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Higgs naturalness problem solved by symmetry?

• Origin of electroweak symmetry breaking remains completely mysterious. 

Can we calculate the Higgs potential? 

• Symmetry-based explanations remain the most plausible paradigm: 

‣ a spacetime symmetry (SUSY)  

or 

‣ a global symmetry (Higgs as a pseudo-Nambu-Goldstone boson, or pNGB) 

• The LHC, the FCC, and any other future colliders must keep searching  

for the associated new physics, which renders the small Higgs mass “natural” 

• I’ll review some signatures of symmetry-based naturalness, using fine-tuning  

as (qualitative) guiding principle
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Two reasons for tuning in the Higgs potential

Higgs mass
Direct searches for new particles 

(top partners of mass )M

+ …SM
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Lower bounds on (QCD-charged) resonances imply fine tuning

Higgs vev
Deviations of Higgs couplings 

to SM particles X
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SM-like measurements of Higgs couplings imply fine tuning
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SUSY

The top partners are QCD-charged stops 

FCC-hh:             

Improve over LHC by ~ 2 orders of magnitude

M ≳ 10 TeV Δm2
h

≳ 400
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[Bernal Casas, Moreno 2022.09103]

 can be a significant suppression 

  and    corrections even smaller

tan β ≫ 1

htt hVV
Connection between vev tuning and  

Higgs couplings is indeed precise, but:

For vev tuning, 2HDM 
structure leads to:
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Mass tuning:

[Gouskos, Sung, Incandela, CERN-ACC-2019-0036]
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SUSY

The top partners are QCD-charged stops 

FCC-hh:             

Improve over LHC by ~ 2 orders of magnitude

M ≳ 10 TeV Δm2
h

≳ 400
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• In SUSY, difficult to draw general statements on tuning from Higgs couplings 

       emphasis is on direct searches for QCD-charged stops 

• Picture can change dramatically if the scalar top partners are QCD-neutral. 

E.g. if they are fully neutral under SM, “nightmare scenario” for naturalness* 

However, models of SUSY neutral naturalness are somewhat contrived 

Mass tuning:

[Burdman, Chacko, Goh, Harnik, hep-ph/0609152] 
[Cohen, Craig, Lou, Pinner, 1508.05396] 
* [Cheng, Li, Salvioni, Verhaaren, 1803.03651](also [Craig, Cohen, Giudice, McCullough, 1803.03647], though Higgs is a pseudo-Goldstone boson) 4



Mass tuning:
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Higgs as a pNGB [Liu, Wang, Xie, 1810.08954]

The top partners are QCD-charged fermions with 

different EW quantum numbers:  

FCC-hh:            

T, X5/3 , …

M ≳ 10 TeV Δm2
h

≳ 400

• Including single production can increase sensitivity on  by   

Model-dependent couplings  

[in principle single production is possible also in SUSY, if R-parity violating]

M O(1)
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Higgs as a pNGB

• The Higgs doublet is made of 4 Goldstone bosons:   under 

• Embedding the SM gauge interactions makes  couplings smaller than in SM,

H → H + c

hVV

Vev tuning:

[e.g. Panico, Wulzer 1506.01961]
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The LHC already tells us we need  

            How is the Higgs vev generated?

decay constant of the “pion-like” Higgs
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Higgs as a pNGB

• The Higgs is a Goldstone boson: at tree level,  

• At loop level, a potential is generated by SM gauge and (top) Yukawa interactions. 

Typical form is

Vev tuning:

<latexit sha1_base64="c1jDO93NKjQ3onBG9pzYtnNWO/U=">AAACAHicbZDLSsNAFIZPvNZ6i7pw4WawCK5qUqS6LLiwywr2Am0ok+mkHTqZhJmJUEI2voobF4q49THc+TZO2yDa+sPAx3/OYc75/ZgzpR3ny1pZXVvf2CxsFbd3dvf27YPDlooSSWiTRDySHR8rypmgTc00p51YUhz6nLb98c203n6gUrFI3OtJTL0QDwULGMHaWH37uBdiPSKYp7fZxQ/Xs75dcsrOTGgZ3BxKkKvRtz97g4gkIRWacKxU13Vi7aVYakY4zYq9RNEYkzEe0q5BgUOqvHR2QIbOjDNAQSTNExrN3N8TKQ6VmoS+6ZyuqBZrU/O/WjfRwbWXMhEnmgoy/yhIONIRmqaBBkxSovnEACaSmV0RGWGJiTaZFU0I7uLJy9CqlN1quXp3WapV8jgKcAKncA4uXEEN6tCAJhDI4Ale4NV6tJ6tN+t93rpi5TNH8EfWxzcFMJam</latexit>

G/H

are model-dependent constants

To obtain a viable            , need to tune parameters:

<latexit sha1_base64="xYcAzCys6XjaghoRUEan+SVXnCg="></latexit>

�v2 =
(↵/�)expected
(↵/�)required

⇠ f2

v2

<latexit sha1_base64="j3qFVQyz9/ulUk9rmZU1HK5+Yx0=">AAACMXicbVDLSsNAFJ34rPUVdelmsAgVsSSlVJcFN11WsA9oYplMJ83QySTMTIQS8ktu/BNx04Uibv0JJ20XtfXA5R7OuZeZe7yYUaksa2psbG5t7+wW9or7B4dHx+bJaUdGicCkjSMWiZ6HJGGUk7aiipFeLAgKPUa63vg+97vPREga8Uc1iYkbohGnPsVIaWlgNjvl4Ao6kobwBjqIxQGC/lM1V3jefIFwGmSpn8Fr6HhELdm1ZXtglqyKNQNcJ/aClMACrYH55gwjnISEK8yQlH3bipWbIqEoZiQrOokkMcJjNCJ9TTkKiXTT2cUZvNTKEPqR0MUVnKnLGykKpZyEnp4MkQrkqpeL/3n9RPl3bkp5nCjC8fwhP2FQRTCPDw6pIFixiSYIC6r/CnGAdApKh1zUIdirJ6+TTrVi1yv1h1qpUV3EUQDn4AKUgQ1uQQM0QQu0AQYv4B18gE/j1ZgaX8b3fHTDWOycgT8wfn4Bb1SoAg==</latexit>

V (h) ⇠ �↵f2 sin2
h

f
+ �f2 sin4

h

f

<latexit sha1_base64="YZSkVdz7xVHJpkLYPO5nI19Xaio=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FLx4r2A9oQ9lsN+3SzSbsTgol9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpb2zu7e8X90sHh0fFJ+fSsbeJUM95isYx1N6CGS6F4CwVK3k00p1EgeSeY3C/8zpRrI2L1hLOE+xEdKREKRtFKnSnpS0nCQbniVt0lyCbxclKBHM1B+as/jFkacYVMUmN6npugn1GNgkk+L/VTwxPKJnTEe5YqGnHjZ8tz5+TKKkMSxtqWQrJUf09kNDJmFgW2M6I4NuveQvzP66UY3vmZUEmKXLHVojCVBGOy+J0MheYM5cwSyrSwtxI2ppoytAmVbAje+subpH1T9erV+mOt0qjlcRThAi7hGjy4hQY8QBNawGACz/AKb07ivDjvzseqteDkM+fwB87nD5W3jw0=</latexit>

v ⌧ f

<latexit sha1_base64="yA8qmjxGDnv7l+m6yIAO1RvI3YQ=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgQcKuhOgx4MVjBPOA7BJ6J7PJkNmHM72BsOQ7vHhQxKsf482/cZLsQRMLGoqqbrq7/EQKjbb9bRU2Nre2d4q7pb39g8Oj8vFJW8epYrzFYhmrrg+aSxHxFgqUvJsoDqEveccf3839zoQrLeLoEacJ90IYRiIQDNBIngsyGcEVdX2O0C9X7Kq9AF0nTk4qJEezX/5yBzFLQx4hk6B1z7ET9DJQKJjks5Kbap4AG8OQ9wyNIOTayxZHz+iFUQY0iJWpCOlC/T2RQaj1NPRNZwg40qveXPzP66UY3HqZiJIUecSWi4JUUozpPAE6EIozlFNDgClhbqVsBAoYmpxKJgRn9eV10r6uOvVq/aFWadTyOIrkjJyTS+KQG9Ig96RJWoSRJ/JMXsmbNbFerHfrY9lasPKZU/IH1ucPEw6Rnw==</latexit>

↵,�

[e.g. Panico, Wulzer 1506.01961]

<latexit sha1_base64="FfVAVmk8dQk+Qdtbu6oF2m2Fo+4=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaJQY8kXjhCIo8ENmR2aGBkdnYzM2tCNnyBFw8a49VP8ubfOMAeFKykk0pVd7q7glhwbVz328ltbe/s7uX3CweHR8cnxdOzto4SxbDFIhGpbkA1Ci6xZbgR2I0V0jAQ2Amm9wu/84RK80g+mFmMfkjHko84o8ZKzfqgWHLL7hJkk3gZKUGGxqD41R9GLAlRGiao1j3PjY2fUmU4Ezgv9BONMWVTOsaepZKGqP10eeicXFllSEaRsiUNWaq/J1Iaaj0LA9sZUjPR695C/M/rJWZ056dcxolByVaLRokgJiKLr8mQK2RGzCyhTHF7K2ETqigzNpuCDcFbf3mTtCtlr1quNm9KtUoWRx4u4BKuwYNbqEEdGtACBgjP8ApvzqPz4rw7H6vWnJPNnMMfOJ8/nDuMxw==</latexit>

H

<latexit sha1_base64="8we/bFn98TF1lGga6H1w1RDLTZs=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoMQm3AXJNoIARvLCCYGkiPsbeaSJXt75+6eEEL+hI2FIrb+HTv/jZvkCk18MPB4b4aZeUEiuDau++3k1tY3Nrfy24Wd3b39g+LhUUvHqWLYZLGIVTugGgWX2DTcCGwnCmkUCHwIRjcz/+EJleaxvDfjBP2IDiQPOaPGSu1WeXhOronbK5bcijsHWSVeRkqQodErfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7vlJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPInXCapQckWi8JUEBOT2fOkzxUyI8aWUKa4vZWwIVWUGRtRwYbgLb+8SlrViler1O4uSvVqFkceTuAUyuDBJdThFhrQBAYCnuEV3pxH58V5dz4WrTknmzmGP3A+fwDZjo6B</latexit>

V (h) = 0

7



Higgs as a pNGB

<latexit sha1_base64="xYcAzCys6XjaghoRUEan+SVXnCg="></latexit>

�v2 =
(↵/�)expected
(↵/�)required

⇠ f2

v2

<latexit sha1_base64="JE4evhJiKnMeMGmQyMa3cCqYh1E="></latexit>

ghV V

gSMhV V

= cos
hhi
f

' 1� v2

2f2

<latexit sha1_base64="ZvkOOFjBkHMa2Vqz3ttoP8xEtCI=">AAACH3icbVDLSsNAFJ34rPUVdelmsAiuSlKkuizowmUFmxaaGCaTSTt08mBmUihp/sSNv+LGhSLirn/jpI2grQcGDuecy517vIRRIQ1jpq2tb2xubVd2qrt7+weH+tGxJeKUY9LBMYt5z0OCMBqRjqSSkV7CCQo9Rrre6Kbwu2PCBY2jBzlJiBOiQUQDipFUkqs37VvCJHKz8WMjh7agIbQDjnBm5lkh/PCp7S9yQ8vKp7mr14y6MQdcJWZJaqBE29W/bD/GaUgiiRkSom8aiXQyxCXFjORVOxUkQXiEBqSvaIRCIpxsfl8Oz5XiwyDm6kUSztXfExkKhZiEnkqGSA7FsleI/3n9VAbXTkajJJUkwotFQcqgjGFRFvQpJ1iyiSIIc6r+CvEQqUqkqrSqSjCXT14lVqNuNuvN+8taq1HWUQGn4AxcABNcgRa4A23QARg8gRfwBt61Z+1V+9A+F9E1rZw5AX+gzb4BBqijlw==</latexit>

�v2 ⇠ 1

2

1

|�hV V |

Combine the previous two results:

Robust connection between vev tuning and Higgs coupling sensitivity
[FCC CDR Vol 1, EPJ C 2019]

<latexit sha1_base64="kD/ldr3cZvfmpr2kKwkX88Y0TJs=">AAACBXicbVDLSsNAFJ34rPUVdamLwSK4kJKUooIIBRe6rGAf0IQymU7aoTOTODMRSsjGjb/ixoUibv0Hd/6Nk7YLbT1w4XDOvdx7TxAzqrTjfFsLi0vLK6uFteL6xubWtr2z21RRIjFp4IhFsh0gRRgVpKGpZqQdS4J4wEgrGF7lfuuBSEUjcadHMfE56gsaUoy0kbr2gafupU5VBi9hpep4Fx5HeiB5ek2aWdcuOWVnDDhP3CkpgSnqXfvL60U44URozJBSHdeJtZ8iqSlmJCt6iSIxwkPUJx1DBeJE+en4iwweGaUHw0iaEhqO1d8TKeJKjXhgOvMb1ayXi/95nUSH535KRZxoIvBkUZgwqCOYRwJ7VBKs2cgQhCU1t0I8QBJhbYIrmhDc2ZfnSbNSdk/L1dtqqXYyjaMA9sEhOAYuOAM1cAPqoAEweATP4BW8WU/Wi/VufUxaF6zpzB74A+vzB2Rml9A=</latexit>p
s = 240 GeV

<latexit sha1_base64="nAAxRUfJ6vAKVnKSZYHX4NwuuPM=">AAAB+3icbVDLSgMxFM3UV62vsS7dBIvgqsxoUUGQghuXFfqCzlAyaaYNTTJDkhHLML/ixoUibv0Rd/6NmXYW2nogcDjnXu7JCWJGlXacb6u0tr6xuVXeruzs7u0f2IfVrooSiUkHRyyS/QApwqggHU01I/1YEsQDRnrB9C73e49EKhqJtp7FxOdoLGhIMdJGGtrV8BZeeDceR3oiedom3Wxo15y6MwdcJW5BaqBAa2h/eaMIJ5wIjRlSauA6sfZTJDXFjGQVL1EkRniKxmRgqECcKD+dZ8/gqVFGMIykeULDufp7I0VcqRkPzGSeUS17ufifN0h0eO2nVMSJJgIvDoUJgzqCeRFwRCXBms0MQVhSkxXiCZIIa1NXxZTgLn95lXTP6+5lvfHQqDUbRR1lcAxOwBlwwRVognvQAh2AwRN4Bq/gzcqsF+vd+liMlqxi5wj8gfX5Ax6uk9Q=</latexit>

f > 3 TeVFCC-ee will reach                              (                   )                                  

by measuring recoil mass in   

<latexit sha1_base64="ENKHWWqCH84ATXev/xljGc6Ja4Y=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgZLwVVItFQXLgpuXFawD9qEMJlM2qGTBzMToaTZ+CtuXCji1s9w5984bbPQ1gMXDufcy733eAmjQprmt1ZaW9/Y3CpvV3Z29/YP9MOjjohTjkkbxyzmPQ8JwmhE2pJKRnoJJyj0GOl649uZ330kXNA4epCThDghGkY0oBhJJbn6ydT2CZPIzUb9fj6FN9A0Lut2zdWrpmHOAVeJVZAqKNBy9S/bj3EakkhihoQYWGYinQxxSTEjecVOBUkQHqMhGSgaoZAIJ5s/kMOaUnwYxFxVJOFc/T2RoVCISeipzhDJkVj2ZuJ/3iCVwbWT0ShJJYnwYlGQMihjOEsD+pQTLNlEEYQ5VbdCPEIcYakyq6gQrOWXV0nnwrAaRuO+Xm3WizjK4BScgXNggSvQBHegBdoAgxw8g1fwpj1pL9q79rFoLWnFzDH4A+3zB7GklSE=</latexit>

|�hZZ | < 0.34%

<latexit sha1_base64="Uo7uSTSMkhhwPW86xbIf94N8k4w=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5KUWl0WdOGygn1AE8NkOmmHTh7M3BRKqBt/xY0LRdz6F+78G6dtFtp6YOBwzrncucdPBFdgWd/Gyura+sZmYau4vbO7t28eHLZUnErKmjQWsez4RDHBI9YEDoJ1EslI6AvW9ofXU789YlLxOLqHccLckPQjHnBKQEueeezcMAHEy0YPlQl2+qCjIbYvLM8sWWVrBrxM7JyUUI6GZ345vZimIYuACqJU17YScDMigVPBJkUnVSwhdEj6rKtpREKm3Gx2wQSfaaWHg1jqFwGeqb8nMhIqNQ59nQwJDNSiNxX/87opBFduxqMkBRbR+aIgFRhiPK0D97hkFMRYE0Il13/FdEAkoaBLK+oS7MWTl0mrUrZr5dpdtVSv5nUU0Ak6RefIRpeojm5RAzURRY/oGb2iN+PJeDHejY95dMXIZ47QHxifPyWXlgM=</latexit>

�v2 & 150

<latexit sha1_base64="YAIQVydaiHwFy00aPVptIYDlzyE=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBAEMexKiB4DXjxGMA9MNmF20psMmX0wM6uEJf/hxYMiXv0Xb/6Nk2QPmljQUFR1093lxYIrbdvf1srq2vrGZm4rv72zu7dfODhsqCiRDOssEpFseVSh4CHWNdcCW7FEGngCm97oZuo3H1EqHoX3ehyjG9BByH3OqDZSF7vnBLsXpKMj8jDsFYp2yZ6BLBMnI0XIUOsVvjr9iCUBhpoJqlTbsWPtplRqzgRO8p1EYUzZiA6wbWhIA1RuOrt6Qk6N0id+JE2FmszU3xMpDZQaB57pDKgeqkVvKv7ntRPtX7spD+NEY8jmi/xEEPPjNALS5xKZFmNDKJPc3ErYkErKtAkqb0JwFl9eJo3LklMpVe7KxWo5iyMHx3ACZ+DAFVThFmpQBwYSnuEV3qwn68V6tz7mrStWNnMEf2B9/gCadpFC</latexit>

e+e� ! Zh

(95% CL) 8



Mass tuning vs vev tuning

In summary, for a pNGB Higgs we estimate:

<latexit sha1_base64="curtvHkd9QPXvW6GnIKztXTgFfo="></latexit>

�m2
h
⇠ �m2

h

m2
h

⇠
✓

M

500 GeV

◆2

FCC-hh:              M ≳ 10 TeV Δm2
h

≳ 400

<latexit sha1_base64="ZvkOOFjBkHMa2Vqz3ttoP8xEtCI=">AAACH3icbVDLSsNAFJ34rPUVdelmsAiuSlKkuizowmUFmxaaGCaTSTt08mBmUihp/sSNv+LGhSLirn/jpI2grQcGDuecy517vIRRIQ1jpq2tb2xubVd2qrt7+weH+tGxJeKUY9LBMYt5z0OCMBqRjqSSkV7CCQo9Rrre6Kbwu2PCBY2jBzlJiBOiQUQDipFUkqs37VvCJHKz8WMjh7agIbQDjnBm5lkh/PCp7S9yQ8vKp7mr14y6MQdcJWZJaqBE29W/bD/GaUgiiRkSom8aiXQyxCXFjORVOxUkQXiEBqSvaIRCIpxsfl8Oz5XiwyDm6kUSztXfExkKhZiEnkqGSA7FsleI/3n9VAbXTkajJJUkwotFQcqgjGFRFvQpJ1iyiSIIc6r+CvEQqUqkqrSqSjCXT14lVqNuNuvN+8taq1HWUQGn4AxcABNcgRa4A23QARg8gRfwBt61Z+1V+9A+F9E1rZw5AX+gzb4BBqijlw==</latexit>

�v2 ⇠ 1

2

1

|�hV V |
FCC-ee:             |δhVV | < 0.34 % Δv2 ≳ 150

They are comparable (to be more quantitative, one needs to specify the model) 

For pNGB Higgs, coupling measurements are crucial complement to direct searches 

Moreover, clear path to remove mass tuning: the Twin Higgs framework.  

The top partners are SM-neutral fermions, direct searches have weak sensitivity 

        Higgs couplings remain as only guaranteed signature

[Chacko, Goh, Harnik, 2005] 9



The Twin Higgs

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

Z2 !
Twin SM

�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 partner (Twin top) is neutral under whole SM 

Can still be sub-TeV

<latexit sha1_base64="i6QqlE7qgJrvZS0GvucEhOR8FyA=">AAACJHicbVDLSsNAFJ34rPUVdelmsAiCUBLxURCh4KYLFy3YBzShTKbTdujkwcyNEEI+xo2/4saFD1y48Vuctllo64HhHs65lzv3eJHgCizry1haXlldWy9sFDe3tnd2zb39lgpjSVmThiKUHY8oJnjAmsBBsE4kGfE9wdre+Hbitx+YVDwM7iGJmOuTYcAHnBLQUs+8dnwCI0pEepfhG5z0ADdwDQM+xc6IQJpkWpmyRjartbxC1jNLVtmaAi8SOycllKPeM9+dfkhjnwVABVGqa1sRuCmRwKlgWdGJFYsIHZMh62oaEJ8pN50emeFjrfTxIJT6BYCn6u+JlPhKJb6nOycnqXlvIv7ndWMYVNyUB1EMLKCzRYNYYAjxJDHc55JREIkmhEqu/4rpiEhCQeda1CHY8ycvktZZ2b4sXzTOS9VKHkcBHaIjdIJsdIWqqIbqqIkoekTP6BW9GU/Gi/FhfM5al4x85gD9gfH9A2APpBE=</latexit>

L = ytQHt+ ŷtQ̂Ĥt̂

[Chacko, Goh, Harnik, 2005]

<latexit sha1_base64="c1jDO93NKjQ3onBG9pzYtnNWO/U=">AAACAHicbZDLSsNAFIZPvNZ6i7pw4WawCK5qUqS6LLiwywr2Am0ok+mkHTqZhJmJUEI2voobF4q49THc+TZO2yDa+sPAx3/OYc75/ZgzpR3ny1pZXVvf2CxsFbd3dvf27YPDlooSSWiTRDySHR8rypmgTc00p51YUhz6nLb98c203n6gUrFI3OtJTL0QDwULGMHaWH37uBdiPSKYp7fZxQ/Xs75dcsrOTGgZ3BxKkKvRtz97g4gkIRWacKxU13Vi7aVYakY4zYq9RNEYkzEe0q5BgUOqvHR2QIbOjDNAQSTNExrN3N8TKQ6VmoS+6ZyuqBZrU/O/WjfRwbWXMhEnmgoy/yhIONIRmqaBBkxSovnEACaSmV0RGWGJiTaZFU0I7uLJy9CqlN1quXp3WapV8jgKcAKncA4uXEEN6tCAJhDI4Ale4NV6tJ6tN+t93rpi5TNH8EfWxzcFMJam</latexit>

G/H

<latexit sha1_base64="qRx1xT9s21y+YTYdA47xbvjDWvQ=">AAACDnicbVBNSwJBGJ61L7OvrY5dhkTQi+6GqJdA6JC3jFIDXWR2nNXB2Q9mZgNZ9hd06a906VBE187d+jfN6hKlPTDDw/O8L+/7PnbAqJCG8aVl1tY3Nrey27md3b39A/3wqCv8kGPSwT7z+Z2NBGHUIx1JJSN3ASfItRnp2dOLxO/dEy6o793KWUAsF4096lCMpJKGemHgIjnBiEWXceWHt2J4Dm+uio1SRf310lDPG2VjDrhKzJTkQYr2UP8cjHwcusSTmCEh+qYRSCtCXFLMSJwbhIIECE/RmPQV9ZBLhBXNz4lhQSkj6PhcPU/Cufq7I0KuEDPXVpXJwmLZS8T/vH4onYYVUS8IJfHwYpATMih9mGQDR5QTLNlMEYQ5VbtCPEEcYakSzKkQzOWTV0n3rGzWyrXrar5ZTePIghNwCorABHXQBC3QBh2AwQN4Ai/gVXvUnrU37X1RmtHSnmPwB9rHNy+1mjU=</latexit>

G/H = SO(8)/SO(7)

3 Goldstones eaten by massive Twin gauge bosons; 4 make up the Higgs

7 Goldstone  
bosons

top Yukawa:

10



Twin Higgs at work

• The leading corrections to Higgs potential cancel, thanks to exchange symmetry:

scale of QCD-charged fermions (  )≲ 4π f ≫ 1 TeV
decay constant  

of Goldstone Higgs ( )∼ 1 TeV

• What remains is much smaller potential, controlled by Twin top:

<latexit sha1_base64="ThmCeNeJfBGEczgjPdH+oFct7fA="></latexit>

Vt ⇡
Nc

32⇡2
y2t f

2m2
t̂


sin4

h

f
log

a

sin2 h/f
+ cos4

h

f
log

a

cos2 h/f

�

However, a tuning                       is still needed, to achieve a small vev

<latexit sha1_base64="ptlIikmLlfBhCePty+bp0YMu6oU="></latexit>

Vt �
Nc

8⇡2
y2t f

2M2
⇤ sin2

h

f
+

Nc

8⇡2
ŷ2t f

2M̂2
⇤ cos2

h

f

<latexit sha1_base64="mSEahyDljRkeznpANJYg7Swn4rg="></latexit>

Z2 : yt = ŷt ,M⇤ = M̂⇤ ! , no correction to Higgs massVt = constant

sub-TeV, but SM neutral

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

<latexit sha1_base64="LQaEDoJ06eUFzZyEwciRiUmyzrY=">AAACAnicbVDLSgMxFM34rPU16krcBIvgqs4MUl0WdOGygn1AZ1oyaaYNTTJDkimUobjxV9y4UMStX+HOvzFtZ6GtBy6cnHMvufeECaNKO863tbK6tr6xWdgqbu/s7u3bB4cNFacSkzqOWSxbIVKEUUHqmmpGWokkiIeMNMPhzdRvjohUNBYPepyQgKO+oBHFSBupax/7t4Rp1M1GHW8CfUU5jDrehXl17ZJTdmaAy8TNSQnkqHXtL78X45QToTFDSrVdJ9FBhqSmmJFJ0U8VSRAeoj5pGyoQJyrIZidM4JlRejCKpSmh4Uz9PZEhrtSYh6aTIz1Qi95U/M9rpzq6DjIqklQTgecfRSmDOobTPGCPSoI1GxuCsKRmV4gHSCKsTWpFE4K7ePIyaXhlt1Ku3F+Wql4eRwGcgFNwDlxwBargDtRAHWDwCJ7BK3iznqwX6936mLeuWPnMEfgD6/MHvfaWUw==</latexit>

�v2 ⇠ f2/v2

<latexit sha1_base64="uBEMoiVXTUbPvnG8Qny1w/kiluw=">AAACBXicdVDLSsNAFJ34rPVVdamLwSK4iklNH1kIghuXClaFtoTJdGKHTh7O3AghZOPGX3HjQhG3/oM7/8ZpraCiBy4czrmXe+/xE8EVWNa7MTU9Mzs3X1ooLy4tr6xW1tbPVZxKyto0FrG89IligkesDRwEu0wkI6Ev2IU/PBr5FzdMKh5HZ5AlrBeSq4gHnBLQklfZCr28OyCQQ1HgA5x5gIO9rrqWkNcKr1K1TKvuOs0ats y6ZbvOviau23IadWyb1hhVNMGJV3nr9mOahiwCKohSHdtKoJcTCZwKVpS7qWIJoUNyxTqaRiRkqpePvyjwjlb6OIilrgjwWP0+kZNQqSz0dWdIYKB+eyPxL6+TQtDq5TxKUmAR/VwUpAJDjEeR4D6XjILINCFUcn0rpgMiCQUdXFmH8PUp/p+c10y7YTZOnephbRJHCW2ibbSLbNREh+gYnaA2ougW3aNH9GTcGQ/Gs/Hy2TplTGY20A8Yrx+wQ5iv</latexit>

mt̂ = ytf/
p
2

11



A naturally small vev?

• As we just saw, a tuning                        to achieve a small Higgs vev is common issue  

in (Twin) models of Higgs as pNGB 

• Can we remove this tuning with extra model building?  

If yes, would obtain a fully natural Higgs potential, consistently with LHC results: 

• This is especially interesting because models that achieve this*  

predict large corrections to  coupling (shape of potential differs at  from SM) 

         measurement will add genuine new information beyond single-Higgs couplings

h3 𝒪(1)

h3

<latexit sha1_base64="LQaEDoJ06eUFzZyEwciRiUmyzrY=">AAACAnicbVDLSgMxFM34rPU16krcBIvgqs4MUl0WdOGygn1AZ1oyaaYNTTJDkimUobjxV9y4UMStX+HOvzFtZ6GtBy6cnHMvufeECaNKO863tbK6tr6xWdgqbu/s7u3bB4cNFacSkzqOWSxbIVKEUUHqmmpGWokkiIeMNMPhzdRvjohUNBYPepyQgKO+oBHFSBupax/7t4Rp1M1GHW8CfUU5jDrehXl17ZJTdmaAy8TNSQnkqHXtL78X45QToTFDSrVdJ9FBhqSmmJFJ0U8VSRAeoj5pGyoQJyrIZidM4JlRejCKpSmh4Uz9PZEhrtSYh6aTIz1Qi95U/M9rpzq6DjIqklQTgecfRSmDOobTPGCPSoI1GxuCsKRmV4gHSCKsTWpFE4K7ePIyaXhlt1Ku3F+Wql4eRwGcgFNwDlxwBargDtRAHWDwCJ7BK3iznqwX6936mLeuWPnMEfgD6/MHvfaWUw==</latexit>

�v2 ⇠ f2/v2

Twin structure                mass tuning "Extra model building”                vev tuning

*at least, those I know of
12



Gegenbauer Goldstones

• Idea is to include, beyond the top sector potential  , a new “wiggly” component  

that will naturally set the minimum close to the origin 

• For an Abelian  Goldstone, we know that wiggly potentials are obtained from 

explicit breaking that preserves a        discrete symmetry:  

Vt

U(1)
<latexit sha1_base64="PQfcibGnUvYiPNGfQt5b0iEp25k=">AAAB9HicbVDLSgMxFL2pr1pfVZdugkVwVWakVJcFNy4r2Ae2Q8mkmTY0kxmTTKEM/Q43LhRx68e482/MtLPQ1gOBwzn3ck+OHwuujeN8o8LG5tb2TnG3tLd/cHhUPj5p6yhRlLVoJCLV9YlmgkvWMtwI1o0VI6EvWMef3GZ+Z8qU5pF8MLOYeSEZSR5wSoyVvH5IzJgSkT7OB3JQrjhVZwG8TtycVCBHc1D+6g8jmoRMGiqI1j3XiY2XEmU4FWxe6ieaxYROyIj1LJUkZNpLF6Hn+MIqQxxEyj5p8EL9vZGSUOtZ6NvJLKRe9TLxP6+XmODGS7mME8MkXR4KEoFNhLMG8JArRo2YWUKo4jYrpmOiCDW2p5ItwV398jppX1XderV+X6s0ankdRTiDc7gEF66hAXfQhBZQeIJneIU3NEUv6B19LEcLKN85hT9Anz8f2pJO</latexit>

Zn

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

2⇡

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

n = 6(example:           )

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

⇧/f

<latexit sha1_base64="4UlPzOhQNtxEiw2iGyFA34mhCO0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAi8cEzAOSJcxOepMxs7PLzKwQlnyBFw+KePWTvPk3TpI9aGJBQ1HVTXdXkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUcPvlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDWz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqredfWqcVmpuXkcRTiBUzgHD26gBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBdu+MrA==</latexit>

0

<latexit sha1_base64="e1tajX0HGBa9VyZUJg+FZP1WtBo=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKX8eCF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZrtfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQlv/IzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1rqqXzYtKvZbHUYQTOIVz8OAa6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fsSGM1A==</latexit>

V
Explicit breaking from operator of charge

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

�V =
✏ �

fn�4
�n + h.c.

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

L = @µ�
⇤@µ�� �

�
�⇤�� f2

�2

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

�V ⇠ ✏�f4 cos

✓
n⇧

f

◆
<latexit sha1_base64="LhW1KRoiXaXCsRS9YRsTODF5chk="></latexit>

h⇧i
f

=
⇡

n
⌧ 1

[Durieux, McCullough, Salvioni 2202.01228 + 2209.00666]

Moderately large  sets vev  
parametrically close to origin

n

<latexit sha1_base64="qMAseFcNk5swRobtXA5FXXIiWCM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDWz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6perVprXlfq13kcRTiDc7gED26gDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB1m2M7w==</latexit>n
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Gegenbauer Goldstones

• Generalizing to non-Abelian case, which is relevant for Higgs as pNGB, 

one finds Gegenbauer polynomials:

<latexit sha1_base64="ArjsYVOLmBxayxOU6BfsCYx9ayo=">AAAB+HicbZDLSsNAFIZP6q3WS6Mu3QwWoUWoiRR1WXDjSivaC7ShTKaTdujkwsxEqKFP4saFIm59FHe+jZM2C239YeDjP+dwzvxuxJlUlvVt5FZW19Y38puFre2d3aK5t9+SYSwIbZKQh6LjYkk5C2hTMcVpJxIU+y6nbXd8ldbbj1RIFgYPahJRx8fDgHmMYKWtvlm8vy3fnNgVdIpSqvTNklW1ZkLLYGdQgkyNvvnVG4Qk9mmgCMdSdm0rUk6ChWKE02mhF0saYTLGQ9rVGGCfSieZHT5Fx9oZIC8U+gUKzdzfEwn2pZz4ru70sRrJxVpq/lfrxsq7dBIWRLGiAZkv8mKOVIjSFNCACUoUn2jARDB9KyIjLDBROquCDsFe/PIytM6q9nm1dlcr1WtZHHk4hCMogw0XUIdraEATCMTwDK/wZjwZL8a78TFvzRnZzAH8kfH5A8T4kIk=</latexit>

SO(N + 1)/SO(N)

Explicit breaking to                by      - 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

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)

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

�V = ✏�f4G(N�1)/2
n (cos⇧/f)

[Durieux, McCullough, Salvioni 2202.01228 + 2209.00666]

potential is a 
Gegenbauer polynomial 

Leopold Gegenbauer
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Gegenbauer Goldstones

• Generalizing to non-Abelian case, which is relevant for Higgs as pNGB, 

one finds Gegenbauer polynomials:

<latexit sha1_base64="ArjsYVOLmBxayxOU6BfsCYx9ayo=">AAAB+HicbZDLSsNAFIZP6q3WS6Mu3QwWoUWoiRR1WXDjSivaC7ShTKaTdujkwsxEqKFP4saFIm59FHe+jZM2C239YeDjP+dwzvxuxJlUlvVt5FZW19Y38puFre2d3aK5t9+SYSwIbZKQh6LjYkk5C2hTMcVpJxIU+y6nbXd8ldbbj1RIFgYPahJRx8fDgHmMYKWtvlm8vy3fnNgVdIpSqvTNklW1ZkLLYGdQgkyNvvnVG4Qk9mmgCMdSdm0rUk6ChWKE02mhF0saYTLGQ9rVGGCfSieZHT5Fx9oZIC8U+gUKzdzfEwn2pZz4ru70sRrJxVpq/lfrxsq7dBIWRLGiAZkv8mKOVIjSFNCACUoUn2jARDB9KyIjLDBROquCDsFe/PIytM6q9nm1dlcr1WtZHHk4hCMogw0XUIdraEATCMTwDK/wZjwZL8a78TFvzRnZzAH8kfH5A8T4kIk=</latexit>

SO(N + 1)/SO(N)

Explicit breaking to                by      - 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

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)

[Durieux, McCullough, Salvioni 2202.01228 + 2209.00666]

<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="HjbhwHynvghr0E1nTgoYHSq6QOA="></latexit>

G(N�1)/2
n (cos⇧/f)

First minimum is parametrically close to origin 

Differently from Abelian case, not periodic (only approximately)

<latexit sha1_base64="UhfXBxR73TnOjKbXxsMn5D7umWI="></latexit>

h⇧i
f

⇡ 5.1

n
⌧ 1

<latexit sha1_base64="1oC4Ca4T/3ZXgU8uJIlPcgt8j0o=">AAAB+HicdVDLSgMxFM34rPXRUZdugkWoIENmaGu7EApuXEkF+4B2KJk004ZmMkOSEWrpl7hxoYhbP8Wdf2P6EFT0QLiHc+7l3pwg4UxphD6sldW19Y3NzFZ2e2d3L2fvHzRVnEpCGyTmsWwHWFHOBG1opjltJ5LiKOC0FYwuZ37rjkrFYnGrxwn1IzwQLGQEayP17FzhGl7A4hkUpnjotGfnkYO8SglVIXI8U7ySISXkVstV6DpojjxYot6z37v9mKQRFZpwrFTHRYn2J1hqRjidZrupogkmIzygHUMFjqjyJ/PDp/DEKH0YxtI8oeFc/T4xwZFS4ygwnRHWQ/Xbm4l/eZ1UhxV/wkSSairIYlGYcqhjOEsB9pmkRPOxIZhIZm6FZIglJtpklTUhfP0U/k+anuOWnfJNMV9Dyzgy4AgcgwJwwTmogStQBw1AQAoewBN4tu6tR+vFel20rljLmUPwA9bbJ5iwkHA=</latexit>

(N = 4, n = 20)

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

�V = ✏�f4G(N�1)/2
n (cos⇧/f)

potential is a 
Gegenbauer polynomial 
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Leopold Gegenbauer



Gegenbauer’s Twin

• Gegenbauer potential generates small vev:   is naturalv ≪ f

• Twin Higgs mechanism generates small potential:  is natural  mh ≈ 125 GeV

(generalized Gegenbauer story to  explicit breaking)SO(8) → SO(4) × SO(4)

Marry the two: Gegenbauer’s Twin 

Fully natural electroweak breaking, yet hiding from LHC so far

top only
top + Gegenbauer

Gegenbauer’s Twin with 
 or  and  

has essentially no tuning
n = 6 n = 8 f ∼ 1 TeV
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The Higgs self-coupling

For Gegenbauer’s Twin, corrections to  are parametrically enhancedh3

Smoking gun signal: could even be the first deviation from SM observed at colliders

[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

<latexit sha1_base64="9pdf9pBLAelnivo3pNzlozJv2Zs="></latexit>

ghXX

gSMhXX

' 1� v2

2f2
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Another route: tadpole-induced EWSB

[Azatov, Galloway, Luty, 2011] 
[Galloway, Luty, Tsai, Zhao, 2013] 
[Chang, Galloway, Luty, Salvioni, Tsai, 2014] 
[Galloway, Kagan, Martin, 2016] 
[Contino, Greco, Mahbubani, Rattazzi, Torre, 2017]

Another viable approach to remove         tuning in Twin Higgs  

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 structurally 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

[Harnik, Howe, Kearney, 1603.03772]

Basic idea:
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Probing the Twin top directly

T

Nc

Nc Twin toph
<latexit sha1_base64="Z7cXxZJImbRnP9RrgG/loPYjScA=">AAAB/3icbVDLSgNBEOz1GeMr6tHLYCJ4CrtB0GPAi8eI5gHJEmZne7NDZh/MzAphycEP8Kqf4E28+il+gb/hJNmDJhY0FFXddHd5qeBK2/aXtba+sbm1Xdop7+7tHxxWjo47KskkwzZLRCJ7HlUoeIxtzbXAXiqRRp7Arje+mfndR5SKJ/GDnqToRnQU84Azqo10Xwtrw0rVrttzkFXiFKQKBVrDyvfAT1gWYayZoEr1HTvVbk6l5kzgtDzIFKaUjekI+4bGNELl5vNTp+TcKD4JEmkq1mSu/p7IaaTUJPJMZ0R1qJa9mfivp8wpIfpL63Vw7eY8TjONMVtsDzJBdEJmYRCfS2RaTAyhTHLzAGEhlZRpE1nZJOMs57BKOo26Y9edu0a1eVlkVIJTOIMLcOAKmnALLWgDgxE8wwu8Wk/Wm/VufSxa16xi5gT+wPr8AW4ZlhE=</latexit><latexit sha1_base64="Z7cXxZJImbRnP9RrgG/loPYjScA=">AAAB/3icbVDLSgNBEOz1GeMr6tHLYCJ4CrtB0GPAi8eI5gHJEmZne7NDZh/MzAphycEP8Kqf4E28+il+gb/hJNmDJhY0FFXddHd5qeBK2/aXtba+sbm1Xdop7+7tHxxWjo47KskkwzZLRCJ7HlUoeIxtzbXAXiqRRp7Arje+mfndR5SKJ/GDnqToRnQU84Azqo10Xwtrw0rVrttzkFXiFKQKBVrDyvfAT1gWYayZoEr1HTvVbk6l5kzgtDzIFKaUjekI+4bGNELl5vNTp+TcKD4JEmkq1mSu/p7IaaTUJPJMZ0R1qJa9mfivp8wpIfpL63Vw7eY8TjONMVtsDzJBdEJmYRCfS2RaTAyhTHLzAGEhlZRpE1nZJOMs57BKOo26Y9edu0a1eVlkVIJTOIMLcOAKmnALLWgDgxE8wwu8Wk/Wm/VufSxa16xi5gT+wPr8AW4ZlhE=</latexit><latexit sha1_base64="Z7cXxZJImbRnP9RrgG/loPYjScA=">AAAB/3icbVDLSgNBEOz1GeMr6tHLYCJ4CrtB0GPAi8eI5gHJEmZne7NDZh/MzAphycEP8Kqf4E28+il+gb/hJNmDJhY0FFXddHd5qeBK2/aXtba+sbm1Xdop7+7tHxxWjo47KskkwzZLRCJ7HlUoeIxtzbXAXiqRRp7Arje+mfndR5SKJ/GDnqToRnQU84Azqo10Xwtrw0rVrttzkFXiFKQKBVrDyvfAT1gWYayZoEr1HTvVbk6l5kzgtDzIFKaUjekI+4bGNELl5vNTp+TcKD4JEmkq1mSu/p7IaaTUJPJMZ0R1qJa9mfivp8wpIfpL63Vw7eY8TjONMVtsDzJBdEJmYRCfS2RaTAyhTHLzAGEhlZRpE1nZJOMs57BKOo26Y9edu0a1eVlkVIJTOIMLcOAKmnALLWgDgxE8wwu8Wk/Wm/VufSxa16xi5gT+wPr8AW4ZlhE=</latexit><latexit sha1_base64="Z7cXxZJImbRnP9RrgG/loPYjScA=">AAAB/3icbVDLSgNBEOz1GeMr6tHLYCJ4CrtB0GPAi8eI5gHJEmZne7NDZh/MzAphycEP8Kqf4E28+il+gb/hJNmDJhY0FFXddHd5qeBK2/aXtba+sbm1Xdop7+7tHxxWjo47KskkwzZLRCJ7HlUoeIxtzbXAXiqRRp7Arje+mfndR5SKJ/GDnqToRnQU84Azqo10Xwtrw0rVrttzkFXiFKQKBVrDyvfAT1gWYayZoEr1HTvVbk6l5kzgtDzIFKaUjekI+4bGNELl5vNTp+TcKD4JEmkq1mSu/p7IaaTUJPJMZ0R1qJa9mfivp8wpIfpL63Vw7eY8TjONMVtsDzJBdEJmYRCfS2RaTAyhTHLzAGEhlZRpE1nZJOMs57BKOo26Y9edu0a1eVlkVIJTOIMLcOAKmnALLWgDgxE8wwu8Wk/Wm/VufSxa16xi5gT+wPr8AW4ZlhE=</latexit>

h
<latexit sha1_base64="Z7cXxZJImbRnP9RrgG/loPYjScA=">AAAB/3icbVDLSgNBEOz1GeMr6tHLYCJ4CrtB0GPAi8eI5gHJEmZne7NDZh/MzAphycEP8Kqf4E28+il+gb/hJNmDJhY0FFXddHd5qeBK2/aXtba+sbm1Xdop7+7tHxxWjo47KskkwzZLRCJ7HlUoeIxtzbXAXiqRRp7Arje+mfndR5SKJ/GDnqToRnQU84Azqo10Xwtrw0rVrttzkFXiFKQKBVrDyvfAT1gWYayZoEr1HTvVbk6l5kzgtDzIFKaUjekI+4bGNELl5vNTp+TcKD4JEmkq1mSu/p7IaaTUJPJMZ0R1qJa9mfivp8wpIfpL63Vw7eY8TjONMVtsDzJBdEJmYRCfS2RaTAyhTHLzAGEhlZRpE1nZJOMs57BKOo26Y9edu0a1eVlkVIJTOIMLcOAKmnALLWgDgxE8wwu8Wk/Wm/VufSxa16xi5gT+wPr8AW4ZlhE=</latexit><latexit sha1_base64="Z7cXxZJImbRnP9RrgG/loPYjScA=">AAAB/3icbVDLSgNBEOz1GeMr6tHLYCJ4CrtB0GPAi8eI5gHJEmZne7NDZh/MzAphycEP8Kqf4E28+il+gb/hJNmDJhY0FFXddHd5qeBK2/aXtba+sbm1Xdop7+7tHxxWjo47KskkwzZLRCJ7HlUoeIxtzbXAXiqRRp7Arje+mfndR5SKJ/GDnqToRnQU84Azqo10Xwtrw0rVrttzkFXiFKQKBVrDyvfAT1gWYayZoEr1HTvVbk6l5kzgtDzIFKaUjekI+4bGNELl5vNTp+TcKD4JEmkq1mSu/p7IaaTUJPJMZ0R1qJa9mfivp8wpIfpL63Vw7eY8TjONMVtsDzJBdEJmYRCfS2RaTAyhTHLzAGEhlZRpE1nZJOMs57BKOo26Y9edu0a1eVlkVIJTOIMLcOAKmnALLWgDgxE8wwu8Wk/Wm/VufSxa16xi5gT+wPr8AW4ZlhE=</latexit><latexit sha1_base64="Z7cXxZJImbRnP9RrgG/loPYjScA=">AAAB/3icbVDLSgNBEOz1GeMr6tHLYCJ4CrtB0GPAi8eI5gHJEmZne7NDZh/MzAphycEP8Kqf4E28+il+gb/hJNmDJhY0FFXddHd5qeBK2/aXtba+sbm1Xdop7+7tHxxWjo47KskkwzZLRCJ7HlUoeIxtzbXAXiqRRp7Arje+mfndR5SKJ/GDnqToRnQU84Azqo10Xwtrw0rVrttzkFXiFKQKBVrDyvfAT1gWYayZoEr1HTvVbk6l5kzgtDzIFKaUjekI+4bGNELl5vNTp+TcKD4JEmkq1mSu/p7IaaTUJPJMZ0R1qJa9mfivp8wpIfpL63Vw7eY8TjONMVtsDzJBdEJmYRCfS2RaTAyhTHLzAGEhlZRpE1nZJOMs57BKOo26Y9edu0a1eVlkVIJTOIMLcOAKmnALLWgDgxE8wwu8Wk/Wm/VufSxa16xi5gT+wPr8AW4ZlhE=</latexit><latexit sha1_base64="Z7cXxZJImbRnP9RrgG/loPYjScA=">AAAB/3icbVDLSgNBEOz1GeMr6tHLYCJ4CrtB0GPAi8eI5gHJEmZne7NDZh/MzAphycEP8Kqf4E28+il+gb/hJNmDJhY0FFXddHd5qeBK2/aXtba+sbm1Xdop7+7tHxxWjo47KskkwzZLRCJ7HlUoeIxtzbXAXiqRRp7Arje+mfndR5SKJ/GDnqToRnQU84Azqo10Xwtrw0rVrttzkFXiFKQKBVrDyvfAT1gWYayZoEr1HTvVbk6l5kzgtDzIFKaUjekI+4bGNELl5vNTp+TcKD4JEmkq1mSu/p7IaaTUJPJMZ0R1qJa9mfivp8wpIfpL63Vw7eY8TjONMVtsDzJBdEJmYRCfS2RaTAyhTHLzAGEhlZRpE1nZJOMs57BKOo26Y9edu0a1eVlkVIJTOIMLcOAKmnALLWgDgxE8wwu8Wk/Wm/VufSxa16xi5gT+wPr8AW4ZlhE=</latexit>

top

<latexit sha1_base64="B1tI4z43rwkL0SpLvZ8b35uuNp4=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCq5IUqS4LblxWsA9oQphMJ+3QycOZGyHELPwVNy4UcetvuPNvnLZZaOuBC4dz7uXee/xEcAWW9W2srK6tb2xWtqrbO7t7++bBYVfFqaSsQ2MRy75PFBM8Yh3gIFg/kYyEvmA9f3I99XsPTCoeR3eQJcwNySjiAacEtOSZx04gCc0zD4rcUfcS8kaBg8Iza1bdmgEvE7skNVSi7ZlfzjCmacgioIIoNbCtBNycSOBUsKLqpIolhE7IiA00jUjIlJvP7i/wmVaGOIilrgjwTP09kZNQqSz0dWdIYKwWvan4nzdIIbhycx4lKbCIzhcFqcAQ42kYeMgloyAyTQiVXN+K6ZjoQEBHVtUh2IsvL5Nuo243683bi1rLKuOooBN0is6RjS5RC92gNuogih7RM3pFb8aT8WK8Gx/z1hWjnDlCf2B8/gDEPJaK</latexit> ytp
2f

<latexit sha1_base64="GrUf90w/tozZ9uapwwa9+b68WCI=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5IUqYKbghuXFewDmhgmk0k7dGYSZiZCDcVfceNCEbf+hzv/xmmbhbYeuHA4517uvSdMGVXacb6t0srq2vpGebOytb2zu2fvH3RUkklM2jhhieyFSBFGBWlrqhnppZIgHjLSDUfXU7/7QKSiibjT45T4HA0EjSlG2kiBfeRFhGkEeTC8r3tX0FOUw8CuOjVnBrhM3IJUQYFWYH95UYIzToTGDCnVd51U+zmSmmJGJhUvUyRFeIQGpG+oQJwoP59dP4GnRolgnEhTQsOZ+nsiR1ypMQ9NJ0d6qBa9qfif1890fOnnVKSZJgLPF8UZgzqB0yhgRCXBmo0NQVhScyvEQyQR1iawignBXXx5mXTqNbdRa9yeV5v1Io4yOAYn4Ay44AI0wQ1ogTbA4BE8g1fwZj1ZL9a79TFvLVnFzCH4A+vzB+5AlDQ=</latexit>

�m2
h ⇠

<latexit sha1_base64="9bQFP7RKJuKcj8dh8L9yWiZqE+s="></latexit>

L = �mt̂
¯̂
tt̂+

ytp
2

|H|2

f

¯̂
tt̂

<latexit sha1_base64="t+1mkmy0aFZ+oGIssU01FVCIz/U=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFc1aRIdSMU3LisYB/QhDCZTtqhk4czN0IIWbnxV9y4UMSt3+DOv3H6WGjrgQuHc+7l3nv8RHAFlvVtLC2vrK6tlzbKm1vbO7vm3n5bxamkrEVjEcuuTxQTPGIt4CBYN5GMhL5gHX90PfY7D0wqHkd3kCXMDckg4gGnBLTkmUehlztDAjkUBb7CmQc4OHPUvYS8VmDPrFhVawK8SOwZqaAZmp755fRjmoYsAiqIUj3bSsDNiQROBSvKTqpYQuiIDFhP04iETLn55I0Cn2ilj4NY6ooAT9TfEzkJlcpCX3eGBIZq3huL/3m9FIJLN+dRkgKL6HRRkAoMMR5ngvtcMgoi04RQyfWtmA6JJBR0cmUdgj3/8iJp16p2vVq/Pa80arM4SugQHaNTZKML1EA3qIlaiKJH9Ixe0ZvxZLwY78bHtHXJmM0coD8wPn8AjsqYfw==</latexit>

mt̂ = ytf/
p
2

Twin top is SM-neutral, but must couple to the Higgs as: 

Probes at LHC, HE-LHC, FCC 
have been studied very recently 

Interestingly, double Higgs production 
appears to be sensitive at loop level 

(see paper for assumptions on dim-6 ops.)

[Haisch, Ruhdorfer, Schmid, Weiler, 2311.03995]

+

19

<latexit sha1_base64="HfVlrJA7ys4t00ryxRQ3vZ2YR5A=">AAACCHicbVBNS8NAEN34WetX1aMHF4vgqSSiVRCh4MVjhX5BE8pmO2mX7iZxd1MooUcv/hUvHhTx6k/w5r9x2+agrQ8GHu/NMDPPjzlT2ra/raXlldW19dxGfnNre2e3sLffUFEiKdRpxCPZ8okCzkKoa6Y5tGIJRPgcmv7gduI3hyAVi8KaHsXgCdILWcAo0UbqFI4CfIPLQ+wqJuABO6UL99oVRPelSGvQGHcKRbtkT4EXiZORIspQ7RS+3G5EEwGhppwo1XbsWHspkZpRDuO8myiICR2QHrQNDYkA5aXTR8b4xChdHETSVKjxVP09kRKh1Ej4pnNyo5r3JuJ/XjvRwZWXsjBONIR0tihIONYRnqSCu0wC1XxkCKGSmVsx7RNJqDbZ5U0IzvzLi6RxVnLKpfL9ebFiZ3Hk0CE6RqfIQZeogu5QFdURRY/oGb2iN+vJerHerY9Z65KVzRygP7A+fwBIAZg7</latexit>

f = 6v ' 1.5 TeV

X

<latexit sha1_base64="Q4pGCqMjLByMKo3SLI7j6CbzLp0=">AAACGnicbVDLSgNBEJyNrxhfUY9ehgQhXsJukOhFCHjxGME8ILsus5PZZMjsg5leIWzyHV78FS8eFPEmXvwbJ5scNLGgoajqprvLiwVXYJrfRm5tfWNzK79d2Nnd2z8oHh61VZRIylo0EpHsekQxwUPWAg6CdWPJSOAJ1vFG1zO/88Ck4lF4B+OYOQEZhNznlICW3KJlC+ZDBU+oa8eKT/AVtn1JaDp24b6G/WlaCzJnim3JB0M4c4tls2pmwKvEWpAyWqDpFj/tfkSTgIVABVGqZ5kxOCmRwKlg04KdKBYTOiID1tM0JAFTTpq9NsWnWuljP5K6QsCZ+nsiJYFS48DTnQGBoVr2ZuJ/Xi8B/9JJeRgnwEI6X+QnAkOEZznhPpeMghhrQqjk+lZMh0QnAzrNgg7BWn55lbRrVaterd+elxulRRx5dIJKqIIsdIEa6AY1UQtR9Iie0St6M56MF+Pd+Ji35ozFzDH6A+PrB16JoGE=</latexit>✓
|c | =

y2t f

2m 

◆



Conclusions

• Both direct searches for top partners and Higgs coupling measurements test naturalness, 

but implications differ for SUSY and Higgs as pNGB 

• In SUSY, Higgs coupling deviations are model-dependent (and can be quite suppressed). 

Emphasis on direct searches for QCD-charged stops  

• For pNGB Higgs, direct searches and Higgs couplings are both important probes. 

In Twin Higgs scenarios, Higgs couplings remain as the only guaranteed signature 

• Twin Higgs still suffers from fine tuning to achieve a small Higgs vev, 

Models that remove this (Gegenbauer, tadpole, …?) predict large deviations in     ,  

stressing importance of its measurement to make progress on naturalness

<latexit sha1_base64="qSCJMBFq87PkdW+PBTbtVGnZ1Mg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKVI8FLx4r2A9oQ9lsN+3SzSbsTgol9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgpb2zu7e8X90sHh0fFJ+fSsbeJUM95isYx1N6CGS6F4CwVK3k00p1EgeSeY3C/8zpRrI2L1hLOE+xEdKREKRtFKnSnpS0nCQbniVt0lyCbxclKBHM1B+as/jFkacYVMUmN6npugn1GNgkk+L/VTwxPKJnTEe5YqGnHjZ8tz5+TKKkMSxtqWQrJUf09kNDJmFgW2M6I4NuveQvzP66UY3vmZUEmKXLHVojCVBGOy+J0MheYM5cwSyrSwtxI2ppoytAmVbAje+subpF2revVq/fGm0qjlcRThAi7hGjy4hQY8QBNawGACz/AKb07ivDjvzseqteDkM+fwB87nD5Udjws=</latexit>

v ⌧ f
<latexit sha1_base64="Xr25Xc4npI+WK6iD6x2+6JxnD/k=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHbRoEcSLx4xyiOBlcwOvTBhdnYzM2tCCJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaHSPJYPZpygH9GB5CFn1Fjpfvh40SuW3LI7B1klXkZKkKHeK351+zFLI5SGCap1x3MT40+oMpwJnBa6qcaEshEdYMdSSSPU/mR+6pScWaVPwljZkobM1d8TExppPY4C2xlRM9TL3kz8z+ukJrz2J1wmqUHJFovCVBATk9nfpM8VMiPGllCmuL2VsCFVlBmbTsGG4C2/vEqalbJXLVfvLku1ShZHHk7gFM7BgyuowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8A84aNjA==</latexit>

h3

20



Backup slides



Probing scalar top partners directly

[Cheng, Li, Salvioni, Verhaaren 2018] 
see also [Cohen, Craig, Giudice, McCullough 2018]

<latexit sha1_base64="x1ZwUKIb4TbvFKMHjImiJZrcA0w=">AAACM3icbVDLSgMxFM34rPVVdekmWAQ3lplS1I1QcFPERQX7gHYcMpm0Dc08SO4IZdp/cuOPuBDEhSJu/QczbUFteyHh5Jx7uTnHjQRXYJqvxtLyyuraemYju7m1vbOb29uvqzCWlNVoKELZdIliggesBhwEa0aSEd8VrOH2r1K98cCk4mFwB4OI2T7pBrzDKQFNObnrtk+gR4lIbkb4Ep/igQP3RTxsAxceS+KRYw3TdyW9F6jFX9XJ5c2COS48D6wpyKNpVZ3cc9sLaeyzAKggSrUsMwI7IRI4FWyUbceKRYT2SZe1NAyIz5SdjD2P8LFmPNwJpT4B4DH7dyIhvlID39WdqUM1q6XkIq0VQ+fCTngQxcACOlnUiQWGEKcBYo9LRkEMNCBUcv1XTHtEEgo65qwOwZq1PA/qxYJ1VijdlvLl0jSODDpER+gEWegclVEFVVENUfSIXtA7+jCejDfj0/iatC4Z05kD9K+M7x+5g6ka</latexit>

L = �y
2
t |ũ1|2|H|2 � y

2
t |ũ2|2|H|2

• If the Higgs is not a pseudo-Goldstone boson,                    corrections  

to Higgs couplings are not expected 

• Need to probe naturalness cancellation directly:

<latexit sha1_base64="Vdd9FKXOymIfWLOpkULLksH3qUc=">AAAB+HicbVBNT8JAEJ36ifhB1aOXjcQEL9g2RD2SePGIiXwkUMh22cKG7bbZ3ZIg4Zd48aAxXv0p3vw3LtCDgi+Z5OW9mczMCxLOlHacb2tjc2t7Zze3l98/ODwq2McnDRWnktA6iXksWwFWlDNB65ppTluJpDgKOG0Go7u53xxTqVgsHvUkoX6EB4KFjGBtpJ5d6CgWoXHXuyp5Yde77NlFp+wsgNaJm5EiZKj17K9OPyZpRIUmHCvVdp1E+1MsNSOczvKdVNEEkxEe0LahAkdU+dPF4TN0YZQ+CmNpSmi0UH9PTHGk1CQKTGeE9VCtenPxP6+d6vDWnzKRpJoKslwUphzpGM1TQH0mKdF8YggmkplbERliiYk2WeVNCO7qy+uk4ZXd63LloVKsVrI4cnAG51ACF26gCvdQgzoQSOEZXuHNerJerHfrY9m6YWUzp/AH1ucPjb+Rrw==</latexit>

⇠ v2/(2f2)

assumed 
invisible

<latexit sha1_base64="kAN58nd1PXDyhal56daGkc1huSs=">AAAB8HicdVDLSsNAFJ3UV62vqks3g0VwFSaaaLMruHFZwT6kDWUymbZDZ5IwMxFK6Fe4caGIWz/HnX/jpK2gogcuHM65l3vvCVPOlEbowyqtrK6tb5Q3K1vbO7t71f2DtkoySWiLJDyR3RAryllMW5ppTruppFiEnHbCyVXhd+6pVCyJb/U0pYHAo5gNGcHaSHd9zXhE82w2qNaQjTzfcxBEtocc/7wgvl93PQ86NpqjBpZoDqrv/SghmaCxJhwr1XNQqoMcS80Ip7NKP1M0xWSCR7RnaIwFVUE+P3gGT4wSwWEiTcUaztXvEzkWSk1FaDoF1mP12yvEv7xepof1IGdxmmkak8WiYcahTmDxPYyYpETzqSGYSGZuhWSMJSbaZFQxIXx9Cv8n7TPbubDdG7fWcJdxlMEROAanwAGXoAGuQRO0AAECPIAn8GxJ69F6sV4XrSVrOXMIfsB6+wSt05D4</latexit>

ũ
<latexit sha1_base64="kAN58nd1PXDyhal56daGkc1huSs=">AAAB8HicdVDLSsNAFJ3UV62vqks3g0VwFSaaaLMruHFZwT6kDWUymbZDZ5IwMxFK6Fe4caGIWz/HnX/jpK2gogcuHM65l3vvCVPOlEbowyqtrK6tb5Q3K1vbO7t71f2DtkoySWiLJDyR3RAryllMW5ppTruppFiEnHbCyVXhd+6pVCyJb/U0pYHAo5gNGcHaSHd9zXhE82w2qNaQjTzfcxBEtocc/7wgvl93PQ86NpqjBpZoDqrv/SghmaCxJhwr1XNQqoMcS80Ip7NKP1M0xWSCR7RnaIwFVUE+P3gGT4wSwWEiTcUaztXvEzkWSk1FaDoF1mP12yvEv7xepof1IGdxmmkak8WiYcahTmDxPYyYpETzqSGYSGZuhWSMJSbaZFQxIXx9Cv8n7TPbubDdG7fWcJdxlMEROAanwAGXoAGuQRO0AAECPIAn8GxJ69F6sV4XrSVrOXMIfsB6+wSt05D4</latexit>

ũ

[Ruhdorfer, Salvioni, Weiler 2019] 
[Craig, Lou, McCullough, Thalapillil 2014]

<latexit sha1_base64="Np7by6QuQQy4awyM8abzybbzT84=">AAACC3icbVBNS8NAEN3Ur1q/qh69LC2Cp5LYooIgBQ96rGA/oAlls522S3eTsLsRSsjdi3/FiwdFvPoHvPlv3LY5aOuDgcd7M8zM8yPOlLbtbyu3srq2vpHfLGxt7+zuFfcPWiqMJYUmDXkoOz5RwFkATc00h04kgQifQ9sfX0/99gNIxcLgXk8i8AQZBmzAKNFG6hVLope4mvE+JHGa4itcrdrYvXQF0SMpkhtopb1i2a7YM+Bl4mSkjDI0esUvtx/SWECgKSdKdR070l5CpGaUQ1pwYwURoWMyhK6hARGgvGT2S4qPjdLHg1CaCjSeqb8nEiKUmgjfdE5vVIveVPzP68Z6cOElLIhiDQGdLxrEHOsQT4PBfSaBaj4xhFDJzK2YjogkVJv4CiYEZ/HlZdI6rThnldpdrVyvZXHk0REqoRPkoHNUR7eogZqIokf0jF7Rm/VkvVjv1se8NWdlM4foD6zPH9wCmkM=</latexit>

mũ > 330 GeVFCC-hh:

e.g. Standard Model-singlet  
scalar top partners



Probing scalar top partners directly

[Cheng, Li, Salvioni, Verhaaren 2018] 
see also [Cohen, Craig, Giudice, McCullough 2018]

e.g. Standard Model-singlet  
scalar top partners

<latexit sha1_base64="x1ZwUKIb4TbvFKMHjImiJZrcA0w=">AAACM3icbVDLSgMxFM34rPVVdekmWAQ3lplS1I1QcFPERQX7gHYcMpm0Dc08SO4IZdp/cuOPuBDEhSJu/QczbUFteyHh5Jx7uTnHjQRXYJqvxtLyyuraemYju7m1vbOb29uvqzCWlNVoKELZdIliggesBhwEa0aSEd8VrOH2r1K98cCk4mFwB4OI2T7pBrzDKQFNObnrtk+gR4lIbkb4Ep/igQP3RTxsAxceS+KRYw3TdyW9F6jFX9XJ5c2COS48D6wpyKNpVZ3cc9sLaeyzAKggSrUsMwI7IRI4FWyUbceKRYT2SZe1NAyIz5SdjD2P8LFmPNwJpT4B4DH7dyIhvlID39WdqUM1q6XkIq0VQ+fCTngQxcACOlnUiQWGEKcBYo9LRkEMNCBUcv1XTHtEEgo65qwOwZq1PA/qxYJ1VijdlvLl0jSODDpER+gEWegclVEFVVENUfSIXtA7+jCejDfj0/iatC4Z05kD9K+M7x+5g6ka</latexit>

L = �y
2
t |ũ1|2|H|2 � y

2
t |ũ2|2|H|2

• If the Higgs is not a pseudo-Goldstone boson,                    corrections  

to Higgs couplings are not expected 

• Need to probe naturalness cancellation directly:

<latexit sha1_base64="Vdd9FKXOymIfWLOpkULLksH3qUc=">AAAB+HicbVBNT8JAEJ36ifhB1aOXjcQEL9g2RD2SePGIiXwkUMh22cKG7bbZ3ZIg4Zd48aAxXv0p3vw3LtCDgi+Z5OW9mczMCxLOlHacb2tjc2t7Zze3l98/ODwq2McnDRWnktA6iXksWwFWlDNB65ppTluJpDgKOG0Go7u53xxTqVgsHvUkoX6EB4KFjGBtpJ5d6CgWoXHXuyp5Yde77NlFp+wsgNaJm5EiZKj17K9OPyZpRIUmHCvVdp1E+1MsNSOczvKdVNEEkxEe0LahAkdU+dPF4TN0YZQ+CmNpSmi0UH9PTHGk1CQKTGeE9VCtenPxP6+d6vDWnzKRpJoKslwUphzpGM1TQH0mKdF8YggmkplbERliiYk2WeVNCO7qy+uk4ZXd63LloVKsVrI4cnAG51ACF26gCvdQgzoQSOEZXuHNerJerHfrY9m6YWUzp/AH1ucPjb+Rrw==</latexit>

⇠ v2/(2f2)

[Haisch, Koole, 2022]

Loop-level probes 

(off-shell Higgs, double Higgs) 

studied in 



Single-Higgs coupling measurements will reach 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

Naturalness and δh3/δhVV

<latexit sha1_base64="ZdTV/Cnzn8ZxClVDrFH6e2/Vnfc="></latexit>����
�h3

�hV V

����

<latexit sha1_base64="HpBAnn5zDQ+uZE7Wdy1T+/zhrA8="></latexit>����
�h3

�single h

���� ⇠ O(1) <latexit sha1_base64="sJhJULgdiIXyIWcS4xFSxPvMrlY=">AAACGXicdVDJSgNBEO2JW4zbqEcvjUHwYpgsanILePEYwSyQSUJPpyZp0rPY3RMIw/yGF3/FiwdFPOrJv7GzCK4Pqni8V0V3PSfkTCrLejdSS8srq2vp9czG5tb2jrm715BBJCjUacAD0XKIBM58qCumOLRCAcRzODSd0cXUb45BSBb412oSQscjA5+5jBKlpZ5p2X3givTiYbeYYFsyD27wCbZdQWhcTOJCMqfjbiGJXd16ZtbKlSplq1jBv0k+Z82QRQvUeuar3Q9o5IGvKCdStvNWqDoxEYpRDknGjiSEhI7IANqa+sQD2YlnlyX4SCt97AZCl6/wTP26ERNPyonn6EmPqKH86U3Fv7x2pNxyJ2Z+GCnw6fwhN+JYBXgaE+4zAVTxiSaECqb/iumQ6CSUDjOjQ/i8FP9PGoVc/ix3elXKVq1FHGl0gA7RMcqjc1RFl6iG6oiiW3SPHtGTcWc8GM/Gy3w0ZSx29tE3GG8f2VSg1Q==</latexit>

�h3 ' �3

2

v2

f2

<latexit sha1_base64="bIZ/o6E7+5hWatJ+n0BAtLYi8RY=">AAACGXicdVDJSgNBEO2JW4zbqEcvjUHwYpiJUZNbwIvHCGaBTAw9nZqkSc9id08gDPMbXvwVLx4U8agn/8bOIrg+qOLxXhXd9dyIM6ks693ILCwuLa9kV3Nr6xubW+b2TkOGsaBQpyEPRcslEjgLoK6Y4tCKBBDf5dB0h+cTvzkCIVkYXKlxBB2f9APmMUqUlrqm5fSAK9JNBo1Gih3JfLjBR9jxBKGJnSbFdEZH18U08XTrmnmrUKqUreMK/k3sgjVFHs1R65qvTi+ksQ+BopxI2batSHUSIhSjHNKcE0uICB2SPrQ1DYgPspNML0vxgVZ62AuFrkDhqfp1IyG+lGPf1ZM+UQP505uIf3ntWHnlTsKCKFYQ0NlDXsyxCvEkJtxjAqjiY00IFUz/FdMB0UkoHWZOh/B5Kf6fNIoF+7RwclnKV615HFm0h/bRIbLRGaqiC1RDdUTRLbpHj+jJuDMejGfjZTaaMeY7u+gbjLcPAwCg7g==</latexit>

�hV V ' �1

2

v2

f2

<latexit sha1_base64="Yv/uLqSsJ/xMXC2maTUtxLvbDDA="></latexit>����
�h3

�hV V

���� ' 3



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


