKOG0Fw4up37qjUrFY3OpRQv0I9wULGcHaSN7NVaFSPDF/udjN5R274rjnVRf9Jq7tzJCHBerd3FunF5M0okITjpXyXCfR/hhLzQink2wnVTTBZIj71DNU4IgqfzxbeYKOjdJDYSzNExrN1K8dYxwpNYoCUxlhPVA/van4l+elOjzzx0wkqaaCzAeFKUc6RtP7UY9JSjQfGYKJZGZXRAZYYqJNSlkTwuel6H/SLNlu1S5fl/O10iKODBzCERTAhVOowSXUoQEEYriHR3iytPVgPVsv89Ila9FzAN9gvX4A086PoQ==</latexit>

SO(5)/SO(4)

Differently from Abelian case, not periodic. Only approximately

<latexit sha1_base64="zp/PyZrtz0sJHtz/JHsnpGSqphE="></latexit>

G↵
n

✓
cos

⇧

f

◆
n�1�!

J↵�1/2

⇣
(n+ ↵)⇧f

⌘

⇧↵�1/2

⇧
f � 1

n�!
cos

⇣
(n+ ↵)⇧f � ↵⇡

2

⌘

⇧↵

<latexit sha1_base64="+vHq5LoHB4G3ceyheZg2EIC5F6g=">AAACE3icdZDLSgMxFIYzXmu9VV26CRZBRIZMmdZ2V3DjsoK9QDuUTJppQzOZIckIZeg7uPFV3LhQxK0bd76N6WVARQ8Efv7vnOTk92POlEbo01pZXVvf2Mxt5bd3dvf2CweHLRUlktAmiXgkOz5WlDNBm5ppTjuxpDj0OW3746sZb99RqVgkbvUkpl6Ih4IFjGBtrH7hPO3NL+nKoe+lyEalatktXSC7VEY1p2ZEGTm1ijsV036hmHGYcZhx6NhoXkWwrEa/8NEbRCQJqdCEY6W6Doq1l2KpGeF0mu8lisaYjPGQdo0UOKTKS+frTOGpcQYwiKQ5QsO5+30ixaFSk9A3nSHWI/Wbzcy/WDfRQdVLmYgTTQVZPBQkHOoIzgKCAyYp0XxiBCaSmV0hGWGJiTYx5k0I2U/h/6JVsp2K7d64xbq7jCMHjsEJOAMOuAR1cA0aoAkIuAeP4Bm8WA/Wk/VqvS1aV6zlzBH4Udb7Fxeumng=</latexit>nEven


