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Introduction: Higgs couplings

In the Standard Model, the Higgs self-coupling is predicted in terms of other input 

parameters. At tree level, 
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The same applies to single-Higgs couplings, such as for instance  : hZZ
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Measuring these interactions, to test whether they agree with SM or not, 

is central to present and future collider physics program
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are these  
different from zero?
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The Higgs self-coupling at LHC 

Major experimental challenge, direct access in double Higgs production process
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[ATLAS-CONF-2021-052]

Very large deviations from SM are still allowed
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The Higgs self-coupling at LHC 

At High-Luminosity LHC, expect 100% precision 

(rule out                     at 2 )σ

[de Blas et al. 1905.03764]
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Major experimental challenge, direct access in double Higgs production process
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Single-Higgs couplings at LHC

Compare to measurements 

of single-Higgs couplings:

Already now at 10% level

[ATLAS-CONF-2021-053]

[de Blas et al. 1905.03764]

At High-Luminosity LHC, expect 100% precision 

(rule out                     at 2 )σ
<latexit sha1_base64="agaCC7w9JkBs8S6TsBu9LW1GnXM=">AAAB+3icbVDLSsNAFL3xWesr1qWbwSK4sSRaHxuh4MZlBfuANobJZNIOnTyYmYgl5FfcuFDErT/izr9x2mahrQcuHM65l3vv8RLOpLKsb2NpeWV1bb20Ud7c2t7ZNfcqbRmngtAWiXksuh6WlLOIthRTnHYTQXHocdrxRjcTv/NIhWRxdK/GCXVCPIhYwAhWWnLNSt+nXGE3Gz6c5egandjINatWzZoCLRK7IFUo0HTNr74fkzSkkSIcS9mzrUQ5GRaKEU7zcj+VNMFkhAe0p2mEQyqdbHp7jo604qMgFroihabq74kMh1KOQ093hlgN5bw3Ef/zeqkKrpyMRUmqaERmi4KUIxWjSRDIZ4ISxceaYCKYvhWRIRaYKB1XWYdgz7+8SNqnNfuidn5XrzbqRRwlOIBDOAYbLqEBt9CEFhB4gmd4hTcjN16Md+Nj1rpkFDP78AfG5w/1fpMM</latexit>

�h3 = �1

[ATLAS-CONF-2021-052]

<latexit sha1_base64="2HjuD9TNASwGLagMCLaasCij0m0=">AAACBXicbVDLSsNAFJ34rPUVdamLwSK4KolU67LgxmUFmxbaECaTm3bo5MHMRChpN278FTcuFHHrP7jzb5y2WWjrgcs9nHMvM/f4KWdSWda3sbK6tr6xWdoqb+/s7u2bB4eOTDJBoUUTnoiOTyRwFkNLMcWhkwogkc+h7Q9vpn77AYRkSXyvRim4EenHLGSUKC155sm4FwBXxMsHjjMZ4x4HKSWLsFW16p5Z0W0GvEzsglRQgaZnfvWChGYRxIpyImXXtlLl5kQoRjlMyr1MQkrokPShq2lMIpBuPrtigs+0EuAwEbpihWfq742cRFKOIl9PRkQN5KI3Ff/zupkKr92cxWmmIKbzh8KMY5XgaSQ4YAKo4iNNCBVM/xXTARGEKh1cWYdgL568TJyLqn1VvbyrVRq1Io4SOkan6BzZqI4a6BY1UQtR9Iie0St6M56MF+Pd+JiPrhjFzhH6A+PzB44hl+k=</latexit>

|�hV V | . 0.07

2



Higgs couplings at FCC 
At FCC-ee, indirect sensitivity on  from loop corrections to single-Higgs observablesh3
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At FCC-hh, direct access through  

double Higgs production
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Compare with expected sensitivity on single-Higgs couplings: from FCC-ee alone

[McCullough 1312.3322] 
[Di Vita et al. 1711.03978] 
[FCC CDR CERN-ACC-2018-0056] 
[de Blas et al. 1905.03764] 
…

[Di Vita et al.  
1711.03978]

[de Blas et al. 1905.03764]
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As previous slides quantify, single-Higgs coupling measurements will reach the 

precision stage far before tests of  

This makes                  an important quantity for a new physics model: 

if it is large, self-coupling measurements probe genuinely new ground 

However, in canonical models addressing hierarchy problem (composite Higgs, SUSY) 

and prospects to observe deviations in  are limited

h3

h3

Example: Minimal Composite Higgs 5+5, 
  Composite Twin Higgs 8+1

This talk: naturalness and δh3/δhVV
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As previous slides quantify, single-Higgs coupling measurements will reach the 

precision stage far before tests of  

This makes                  an important quantity for a BSM theory: 

the larger it is, the more important self-coupling measurements are going to be 

However, in canonical models addressing hierarchy problem (composite Higgs, SUSY) 

and prospects to observe deviations in  are limited

h3
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  Here: show that promising exceptions exist. 

“Gegenbauer Goldstones”, Higgs naturalness with large          

[Durieux, McCullough, Salvioni 2110.06941 + 2202.01228 + 2209.00666]

Example: Minimal Composite Higgs 5+5, 
  Composite Twin Higgs 8+1

This talk: naturalness and δh3/δhVV
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Gegenbauer Goldstones

[Durieux, McCullough, Salvioni 2110.06941 + 2202.01228 + 2209.00666]



Why?
Models of Higgs as a Goldstone have residual fine-tuning problem

[Kaplan, Georgi 1984] [Kaplan 1992] 
[Agashe, Contino, Pomarol 2004] 

and many, many others

Leading term of EFT:
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⇧ ⌘
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�
<latexit sha1_base64="YkwNHvnxXGgUHegwMXgShNJo5ko=">AAAB9HicdVDLSgMxFL1TX7W+qi7dBIvQIowzUqvuCm5caUVrC+1QMmmmDc08TDKFMvQ73LhQxK0f486/MdNW8Hngcg/n3EtujhtxJpVlvRuZufmFxaXscm5ldW19I7+5dSvDWBBaJyEPRdPFknIW0LpiitNmJCj2XU4b7uAs9RtDKiQLgxs1iqjj417APEaw0pJzfVm82LdLB2kvdfIFyzyy7NOKjX4T27QmKMAMtU7+rd0NSezTQBGOpWzZVqScBAvFCKfjXDuWNMJkgHu0pWmAfSqdZHL0GO1ppYu8UOgKFJqoXzcS7Es58l096WPVlz+9VPzLa8XKO3ESFkSxogGZPuTFHKkQpQmgLhOUKD7SBBPB9K2I9LHAROmccjqEz5+i/8ntoWlXzPJVuVC1ZnFkYQd2oQg2HEMVzqEGdSBwB/fwCE/G0Hgwno2X6WjGmO1swzcYrx/7mZBC</latexit>

SO(N + 1)/SO(N)

And gauging the SM weak interactions

suppression of Higgs couplings  
to other SM particles

<latexit sha1_base64="qUgDgJKLL5uanIZPQBYX378yaYo="></latexit>

ghV V

gSMhV V

= cos
h⇧i
f

=

s

1� v2

f2

5



Higgs couplings agree with SM to ~ 10%

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

[ATLAS-CONF-2021-053]

Why?

The canonical models require fine-tuning to achieve this:

“minimal tuning”

[Panico, Redi, Tesi, Wulzer 2012]

<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="peQtaCdD1zLd8qvzK1zdxJNJCy0="></latexit>

V1 loop ⇠ y2t
16⇡2

M2
T f

2

✓
� sin2

⇧

f
+ sin4

⇧

f

◆

top partner mass

Models of Higgs as a Goldstone have residual fine-tuning problem

<latexit sha1_base64="7eIanxyuPRdogDCdklQv1zoRR7o="></latexit>

ghV V

gSMhV V

=

s

1� v2

f2
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Higgs couplings agree with SM to ~ 10%

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

[ATLAS-CONF-2021-053]

Why?

The canonical models require fine-tuning to achieve this:

“minimal tuning”

[Panico, Redi, Tesi, Wulzer 2012]

<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="peQtaCdD1zLd8qvzK1zdxJNJCy0="></latexit>

V1 loop ⇠ y2t
16⇡2

M2
T f

2

✓
� sin2

⇧

f
+ sin4

⇧

f

◆

top partner mass

Models of Higgs as a Goldstone have residual fine-tuning problem

Gegenbauer Goldstones are class of models that realize this naturally  

Shape of Higgs potential is strongly modified compared to SM 

            parametrically enhanced Higgs self-coupling deviations

<latexit sha1_base64="7eIanxyuPRdogDCdklQv1zoRR7o="></latexit>

ghV V

gSMhV V

=

s

1� v2

f2
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Inspiration: Abelian Goldstone

For a single  Goldstone boson,  

we know a simple way to get a small VEV

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="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)

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

L =
1

2
@µ�

T@µ�� �
�
�T�� f2

�2

(best studied pattern for pNGB Higgs)
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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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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)

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)

<latexit sha1_base64="72Tyt8HlWbPcDLfcXmvh9acfXy0="></latexit>

h⇧i
f

⇡ 5.1

n
⌧ 1
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Gegenbauer Higgs

Gegenbauer potential can realize              naturally 

But, when applied to standard composite Goldstone Higgs, some tuning remains:  

QCD-charged top partner masses are constrained by LHC data

[ATLAS-CONF-2021-024]

[Durieux, McCullough, Salvioni 2110.06941]

<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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Gegenbauer Higgs

Gegenbauer potential can realize              naturally 

But, when applied to standard composite Goldstone Higgs, some tuning remains:  

QCD-charged top partner masses are constrained by LHC data

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

v ⌧ f

Twin Higgs models can reduce size of top potential: top partners are QCD-neutral
[Chacko, Goh, Harnik 2005]

Marry the two: Gegenbauer’s Twin
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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
13



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

�
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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>

Vt ⇡
3y4t f

4

64⇡2


sin4

h

f
log

a

sin2 h/f
+ cos4

h

f
log

a

cos2 h/f

�

We introduce 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:
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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

15



Finally: the Higgs self-coupling

For Gegenbauer’s Twin, corrections are parametrically enhanced 

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

[Durieux, McCullough, Salvioni 2202.01228 + 2209.00666]

<latexit sha1_base64="eWXwoqA9q0wFb5k81C3xAbiaKLU=">AAACCXicbZDLSgMxFIYz9VbrbdSlm2ARXJUZLeqy4MaNUNFeoJ0OmTTThiaZIckIZZitG1/FjQtF3PoG7nwb03YEbf0h8PGfczg5fxAzqrTjfFmFpeWV1bXiemljc2t7x97da6ookZg0cMQi2Q6QIowK0tBUM9KOJUE8YKQVjC4n9dY9kYpG4k6PY+JxNBA0pBhpY/k27IYS4XTgp8PeaZb9QC/tSg5vr7PMt8tOxZkKLoKbQxnkqvv2Z7cf4YQToTFDSnVcJ9ZeiqSmmJGs1E0UiREeoQHpGBSIE+Wl00syeGScPgwjaZ7QcOr+nkgRV2rMA9PJkR6q+drE/K/WSXR44aVUxIkmAs8WhQmDOoKTWGCfSoI1GxtAWFLzV4iHyESjTXglE4I7f/IiNE8q7lmlelMt15w8jiI4AIfgGLjgHNTAFaiDBsDgATyBF/BqPVrP1pv1PmstWPnMPvgj6+MbGGaaiQ==</latexit> gh3

gSMh3
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Finally: the Higgs self-coupling

For Gegenbauer’s Twin, corrections are parametrically enhanced 

<latexit sha1_base64="eWXwoqA9q0wFb5k81C3xAbiaKLU=">AAACCXicbZDLSgMxFIYz9VbrbdSlm2ARXJUZLeqy4MaNUNFeoJ0OmTTThiaZIckIZZitG1/FjQtF3PoG7nwb03YEbf0h8PGfczg5fxAzqrTjfFmFpeWV1bXiemljc2t7x97da6ookZg0cMQi2Q6QIowK0tBUM9KOJUE8YKQVjC4n9dY9kYpG4k6PY+JxNBA0pBhpY/k27IYS4XTgp8PeaZb9QC/tSg5vr7PMt8tOxZkKLoKbQxnkqvv2Z7cf4YQToTFDSnVcJ9ZeiqSmmJGs1E0UiREeoQHpGBSIE+Wl00syeGScPgwjaZ7QcOr+nkgRV2rMA9PJkR6q+drE/K/WSXR44aVUxIkmAs8WhQmDOoKTWGCfSoI1GxtAWFLzV4iHyESjTXglE4I7f/IiNE8q7lmlelMt15w8jiI4AIfgGLjgHNTAFaiDBsDgATyBF/BqPVrP1pv1PmstWPnMPvgj6+MbGGaaiQ==</latexit> gh3

gSMh3

Model also predicts corrections to Higgs-fermion couplings
<latexit sha1_base64="PG0vkU6gX5kQt8vVVtlrKMhkV84=">AAACJnicbZDLSgMxFIYz9VbrrerSTbAIbiwzxdumUHDjsoK9QGccMmmmDc1cSM4UyjBP48ZXceOiIuLORzG9ILb1QMLP959Dcn4vFlyBaX4ZubX1jc2t/HZhZ3dv/6B4eNRUUSIpa9BIRLLtEcUED1kDOAjWjiUjgSdYyxvcTfzWkEnFo/ARRjFzAtILuc8pAY3cYtXuMgHETftge0SmkGW4in/hAr3Ati8JTYdPlSyt+Pp2iyWzbE4LrwprLkpoXnW3OLa7EU0CFgIVRKmOZcbgpEQCp4JlBTtRLCZ0QHqso2VIAqacdLpmhs806WI/kvqEgKf070RKAqVGgac7AwJ9texN4H9eJwH/1kl5GCfAQjp7yE8EhghPMsNdLhkFMdKCUMn1XzHtEx0F6GQLOgRreeVV0ayUrevy1cNlqVaZx5FHJ+gUnSML3aAaukd11EAUPaNXNEbvxovxZnwYn7PWnDGfOUYLZXz/AOozpfg=</latexit>

�htt̄ = �hhtt̄ = � v2

2f2
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Back to  ratioδh3/δhVV

fine-tuning

<latexit sha1_base64="vTJhr0mK/k5DAFbC0jdDQOrr6XI=">AAAB/HicdVBLSwMxGMz6rPW12qOXYBE8yLIrpQoiFLx4rNAXdJeSTbNtaJJdkqywLPWvePGgiFd/iDf/jdm2gs+BkGHm+8hkwoRRpV333VpaXlldWy9tlDe3tnd27b39jopTiUkbxyyWvRApwqggbU01I71EEsRDRrrh5Krwu7dEKhqLls4SEnA0EjSiGGkjDexKBC+h51/4HOmx5HmLdKYDu+o6dbcA/E08Z3a7VbBAc2C/+cMYp5wIjRlSqu+5iQ5yJDXFjEzLfqpIgvAEjUjfUIE4UUE+Cz+FR0YZwiiW5ggNZ+rXjRxxpTIemskio/rpFeJfXj/V0XmQU5Gkmgg8fyhKGdQxLJqAQyoJ1iwzBGFJTVaIx0girE1fZVPC50/h/6Rz6nh1p3ZTqzZOFnWUwAE4BMfAA2egAa5BE7QBBhm4B4/gybqzHqxn62U+umQtdirgG6zXD4nzlAU=</latexit>

f = 1 TeV

A ratio between 10 and 100 is generic in parameter space of Gegenbauer’s Twin

vacuum is unstable

A class of naturalness models where  measurements probe new groundh3

<latexit sha1_base64="uKsTvpXZOiqa/dbzkl/CZjvCfa0=">AAACD3icbVC7TsMwFHXKq5RXgJHFogKxUCUVr7ESC2ORaFqpKZXj3rRW7STYTqUq6h+w8CssDCDEysrG3+A+Bmg50r06Oude2fcECWdKO863lVtaXlldy68XNja3tnfs3T1PxamkUKMxj2UjIAo4i6CmmebQSCQQEXCoB/3rsV8fgFQsju70MIGWIN2IhYwSbaS2fex3gGvSznqeN8K+YgIe8Cn2Q0loNrgvj7JyaHrbLjolZwK8SNwZKaIZqm37y+/ENBUQacqJUk3XSXQrI1IzymFU8FMFCaF90oWmoRERoFrZ5J4RPjJKB4exNBVpPFF/b2REKDUUgZkURPfUvDcW//OaqQ6vWhmLklRDRKcPhSnHOsbjcHCHSaCaDw0hVDLzV0x7xEShTYQFE4I7f/Ii8col96J0fntWrDizOPLoAB2iE+SiS1RBN6iKaoiiR/SMXtGb9WS9WO/Wx3Q0Z8129tEfWJ8/KMmcDg==</latexit>

�hV V ' � v2

2f2

<latexit sha1_base64="vFvNfTmhAHTjnjQNN9S/WJpDIgQ=">AAACCnicbVDLSsNAFJ34rPUVdelmtAgupCS+lwU3LivYtNDEMJlM2qGTSZiZCCVk7cZfceNCEbd+gTv/xmkbUFsPXDhzzr3MvSdIGZXKsr6MufmFxaXlykp1dW19Y9Pc2nZkkglMWjhhiegESBJGOWkpqhjppIKgOGCkHQyuRn77nghJE36rhinxYtTjNKIYKS355p4bCYRzNyRMIT/v350Uxc/LcYrCN2tW3RoDzhK7JDVQoumbn26Y4CwmXGGGpOzaVqq8HAlFMSNF1c0kSREeoB7paspRTKSXj08p4IFWQhglQhdXcKz+nshRLOUwDnRnjFRfTnsj8T+vm6no0sspTzNFOJ58FGUMqgSOcoEhFQQrNtQEYUH1rhD3kc5G6fSqOgR7+uRZ4hzX7fP62c1prXFUxlEBu2AfHAIbXIAGuAZN0AIYPIAn8AJejUfj2Xgz3ietc0Y5swP+wPj4Bnn1m1g=</latexit>

�h3

�hV V

<latexit sha1_base64="UQeM4c9IYu/0fuhHTtAKr4bVToc=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYCm4kJKIL3BTcOOygk0LSQiTyaQdOpmEmYkQQv0VNy4UceuHuPNvnLZZaOuBC4dz7uXee8KMUaks69tYWV1b39isbdW3d3b39s2DQ0emucCkh1OWikGIJGGUk56iipFBJghKQkb64fh26vcfiZA05Q+qyIifoCGnMcVIaSkwG15EmEJBOXKcCfRuXK/lB2bTalszwGViV6QJKnQD88uLUpwnhCvMkJSubWXKL5FQFDMyqXu5JBnCYzQkrqYcJUT65ez4CWxpJYJxKnRxBWfq74kSJVIWSag7E6RGctGbiv95bq7ia7+kPMsV4Xi+KM4ZVCmcJgEjKghWrNAEYUH1rRCPkEBY6bzqOgR78eVl4py17cv2xf15s3NaxVEDR+AYnAAbXIEOuANd0AMYFOAZvII348l4Md6Nj3nrilHNNMAfGJ8/vQaUHg==</latexit>

�hV V [%]
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Another route: induced EWSB

[Harnik, Howe, Kearney 2016] 
[Galloway, Kagan, Martin 2016]

[Azatov, Galloway, Luty 2011] 
[Galloway, Luty, Tsai, Zhao 2013] 
[Chang, Galloway, Luty, Salvioni, Tsai 2014]

Another viable approach to remove         tuning is tadpole-induced EWSB
<latexit sha1_base64="Nyho7CrZK2ccXjmk1Qz2zJJKC5E=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU02kqMeCF48VrS20oWy2k3bpZhN2N4US+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fDoScepYthksYhVO6AaBZfYNNwIbCcKaRQIbAWj25nfGqPSPJaPZpKgH9GB5CFn1FjpYXwR9soVt+rOQVaJl5MK5Gj0yl/dfszSCKVhgmrd8dzE+BlVhjOB01I31ZhQNqID7FgqaYTaz+anTsmZVfokjJUtachc/T2R0UjrSRTYzoiaoV72ZuJ/Xic14Y2fcZmkBiVbLApTQUxMZn+TPlfIjJhYQpni9lbChlRRZmw6JRuCt/zyKnm6rHpX1dp9rVKv5XEU4QRO4Rw8uIY63EEDmsBgAM/wCm+OcF6cd+dj0Vpw8plj+APn8wcOwI2e</latexit>

v/f

Large deviations in  are expected here too (self-interactions are suppressed) 

Updated analysis of constraints is missing

h3

Standard 
Model

New 
Sector

<latexit sha1_base64="bKqX6869DIViI72VE22KoW9leMw="></latexit>

� ✏ Tr [⌃†
H]

<latexit sha1_base64="Ms+TRLm3tir9Cjj4ngjkPxk+i50=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExVUnFa0GqxMJYBH1ITRQ5rpNatZ3IdpCqqjMLv8LCAEKsfAEbf4PbZICWI13p+Jx75XtPmDKqtON8W6Wl5ZXVtfJ6ZWNza3vH3t1rqySTmLRwwhLZDZEijArS0lQz0k0lQTxkpBMOr6d+54FIRRNxr0cp8TmKBY0oRtpIgX3oMSRiRqB3R2OOoCfz5xWMglwK7KpTc2aAi8QtSBUUaAb2l9dPcMaJ0JghpXquk2p/jKSmmJFJxcsUSREeopj0DBWIE+WPZ6dM4LFR+jBKpCmh4Uz9PTFGXKkRD00nR3qg5r2p+J/Xy3R06Y+pSDNNBM4/ijIGdQKnucA+lQRrNjIEYUnNrhAPkERYm/QqJgR3/uRF0q7X3PPa2e1ptVEv4iiDA3AEToALLkAD3IAmaAEMHsEzeAVv1pP1Yr1bH3lrySpm9sEfWJ8/1+SZrw==</latexit>

h⌃i = f⌃
<latexit sha1_base64="KTOGiQz7XW975DdiARvhPb08MgE=">AAAB+HicbVDLSgMxFM3UV62Pjrp0EyyCoJSZwdey4KbLCvYB7XTIpGkbmmSGJCPUab/EjQtF3Pop7vwb03YW2nrgwuGce7n3njBmVGnH+bZya+sbm1v57cLO7t5+0T44bKgokZjUccQi2QqRIowKUtdUM9KKJUE8ZKQZju5mfvORSEUj8aDHMfE5GgjapxhpIwV28bxzAXlQ7XpwUp10vcAuOWVnDrhK3IyUQIZaYH91ehFOOBEaM6RU23Vi7adIaooZmRY6iSIxwiM0IG1DBeJE+en88Ck8NUoP9iNpSmg4V39PpIgrNeah6eRID9WyNxP/89qJ7t/6KRVxoonAi0X9hEEdwVkKsEclwZqNDUFYUnMrxEMkEdYmq4IJwV1+eZU0vLJ7Xb66vyxVvCyOPDgGJ+AMuOAGVEAV1EAdYJCAZ/AK3qwn68V6tz4WrTkrmzkCf2B9/gB1GpGi</latexit>

+m
2
H
|H|2

<latexit sha1_base64="pZIVYucpftCag/GRrY9nEyEswbw="></latexit>

V (h) ⇠ +m2
H
h2� ✏ f⌃ h
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Summary

Gegenbauer’s Twin shows that fully natural electroweak breaking  

is still compatible with LHC results 

Large modifications of Higgs self-coupling are generic. 

Ratio  is between 10 and 100, very promising for LHC and FCC  

Do other models that remove         tuning also lead to large  ? 

Here I focused only on hierarchy problem,  

but even bigger values of  are possible in more general scenarios

δh3/δhVV

δh3/δhVV

δh3/δhVV

<latexit sha1_base64="Nyho7CrZK2ccXjmk1Qz2zJJKC5E=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU02kqMeCF48VrS20oWy2k3bpZhN2N4US+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fDoScepYthksYhVO6AaBZfYNNwIbCcKaRQIbAWj25nfGqPSPJaPZpKgH9GB5CFn1FjpYXwR9soVt+rOQVaJl5MK5Gj0yl/dfszSCKVhgmrd8dzE+BlVhjOB01I31ZhQNqID7FgqaYTaz+anTsmZVfokjJUtachc/T2R0UjrSRTYzoiaoV72ZuJ/Xic14Y2fcZmkBiVbLApTQUxMZn+TPlfIjJhYQpni9lbChlRRZmw6JRuCt/zyKnm6rHpX1dp9rVKv5XEU4QRO4Rw8uIY63EEDmsBgAM/wCm+OcF6cd+dj0Vpw8plj+APn8wcOwI2e</latexit>

v/f

[Durieux, McCullough, Salvioni 2209.00666]
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Perturbative unitarity
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<latexit sha1_base64="NiiLCJSZGQ9fHBntuCLNr4QKrMA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokU9Vjw4rEF+wFtKJvtpN12swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28Hkfu63n1BpHstHM03Qj+hQ8pAzaqzUGPdLZbfiLkDWiZeTMuSo90tfvUHM0gilYYJq3fXcxPgZVYYzgbNiL9WYUDahQ+xaKmmE2s8Wh87IpVUGJIyVLWnIQv09kdFI62kU2M6ImpFe9ebif143NeGdn3GZpAYlWy4KU0FMTOZfkwFXyIyYWkKZ4vZWwkZUUWZsNkUbgrf68jppXVe8m0q1US3XqnkcBTiHC7gCD26hBg9QhyYwQHiGV3hzxs6L8+58LFs3nHzmDP7A+fwBz7mM6Q==</latexit>

j

<latexit sha1_base64="5lTIeD6xq78RD6Vl5Tq9PXmInYs=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BFuhgpSkiHosiOCxQr+wDWWznbRLN5uwuxFK6b/w4kERr/4bb/4bt20O2vpg4PHeDDPz/JgzpR3n28qsrW9sbmW3czu7e/sH+cOjpooSSbFBIx7Jtk8UciawoZnm2I4lktDn2PJHtzO/9YRSsUjU9ThGLyQDwQJGiTbSY/Gue1Es1bF53ssXnLIzh71K3JQUIEWtl//q9iOahCg05USpjuvE2psQqRnlOM11E4UxoSMywI6hgoSovMn84ql9ZpS+HUTSlND2XP09MSGhUuPQN50h0UO17M3E/7xOooMbb8JEnGgUdLEoSLitI3v2vt1nEqnmY0MIlczcatMhkYRqE1LOhOAuv7xKmpWye1W+fKgUqpU0jiycwCmUwIVrqMI91KABFAQ8wyu8Wcp6sd6tj0VrxkpnjuEPrM8fPiqPSg==</latexit>

E (TeV)

<latexit sha1_base64="9ETXDkIAq9XWIA1rqMR1AMYDEic=">AAAB+HicdVDLSgMxFM34rPXRUZdugkWoIONMqVV3BTcuK9gHtMOQSTNtbJIZkoxQh36JGxeKuPVT3Pk3pg/B54ELh3Pu5d57woRRpV333VpYXFpeWc2t5dc3NrcK9vZOU8WpxKSBYxbLdogUYVSQhqaakXYiCeIhI61weDHxW7dEKhqLaz1KiM9RX9CIYqSNFNiF0s1x+bCrKScK8mAQ2EXXOXG986oHfxPPcacogjnqgf3W7cU45URozJBSHc9NtJ8hqSlmZJzvpookCA9Rn3QMFcgs8rPp4WN4YJQejGJpSmg4Vb9OZIgrNeKh6eRID9RPbyL+5XVSHZ35GRVJqonAs0VRyqCO4SQF2KOSYM1GhiAsqbkV4gGSCGuTVd6E8Pkp/J80y45XdSpXlWLtaB5HDuyBfVACHjgFNXAJ6qABMEjBPXgET9ad9WA9Wy+z1gVrPrMLvsF6/QChg5Jk</latexit>

(j/2)⇥mh

<latexit sha1_base64="TvMLPXm9Poscyjbz7b/SEIj3jmo=">AAAB7HicdVDLSsNAFJ34rPVVdelmsAiuwiSmmi6EghuXFUxbaEOZTCft0MkkzEyEEvoNblwo4tYPcuffOH0IKnrgwuGce7n3nijjTGmEPqyV1bX1jc3SVnl7Z3dvv3Jw2FJpLgkNSMpT2YmwopwJGmimOe1kkuIk4rQdja9nfvueSsVScacnGQ0TPBQsZgRrIwUCXkG/X6kiu15HnleDyK4h13V9Q9C569cd6NhojipYotmvvPcGKckTKjThWKmugzIdFlhqRjidlnu5ohkmYzykXUMFTqgKi/mxU3hqlAGMU2lKaDhXv08UOFFqkkSmM8F6pH57M/Evr5vr2A8LJrJcU0EWi+KcQ53C2edwwCQlmk8MwUQycyskIywx0Safsgnh61P4P2m5tnNhe7detYGWcZTAMTgBZ8ABl6ABbkATBIAABh7AE3i2hPVovVivi9YVazlzBH7AevsE5zqODw==</latexit>

n = 8

<latexit sha1_base64="mnKLf9HqeU+JsWW6Pygrp317tXY=">AAAB7HicdVDLSgNBEOz1GeMr6tHLYBA8LbMhiclBCHjxGME8IFnC7GQ2GTI7u8zMCmHJN3jxoIhXP8ibf+PkIahoQUNR1U13V5AIrg3GH87a+sbm1nZuJ7+7t39wWDg6bus4VZS1aCxi1Q2IZoJL1jLcCNZNFCNRIFgnmFzP/c49U5rH8s5ME+ZHZCR5yCkxVmpJdIWqg0IRu7hUq5RLCLulCq57dUsq2KtXy8hz8QJFWKE5KLz3hzFNIyYNFUTrnocT42dEGU4Fm+X7qWYJoRMyYj1LJYmY9rPFsTN0bpUhCmNlSxq0UL9PZCTSehoFtjMiZqx/e3PxL6+XmrDmZ1wmqWGSLheFqUAmRvPP0ZArRo2YWkKo4vZWRMdEEWpsPnkbwten6H/SLrle1S3flosNvIojB6dwBhfgwSU04Aaa0AIKHB7gCZ4d6Tw6L87rsnXNWc2cwA84b5/iPI4M</latexit>

n = 6

<latexit sha1_base64="W8oLCR693NwjONv1zJAHeMLS+3k=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiQiKohQcOOyQl/QhDKZ3rRDZ5IwMxFKqL/ixoUibv0Qd/6NkzYLbT0wcDjnXu6ZEyScKe0431ZpbX1jc6u8XdnZ3ds/sA+POipOJYU2jXksewFRwFkEbc00h14igYiAQzeY3OV+9xGkYnHU0tMEfEFGEQsZJdpIA7sa4lvsejeeIHosRdaCzmxg15y6MwdeJW5BaqhAc2B/ecOYpgIiTTlRqu86ifYzIjWjHGYVL1WQEDohI+gbGhEBys/m4Wf41ChDHMbSvEjjufp7IyNCqakIzGSeUS17ufif1091eO1nLEpSDRFdHApTjnWM8ybwkEmgmk8NIVQykxXTMZGEatNXxZTgLn95lXTO6+5l/eLhotZwijrK6BidoDPkoivUQPeoidqIoil6Rq/ozXqyXqx362MxWrKKnSr6A+vzB3Dtk/c=</latexit>

f = 1 TeV

Following [Chang, Luty 1902.05556], we estimate perturbative unitarity bounds from 

    scattering processes (even   ) 

Slightly stronger constraints can be obtained by including would-be Goldstones, 

after restoring gauge invariant form through

<latexit sha1_base64="DRlZ46ugIvFt+s4t9iFhOcEeQ/Q=">AAAB/HicbZDLSsNAFIZP6q3WW7RLN4NFcFWTUtRlwY3LCvYCbSyT6aQdO5mEmYkQQn0VNy4UceuDuPNtnLZZaOsPAx//OYc55/djzpR2nG+rsLa+sblV3C7t7O7tH9iHR20VJZLQFol4JLs+VpQzQVuaaU67saQ49Dnt+JPrWb3zSKVikbjTaUy9EI8ECxjB2lgDuzy+zx7Oa1PU1xHKeWBXnKozF1oFN4cK5GoO7K/+MCJJSIUmHCvVc51YexmWmhFOp6V+omiMyQSPaM+gwCFVXjZffopOjTNEQSTNExrN3d8TGQ6VSkPfdIZYj9VybWb+V+slOrjyMibiRFNBFh8FCUfm0FkSaMgkJZqnBjCRzOyKyBhLTLTJq2RCcJdPXoV2repeVOu39UqjnsdRhGM4gTNw4RIacANNaAGBFJ7hFd6sJ+vFerc+Fq0FK58pwx9Znz9w05P1</latexit>

hj/2 ! hj/2 <latexit sha1_base64="NiiLCJSZGQ9fHBntuCLNr4QKrMA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KokU9Vjw4rEF+wFtKJvtpN12swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28Hkfu63n1BpHstHM03Qj+hQ8pAzaqzUGPdLZbfiLkDWiZeTMuSo90tfvUHM0gilYYJq3fXcxPgZVYYzgbNiL9WYUDahQ+xaKmmE2s8Wh87IpVUGJIyVLWnIQv09kdFI62kU2M6ImpFe9ebif143NeGdn3GZpAYlWy4KU0FMTOZfkwFXyIyYWkKZ4vZWwkZUUWZsNkUbgrf68jppXVe8m0q1US3XqnkcBTiHC7gCD26hBg9QhyYwQHiGV3hzxs6L8+58LFs3nHzmDP7A+fwBz7mM6Q==</latexit>

j

<latexit sha1_base64="wKdslKG/dgDnecE/xQ8zKn6VskE=">AAACDHicbVDLSsNAFL2pr1pfVZduBovgxpKUom6EipsuK9gHNLFMJpN26OThzKRQQj/Ajb/ixoUibv0Ad/6N0zYLbT0wcDjnXO7c48acSWWa30ZuZXVtfSO/Wdja3tndK+4ftGSUCEKbJOKR6LhYUs5C2lRMcdqJBcWBy2nbHd5M/faICsmi8E6NY+oEuB8ynxGstNQrlgbIVhHqoCtkyweh0kr93vZwv08Fqk/QGRr1rnXKLJszoGViZaQEGRq94pftRSQJaKgIx1J2LTNWToqFYoTTScFOJI0xGeI+7Woa4oBKJ50dM0EnWvGQHwn9QoVm6u+JFAdSjgNXJwOsBnLRm4r/ed1E+ZdOysI4UTQk80V+wpE+f9oM8pigRPGxJpgIpv+KyAALTJTur6BLsBZPXiatStk6L1dvq6VaNasjD0dwDKdgwQXUoA4NaAKBR3iGV3gznowX4934mEdzRjZzCH9gfP4AmfaZZw==</latexit>

h ! X =
p
2H†H � vA

<latexit sha1_base64="GcH+F3LmNNKPlwEfAhAhRqHik3I=">AAACDHicbVDLSsNAFJ34rPVVdelmsAiuSiKlCm4KIris0Bc0oUym03boTBJmbsQS8gFu/BU3LhRx6we482+ctFlo64GBwznnMvcePxJcg21/Wyura+sbm4Wt4vbO7t5+6eCwrcNYUdaioQhV1yeaCR6wFnAQrBspRqQvWMefXGd+554pzcOgCdOIeZKMAj7klICR+qXyTT9xlcSSPKTYHYFJSlxzr1xJYKxk0mTt1KTsij0DXiZOTsooR6Nf+nIHIY0lC4AKonXPsSPwEqKAU8HSohtrFhE6ISPWMzQgkmkvmR2T4lOjDPAwVOYFgGfq74mESK2n0jfJbEe96GXif14vhuGll/AgioEFdP7RMBYYQpw1gwdcMQpiagihiptdMR0TRSiY/oqmBGfx5GXSPq84tUr1rlquV/M6CugYnaAz5KALVEe3qIFaiKJH9Ixe0Zv1ZL1Y79bHPLpi5TNH6A+szx9hvZss</latexit>

Emax & 6 TeV



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


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]

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)



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]



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

Leading potential for Higgs + Twin Higgs is  invariantSO(8)

<latexit sha1_base64="jXQLD9iIHtOdqhN7VjMbMDIy/ZI="></latexit>

V = �

⇣
|HA|2 + |HB |2 � f

2
/2

⌘2

Spontaneous breaking  : 7 Goldstones 

3 eaten by gauging  in Twin sector, 4 form SM Higgs doublet

SO(8) → SO(7)
SU(2) × U(1)



The Twin protection
Exchange symmetry enforces  invariance of quadratic corrections to potentialSO(8)

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>

yt = ŷt, ⇤A = ⇤B
<latexit sha1_base64="CEFdRtopMYDuMnlTKoemkRpA88k=">AAACE3icbZDLSgMxFIYz9VbrbdSlm2AriEiZ6UIFEapuXLioYC/QKUMmTdvQzIXkjDAMfQc3voobF4q4dePOtzFtZ6GtBwIf/39OkvN7keAKLOvbyC0sLi2v5FcLa+sbm1vm9k5DhbGkrE5DEcqWRxQTPGB14CBYK5KM+J5gTW94PfabD0wqHgb3kESs45N+wHucEtCSax6VEhfwBXYGBNJk5MKxc46dW31Bl7iXYyPjq5JrFq2yNSk8D3YGRZRVzTW/nG5IY58FQAVRqm1bEXRSIoFTwUYFJ1YsInRI+qytMSA+U510stMIH2ili3uh1CcAPFF/T6TEVyrxPd3pExioWW8s/ue1Y+iddVIeRDGwgE4f6sUCQ4jHAeEul4yCSDQQKrn+K6YDIgkFHWNBh2DPrjwPjUrZtsr2XaVYPcniyKM9tI8OkY1OURXdoBqqI4oe0TN6RW/Gk/FivBsf09ackc3soj9lfP4Am6+cCg==</latexit><latexit sha1_base64="CEFdRtopMYDuMnlTKoemkRpA88k=">AAACE3icbZDLSgMxFIYz9VbrbdSlm2AriEiZ6UIFEapuXLioYC/QKUMmTdvQzIXkjDAMfQc3voobF4q4dePOtzFtZ6GtBwIf/39OkvN7keAKLOvbyC0sLi2v5FcLa+sbm1vm9k5DhbGkrE5DEcqWRxQTPGB14CBYK5KM+J5gTW94PfabD0wqHgb3kESs45N+wHucEtCSax6VEhfwBXYGBNJk5MKxc46dW31Bl7iXYyPjq5JrFq2yNSk8D3YGRZRVzTW/nG5IY58FQAVRqm1bEXRSIoFTwUYFJ1YsInRI+qytMSA+U510stMIH2ili3uh1CcAPFF/T6TEVyrxPd3pExioWW8s/ue1Y+iddVIeRDGwgE4f6sUCQ4jHAeEul4yCSDQQKrn+K6YDIgkFHWNBh2DPrjwPjUrZtsr2XaVYPcniyKM9tI8OkY1OURXdoBqqI4oe0TN6RW/Gk/FivBsf09ackc3soj9lfP4Am6+cCg==</latexit><latexit sha1_base64="CEFdRtopMYDuMnlTKoemkRpA88k=">AAACE3icbZDLSgMxFIYz9VbrbdSlm2AriEiZ6UIFEapuXLioYC/QKUMmTdvQzIXkjDAMfQc3voobF4q4dePOtzFtZ6GtBwIf/39OkvN7keAKLOvbyC0sLi2v5FcLa+sbm1vm9k5DhbGkrE5DEcqWRxQTPGB14CBYK5KM+J5gTW94PfabD0wqHgb3kESs45N+wHucEtCSax6VEhfwBXYGBNJk5MKxc46dW31Bl7iXYyPjq5JrFq2yNSk8D3YGRZRVzTW/nG5IY58FQAVRqm1bEXRSIoFTwUYFJ1YsInRI+qytMSA+U510stMIH2ili3uh1CcAPFF/T6TEVyrxPd3pExioWW8s/ue1Y+iddVIeRDGwgE4f6sUCQ4jHAeEul4yCSDQQKrn+K6YDIgkFHWNBh2DPrjwPjUrZtsr2XaVYPcniyKM9tI8OkY1OURXdoBqqI4oe0TN6RW/Gk/FivBsf09ackc3soj9lfP4Am6+cCg==</latexit><latexit sha1_base64="CEFdRtopMYDuMnlTKoemkRpA88k=">AAACE3icbZDLSgMxFIYz9VbrbdSlm2AriEiZ6UIFEapuXLioYC/QKUMmTdvQzIXkjDAMfQc3voobF4q4dePOtzFtZ6GtBwIf/39OkvN7keAKLOvbyC0sLi2v5FcLa+sbm1vm9k5DhbGkrE5DEcqWRxQTPGB14CBYK5KM+J5gTW94PfabD0wqHgb3kESs45N+wHucEtCSax6VEhfwBXYGBNJk5MKxc46dW31Bl7iXYyPjq5JrFq2yNSk8D3YGRZRVzTW/nG5IY58FQAVRqm1bEXRSIoFTwUYFJ1YsInRI+qytMSA+U510stMIH2ili3uh1CcAPFF/T6TEVyrxPd3pExioWW8s/ue1Y+iddVIeRDGwgE4f6sUCQ4jHAeEul4yCSDQQKrn+K6YDIgkFHWNBh2DPrjwPjUrZtsr2XaVYPcniyKM9tI8OkY1OURXdoBqqI4oe0TN6RW/Gk/FivBsf09ackc3soj9lfP4Am6+cCg==</latexit>

invariant

<latexit sha1_base64="2bPzdQ+5LRVQVNl87FqK/KO1hws=">AAACCXicbZDLSsNAFIYn9VbrLerSzWARKkJJSlGXVTddVrAXaGKYTCbt0JkkzEyEknbrxldx40IRt76BO9/G6WWhrT8MfPznHM6c308Ylcqyvo3cyura+kZ+s7C1vbO7Z+4ftGScCkyaOGax6PhIEkYj0lRUMdJJBEHcZ6TtD24m9fYDEZLG0Z0aJsTlqBfRkGKktOWZ0AkIUwi2HEk5LI3q3tXovgLPoKZrTaeeWbTK1lRwGew5FMFcDc/8coIYp5xECjMkZde2EuVmSCiKGRkXnFSSBOEB6pGuxghxIt1seskYnmgngGEs9IsUnLq/JzLEpRxyX3dypPpysTYx/6t1UxVeuhmNklSRCM8WhSmDKoaTWGBABcGKDTUgLKj+K8R9JBBWOryCDsFePHkZWpWyfV6u3laLteo8jjw4AsegBGxwAWqgDhqgCTB4BM/gFbwZT8aL8W58zFpzxnzmEPyR8fkDU/GYJA==</latexit>

�V ⇠ (|HA|2 + |HB |2)

<latexit sha1_base64="By2qfMsOXxLEG6FuIcSgDIWzDxw=">AAAB7HicbVBNSwMxEJ31s9avqkcvwSLUS9mVoj0WvHizotsW2qVk02wbmk2WJCuUpb/BiwdFvPqDvPlvTNs9aOuDgcd7M8zMCxPOtHHdb2dtfWNza7uwU9zd2z84LB0dt7RMFaE+kVyqTog15UxQ3zDDaSdRFMchp+1wfDPz209UaSbFo5kkNIjxULCIEWys5D/cVeoX/VLZrbpzoFXi5aQMOZr90ldvIEkaU2EIx1p3PTcxQYaVYYTTabGXappgMsZD2rVU4JjqIJsfO0XnVhmgSCpbwqC5+nsiw7HWkzi0nTE2I73szcT/vG5qonqQMZGkhgqyWBSlHBmJZp+jAVOUGD6xBBPF7K2IjLDCxNh8ijYEb/nlVdK6rHpX1dp9rdyo5XEU4BTOoAIeXEMDbqEJPhBg8Ayv8OYI58V5dz4WrWtOPnMCf+B8/gCKuI3S</latexit>

SO(8)

Hierarchy problem solved up to scale Λ ≲ 4π f

<latexit sha1_base64="BKxmAc6YIUlvYMHjEDierjFnnFs=">AAACGnicbVDLSgMxFM34tr6qLt0Ei+CqzEhRl1U3LhVsFTulZNI7bTCTDMkdpQzzHW78FTcuFHEnbvwb08fC14HA4Zx7ybknSqWw6Puf3tT0zOzc/MJiaWl5ZXWtvL7RtDozHBpcS22uImZBCgUNFCjhKjXAkkjCZXRzMvQvb8FYodUFDlJoJ6ynRCw4Qyd1ysERDS0yfmNA5mHCsM+ZzK+Lzl6Rh1KrnoQYjej1kRmj7wp63ClX/Ko/Av1LggmpkAnOOuX3sKt5loBCLpm1rcBPsZ0zg4JLKEphZiF1CVgPWo4qloBt56PTCrrjlC6NtXFPIR2p3zdyllg7SCI3OQxvf3tD8T+vlWF82M6FSjMExccfxZmkqOmwJ9oVBjjKgSOMG+GyUt5nhnF0bZZcCcHvk/+S5l412K/WzmuVem1SxwLZIttklwTkgNTJKTkjDcLJPXkkz+TFe/CevFfvbTw65U12NskPeB9f/yuiEQ==</latexit>

A
Z2 ! B



Gegenbauer’s Twin

standard Twin model (Twin hypercharge not gauged)

fine tuning gain is 
approximately a factor

<latexit sha1_base64="uwhpCnUlKSSWXoczK3LlOxuYzUU="></latexit>

�

2v2/f2
⇡ 4⇡2m2

h

3y4t v
2

⇡ 4

Fine tuning relative to standard Twin model:


