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Fundamental questions

Origin of EWSB?

Higgs portal

to Hidden Sectors?

Thermal History

of Universe

[The case for precision Higgs physics,

Snowmass 2021, 2209.07510]

The Higgs boson is linked to many deep questions about fundamental physics
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Fundamental questions

Origin of EWSB?

Higgs portal

to Hidden Sectors?

Thermal History

of Universe

[The case for precision Higgs physics,

Snowmass 2021, 2209.07510]

In this talk I will mostly focus on understanding the origin of EWSB.


Can we calculate the Higgs potential? Is the Higgs mass natural?


In 2023, how can these questions inform measurements/searches at LHC 

and plans for future accelerators?
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Naturalness
So far, no signals of top partners (scalars or fermions) @ ATLAS and CMS


Where do we go from here?


• SUSY or compositeness could still be around the corner


• Symmetry-based framework is correct, but key details differ from expectations: 

Neutral Naturalness


• Need a true paradigm shift: cosmological approaches

[2210.15413]
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Neutral Naturalness: new physics hiding at TeV scale


 coupling as the first signal? 


Part 2


Cosmological approaches to naturalness motivate light new physics


h3

h → LLPs, invisible
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Neutral Naturalness: the Twin Higgs

Standard Model
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The top partner (Twin top) is neutral under whole SM


It can still be sub-TeV

Light QCD-charged states are not needed    naturalness improves→
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L = ytQHt+ ŷtQ̂Ĥt̂

[Chacko, Goh, Harnik 2005]
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Twin Higgs at work

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

, no correction to Higgs massVt = constant

scale of QCD-charged particles (  TeV)≫ decay constant 

of Goldstone Higgs (~ 1 TeV)

• What remains is smaller potential, controlled by Twin top:
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[Craig, Katz, Strassler, Sundrum 2015]

[Barbieri, Greco, Rattazzi, Wulzer 2015]
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Z2 : yt = ŷt ,M⇤ = M̂⇤ !

sub-TeV, but SM neutral
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But not realistic yet: or
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hhi = f

, no correction to Higgs massVt = constant

sub-TeV, but SM neutral

[Craig, Katz, Strassler, Sundrum 2015]

[Barbieri, Greco, Rattazzi, Wulzer 2015] 6



LHC Run 2: agreement with SM to ~ 10%

Need               by a factor 3 ~ 4 at least
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v ⌧ f
[ATLAS-CONF-2021-053]

The need for a small vev
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(Composite Higgs, Twin Higgs, …)
[Panico, Redi, Tesi, Wulzer 2012] 7



LHC Run 2: agreement with SM to ~ 10%

Need               by a factor 3 ~ 4 at least
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v ⌧ f

The need for a small vev

The canonical models require fine-tuning to achieve this:

“minimal tuning”

[Panico, Redi, Tesi, Wulzer 2012]
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Recent idea to generate this without tuning: Gegenbauer Goldstones


Shape of Higgs potential is strongly modified compared to SM


            prediction: parametrically enhanced Higgs self-coupling deviations

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

[ATLAS-CONF-2021-053]
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Inspiration: Abelian Goldstone

For a single  Goldstone boson, 


we know a simple way to get a small vev

U(1)

Explicit breaking from operator of charge
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<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

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

0

discrete symmetry

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

V
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Non-Abelian Goldstones: the Higgs case

How to get a small vev naturally?

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

(relevant pattern for Goldstone Higgs)
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<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      - 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]

Non-Abelian Goldstones: the Higgs case

(relevant pattern for Goldstone Higgs)

Consider    Goldstone bosons, from spontaneous breaking of global symmetryN
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<latexit sha1_base64="eo19TFpjoIHSbiA6hAWZZT+81TU="></latexit>

�V =
✏ �

fn�4
Ki1...in

n �i1 . . .�in

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

Non-Abelian Goldstones: the Higgs case

Similar to

Abelian case:

<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 

irrep    traceless →

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


Corrections at  and higher

O(ϵ)
O(ϵ2)

Leopold Gegenbauer

<latexit sha1_base64="0Roa5pKsRl8JHp+Z7JN77OcvtyI="></latexit>

� = ei⇧
aTa/f

✓
~0N
f

◆
=

 
f sin ⇧

f
~⇧
f

f cos ⇧
f

!
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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)

A radiatively stable way to generate


 a small vev for a Goldstone Higgs

<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

<latexit sha1_base64="wTkwJzZhfi+MBz3M5DnHNB4HQcg=">AAAB7XicdVDLSgMxFM34rPVVdekmWIS6GTKDU9uFUHDjsoJ9QDuUTJq2sZlkSDJCGfoPblwo4tb/ceffmD4EFT0QcjjnXu69J0o40wahD2dldW19YzO3ld/e2d3bLxwcNrVMFaENIrlU7QhrypmgDcMMp+1EURxHnLai8dXMb91TpZkUt2aS0DDGQ8EGjGBjpWZJXProrFcoIhf5lQBVIXJ9+/mBJQHyquUq9Fw0RxEsUe8V3rt9SdKYCkM41rrjocSEGVaGEU6n+W6qaYLJGA9px1KBY6rDbL7tFJ5apQ8HUtknDJyr3zsyHGs9iSNbGWMz0r+9mfiX10nNoBJmTCSpoYIsBg1SDo2Es9NhnylKDJ9YgolidldIRlhhYmxAeRvC16Xwf9L0Xa/sBjfnxVppGUcOHIMTUAIeuAA1cA3qoAEIuAMP4Ak8O9J5dF6c10XpirPsOQI/4Lx9AmnJjlE=</latexit>

(n = 20)
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Gegenbauer’s Twin

• Gegenbauer potential generates small vev:   is naturalv ≪ f

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

(generalize 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 are parametrically enhanced

Smoking gun signal: could be the first deviation from SM 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

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

ghXX

gSMhXX

' 1� v2

2f2

[talks by Hays, Wardle, Wielers] 15



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

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

ghXX

gSMhXX

' 1� v2

2f2

• Gegenbauer’s Twin is proof of principle that fully natural electroweak breaking 


can still be compatible with LHC results


• Example of model where measurements of  break new groundh3

[Durieux, McCullough, Salvioni 

2202.01228 + 2209.00666]
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Plan

Part 1


Neutral Naturalness: new physics hiding at TeV scale


 coupling as the first signal? 


Part 2


Cosmological approaches to naturalness motivate light new physics


h3

h → LLPs, invisible



Cosmological naturalness

• Perhaps the smallness of the Higgs mass is not imposed by symmetries,


but dynamically selected along the cosmological evolution


• The Higgs mass parameter    triggers some cosmic dynamics,


leading to the selection of 


• Example: the relaxion

m2
H

⟨h⟩ ≃ v ≪ ΛUV
<latexit sha1_base64="XkIvaQSvci9riw9h6q1pJZph58g=">AAAB7nicbVDLSgMxFL2pr1pfVZdugkWomzIjvpYFNy4r2Ae0Q8mkmTY0kwlJRihDP8KNC0Xc+j3u/BvTdhbaeuDC4Zx7ufeeUAlurOd9o8La+sbmVnG7tLO7t39QPjxqmSTVlDVpIhLdCYlhgkvWtNwK1lGakTgUrB2O72Z++4lpwxP5aCeKBTEZSh5xSqyT2q1qT434eb9c8WreHHiV+DmpQI5Gv/zVGyQ0jZm0VBBjur6nbJARbTkVbFrqpYYpQsdkyLqOShIzE2Tzc6f4zCkDHCXalbR4rv6eyEhszCQOXWdM7MgsezPxP6+b2ug2yLhUqWWSLhZFqcA2wbPf8YBrRq2YOEKo5u5WTEdEE2pdQiUXgr/88ippXdT869rVw2Wl7uVxFOEETqEKPtxAHe6hAU2gMIZneIU3pNALekcfi9YCymeO4Q/Q5w+Bto78</latexit>

V (�)

<latexit sha1_base64="jfdhlJzXTwQ16H1g37MNjBehV8U=">AAAB63icbVDLSsNAFL2pr1pfUZduBovgqiTia1lw47KCfUAbymQ6aYbOTMLMRCihv+DGhSJu/SF3/o2TNgttPXDhcM693HtPmHKmjed9O5W19Y3Nrep2bWd3b//APTzq6CRThLZJwhPVC7GmnEnaNsxw2ksVxSLktBtO7gq/+0SVZol8NNOUBgKPJYsYwaaQBmnMhm7da3hzoFXil6QOJVpD92swSkgmqDSEY637vpeaIMfKMMLprDbINE0xmeAx7VsqsaA6yOe3ztCZVUYoSpQtadBc/T2RY6H1VIS2U2AT62WvEP/z+pmJboOcyTQzVJLFoijjyCSoeByNmKLE8KklmChmb0UkxgoTY+Op2RD85ZdXSeei4V83rh4u602vjKMKJ3AK5+DDDTThHlrQBgIxPMMrvDnCeXHenY9Fa8UpZ47hD5zPHxFejjc=</latexit>

�

<latexit sha1_base64="93ZsgtOMJu/Oq5wGXMHK1X3j6JM=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBHqpiTF10oKbrqsYB/QxjCZTtqhk0mYmRRK6J+4caGIW//EnX/jtM1CWw9cOJxzL/feEyScKe0439ba+sbm1nZhp7i7t39waB8dt1ScSkKbJOax7ARYUc4EbWqmOe0kkuIo4LQdjO5nfntMpWKxeNSThHoRHggWMoK1kXzbjp6qfh2Ve8mQXaA75Ph2yak4c6BV4uakBDkavv3V68ckjajQhGOluq6TaC/DUjPC6bTYSxVNMBnhAe0aKnBElZfNL5+ic6P0URhLU0Kjufp7IsORUpMoMJ0R1kO17M3E/7xuqsNbL2MiSTUVZLEoTDnSMZrFgPpMUqL5xBBMJDO3IjLEEhNtwiqaENzll1dJq1pxrytXD5elmpPHUYBTOIMyuHADNahDA5pAYAzP8ApvVma9WO/Wx6J1zcpnTuAPrM8floqRow==</latexit>

m2
H
(�) > 0

<latexit sha1_base64="EZ0yxsCNK015WR4GtdmYc7bX9kg=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBHqpiTF18JFwU2XFewD2hgm00k7dDIJM5NCCf0TNy4UceufuPNvnLZZaOuBC4dz7uXee4KEM6Ud59taW9/Y3Nou7BR39/YPDu2j45aKU0lok8Q8lp0AK8qZoE3NNKedRFIcBZy2g9H9zG+PqVQsFo96klAvwgPBQkawNpJv29FT1a+jci8Zsgt0hxzfLjkVZw60StyclCBHw7e/ev2YpBEVmnCsVNd1Eu1lWGpGOJ0We6miCSYjPKBdQwWOqPKy+eVTdG6UPgpjaUpoNFd/T2Q4UmoSBaYzwnqolr2Z+J/XTXV462VMJKmmgiwWhSlHOkazGFCfSUo0nxiCiWTmVkSGWGKiTVhFE4K7/PIqaVUr7nXl6uGyVHPyOApwCmdQBhduoAZ1aEATCIzhGV7hzcqsF+vd+li0rln5zAn8gfX5A5N+kaE=</latexit>

m2
H
(�) < 0

Wiggles are generated when 


Higgs mass parameter crosses zero

<latexit sha1_base64="dJaU0E6ion2fnYz/jNq2SG5mLJI="></latexit>

⇤4 ⇠ 4⇡f3
⇡̂
Y eY hhi2

M

<latexit sha1_base64="hjN2JbDAooAJ8W7v2hIV4W9G3iQ=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotQNzWRoG6EghsXLirYBzQxTCaTduhkEmYmQgldufFX3LhQxK3f4M6/cdpmodUDA4dz7uHOPUHKqFSW9WWUFhaXllfKq5W19Y3NLXN7py2TTGDSwglLRDdAkjDKSUtRxUg3FQTFASOdYHg58Tv3REia8Fs1SokXoz6nEcVIack399t+AC+ge60jIbpzoIsTCWtuOqDH0ZFvVq26NQX8S+yCVEGBpm9+umGCs5hwhRmSsmdbqfJyJBTFjIwrbiZJivAQ9UlPU45iIr18esYYHmolhFEi9OMKTtWfiRzFUo7iQE/GSA3kvDcR//N6mYrOvZzyNFOE49miKGNQJXDSCQypIFixkSYIC6r/CvEACYSVbq6iS7DnT/5L2id1+7Tu3DjVhlPUUQZ74ADUgA3OQANcgSZoAQwewBN4Aa/Go/FsvBnvs9GSUWR2wS8YH98UEJbv</latexit>

Vb = ⇤4 cos(�/f)

(example: dark QCD model)

<latexit sha1_base64="3ulX2zAFyt7LkRfDilU6PUwJ4FA=">AAACaXicbVHdahQxGM1M/WnXqttKRfQmuAgVcZlZrXpZ8KJ70YsK7raw2V0ymcxsaJIJ+SksIeAzeucLeONLmNmOoK0HAifnfN+X5KRQnBmbZT+SdOvO3Xv3t3d6D3YfPnrc39ufmsZpQiek4Y2+KLChnEk6scxyeqE0xaLg9Ly4/Nz651dUG9bIr3at6FzgWrKKEWyjtOx/QwLbFcHcnwaIjFOGWngI30J0GoeUeOmRFnAyDY sRfANriNSKvR4vUInrmmo4jiKqNCY+D/7dCCm2GIVOaUuDr+LWMl5SfxLiMOGQdAGeLP7QZX+QDbMN4G2Sd2QAOpwt+99R2RAnqLSEY2Nmeabs3GNtGeE09JAzVGFyiWs6i1RiQc3cb5IK8FVUSlg1Oi5p4Ub9u8NjYcxaFLGyzcXc9Frxf97M2erT3DOpnKWSXB9UOQ5tA9vYYck0JZavI8FEs3hXSFY4xmTj5/RiCPnNJ98m09Ew/zA8+vJ+cJx1cWyDF+AlOAQ5+AiOwRicgQkg4GeymxwkT5Nf6V76LH1+XZomXc8T8A/SwW8PVbij</latexit>

L � (�⇤2
UV + g�)H†

H +
1

32⇡2

�

f
G̃µ⌫G

µ⌫

[Graham, Kaplan, Rajendran, 2015] 17



Cosmological naturalness

• Perhaps the smallness of the Higgs mass is not imposed by symmetries,


but dynamically selected along the cosmological evolution


• The Higgs mass parameter    triggers some cosmic dynamics,


leading to the selection of 


• Several other proposals for dynamical selection


They require new physics coupled to the Higgs, at or below weak scale


(but not in the form traditional naturalness expects!)


• Light (Higgs-mixed) scalars are a common occurrence,


bolstering motivations for searches

m2
H

⟨h⟩ ≃ v ≪ ΛUV

[Arkani-Hamed et al. 1607.06821]

[Csáki, D’Agnolo, Geller, Ismail 2007.14396]

[Arkani-Hamed, D’Agnolo, Kim 2012.04652]

[D’Agnolo, Teresi 2106.04591 + 2109.13249]

[Csáki, Ismail, Ruhdorfer, Tooby-Smith 2210.02456]

…
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Light Higgs-mixed scalar

Add to SM a real scalar S

controls                        :

exotic Higgs decays

<latexit sha1_base64="eBgTohFJZmuBuliDcBxe98BJKJc=">AAACE3icbVDLSsNAFJ34rPUVFVduBotQNyXRoi6LblxWax/QhDKZTJqhk0mYmQgl9DP8ALf6Ce7ErR/gF/gbTtostPXAhcM593LvPV7CqFSW9WUsLa+srq2XNsqbW9s7u+befkfGqcCkjWMWi56HJGGUk7aiipFeIgiKPEa63ugm97uPREga8wc1TogboSGnAcVIaWlgHjoRUqGIsuv7STWEjophq3U6MCtWzZoCLhK7IBVQoDkwvx0/xmlEuMIMSdm3rUS5GRKKYkYmZSeVJEF4hIakrylHEZFuNj1/Ak+04sMgFrq4glP190SGIinHkac782PlvJeL/3pSnxISf269Cq7cjPIkVYTj2fYgZVB/ngcEfSoIVmysCcKC6gcgDpFAWOkYyzoZez6HRdI5q9kXtfpdvdI4LzIqgSNwDKrABpegAW5BE7QBBhl4Bi/g1Xgy3ox342PWumQUMwfgD4zPH2synZ8=</latexit>

BR(h ! SS)

<latexit sha1_base64="kW2+fsRx1mAtJ9DWzL1syIiRSps="></latexit>

LBSM = �1

2
em2

S
S
2 � Vint(S)� µSH

†
H � �SH

2
S
2
H

†
H

mixing between  and  :

 controls lifetime of light scalar

S h
sin θ

This simple setup is motivated by variety of new physics scenarios


(beyond cosmological naturalness)

19



Light Higgs-mixed scalar

Add to SM a real scalar S

controls                        :

exotic Higgs decays

<latexit sha1_base64="eBgTohFJZmuBuliDcBxe98BJKJc=">AAACE3icbVDLSsNAFJ34rPUVFVduBotQNyXRoi6LblxWax/QhDKZTJqhk0mYmQgl9DP8ALf6Ce7ErR/gF/gbTtostPXAhcM593LvPV7CqFSW9WUsLa+srq2XNsqbW9s7u+befkfGqcCkjWMWi56HJGGUk7aiipFeIgiKPEa63ugm97uPREga8wc1TogboSGnAcVIaWlgHjoRUqGIsuv7STWEjophq3U6MCtWzZoCLhK7IBVQoDkwvx0/xmlEuMIMSdm3rUS5GRKKYkYmZSeVJEF4hIakrylHEZFuNj1/Ak+04sMgFrq4glP190SGIinHkac782PlvJeL/3pSnxISf269Cq7cjPIkVYTj2fYgZVB/ngcEfSoIVmysCcKC6gcgDpFAWOkYyzoZez6HRdI5q9kXtfpdvdI4LzIqgSNwDKrABpegAW5BE7QBBhl4Bi/g1Xgy3ox342PWumQUMwfgD4zPH2synZ8=</latexit>

BR(h ! SS)

<latexit sha1_base64="kW2+fsRx1mAtJ9DWzL1syIiRSps="></latexit>

LBSM = �1

2
em2

S
S
2 � Vint(S)� µSH

†
H � �SH

2
S
2
H

†
H

mixing between  and  :

 controls lifetime of light scalar

S h
sin θ

Neutral Naturalness again: light dark sector in Twin Higgs

dark QCD without light matter

glueballs are lightest hadrons,

lightest glueball is  Ĝ0++ ≃ S

<latexit sha1_base64="+o2Hr9W8ax91T4/y0WHFXk/Qqww=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipOR6UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp619Vas1ap1/I4inAG53AJHtxAHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDzLGM5w==</latexit>

h

<latexit sha1_base64="wHsYbtJKDqTh8nBeRUr8hG/yHig=">AAAB/XicdVDJSgNBEO2JW4xb1KOXxiB4GnpMRjO3gBePCZoFkhB6OjVJk56F7h4hhOAHeNVP8CZe/Ra/wN+wswga9EHB470qqur5ieBKE/JhZdbWNza3stu5nd29/YP84VFDxalkUGexiGXLpwoEj6CuuRbQSiTQ0BfQ9EfXM795D1LxOLrT4wS6IR1EPOCMaiPVbnv5ArGJ67kOwcR2ieMVZ8TzyiXXxY5N5iigJaq9/GenH7M0hEgzQZVqOyTR3QmVmjMB01wnVZBQNqIDaBsa0RBUdzI/dIrPjNLHQSxNRRrP1Z8TExoqNQ590xlSPVSr3kz801PmlCH0V9broNyd8ChJNURssT1IBdYxnkWB+1wC02JsCGWSmwcwG1JJmTaB5Uwy3+/j/0njwnYu7VKtVKgUlxll0Qk6RefIQVeogm5QFdURQ4Ae0RN6th6sF+vVelu0ZqzlzDH6Bev9CwjUlfg=</latexit>

S

<latexit sha1_base64="wHsYbtJKDqTh8nBeRUr8hG/yHig=">AAAB/XicdVDJSgNBEO2JW4xb1KOXxiB4GnpMRjO3gBePCZoFkhB6OjVJk56F7h4hhOAHeNVP8CZe/Ra/wN+wswga9EHB470qqur5ieBKE/JhZdbWNza3stu5nd29/YP84VFDxalkUGexiGXLpwoEj6CuuRbQSiTQ0BfQ9EfXM795D1LxOLrT4wS6IR1EPOCMaiPVbnv5ArGJ67kOwcR2ieMVZ8TzyiXXxY5N5iigJaq9/GenH7M0hEgzQZVqOyTR3QmVmjMB01wnVZBQNqIDaBsa0RBUdzI/dIrPjNLHQSxNRRrP1Z8TExoqNQ590xlSPVSr3kz801PmlCH0V9broNyd8ChJNURssT1IBdYxnkWB+1wC02JsCGWSmwcwG1JJmTaB5Uwy3+/j/0njwnYu7VKtVKgUlxll0Qk6RefIQVeogm5QFdURQ4Ae0RN6th6sF+vVelu0ZqzlzDH6Bev9CwjUlfg=</latexit>

S

SM
<latexit sha1_base64="S2+flnbaOMizReCohkCtEWWWVsw=">AAAB7nicdVDJSgNBEK1xjXGLevTSGARPw4zEqLeAF48RzALJEHo6PUmTnp6hu0YIQz7CiwdFvPo93vwbO4vg+qDg8V4VVfXCVAqDnvfuLC2vrK6tFzaKm1vbO7ulvf2mSTLNeIMlMtHtkBouheINFCh5O9WcxqHkrXB0NfVbd1wbkahbHKc8iOlAiUgwilZqdYcU83DSK5U998zzL6s++U1815uhDAvUe6W3bj9hWcwVMkmN6fheikFONQom+aTYzQxPKRvRAe9YqmjMTZDPzp2QY6v0SZRoWwrJTP06kdPYmHEc2s6Y4tD89KbiX14nw+giyIVKM+SKzRdFmSSYkOnvpC80ZyjHllCmhb2VsCHVlKFNqGhD+PyU/E+ap65fdSs3lXKtsoijAIdwBCfgwznU4Brq0AAGI7iHR3hyUufBeXZe5q1LzmLmAL7Bef0A7QKP8A==</latexit>

b̂

<latexit sha1_base64="S2+flnbaOMizReCohkCtEWWWVsw=">AAAB7nicdVDJSgNBEK1xjXGLevTSGARPw4zEqLeAF48RzALJEHo6PUmTnp6hu0YIQz7CiwdFvPo93vwbO4vg+qDg8V4VVfXCVAqDnvfuLC2vrK6tFzaKm1vbO7ulvf2mSTLNeIMlMtHtkBouheINFCh5O9WcxqHkrXB0NfVbd1wbkahbHKc8iOlAiUgwilZqdYcU83DSK5U998zzL6s++U1815uhDAvUe6W3bj9hWcwVMkmN6fheikFONQom+aTYzQxPKRvRAe9YqmjMTZDPzp2QY6v0SZRoWwrJTP06kdPYmHEc2s6Y4tD89KbiX14nw+giyIVKM+SKzRdFmSSYkOnvpC80ZyjHllCmhb2VsCHVlKFNqGhD+PyU/E+ap65fdSs3lXKtsoijAIdwBCfgwznU4Brq0AAGI7iHR3hyUufBeXZe5q1LzmLmAL7Bef0A7QKP8A==</latexit>

b̂

dark parton shower

and hadronization

[Craig, Katz, Strassler, 

Sundrum 2015]

+ many others
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Light Higgs-mixed scalar

Add to SM a real scalar S

controls                        :

exotic Higgs decays

<latexit sha1_base64="eBgTohFJZmuBuliDcBxe98BJKJc=">AAACE3icbVDLSsNAFJ34rPUVFVduBotQNyXRoi6LblxWax/QhDKZTJqhk0mYmQgl9DP8ALf6Ce7ErR/gF/gbTtostPXAhcM593LvPV7CqFSW9WUsLa+srq2XNsqbW9s7u+befkfGqcCkjWMWi56HJGGUk7aiipFeIgiKPEa63ugm97uPREga8wc1TogboSGnAcVIaWlgHjoRUqGIsuv7STWEjophq3U6MCtWzZoCLhK7IBVQoDkwvx0/xmlEuMIMSdm3rUS5GRKKYkYmZSeVJEF4hIakrylHEZFuNj1/Ak+04sMgFrq4glP190SGIinHkac782PlvJeL/3pSnxISf269Cq7cjPIkVYTj2fYgZVB/ngcEfSoIVmysCcKC6gcgDpFAWOkYyzoZez6HRdI5q9kXtfpdvdI4LzIqgSNwDKrABpegAW5BE7QBBhl4Bi/g1Xgy3ox342PWumQUMwfgD4zPH2synZ8=</latexit>

BR(h ! SS)

<latexit sha1_base64="kW2+fsRx1mAtJ9DWzL1syIiRSps="></latexit>

LBSM = �1

2
em2

S
S
2 � Vint(S)� µSH

†
H � �SH

2
S
2
H

†
H

mixing between  and  :

 controls lifetime of light scalar

S h
sin θ

 can mediate dark matter freeze out:S

<latexit sha1_base64="+pHBQAf8mCx4HQN88Vtw4KE/9qU="></latexit>

LDM = �y

2
S��

(Majorana) fermion DM

<latexit sha1_base64="FOK7de2HZIgRM2HZ7X40k2FSMlI=">AAACAHicdVDLSsNAFJ3UV62vqks3g0VwFRIJ6rLgxmUF+4A2lMnkphk6mYSZiVBCN36AW/0Ed+LWP/EL/A0nbQWtemCYwzn3cu89QcaZ0o7zblVWVtfWN6qbta3tnd29+v5BR6W5pNCmKU9lLyAKOBPQ1kxz6GUSSBJw6Abjq9Lv3oFULBW3epKBn5CRYBGjRJfSgMZsWG84tueUwL+Ja89+p4EWaA3rH4MwpXkCQlNOlOq7Tqb9gkjNKIdpbZAryAgdkxH0DRUkAeUXs12n+MQoIY5SaZ7QeKZ+7yhIotQkCUxlQnSslr1S/NNTZpUYwqXxOrr0CyayXIOg8+lRzrFOcZkGDpkEqvnEEEIlMwdgGhNJqDaZ1UwyX+fj/0nnzHbPbe/GazS9RUZVdISO0Sly0QVqomvUQm1EUYwe0CN6su6tZ+vFep2XVqxFzyH6AevtExCslxI=</latexit>�

<latexit sha1_base64="FOK7de2HZIgRM2HZ7X40k2FSMlI=">AAACAHicdVDLSsNAFJ3UV62vqks3g0VwFRIJ6rLgxmUF+4A2lMnkphk6mYSZiVBCN36AW/0Ed+LWP/EL/A0nbQWtemCYwzn3cu89QcaZ0o7zblVWVtfWN6qbta3tnd29+v5BR6W5pNCmKU9lLyAKOBPQ1kxz6GUSSBJw6Abjq9Lv3oFULBW3epKBn5CRYBGjRJfSgMZsWG84tueUwL+Ja89+p4EWaA3rH4MwpXkCQlNOlOq7Tqb9gkjNKIdpbZAryAgdkxH0DRUkAeUXs12n+MQoIY5SaZ7QeKZ+7yhIotQkCUxlQnSslr1S/NNTZpUYwqXxOrr0CyayXIOg8+lRzrFOcZkGDpkEqvnEEEIlMwdgGhNJqDaZ1UwyX+fj/0nnzHbPbe/GazS9RUZVdISO0Sly0QVqomvUQm1EUYwe0CN6su6tZ+vFep2XVqxFzyH6AevtExCslxI=</latexit>�

<latexit sha1_base64="wHsYbtJKDqTh8nBeRUr8hG/yHig=">AAAB/XicdVDJSgNBEO2JW4xb1KOXxiB4GnpMRjO3gBePCZoFkhB6OjVJk56F7h4hhOAHeNVP8CZe/Ra/wN+wswga9EHB470qqur5ieBKE/JhZdbWNza3stu5nd29/YP84VFDxalkUGexiGXLpwoEj6CuuRbQSiTQ0BfQ9EfXM795D1LxOLrT4wS6IR1EPOCMaiPVbnv5ArGJ67kOwcR2ieMVZ8TzyiXXxY5N5iigJaq9/GenH7M0hEgzQZVqOyTR3QmVmjMB01wnVZBQNqIDaBsa0RBUdzI/dIrPjNLHQSxNRRrP1Z8TExoqNQ590xlSPVSr3kz801PmlCH0V9broNyd8ChJNURssT1IBdYxnkWB+1wC02JsCGWSmwcwG1JJmTaB5Uwy3+/j/0njwnYu7VKtVKgUlxll0Qk6RefIQVeogm5QFdURQ4Ae0RN6th6sF+vVelu0ZqzlzDH6Bev9CwjUlfg=</latexit>

S

<latexit sha1_base64="wHsYbtJKDqTh8nBeRUr8hG/yHig=">AAAB/XicdVDJSgNBEO2JW4xb1KOXxiB4GnpMRjO3gBePCZoFkhB6OjVJk56F7h4hhOAHeNVP8CZe/Ra/wN+wswga9EHB470qqur5ieBKE/JhZdbWNza3stu5nd29/YP84VFDxalkUGexiGXLpwoEj6CuuRbQSiTQ0BfQ9EfXM795D1LxOLrT4wS6IR1EPOCMaiPVbnv5ArGJ67kOwcR2ieMVZ8TzyiXXxY5N5iigJaq9/GenH7M0hEgzQZVqOyTR3QmVmjMB01wnVZBQNqIDaBsa0RBUdzI/dIrPjNLHQSxNRRrP1Z8TExoqNQ590xlSPVSr3kz801PmlCH0V9broNyd8ChJNURssT1IBdYxnkWB+1wC02JsCGWSmwcwG1JJmTaB5Uwy3+/j/0njwnYu7VKtVKgUlxll0Qk6RefIQVeogm5QFdURQ4Ae0RN6th6sF+vVelu0ZqzlzDH6Bev9CwjUlfg=</latexit>

S

<latexit sha1_base64="+83KxT+Ds9ymoAZhF3LtvGuOGRA=">AAACCnicbVDLSsNAFL3xWeur6tLNYBHqpiSlqCspuHFZ0T6gjWEymTRDZ5IwMxFK6R/4AW71E9yJW3/CL/A3nLZZaOuBC4dz7uXee/yUM6Vt+8taWV1b39gsbBW3d3b39ksHh22VZJLQFkl4Irs+VpSzmLY005x2U0mx8Dnt+MPrqd95pFKxJL7Xo5S6Ag9iFjKCtZEeKsLrk4ihKyS8uzOvVLar9gxomTg5KUOOplf67gcJyQSNNeFYqZ5jp9odY6kZ4XRS7GeKppgM8YD2DI2xoModz66eoFOjBChMpKlYo5n6e2KMhVIj4ZtOgXWkFr2p+K+nzCkRDRbW6/DSHbM4zTSNyXx7mHGkEzTNBQVMUqL5yBBMJDMPIBJhiYk26RVNMs5iDsukXas659X6bb3cqOUZFeAYTqACDlxAA26gCS0gIOEZXuDVerLerHfrY966YuUzR/AH1ucP5laaIg==</latexit>

(m� > mS)
[Evans, Gori, Shelton 2017]

<latexit sha1_base64="Qhof7Nm8bBcX+v7Q02UVeXiMH+c=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkfhwLXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2VmpN+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia88TMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14l7Yuqd1W9bNYq9VoeRxFO4BTOwYNrqMMdNKAFDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AObHjPk=</latexit>y

<latexit sha1_base64="Qhof7Nm8bBcX+v7Q02UVeXiMH+c=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkfhwLXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2VmpN+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia88TMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14l7Yuqd1W9bNYq9VoeRxFO4BTOwYNrqMMdNKAFDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AObHjPk=</latexit>y
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Light Higgs-mixed scalar

Add to SM a real scalar S

controls                        :

exotic Higgs decays

<latexit sha1_base64="eBgTohFJZmuBuliDcBxe98BJKJc=">AAACE3icbVDLSsNAFJ34rPUVFVduBotQNyXRoi6LblxWax/QhDKZTJqhk0mYmQgl9DP8ALf6Ce7ErR/gF/gbTtostPXAhcM593LvPV7CqFSW9WUsLa+srq2XNsqbW9s7u+befkfGqcCkjWMWi56HJGGUk7aiipFeIgiKPEa63ugm97uPREga8wc1TogboSGnAcVIaWlgHjoRUqGIsuv7STWEjophq3U6MCtWzZoCLhK7IBVQoDkwvx0/xmlEuMIMSdm3rUS5GRKKYkYmZSeVJEF4hIakrylHEZFuNj1/Ak+04sMgFrq4glP190SGIinHkac782PlvJeL/3pSnxISf269Cq7cjPIkVYTj2fYgZVB/ngcEfSoIVmysCcKC6gcgDpFAWOkYyzoZez6HRdI5q9kXtfpdvdI4LzIqgSNwDKrABpegAW5BE7QBBhl4Bi/g1Xgy3ox342PWumQUMwfgD4zPH2synZ8=</latexit>

BR(h ! SS)

<latexit sha1_base64="kW2+fsRx1mAtJ9DWzL1syIiRSps="></latexit>

LBSM = �1

2
em2

S
S
2 � Vint(S)� µSH

†
H � �SH

2
S
2
H

†
H

mixing between  and  :

 controls lifetime of light scalar

S h
sin θ

Light scalar has mostly-hadronic decays, 


and macroscopic lifetime in vast region of parameter space 

Development of LLP-dedicated triggers and search strategies at LHC is flourishing

[LLP @ LHC white paper, 1903.04497] [talks by Sestini, Beltrán] 
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Light scalar: parameter space

<latexit sha1_base64="YM17ji6jk5s+ZRv3vV8OsqUyYhA=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY8FLx4r2A9sQtlsN+3SzSbsToRS+i+8eFDEq//Gm//GbZuDtj4YeLw3w8y8MJXCoOt+O4WNza3tneJuaW//4PCofHzSNkmmGW+xRCa6G1LDpVC8hQIl76aa0ziUvBOOb+d+54lrIxL1gJOUBzEdKhEJRtFKj74RyscRR9ovV9yquwBZJ15OKpCj2S9/+YOEZTFXyCQ1pue5KQZTqlEwyWclPzM8pWxMh7xnqaIxN8F0cfGMXFhlQKJE21JIFurviSmNjZnEoe2MKY7MqjcX//N6GUY3wVSoNEOu2HJRlEmCCZm/TwZCc4ZyYgllWthbCRtRTRnakEo2BG/15XXSrlW9q2r9vl5p1PI4inAG53AJHlxDA+6gCS1goOAZXuHNMc6L8+58LFsLTj5zCn/gfP4AweWQ7w==</latexit>

sin ✓

<latexit sha1_base64="a45/Hl+TkOMh4JSQIcizbo5JhpY=">AAAB/XicbVDLSgMxFM34rPU1PnZugkVwIWWmFHVZcKHLivYBM0PJpJk2NMkMSUaoQ/FX3LhQxK3/4c6/MdPOQlsPBA7n3Ms9OWHCqNKO820tLa+srq2XNsqbW9s7u/beflvFqcSkhWMWy26IFGFUkJammpFuIgniISOdcHSV+50HIhWNxb0eJyTgaCBoRDHSRurZh7x3559Bz+dIDyXPrkl7EvTsilN1poCLxC1IBRRo9uwvvx/jlBOhMUNKea6T6CBDUlPMyKTsp4okCI/QgHiGCsSJCrJp+gk8MUofRrE0T2g4VX9vZIgrNeahmcxDqnkvF//zvFRHl0FGRZJqIvDsUJQyqGOYVwH7VBKs2dgQhCU1WSEeIomwNoWVTQnu/JcXSbtWdc+r9dt6pVEr6iiBI3AMToELLkAD3IAmaAEMHsEzeAVv1pP1Yr1bH7PRJavYOQB/YH3+ANLylMo=</latexit>

mS [GeV]

longer


lifetime

Green/dark blue: HL-LHC event counts for proposed trigger 


on low-mass hadronic displaced vertex @ L1, in CMS phase II

High efficiency for

 cτ ∼ (1 − 10) cm

<latexit sha1_base64="HWkubcM6kEvsD9HL+46cTvkMW10=">AAAB8HicbVDLSgMxFL3js9ZX1aWbYBFclZki6rLgxpVUsA9ph5JJ77ShycyQZApl6Fe4caGIWz/HnX9j2s5CWw8EDufcQ+49QSK4Nq777aytb2xubRd2irt7+weHpaPjpo5TxbDBYhGrdkA1Ch5hw3AjsJ0opDIQ2ApGtzO/NUaleRw9mkmCvqSDiIecUWOlp3tFcIyR0b1S2a24c5BV4uWkDDnqvdJXtx+zVNowE1Trjucmxs+oMpwJnBa7qcaEshEdYMfSiErUfjZfeErOrdInYazsiwyZq78TGZVaT2RgJyU1Q73szcT/vE5qwhs/41GSGozY4qMwFcTEZHY96XOFzIiJJZQpbnclbEgVZcZ2VLQleMsnr5JmteJdVS4fquVaNa+jAKdwBhfgwTXU4A7q0AAGEp7hFd4c5bw4787HYnTNyTMn8AfO5w+fe5BA</latexit>

Nr events

<latexit sha1_base64="UgLDx0hbFyB2P5KkpGOFQUbqs3g=">AAAB7HicbVBNT8JAEJ3iF+IX6tHLRqLxRFpi1CPEiwcPGCmQQEO2yxY2bLfN7taENPwGLx40xqs/yJv/xi30oOBLJnl5byYz8/yYM6Vt+9sqrK1vbG4Vt0s7u3v7B+XDo7aKEkmoSyIeya6PFeVMUFczzWk3lhSHPqcdf3Kb+Z0nKhWLREtPY+qFeCRYwAjWRnIbrfvG46Bcsav2HGiVODmpQI7moPzVH0YkCanQhGOleo4day/FUjPC6azUTxSNMZngEe0ZKnBIlZfOj52hM6MMURBJU0Kjufp7IsWhUtPQN50h1mO17GXif14v0cGNlzIRJ5oKslgUJBzpCGWfoyGTlGg+NQQTycytiIyxxESbfEomBGf55VXSrlWdq+rlQ61SP8/jKMIJnMIFOHANdbiDJrhAgMEzvMKbJawX6936WLQWrHzmGP7A+vwB9iKODA==</latexit>

ATLAS <latexit sha1_base64="2Qz4w+w2tTeMR4LkjjfWIP25Xgc=">AAAB6nicdVDLSsNAFL2pr1pfUZduBoviKiRFWt0VunEjVGof0IYymU7aoZNJmJkIJfQT3LhQxK1f5M6/cfoQfB64cDjnXu69J0g4U9p1363cyura+kZ+s7C1vbO7Z+8ftFScSkKbJOax7ARYUc4EbWqmOe0kkuIo4LQdjGszv31HpWKxuNWThPoRHgoWMoK1kRq160bfLrpOxfUuyx76TTzHnaMIS9T79ltvEJM0okITjpXqem6i/QxLzQin00IvVTTBZIyHtGuowBFVfjY/dYpOjDJAYSxNCY3m6teJDEdKTaLAdEZYj9RPbyb+5XVTHV74GRNJqqkgi0VhypGO0exvNGCSEs0nhmAimbkVkRGWmGiTTsGE8Pkp+p+0So5Xds5vSsXq6TKOPBzBMZyBBxWowhXUoQkEhnAPj/BkcevBerZeFq05azlzCN9gvX4ANTyNrg==</latexit>

CMS

[Gershtein, Knapen, 
Redigolo 2012.07864]
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Light scalar: parameter space

<latexit sha1_base64="YM17ji6jk5s+ZRv3vV8OsqUyYhA=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY8FLx4r2A9sQtlsN+3SzSbsToRS+i+8eFDEq//Gm//GbZuDtj4YeLw3w8y8MJXCoOt+O4WNza3tneJuaW//4PCofHzSNkmmGW+xRCa6G1LDpVC8hQIl76aa0ziUvBOOb+d+54lrIxL1gJOUBzEdKhEJRtFKj74RyscRR9ovV9yquwBZJ15OKpCj2S9/+YOEZTFXyCQ1pue5KQZTqlEwyWclPzM8pWxMh7xnqaIxN8F0cfGMXFhlQKJE21JIFurviSmNjZnEoe2MKY7MqjcX//N6GUY3wVSoNEOu2HJRlEmCCZm/TwZCc4ZyYgllWthbCRtRTRnakEo2BG/15XXSrlW9q2r9vl5p1PI4inAG53AJHlxDA+6gCS1goOAZXuHNMc6L8+58LFsLTj5zCn/gfP4AweWQ7w==</latexit>

sin ✓

<latexit sha1_base64="a45/Hl+TkOMh4JSQIcizbo5JhpY=">AAAB/XicbVDLSgMxFM34rPU1PnZugkVwIWWmFHVZcKHLivYBM0PJpJk2NMkMSUaoQ/FX3LhQxK3/4c6/MdPOQlsPBA7n3Ms9OWHCqNKO820tLa+srq2XNsqbW9s7u/beflvFqcSkhWMWy26IFGFUkJammpFuIgniISOdcHSV+50HIhWNxb0eJyTgaCBoRDHSRurZh7x3559Bz+dIDyXPrkl7EvTsilN1poCLxC1IBRRo9uwvvx/jlBOhMUNKea6T6CBDUlPMyKTsp4okCI/QgHiGCsSJCrJp+gk8MUofRrE0T2g4VX9vZIgrNeahmcxDqnkvF//zvFRHl0FGRZJqIvDsUJQyqGOYVwH7VBKs2dgQhCU1WSEeIomwNoWVTQnu/JcXSbtWdc+r9dt6pVEr6iiBI3AMToELLkAD3IAmaAEMHsEzeAVv1pP1Yr1bH7PRJavYOQB/YH3+ANLylMo=</latexit>

mS [GeV]

longer


lifetime

Red: thermal dark matter region assuming                      as benchmark 

<latexit sha1_base64="HWkubcM6kEvsD9HL+46cTvkMW10=">AAAB8HicbVDLSgMxFL3js9ZX1aWbYBFclZki6rLgxpVUsA9ph5JJ77ShycyQZApl6Fe4caGIWz/HnX9j2s5CWw8EDufcQ+49QSK4Nq777aytb2xubRd2irt7+weHpaPjpo5TxbDBYhGrdkA1Ch5hw3AjsJ0opDIQ2ApGtzO/NUaleRw9mkmCvqSDiIecUWOlp3tFcIyR0b1S2a24c5BV4uWkDDnqvdJXtx+zVNowE1Trjucmxs+oMpwJnBa7qcaEshEdYMfSiErUfjZfeErOrdInYazsiwyZq78TGZVaT2RgJyU1Q73szcT/vE5qwhs/41GSGozY4qMwFcTEZHY96XOFzIiJJZQpbnclbEgVZcZ2VLQleMsnr5JmteJdVS4fquVaNa+jAKdwBhfgwTXU4A7q0AAGEp7hFd4c5bw4787HYnTNyTMn8AfO5w+fe5BA</latexit>

Nr events

<latexit sha1_base64="UgLDx0hbFyB2P5KkpGOFQUbqs3g=">AAAB7HicbVBNT8JAEJ3iF+IX6tHLRqLxRFpi1CPEiwcPGCmQQEO2yxY2bLfN7taENPwGLx40xqs/yJv/xi30oOBLJnl5byYz8/yYM6Vt+9sqrK1vbG4Vt0s7u3v7B+XDo7aKEkmoSyIeya6PFeVMUFczzWk3lhSHPqcdf3Kb+Z0nKhWLREtPY+qFeCRYwAjWRnIbrfvG46Bcsav2HGiVODmpQI7moPzVH0YkCanQhGOleo4day/FUjPC6azUTxSNMZngEe0ZKnBIlZfOj52hM6MMURBJU0Kjufp7IsWhUtPQN50h1mO17GXif14v0cGNlzIRJ5oKslgUJBzpCGWfoyGTlGg+NQQTycytiIyxxESbfEomBGf55VXSrlWdq+rlQ61SP8/jKMIJnMIFOHANdbiDJrhAgMEzvMKbJawX6936WLQWrHzmGP7A+vwB9iKODA==</latexit>

ATLAS <latexit sha1_base64="2Qz4w+w2tTeMR4LkjjfWIP25Xgc=">AAAB6nicdVDLSsNAFL2pr1pfUZduBoviKiRFWt0VunEjVGof0IYymU7aoZNJmJkIJfQT3LhQxK1f5M6/cfoQfB64cDjnXu69J0g4U9p1363cyura+kZ+s7C1vbO7Z+8ftFScSkKbJOax7ARYUc4EbWqmOe0kkuIo4LQdjGszv31HpWKxuNWThPoRHgoWMoK1kRq160bfLrpOxfUuyx76TTzHnaMIS9T79ltvEJM0okITjpXqem6i/QxLzQin00IvVTTBZIyHtGuowBFVfjY/dYpOjDJAYSxNCY3m6teJDEdKTaLAdEZYj9RPbyb+5XVTHV74GRNJqqkgi0VhypGO0exvNGCSEs0nhmAimbkVkRGWmGiTTsGE8Pkp+p+0So5Xds5vSsXq6TKOPBzBMZyBBxWowhXUoQkEhnAPj/BkcevBerZeFq05azlzCN9gvX4ANTyNrg==</latexit>

CMS

<latexit sha1_base64="2/ZDsMBRp7BG7ntp8BUteFrrqqw=">AAACBXicbVBNS8NAEN3Ur1q/oh71sFgETyGpRb0IBS8eK9pWaELYbDft0t1N2N0IJfTixb/ixYMiXv0P3vw3btsctPXBwOO9GWbmRSmjSrvut1VaWl5ZXSuvVzY2t7Z37N29tkoyiUkLJyyR9xFShFFBWppqRu5TSRCPGOlEw6uJ33kgUtFE3OlRSgKO+oLGFCNtpNA+5KGPBxRewlN/oFKESe46Nc7HkIe3oV11HXcKuEi8glRBgWZof/m9BGecCI0ZUqrruakOciQ1xYyMK36miNkxRH3SNVQgTlSQT78Yw2Oj9GCcSFNCw6n6eyJHXKkRj0wnR3qg5r2J+J/XzXR8EeRUpJkmAs8WxRmDOoGTSGCPSoI1GxmCsKTmVogHSCKsTXAVE4I3//Iiadcc78yp39SrjXoRRxkcgCNwAjxwDhrgGjRBC2DwCJ7BK3iznqwX6936mLWWrGJmH/yB9fkDcb6XOw==</latexit>

m� = 3mS

[Gershtein, Knapen, 
Redigolo 2012.07864]
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Light scalar: parameter space

<latexit sha1_base64="YM17ji6jk5s+ZRv3vV8OsqUyYhA=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY8FLx4r2A9sQtlsN+3SzSbsToRS+i+8eFDEq//Gm//GbZuDtj4YeLw3w8y8MJXCoOt+O4WNza3tneJuaW//4PCofHzSNkmmGW+xRCa6G1LDpVC8hQIl76aa0ziUvBOOb+d+54lrIxL1gJOUBzEdKhEJRtFKj74RyscRR9ovV9yquwBZJ15OKpCj2S9/+YOEZTFXyCQ1pue5KQZTqlEwyWclPzM8pWxMh7xnqaIxN8F0cfGMXFhlQKJE21JIFurviSmNjZnEoe2MKY7MqjcX//N6GUY3wVSoNEOu2HJRlEmCCZm/TwZCc4ZyYgllWthbCRtRTRnakEo2BG/15XXSrlW9q2r9vl5p1PI4inAG53AJHlxDA+6gCS1goOAZXuHNMc6L8+58LFsLTj5zCn/gfP4AweWQ7w==</latexit>

sin ✓

<latexit sha1_base64="a45/Hl+TkOMh4JSQIcizbo5JhpY=">AAAB/XicbVDLSgMxFM34rPU1PnZugkVwIWWmFHVZcKHLivYBM0PJpJk2NMkMSUaoQ/FX3LhQxK3/4c6/MdPOQlsPBA7n3Ms9OWHCqNKO820tLa+srq2XNsqbW9s7u/beflvFqcSkhWMWy26IFGFUkJammpFuIgniISOdcHSV+50HIhWNxb0eJyTgaCBoRDHSRurZh7x3559Bz+dIDyXPrkl7EvTsilN1poCLxC1IBRRo9uwvvx/jlBOhMUNKea6T6CBDUlPMyKTsp4okCI/QgHiGCsSJCrJp+gk8MUofRrE0T2g4VX9vZIgrNeahmcxDqnkvF//zvFRHl0FGRZJqIvDsUJQyqGOYVwH7VBKs2dgQhCU1WSEeIomwNoWVTQnu/JcXSbtWdc+r9dt6pVEr6iiBI3AMToELLkAD3IAmaAEMHsEzeAVv1pP1Yr1bH7PRJavYOQB/YH3+ANLylMo=</latexit>

mS [GeV]

longer


lifetime

[Gershtein, Knapen, 
Redigolo 2012.07864]

<latexit sha1_base64="HWkubcM6kEvsD9HL+46cTvkMW10=">AAAB8HicbVDLSgMxFL3js9ZX1aWbYBFclZki6rLgxpVUsA9ph5JJ77ShycyQZApl6Fe4caGIWz/HnX9j2s5CWw8EDufcQ+49QSK4Nq777aytb2xubRd2irt7+weHpaPjpo5TxbDBYhGrdkA1Ch5hw3AjsJ0opDIQ2ApGtzO/NUaleRw9mkmCvqSDiIecUWOlp3tFcIyR0b1S2a24c5BV4uWkDDnqvdJXtx+zVNowE1Trjucmxs+oMpwJnBa7qcaEshEdYMfSiErUfjZfeErOrdInYazsiwyZq78TGZVaT2RgJyU1Q73szcT/vE5qwhs/41GSGozY4qMwFcTEZHY96XOFzIiJJZQpbnclbEgVZcZ2VLQleMsnr5JmteJdVS4fquVaNa+jAKdwBhfgwTXU4A7q0AAGEp7hFd4c5bw4787HYnTNyTMn8AfO5w+fe5BA</latexit>

Nr events

<latexit sha1_base64="UgLDx0hbFyB2P5KkpGOFQUbqs3g=">AAAB7HicbVBNT8JAEJ3iF+IX6tHLRqLxRFpi1CPEiwcPGCmQQEO2yxY2bLfN7taENPwGLx40xqs/yJv/xi30oOBLJnl5byYz8/yYM6Vt+9sqrK1vbG4Vt0s7u3v7B+XDo7aKEkmoSyIeya6PFeVMUFczzWk3lhSHPqcdf3Kb+Z0nKhWLREtPY+qFeCRYwAjWRnIbrfvG46Bcsav2HGiVODmpQI7moPzVH0YkCanQhGOleo4day/FUjPC6azUTxSNMZngEe0ZKnBIlZfOj52hM6MMURBJU0Kjufp7IsWhUtPQN50h1mO17GXif14v0cGNlzIRJ5oKslgUJBzpCGWfoyGTlGg+NQQTycytiIyxxESbfEomBGf55VXSrlWdq+rlQ61SP8/jKMIJnMIFOHANdbiDJrhAgMEzvMKbJawX6936WLQWrHzmGP7A+vwB9iKODA==</latexit>

ATLAS <latexit sha1_base64="2Qz4w+w2tTeMR4LkjjfWIP25Xgc=">AAAB6nicdVDLSsNAFL2pr1pfUZduBoviKiRFWt0VunEjVGof0IYymU7aoZNJmJkIJfQT3LhQxK1f5M6/cfoQfB64cDjnXu69J0g4U9p1363cyura+kZ+s7C1vbO7Z+8ftFScSkKbJOax7ARYUc4EbWqmOe0kkuIo4LQdjGszv31HpWKxuNWThPoRHgoWMoK1kRq160bfLrpOxfUuyx76TTzHnaMIS9T79ltvEJM0okITjpXqem6i/QxLzQin00IvVTTBZIyHtGuowBFVfjY/dYpOjDJAYSxNCY3m6teJDEdKTaLAdEZYj9RPbyb+5XVTHV74GRNJqqkgi0VhypGO0exvNGCSEs0nhmAimbkVkRGWmGiTTsGE8Pkp+p+0So5Xds5vSsXq6TKOPBzBMZyBBxWowhXUoQkEhnAPj/BkcevBerZeFq05azlzCN9gvX4ANTyNrg==</latexit>

CMS

Yellow: scalar is lightest dark glueball in neutral naturalness model
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Qualitatively new approach: 

CMS search for 


LLPs in endcap muon detectors

• Background very suppressed by shielding, 

sensitive to single LLP decay  longer lifetimes


• Calorimetric measurement  retains sensitivity at lower LLP mass

→

→

<latexit sha1_base64="4+bV/KLLVwNu/mQcUJURsxGTAY8="></latexit>

pmiss
T > 200 GeV (o✏ine)

<latexit sha1_base64="juH6/lZEmH0hOrWqnCnJXHmDNG4=">AAAB9XicdVDLSsNAFJ34rPVVdelmsAguJCRFqsuCCG6ECn1BG8tkOkmHTiZh5kYpof/hxoUibv0Xd/6Nk7aCzwOXezjnXubO8RPBNTjOu7WwuLS8slpYK65vbG5tl3Z2WzpOFWVNGotYdXyimeCSNYGDYJ1EMRL5grX90Xnut2+Z0jyWDRgnzItIKHnAKQEj3YDiYcgUjiW+umj0S2XHrjo58G/i2tPulNEc9X7prTeIaRoxCVQQrbuuk4CXEQWcCjYp9lLNEkJHJGRdQyWJmPay6dUTfGiUAQ5iZUoCnqpfNzISaT2OfDMZERjqn14u/uV1UwjOvIzLJAUm6eyhIBUYYpxHgAdcMQpibAihiptbMR0SRSiYoIomhM+f4v9Jq2K7VfvkulKuHc/jKKB9dICOkItOUQ1dojpqIooUukeP6Mm6sx6sZ+tlNrpgzXf20DdYrx/Q4pIA</latexit>

trigger on MET

LLPs in CMS endcaps

[CMS 2107.04838]
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<latexit sha1_base64="YM17ji6jk5s+ZRv3vV8OsqUyYhA=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY8FLx4r2A9sQtlsN+3SzSbsToRS+i+8eFDEq//Gm//GbZuDtj4YeLw3w8y8MJXCoOt+O4WNza3tneJuaW//4PCofHzSNkmmGW+xRCa6G1LDpVC8hQIl76aa0ziUvBOOb+d+54lrIxL1gJOUBzEdKhEJRtFKj74RyscRR9ovV9yquwBZJ15OKpCj2S9/+YOEZTFXyCQ1pue5KQZTqlEwyWclPzM8pWxMh7xnqaIxN8F0cfGMXFhlQKJE21JIFurviSmNjZnEoe2MKY7MqjcX//N6GUY3wVSoNEOu2HJRlEmCCZm/TwZCc4ZyYgllWthbCRtRTRnakEo2BG/15XXSrlW9q2r9vl5p1PI4inAG53AJHlxDA+6gCS1goOAZXuHNMc6L8+58LFsLTj5zCn/gfP4AweWQ7w==</latexit>

sin ✓

<latexit sha1_base64="a45/Hl+TkOMh4JSQIcizbo5JhpY=">AAAB/XicbVDLSgMxFM34rPU1PnZugkVwIWWmFHVZcKHLivYBM0PJpJk2NMkMSUaoQ/FX3LhQxK3/4c6/MdPOQlsPBA7n3Ms9OWHCqNKO820tLa+srq2XNsqbW9s7u/beflvFqcSkhWMWy26IFGFUkJammpFuIgniISOdcHSV+50HIhWNxb0eJyTgaCBoRDHSRurZh7x3559Bz+dIDyXPrkl7EvTsilN1poCLxC1IBRRo9uwvvx/jlBOhMUNKea6T6CBDUlPMyKTsp4okCI/QgHiGCsSJCrJp+gk8MUofRrE0T2g4VX9vZIgrNeahmcxDqnkvF//zvFRHl0FGRZJqIvDsUJQyqGOYVwH7VBKs2dgQhCU1WSEeIomwNoWVTQnu/JcXSbtWdc+r9dt6pVEr6iiBI3AMToELLkAD3IAmaAEMHsEzeAVv1pP1Yr1bH7PRJavYOQB/YH3+ANLylMo=</latexit>

mS [GeV]

longer


lifetime

<latexit sha1_base64="HWkubcM6kEvsD9HL+46cTvkMW10=">AAAB8HicbVDLSgMxFL3js9ZX1aWbYBFclZki6rLgxpVUsA9ph5JJ77ShycyQZApl6Fe4caGIWz/HnX9j2s5CWw8EDufcQ+49QSK4Nq777aytb2xubRd2irt7+weHpaPjpo5TxbDBYhGrdkA1Ch5hw3AjsJ0opDIQ2ApGtzO/NUaleRw9mkmCvqSDiIecUWOlp3tFcIyR0b1S2a24c5BV4uWkDDnqvdJXtx+zVNowE1Trjucmxs+oMpwJnBa7qcaEshEdYMfSiErUfjZfeErOrdInYazsiwyZq78TGZVaT2RgJyU1Q73szcT/vE5qwhs/41GSGozY4qMwFcTEZHY96XOFzIiJJZQpbnclbEgVZcZ2VLQleMsnr5JmteJdVS4fquVaNa+jAKdwBhfgwTXU4A7q0AAGEp7hFd4c5bw4787HYnTNyTMn8AfO5w+fe5BA</latexit>

Nr events

<latexit sha1_base64="UgLDx0hbFyB2P5KkpGOFQUbqs3g=">AAAB7HicbVBNT8JAEJ3iF+IX6tHLRqLxRFpi1CPEiwcPGCmQQEO2yxY2bLfN7taENPwGLx40xqs/yJv/xi30oOBLJnl5byYz8/yYM6Vt+9sqrK1vbG4Vt0s7u3v7B+XDo7aKEkmoSyIeya6PFeVMUFczzWk3lhSHPqcdf3Kb+Z0nKhWLREtPY+qFeCRYwAjWRnIbrfvG46Bcsav2HGiVODmpQI7moPzVH0YkCanQhGOleo4day/FUjPC6azUTxSNMZngEe0ZKnBIlZfOj52hM6MMURBJU0Kjufp7IsWhUtPQN50h1mO17GXif14v0cGNlzIRJ5oKslgUJBzpCGWfoyGTlGg+NQQTycytiIyxxESbfEomBGf55VXSrlWdq+rlQ61SP8/jKMIJnMIFOHANdbiDJrhAgMEzvMKbJawX6936WLQWrHzmGP7A+vwB9iKODA==</latexit>

ATLAS <latexit sha1_base64="2Qz4w+w2tTeMR4LkjjfWIP25Xgc=">AAAB6nicdVDLSsNAFL2pr1pfUZduBoviKiRFWt0VunEjVGof0IYymU7aoZNJmJkIJfQT3LhQxK1f5M6/cfoQfB64cDjnXu69J0g4U9p1363cyura+kZ+s7C1vbO7Z+8ftFScSkKbJOax7ARYUc4EbWqmOe0kkuIo4LQdjGszv31HpWKxuNWThPoRHgoWMoK1kRq160bfLrpOxfUuyx76TTzHnaMIS9T79ltvEJM0okITjpXqem6i/QxLzQin00IvVTTBZIyHtGuowBFVfjY/dYpOjDJAYSxNCY3m6teJDEdKTaLAdEZYj9RPbyb+5XVTHV74GRNJqqkgi0VhypGO0exvNGCSEs0nhmAimbkVkRGWmGiTTsGE8Pkp+p+0So5Xds5vSsXq6TKOPBzBMZyBBxWowhXUoQkEhnAPj/BkcevBerZeFq05azlzCN9gvX4ANTyNrg==</latexit>

CMS

Recast to singlet parameter space

Probes complementary region, with smaller mixing


Reach extends to sub-GeV masses
[Mitridate, Papucci, Wang, Peña, Xie 2304.06109]
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Invisible Higgs decays

• For small couplings/masses, Higgs decay products just escape detector


 is relevant for huge class of light new physics models


• Present and projected sensitivity on  :

h → invisible

BRinv

<latexit sha1_base64="TA17XvusdBYgd5z+h8wSLuZl9eI=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlgEV2VGtLosunFZxT6gMwyZNG1Dk8yQZAplGPBX3LhQxK3f4c6/MdPOQlsPBA7n3Ms9OWHMqNKO822VVlbX1jfKm5Wt7Z3dPXv/oK2iRGLSwhGLZDdEijAqSEtTzUg3lgTxkJFOOL7N/c6ESEUj8ainMfE5Ggo6oBhpIwX2kceRHkme3jxkQepJDqmYZIFddWrODHCZuAWpggLNwP7y+hFOOBEaM6RUz3Vi7adIaooZySpeokiM8BgNSc9QgThRfjqLn8FTo/ThIJLmCQ1n6u+NFHGlpjw0k3lYtejl4n9eL9GDaz+lIk40EXh+aJAwqCOYdwH7VBKs2dQQhCU1WSEeIYmwNo1VTAnu4peXSfu85tZrl/cX1Ua9qKMMjsEJOAMuuAINcAeaoAUwSMEzeAVv1pP1Yr1bH/PRklXsHII/sD5/AKqlles=</latexit>

BRinv

LHC now

HL-LHC

FCC-ee / ILC

<latexit sha1_base64="BWNfg0zDWms1mZ+V1Pnw9LgFY5Q="></latexit>

(h ! ZZ⇤ ! 4⌫)SM
FCC-hh

[ATLAS CONF-2020-052]

[CMS PAS FTR-16-002]

[De Blas et al. 1905.03764]

[Borgonovi et al. 

CERN-ACC-2018-0045]

95% CL

Where does the Muon Collider fit here?

[talks by Wielers, Robson, Pilkington] 
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Challenge: invisible Higgs @ Muon Collider

<latexit sha1_base64="cOEOnTh+ZcjpeFtEQRJdZ6hB/Bg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48t2FZsQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMTqPqAaBZfYMtwIvE8U0igQ2AnGNzO/84RK81jemUmCfkSHkoecUWOl5kO/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S9kXVu6zWmrVKvZbHUYQTOIVz8OAK6nALDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8ft3mM2Q==</latexit>

Z
<latexit sha1_base64="cOEOnTh+ZcjpeFtEQRJdZ6hB/Bg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48t2FZsQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMTqPqAaBZfYMtwIvE8U0igQ2AnGNzO/84RK81jemUmCfkSHkoecUWOl5kO/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S9kXVu6zWmrVKvZbHUYQTOIVz8OAK6nALDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8ft3mM2Q==</latexit>

Z

<latexit sha1_base64="zDjrZXimEmKZbvR7Q+/I0rMFMuc=">AAAB7HicbVBNTwIxEJ3FL8QPUI9eGomJF8muIeiRxItHTFwggZV0Sxca2u6m7ZqQDb/BiweN8eoP8ua/scAeFHzJJC/vzWRmXphwpo3rfjuFjc2t7Z3ibmlv/+CwXDk6bus4VYT6JOax6oZYU84k9Q0znHYTRbEIOe2Ek9u533miSrNYPphpQgOBR5JFjGBjJb8v0sfLQaXq1twF0DrxclKFHK1B5as/jEkqqDSEY617npuYIMPKMMLprNRPNU0wmeAR7VkqsaA6yBbHztC5VYYoipUtadBC/T2RYaH1VIS2U2Az1qveXPzP66UmugkyJpPUUEmWi6KUIxOj+edoyBQlhk8twUQxeysiY6wwMTafkg3BW315nbSval6jVr+vV5uNPI4inMIZXIAH19CEO2iBDwQYPMMrvDnSeXHenY9la8HJZ07gD5zPH3wXjnI=</latexit>

µ�

<latexit sha1_base64="B7okdRwXIC+ATyKEb7Rb2sRmYvU=">AAAB7HicbVBNSwMxEJ2tX7V+tOrRS7AIglB2pVSPBS8eK7htoV1LNs22oUl2SbJCWfobvHhQxKs/yJv/xrTdg7Y+GHi8N8PMvDDhTBvX/XYKG5tb2zvF3dLe/sFhuXJ03NZxqgj1Scxj1Q2xppxJ6htmOO0mimIRctoJJ7dzv/NElWaxfDDThAYCjySLGMHGSn5fpI+Xg0rVrbkLoHXi5aQKOVqDyld/GJNUUGkIx1r3PDcxQYaVYYTTWamfappgMsEj2rNUYkF1kC2OnaFzqwxRFCtb0qCF+nsiw0LrqQhtp8BmrFe9ufif10tNdBNkTCapoZIsF0UpRyZG88/RkClKDJ9agoli9lZExlhhYmw+JRuCt/ryOmlf1bxGrX5frzYbeRxFOIUzuAAPrqEJd9ACHwgweIZXeHOk8+K8Ox/L1oKTz5zAHzifP3kPjnA=</latexit>

µ+
<latexit sha1_base64="B7okdRwXIC+ATyKEb7Rb2sRmYvU=">AAAB7HicbVBNSwMxEJ2tX7V+tOrRS7AIglB2pVSPBS8eK7htoV1LNs22oUl2SbJCWfobvHhQxKs/yJv/xrTdg7Y+GHi8N8PMvDDhTBvX/XYKG5tb2zvF3dLe/sFhuXJ03NZxqgj1Scxj1Q2xppxJ6htmOO0mimIRctoJJ7dzv/NElWaxfDDThAYCjySLGMHGSn5fpI+Xg0rVrbkLoHXi5aQKOVqDyld/GJNUUGkIx1r3PDcxQYaVYYTTWamfappgMsEj2rNUYkF1kC2OnaFzqwxRFCtb0qCF+nsiw0LrqQhtp8BmrFe9ufif10tNdBNkTCapoZIsF0UpRyZG88/RkClKDJ9agoli9lZExlhhYmw+JRuCt/ryOmlf1bxGrX5frzYbeRxFOIUzuAAPrqEJd9ACHwgweIZXeHOk8+K8Ox/L1oKTz5zAHzifP3kPjnA=</latexit>

µ+

<latexit sha1_base64="zDjrZXimEmKZbvR7Q+/I0rMFMuc=">AAAB7HicbVBNTwIxEJ3FL8QPUI9eGomJF8muIeiRxItHTFwggZV0Sxca2u6m7ZqQDb/BiweN8eoP8ua/scAeFHzJJC/vzWRmXphwpo3rfjuFjc2t7Z3ibmlv/+CwXDk6bus4VYT6JOax6oZYU84k9Q0znHYTRbEIOe2Ek9u533miSrNYPphpQgOBR5JFjGBjJb8v0sfLQaXq1twF0DrxclKFHK1B5as/jEkqqDSEY617npuYIMPKMMLprNRPNU0wmeAR7VkqsaA6yBbHztC5VYYoipUtadBC/T2RYaH1VIS2U2Az1qveXPzP66UmugkyJpPUUEmWi6KUIxOj+edoyBQlhk8twUQxeysiY6wwMTafkg3BW315nbSval6jVr+vV5uNPI4inMIZXIAH19CEO2iBDwQYPMMrvDnSeXHenY9la8HJZ07gD5zPH3wXjnI=</latexit>

µ�

(WW  fusion produces 

fully invisible final state)

<latexit sha1_base64="p3zvoF+iiUgRaWWaLer8Tz9ToDo=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kolo9Vjw4rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqjPqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDWz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LitetXLduCrXqnkcBTiFM7gAD26gBvdQhyYwQHiGV3hzHp0X5935WLSuOfnMCfyB8/kDzZ2M6g==</latexit>

h
Need to exploit ZZ fusion

At multi-TeV collider energies, 


final-state muons are extremely forward

<latexit sha1_base64="+MtEc1IzeaGK0Yl1+cQpPQYN8HQ=">AAAB83icdVDLSgMxFM34rPVVdekmWARXw0zf7gpuXFawD+gMJZNm2tAkMySZQhn6G25cKOLWn3Hn35hpR1DRA4HDOfeSc08QM6q043xYG5tb2zu7hb3i/sHh0XHp5LSnokRi0sURi+QgQIowKkhXU83IIJYE8YCRfjC7yfz+nEhFI3GvFzHxOZoIGlKMtJE8jyM9lTylYr4clcqOXbtuOdUmXJN6JSe1KnRtZ4UyyNEZld69cYQTToTGDCk1dJ1Y+ymSmmJGlkUvUSRGeIYmZGioQJwoP11lXsJLo4xhGEnzhIYr9ftGirhSCx6YySyj+u1l4l/eMNFhyzcHxYkmAq8/ChMGdQSzAuCYSoI1WxiCsKQmK8RTJBHWpqaiKeHrUvg/6VVst2HX72rldiOvowDOwQW4Ai5ogja4BR3QBRjE4AE8gWcrsR6tF+t1Pbph5Ttn4Aest08z+ZJx</latexit>

inv
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Challenge: invisible Higgs @ Muon Collider

Need to exploit ZZ fusion

However, cone-shaped tungsten nozzles

are needed to shield detector from

beam-induced background (BIB)


Nozzles limit detector acceptance to 
<latexit sha1_base64="Ifj+8E9G0ZZbbSnwKxon3XbeBXk=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiTiayUFNy4r2Ac0sUymk3boZBJmboQQ6q+4caGIWz/EnX/jtM1CWw9cOJxzL/feEySCa3Ccb6u0srq2vlHerGxt7+zu2fsHbR2nirIWjUWsugHRTHDJWsBBsG6iGIkCwTrB+Gbqdx6Z0jyW95AlzI/IUPKQUwJG6ttVD0YMCL7GrvOQeyrC8aRv15y6MwNeJm5BaqhAs29/eYOYphGTQAXRuuc6Cfg5UcCpYJOKl2qWEDomQ9YzVJKIaT+fHT/Bx0YZ4DBWpiTgmfp7IieR1lkUmM6IwEgvelPxP6+XQnjl51wmKTBJ54vCVGCI8TQJPOCKURCZIYQqbm7FdEQUoWDyqpgQ3MWXl0n7tO5e1M/vzmqNsyKOMjpER+gEuegSNdAtaqIWoihDz+gVvVlP1ov1bn3MW0tWMVNFf2B9/gA+UpPW</latexit>

✓ > 10o

[IMCC 2203.07964]

<latexit sha1_base64="cOEOnTh+ZcjpeFtEQRJdZ6hB/Bg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48t2FZsQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMTqPqAaBZfYMtwIvE8U0igQ2AnGNzO/84RK81jemUmCfkSHkoecUWOl5kO/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S9kXVu6zWmrVKvZbHUYQTOIVz8OAK6nALDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8ft3mM2Q==</latexit>

Z
<latexit sha1_base64="cOEOnTh+ZcjpeFtEQRJdZ6hB/Bg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48t2FZsQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMTqPqAaBZfYMtwIvE8U0igQ2AnGNzO/84RK81jemUmCfkSHkoecUWOl5kO/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S9kXVu6zWmrVKvZbHUYQTOIVz8OAK6nALDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8ft3mM2Q==</latexit>

Z

<latexit sha1_base64="zDjrZXimEmKZbvR7Q+/I0rMFMuc=">AAAB7HicbVBNTwIxEJ3FL8QPUI9eGomJF8muIeiRxItHTFwggZV0Sxca2u6m7ZqQDb/BiweN8eoP8ua/scAeFHzJJC/vzWRmXphwpo3rfjuFjc2t7Z3ibmlv/+CwXDk6bus4VYT6JOax6oZYU84k9Q0znHYTRbEIOe2Ek9u533miSrNYPphpQgOBR5JFjGBjJb8v0sfLQaXq1twF0DrxclKFHK1B5as/jEkqqDSEY617npuYIMPKMMLprNRPNU0wmeAR7VkqsaA6yBbHztC5VYYoipUtadBC/T2RYaH1VIS2U2Az1qveXPzP66UmugkyJpPUUEmWi6KUIxOj+edoyBQlhk8twUQxeysiY6wwMTafkg3BW315nbSval6jVr+vV5uNPI4inMIZXIAH19CEO2iBDwQYPMMrvDnSeXHenY9la8HJZ07gD5zPH3wXjnI=</latexit>

µ�

<latexit sha1_base64="B7okdRwXIC+ATyKEb7Rb2sRmYvU=">AAAB7HicbVBNSwMxEJ2tX7V+tOrRS7AIglB2pVSPBS8eK7htoV1LNs22oUl2SbJCWfobvHhQxKs/yJv/xrTdg7Y+GHi8N8PMvDDhTBvX/XYKG5tb2zvF3dLe/sFhuXJ03NZxqgj1Scxj1Q2xppxJ6htmOO0mimIRctoJJ7dzv/NElWaxfDDThAYCjySLGMHGSn5fpI+Xg0rVrbkLoHXi5aQKOVqDyld/GJNUUGkIx1r3PDcxQYaVYYTTWamfappgMsEj2rNUYkF1kC2OnaFzqwxRFCtb0qCF+nsiw0LrqQhtp8BmrFe9ufif10tNdBNkTCapoZIsF0UpRyZG88/RkClKDJ9agoli9lZExlhhYmw+JRuCt/ryOmlf1bxGrX5frzYbeRxFOIUzuAAPrqEJd9ACHwgweIZXeHOk8+K8Ox/L1oKTz5zAHzifP3kPjnA=</latexit>

µ+
<latexit sha1_base64="B7okdRwXIC+ATyKEb7Rb2sRmYvU=">AAAB7HicbVBNSwMxEJ2tX7V+tOrRS7AIglB2pVSPBS8eK7htoV1LNs22oUl2SbJCWfobvHhQxKs/yJv/xrTdg7Y+GHi8N8PMvDDhTBvX/XYKG5tb2zvF3dLe/sFhuXJ03NZxqgj1Scxj1Q2xppxJ6htmOO0mimIRctoJJ7dzv/NElWaxfDDThAYCjySLGMHGSn5fpI+Xg0rVrbkLoHXi5aQKOVqDyld/GJNUUGkIx1r3PDcxQYaVYYTTWamfappgMsEj2rNUYkF1kC2OnaFzqwxRFCtb0qCF+nsiw0LrqQhtp8BmrFe9ufif10tNdBNkTCapoZIsF0UpRyZG88/RkClKDJ9agoli9lZExlhhYmw+JRuCt/ryOmlf1bxGrX5frzYbeRxFOIUzuAAPrqEJd9ACHwgweIZXeHOk8+K8Ox/L1oKTz5zAHzifP3kPjnA=</latexit>

µ+

<latexit sha1_base64="zDjrZXimEmKZbvR7Q+/I0rMFMuc=">AAAB7HicbVBNTwIxEJ3FL8QPUI9eGomJF8muIeiRxItHTFwggZV0Sxca2u6m7ZqQDb/BiweN8eoP8ua/scAeFHzJJC/vzWRmXphwpo3rfjuFjc2t7Z3ibmlv/+CwXDk6bus4VYT6JOax6oZYU84k9Q0znHYTRbEIOe2Ek9u533miSrNYPphpQgOBR5JFjGBjJb8v0sfLQaXq1twF0DrxclKFHK1B5as/jEkqqDSEY617npuYIMPKMMLprNRPNU0wmeAR7VkqsaA6yBbHztC5VYYoipUtadBC/T2RYaH1VIS2U2Az1qveXPzP66UmugkyJpPUUEmWi6KUIxOj+edoyBQlhk8twUQxeysiY6wwMTafkg3BW315nbSval6jVr+vV5uNPI4inMIZXIAH19CEO2iBDwQYPMMrvDnSeXHenY9la8HJZ07gD5zPH3wXjnI=</latexit>

µ�

<latexit sha1_base64="p3zvoF+iiUgRaWWaLer8Tz9ToDo=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kolo9Vjw4rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqjPqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDWz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LitetXLduCrXqnkcBTiFM7gAD26gBvdQhyYwQHiGV3hzHp0X5935WLSuOfnMCfyB8/kDzZ2M6g==</latexit>

h (WW  fusion produces 

fully invisible final state)

<latexit sha1_base64="+MtEc1IzeaGK0Yl1+cQpPQYN8HQ=">AAAB83icdVDLSgMxFM34rPVVdekmWARXw0zf7gpuXFawD+gMJZNm2tAkMySZQhn6G25cKOLWn3Hn35hpR1DRA4HDOfeSc08QM6q043xYG5tb2zu7hb3i/sHh0XHp5LSnokRi0sURi+QgQIowKkhXU83IIJYE8YCRfjC7yfz+nEhFI3GvFzHxOZoIGlKMtJE8jyM9lTylYr4clcqOXbtuOdUmXJN6JSe1KnRtZ4UyyNEZld69cYQTToTGDCk1dJ1Y+ymSmmJGlkUvUSRGeIYmZGioQJwoP11lXsJLo4xhGEnzhIYr9ftGirhSCx6YySyj+u1l4l/eMNFhyzcHxYkmAq8/ChMGdQSzAuCYSoI1WxiCsKQmK8RTJBHWpqaiKeHrUvg/6VVst2HX72rldiOvowDOwQW4Ai5ogja4BR3QBRjE4AE8gWcrsR6tF+t1Pbph5Ttn4Aest08z+ZJx</latexit>

inv
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Challenge: invisible Higgs @ Muon Collider

<latexit sha1_base64="cOEOnTh+ZcjpeFtEQRJdZ6hB/Bg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48t2FZsQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMTqPqAaBZfYMtwIvE8U0igQ2AnGNzO/84RK81jemUmCfkSHkoecUWOl5kO/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S9kXVu6zWmrVKvZbHUYQTOIVz8OAK6nALDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8ft3mM2Q==</latexit>

Z
<latexit sha1_base64="cOEOnTh+ZcjpeFtEQRJdZ6hB/Bg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48t2FZsQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMTqPqAaBZfYMtwIvE8U0igQ2AnGNzO/84RK81jemUmCfkSHkoecUWOl5kO/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S9kXVu6zWmrVKvZbHUYQTOIVz8OAK6nALDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8ft3mM2Q==</latexit>

Z

<latexit sha1_base64="zDjrZXimEmKZbvR7Q+/I0rMFMuc=">AAAB7HicbVBNTwIxEJ3FL8QPUI9eGomJF8muIeiRxItHTFwggZV0Sxca2u6m7ZqQDb/BiweN8eoP8ua/scAeFHzJJC/vzWRmXphwpo3rfjuFjc2t7Z3ibmlv/+CwXDk6bus4VYT6JOax6oZYU84k9Q0znHYTRbEIOe2Ek9u533miSrNYPphpQgOBR5JFjGBjJb8v0sfLQaXq1twF0DrxclKFHK1B5as/jEkqqDSEY617npuYIMPKMMLprNRPNU0wmeAR7VkqsaA6yBbHztC5VYYoipUtadBC/T2RYaH1VIS2U2Az1qveXPzP66UmugkyJpPUUEmWi6KUIxOj+edoyBQlhk8twUQxeysiY6wwMTafkg3BW315nbSval6jVr+vV5uNPI4inMIZXIAH19CEO2iBDwQYPMMrvDnSeXHenY9la8HJZ07gD5zPH3wXjnI=</latexit>

µ�

<latexit sha1_base64="B7okdRwXIC+ATyKEb7Rb2sRmYvU=">AAAB7HicbVBNSwMxEJ2tX7V+tOrRS7AIglB2pVSPBS8eK7htoV1LNs22oUl2SbJCWfobvHhQxKs/yJv/xrTdg7Y+GHi8N8PMvDDhTBvX/XYKG5tb2zvF3dLe/sFhuXJ03NZxqgj1Scxj1Q2xppxJ6htmOO0mimIRctoJJ7dzv/NElWaxfDDThAYCjySLGMHGSn5fpI+Xg0rVrbkLoHXi5aQKOVqDyld/GJNUUGkIx1r3PDcxQYaVYYTTWamfappgMsEj2rNUYkF1kC2OnaFzqwxRFCtb0qCF+nsiw0LrqQhtp8BmrFe9ufif10tNdBNkTCapoZIsF0UpRyZG88/RkClKDJ9agoli9lZExlhhYmw+JRuCt/ryOmlf1bxGrX5frzYbeRxFOIUzuAAPrqEJd9ACHwgweIZXeHOk8+K8Ox/L1oKTz5zAHzifP3kPjnA=</latexit>

µ+
<latexit sha1_base64="B7okdRwXIC+ATyKEb7Rb2sRmYvU=">AAAB7HicbVBNSwMxEJ2tX7V+tOrRS7AIglB2pVSPBS8eK7htoV1LNs22oUl2SbJCWfobvHhQxKs/yJv/xrTdg7Y+GHi8N8PMvDDhTBvX/XYKG5tb2zvF3dLe/sFhuXJ03NZxqgj1Scxj1Q2xppxJ6htmOO0mimIRctoJJ7dzv/NElWaxfDDThAYCjySLGMHGSn5fpI+Xg0rVrbkLoHXi5aQKOVqDyld/GJNUUGkIx1r3PDcxQYaVYYTTWamfappgMsEj2rNUYkF1kC2OnaFzqwxRFCtb0qCF+nsiw0LrqQhtp8BmrFe9ufif10tNdBNkTCapoZIsF0UpRyZG88/RkClKDJ9agoli9lZExlhhYmw+JRuCt/ryOmlf1bxGrX5frzYbeRxFOIUzuAAPrqEJd9ACHwgweIZXeHOk8+K8Ox/L1oKTz5zAHzifP3kPjnA=</latexit>

µ+

<latexit sha1_base64="zDjrZXimEmKZbvR7Q+/I0rMFMuc=">AAAB7HicbVBNTwIxEJ3FL8QPUI9eGomJF8muIeiRxItHTFwggZV0Sxca2u6m7ZqQDb/BiweN8eoP8ua/scAeFHzJJC/vzWRmXphwpo3rfjuFjc2t7Z3ibmlv/+CwXDk6bus4VYT6JOax6oZYU84k9Q0znHYTRbEIOe2Ek9u533miSrNYPphpQgOBR5JFjGBjJb8v0sfLQaXq1twF0DrxclKFHK1B5as/jEkqqDSEY617npuYIMPKMMLprNRPNU0wmeAR7VkqsaA6yBbHztC5VYYoipUtadBC/T2RYaH1VIS2U2Az1qveXPzP66UmugkyJpPUUEmWi6KUIxOj+edoyBQlhk8twUQxeysiY6wwMTafkg3BW315nbSval6jVr+vV5uNPI4inMIZXIAH19CEO2iBDwQYPMMrvDnSeXHenY9la8HJZ07gD5zPH3wXjnI=</latexit>

µ�

<latexit sha1_base64="p3zvoF+iiUgRaWWaLer8Tz9ToDo=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kolo9Vjw4rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqjPqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDWz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LitetXLduCrXqnkcBTiFM7gAD26gBvdQhyYwQHiGV3hzHp0X5935WLSuOfnMCfyB8/kDzZ2M6g==</latexit>

h <latexit sha1_base64="+MtEc1IzeaGK0Yl1+cQpPQYN8HQ=">AAAB83icdVDLSgMxFM34rPVVdekmWARXw0zf7gpuXFawD+gMJZNm2tAkMySZQhn6G25cKOLWn3Hn35hpR1DRA4HDOfeSc08QM6q043xYG5tb2zu7hb3i/sHh0XHp5LSnokRi0sURi+QgQIowKkhXU83IIJYE8YCRfjC7yfz+nEhFI3GvFzHxOZoIGlKMtJE8jyM9lTylYr4clcqOXbtuOdUmXJN6JSe1KnRtZ4UyyNEZld69cYQTToTGDCk1dJ1Y+ymSmmJGlkUvUSRGeIYmZGioQJwoP11lXsJLo4xhGEnzhIYr9ftGirhSCx6YySyj+u1l4l/eMNFhyzcHxYkmAq8/ChMGdQSzAuCYSoI1WxiCsKQmK8RTJBHWpqaiKeHrUvg/6VVst2HX72rldiOvowDOwQW4Ai5ogja4BR3QBRjE4AE8gWcrsR6tF+t1Pbph5Ttn4Aest08z+ZJx</latexit>

invNeed to exploit ZZ fusion

At multi-TeV collider energies, 


final-state muons are extremely forward

Shielding nozzles cut away ~ all signal! 
<latexit sha1_base64="v8HpT5XEkViKAFMBk0vpcOTSKz0="></latexit>

✓ > 10o $ |⌘| < 2.44

(WW  fusion produces 

fully invisible final state)
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Challenge: invisible Higgs @ Muon Collider

<latexit sha1_base64="cOEOnTh+ZcjpeFtEQRJdZ6hB/Bg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48t2FZsQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMTqPqAaBZfYMtwIvE8U0igQ2AnGNzO/84RK81jemUmCfkSHkoecUWOl5kO/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S9kXVu6zWmrVKvZbHUYQTOIVz8OAK6nALDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8ft3mM2Q==</latexit>

Z
<latexit sha1_base64="cOEOnTh+ZcjpeFtEQRJdZ6hB/Bg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48t2FZsQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMTqPqAaBZfYMtwIvE8U0igQ2AnGNzO/84RK81jemUmCfkSHkoecUWOl5kO/XHGr7hxklXg5qUCORr/81RvELI1QGiao1l3PTYyfUWU4Ezgt9VKNCWVjOsSupZJGqP1sfuiUnFllQMJY2ZKGzNXfExmNtJ5Ege2MqBnpZW8m/ud1UxNe+xmXSWpQssWiMBXExGT2NRlwhcyIiSWUKW5vJWxEFWXGZlOyIXjLL6+S9kXVu6zWmrVKvZbHUYQTOIVz8OAK6nALDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8ft3mM2Q==</latexit>

Z

<latexit sha1_base64="zDjrZXimEmKZbvR7Q+/I0rMFMuc=">AAAB7HicbVBNTwIxEJ3FL8QPUI9eGomJF8muIeiRxItHTFwggZV0Sxca2u6m7ZqQDb/BiweN8eoP8ua/scAeFHzJJC/vzWRmXphwpo3rfjuFjc2t7Z3ibmlv/+CwXDk6bus4VYT6JOax6oZYU84k9Q0znHYTRbEIOe2Ek9u533miSrNYPphpQgOBR5JFjGBjJb8v0sfLQaXq1twF0DrxclKFHK1B5as/jEkqqDSEY617npuYIMPKMMLprNRPNU0wmeAR7VkqsaA6yBbHztC5VYYoipUtadBC/T2RYaH1VIS2U2Az1qveXPzP66UmugkyJpPUUEmWi6KUIxOj+edoyBQlhk8twUQxeysiY6wwMTafkg3BW315nbSval6jVr+vV5uNPI4inMIZXIAH19CEO2iBDwQYPMMrvDnSeXHenY9la8HJZ07gD5zPH3wXjnI=</latexit>

µ�

<latexit sha1_base64="B7okdRwXIC+ATyKEb7Rb2sRmYvU=">AAAB7HicbVBNSwMxEJ2tX7V+tOrRS7AIglB2pVSPBS8eK7htoV1LNs22oUl2SbJCWfobvHhQxKs/yJv/xrTdg7Y+GHi8N8PMvDDhTBvX/XYKG5tb2zvF3dLe/sFhuXJ03NZxqgj1Scxj1Q2xppxJ6htmOO0mimIRctoJJ7dzv/NElWaxfDDThAYCjySLGMHGSn5fpI+Xg0rVrbkLoHXi5aQKOVqDyld/GJNUUGkIx1r3PDcxQYaVYYTTWamfappgMsEj2rNUYkF1kC2OnaFzqwxRFCtb0qCF+nsiw0LrqQhtp8BmrFe9ufif10tNdBNkTCapoZIsF0UpRyZG88/RkClKDJ9agoli9lZExlhhYmw+JRuCt/ryOmlf1bxGrX5frzYbeRxFOIUzuAAPrqEJd9ACHwgweIZXeHOk8+K8Ox/L1oKTz5zAHzifP3kPjnA=</latexit>

µ+
<latexit sha1_base64="B7okdRwXIC+ATyKEb7Rb2sRmYvU=">AAAB7HicbVBNSwMxEJ2tX7V+tOrRS7AIglB2pVSPBS8eK7htoV1LNs22oUl2SbJCWfobvHhQxKs/yJv/xrTdg7Y+GHi8N8PMvDDhTBvX/XYKG5tb2zvF3dLe/sFhuXJ03NZxqgj1Scxj1Q2xppxJ6htmOO0mimIRctoJJ7dzv/NElWaxfDDThAYCjySLGMHGSn5fpI+Xg0rVrbkLoHXi5aQKOVqDyld/GJNUUGkIx1r3PDcxQYaVYYTTWamfappgMsEj2rNUYkF1kC2OnaFzqwxRFCtb0qCF+nsiw0LrqQhtp8BmrFe9ufif10tNdBNkTCapoZIsF0UpRyZG88/RkClKDJ9agoli9lZExlhhYmw+JRuCt/ryOmlf1bxGrX5frzYbeRxFOIUzuAAPrqEJd9ACHwgweIZXeHOk8+K8Ox/L1oKTz5zAHzifP3kPjnA=</latexit>

µ+

<latexit sha1_base64="zDjrZXimEmKZbvR7Q+/I0rMFMuc=">AAAB7HicbVBNTwIxEJ3FL8QPUI9eGomJF8muIeiRxItHTFwggZV0Sxca2u6m7ZqQDb/BiweN8eoP8ua/scAeFHzJJC/vzWRmXphwpo3rfjuFjc2t7Z3ibmlv/+CwXDk6bus4VYT6JOax6oZYU84k9Q0znHYTRbEIOe2Ek9u533miSrNYPphpQgOBR5JFjGBjJb8v0sfLQaXq1twF0DrxclKFHK1B5as/jEkqqDSEY617npuYIMPKMMLprNRPNU0wmeAR7VkqsaA6yBbHztC5VYYoipUtadBC/T2RYaH1VIS2U2Az1qveXPzP66UmugkyJpPUUEmWi6KUIxOj+edoyBQlhk8twUQxeysiY6wwMTafkg3BW315nbSval6jVr+vV5uNPI4inMIZXIAH19CEO2iBDwQYPMMrvDnSeXHenY9la8HJZ07gD5zPH3wXjnI=</latexit>

µ�

<latexit sha1_base64="p3zvoF+iiUgRaWWaLer8Tz9ToDo=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kolo9Vjw4rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqjPqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDWz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LitetXLduCrXqnkcBTiFM7gAD26gBvdQhyYwQHiGV3hzHp0X5935WLSuOfnMCfyB8/kDzZ2M6g==</latexit>

h <latexit sha1_base64="+MtEc1IzeaGK0Yl1+cQpPQYN8HQ=">AAAB83icdVDLSgMxFM34rPVVdekmWARXw0zf7gpuXFawD+gMJZNm2tAkMySZQhn6G25cKOLWn3Hn35hpR1DRA4HDOfeSc08QM6q043xYG5tb2zu7hb3i/sHh0XHp5LSnokRi0sURi+QgQIowKkhXU83IIJYE8YCRfjC7yfz+nEhFI3GvFzHxOZoIGlKMtJE8jyM9lTylYr4clcqOXbtuOdUmXJN6JSe1KnRtZ4UyyNEZld69cYQTToTGDCk1dJ1Y+ymSmmJGlkUvUSRGeIYmZGioQJwoP11lXsJLo4xhGEnzhIYr9ftGirhSCx6YySyj+u1l4l/eMNFhyzcHxYkmAq8/ChMGdQSzAuCYSoI1WxiCsKQmK8RTJBHWpqaiKeHrUvg/6VVst2HX72rldiOvowDOwQW4Ai5ogja4BR3QBRjE4AE8gWcrsR6tF+t1Pbph5Ttn4Aest08z+ZJx</latexit>

invNeed to exploit ZZ fusion

At multi-TeV collider energies, 


final-state muons are extremely forward

Shielding nozzles cut away ~ all signal! 
<latexit sha1_base64="v8HpT5XEkViKAFMBk0vpcOTSKz0="></latexit>

✓ > 10o $ |⌘| < 2.44

(WW  fusion produces 

fully invisible final state)Hope is not lost: muons traverse shielding


      plan for dedicated detector in forward region?


Essential for  and many signals with invisible particles.


Identify physics cases & fwd detector performance requirements

h → inv

[Ruhdorfer, Salvioni, Wulzer 2303.14202 + in progress]
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Higgs  invisible at Muon Collider→

Backgrounds


1.  Neutrinos:


2.  SM Higgs:


3.  Two muons + lost objects:


      is outside central detector,  

      or soft,


Largest contributions from 

<latexit sha1_base64="R1TiU1cVhuzfEj8YgmThxg/D4uQ=">AAACEnicbVDLSgMxFM3UV62vUZdugkVQxDJTfC0LblxWsA/ojCWTZtrQTGbIQyhDv8GNv+LGhSJuXbnzb8y0s7CtFxJOzrmXm3OChFGpHOfHKiwtr6yuFddLG5tb2zv27l5Txlpg0sAxi0U7QJIwyklDUcVIOxEERQEjrWB4k+mtRyIkjfm9GiXEj1Cf05BipAzVtU+8SD+cwuw+g56K4cyba+gFSKQGjLt22ak4k4KLwM1BGeRV79rfXi/GOiJcYYak7LhOovwUCUUxI+OSpyVJEB6iPukYyFFEpJ9OLI3hkWF6MIyFOVzBCft3IkWRlKMoMJ0RUgM5r2Xkf1pHq/DaTylPtCIcTxeFmkFjPcsH9qggWLGRAQgLav4K8QAJhJVJsWRCcOctL4JmteJeVi7uzsu1ah5HERyAQ3AMXHAFauAW1EEDYPAEXsAbeLeerVfrw/qcthasfGYfzJT19Qv2dZxl</latexit>

µ+µ� ! µ+µ�⌫⌫̄
<latexit sha1_base64="SGFbxI2wprt8Tk/ybfr7sLDQbXk=">AAACEXicbVC7TsMwFHXKq5RXgJHFokIqQlRJVR5jJRbGItGH1ITKcZ3WquNEtoNURf0FFn6FhQGEWNnY+BucNENpuZKt43Pu1fU5XsSoVJb1YxRWVtfWN4qbpa3tnd09c/+gLcNYYNLCIQtF10OSMMpJS1HFSDcSBAUeIx1vfJPqnUciJA35vZpExA3QkFOfYqQ01TcrThA/nMH0PoeOCuH8uzLKqLrD49O+WbaqVlZwGdg5KIO8mn3z2xmEOA4IV5ghKXu2FSk3QUJRzMi05MSSRAiP0ZD0NOQoINJNMkdTeKKZAfRDoQ9XMGPnJxIUSDkJPN0ZIDWSi1pK/qf1YuVfuwnlUawIx7NFfsygtpnGAwdUEKzYRAOEBdV/hXiEBMJKh1jSIdiLlpdBu1a1L6sXd/Vyo5bHUQRH4BhUgA2uQAPcgiZoAQyewAt4A+/Gs/FqfBifs9aCkc8cgj9lfP0Cfl+a3w==</latexit>

µ+µ� ! µ+µ�(h ! 4⌫)
<latexit sha1_base64="phtxy2OQOW8H4C3vTw1+PJiROOs=">AAACBnicbVDLSgMxFM3UV62vUZciBIsgiGWm+FoW3LisYB/QGUsmzbShSWZIMkIZunLjr7hxoYhbv8Gdf2OmnUVtvZBwcs693JwTxIwq7Tg/VmFpeWV1rbhe2tjc2t6xd/eaKkokJg0csUi2A6QIo4I0NNWMtGNJEA8YaQXDm0xvPRKpaCTu9SgmPkd9QUOKkTZU1z70ePJwCrP7DHo6grPvdtcuOxVnUnARuDkog7zqXfvb60U44URozJBSHdeJtZ8iqSlmZFzyEkVihIeoTzoGCsSJ8tOJjTE8NkwPhpE0R2g4YWcnUsSVGvHAdHKkB2pey8j/tE6iw2s/pSJONBF4uihMGDR2s0xgj0qCNRsZgLCk5q8QD5BEWJvkSiYEd97yImhWK+5l5eLuvFyr5nEUwQE4AifABVegBm5BHTQABk/gBbyBd+vZerU+rM9pa8HKZ/bBn7K+fgFj25ce</latexit>

µ+µ� ! µ+µ�X
<latexit sha1_base64="rL6yy3+m1krCC9Lpfk2JEL3GBYI=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKX8eCF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZqdfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQlv/IzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1rqqXzYtKvZbHUYQTOIVz8OAa6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8ftCmM1g==</latexit>

X
<latexit sha1_base64="jeFa2XaTXqszHZSgvTCeRrF01KI=">AAAB9HicbVDLTgJBEJzFF+IL9ehlIjHxtNkl+DgZEi8eMREwgQ2ZHRqYMPtwppeELHyHFw8a49WP8ebfOMAeFKykk0pVd7q7/FgKjY7zbeXW1jc2t/LbhZ3dvf2D4uFRQ0eJ4lDnkYzUo880SBFCHQVKeIwVsMCX0PSHtzO/OQKlRRQ+4DgGL2D9UPQEZ2gkb9IGZBN6Q8t2pdIplhzbmYOuEjcjJZKh1il+tbsRTwIIkUumdct1YvRSplBwCdNCO9EQMz5kfWgZGrIAtJfOj57SM6N0aS9SpkKkc/X3RMoCrceBbzoDhgO97M3E/7xWgr1rLxVhnCCEfLGol0iKEZ0lQLtCAUc5NoRxJcytlA+YYhxNTgUTgrv88ipplG330r64r5Sq5SyOPDkhp+ScuOSKVMkdqZE64eSJPJNX8maNrBfr3fpYtOasbOaY/IH1+QPTiJDK</latexit>

|⌘| > 2.44
<latexit sha1_base64="ZVT+FvNqGqhjk2ARvEjlXVd7rAo=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEVyUpvkAXBRe6rGBboQlhMp20Q2cmYWYilFDc+CtuXCji1q9w5984abPQ1gMXDufcy733hAmjSjvOt1VaWFxaXimvVtbWNza37O2dtopTiUkLxyyW9yFShFFBWppqRu4TSRAPGemEw6vc7zwQqWgs7vQoIT5HfUEjipE2UmDvJYEXxhpewrrjXXgc6YHk2TVpjwO76tScCeA8cQtSBQWagf3l9WKcciI0Zkiprusk2s+Q1BQzMq54qSIJwkPUJ11DBeJE+dnkhTE8NEoPRrE0JTScqL8nMsSVGvHQdOY3qlkvF//zuqmOzv2MiiTVRODpoihlUMcwzwP2qCRYs5EhCEtqboV4gCTC2qRWMSG4sy/Pk3a95p7WTm6Pq416EUcZ7IMDcARccAYa4AY0QQtg8AiewSt4s56sF+vd+pi2lqxiZhf8gfX5A82NlmM=</latexit>

p? < 20 GeV
<latexit sha1_base64="8xrMX5Ws0r8dDAj2sUvfpQOIJu0=">AAACCnicbZDLSgMxFIYz9VbrbdSlm2gRBLXMFG8gQsGNywr2Ap1azqSZNjSZGZKMUIau3fgqblwo4tYncOfbmF4W2vrDgY//nENyfj/mTGnH+bYyc/MLi0vZ5dzK6tr6hr25VVVRIgmtkIhHsu6DopyFtKKZ5rQeSwrC57Tm966H/doDlYpF4Z3ux7QpoBOygBHQxmrZu3V8hb0OCAFH3iUOPB9kGgyGXLs/NHXcsvNOwRkJz4I7gTyaqNyyv7x2RBJBQ004KNVwnVg3U5CaEU4HOS9RNAbSgw5tGAxBUNVMR6cM8L5x2jiIpKlQ45H7eyMFoVRf+GZSgO6q6d7Q/K/XSHRw0UxZGCeahmT8UJBwrCM8zAW3maRE874BIJKZv2LSBQlEm/RyJgR3+uRZqBYL7lnh9PYkXypO4siiHbSHDpCLzlEJ3aAyqiCCHtEzekVv1pP1Yr1bH+PRjDXZ2UZ/ZH3+AGI5mCA=</latexit>

X = �, f f̄ , W+W�

<latexit sha1_base64="B7okdRwXIC+ATyKEb7Rb2sRmYvU=">AAAB7HicbVBNSwMxEJ2tX7V+tOrRS7AIglB2pVSPBS8eK7htoV1LNs22oUl2SbJCWfobvHhQxKs/yJv/xrTdg7Y+GHi8N8PMvDDhTBvX/XYKG5tb2zvF3dLe/sFhuXJ03NZxqgj1Scxj1Q2xppxJ6htmOO0mimIRctoJJ7dzv/NElWaxfDDThAYCjySLGMHGSn5fpI+Xg0rVrbkLoHXi5aQKOVqDyld/GJNUUGkIx1r3PDcxQYaVYYTTWamfappgMsEj2rNUYkF1kC2OnaFzqwxRFCtb0qCF+nsiw0LrqQhtp8BmrFe9ufif10tNdBNkTCapoZIsF0UpRyZG88/RkClKDJ9agoli9lZExlhhYmw+JRuCt/ryOmlf1bxGrX5frzYbeRxFOIUzuAAPrqEJd9ACHwgweIZXeHOk8+K8Ox/L1oKTz5zAHzifP3kPjnA=</latexit>

µ+

<latexit sha1_base64="zDjrZXimEmKZbvR7Q+/I0rMFMuc=">AAAB7HicbVBNTwIxEJ3FL8QPUI9eGomJF8muIeiRxItHTFwggZV0Sxca2u6m7ZqQDb/BiweN8eoP8ua/scAeFHzJJC/vzWRmXphwpo3rfjuFjc2t7Z3ibmlv/+CwXDk6bus4VYT6JOax6oZYU84k9Q0znHYTRbEIOe2Ek9u533miSrNYPphpQgOBR5JFjGBjJb8v0sfLQaXq1twF0DrxclKFHK1B5as/jEkqqDSEY617npuYIMPKMMLprNRPNU0wmeAR7VkqsaA6yBbHztC5VYYoipUtadBC/T2RYaH1VIS2U2Az1qveXPzP66UmugkyJpPUUEmWi6KUIxOj+edoyBQlhk8twUQxeysiY6wwMTafkg3BW315nbSval6jVr+vV5uNPI4inMIZXIAH19CEO2iBDwQYPMMrvDnSeXHenY9la8HJZ07gD5zPH3wXjnI=</latexit>

µ�<latexit sha1_base64="zDjrZXimEmKZbvR7Q+/I0rMFMuc=">AAAB7HicbVBNTwIxEJ3FL8QPUI9eGomJF8muIeiRxItHTFwggZV0Sxca2u6m7ZqQDb/BiweN8eoP8ua/scAeFHzJJC/vzWRmXphwpo3rfjuFjc2t7Z3ibmlv/+CwXDk6bus4VYT6JOax6oZYU84k9Q0znHYTRbEIOe2Ek9u533miSrNYPphpQgOBR5JFjGBjJb8v0sfLQaXq1twF0DrxclKFHK1B5as/jEkqqDSEY617npuYIMPKMMLprNRPNU0wmeAR7VkqsaA6yBbHztC5VYYoipUtadBC/T2RYaH1VIS2U2Az1qveXPzP66UmugkyJpPUUEmWi6KUIxOj+edoyBQlhk8twUQxeysiY6wwMTafkg3BW315nbSval6jVr+vV5uNPI4inMIZXIAH19CEO2iBDwQYPMMrvDnSeXHenY9la8HJZ07gD5zPH3wXjnI=</latexit>

µ�

<latexit sha1_base64="B7okdRwXIC+ATyKEb7Rb2sRmYvU=">AAAB7HicbVBNSwMxEJ2tX7V+tOrRS7AIglB2pVSPBS8eK7htoV1LNs22oUl2SbJCWfobvHhQxKs/yJv/xrTdg7Y+GHi8N8PMvDDhTBvX/XYKG5tb2zvF3dLe/sFhuXJ03NZxqgj1Scxj1Q2xppxJ6htmOO0mimIRctoJJ7dzv/NElWaxfDDThAYCjySLGMHGSn5fpI+Xg0rVrbkLoHXi5aQKOVqDyld/GJNUUGkIx1r3PDcxQYaVYYTTWamfappgMsEj2rNUYkF1kC2OnaFzqwxRFCtb0qCF+nsiw0LrqQhtp8BmrFe9ufif10tNdBNkTCapoZIsF0UpRyZG88/RkClKDJ9agoli9lZExlhhYmw+JRuCt/ryOmlf1bxGrX5frzYbeRxFOIUzuAAPrqEJd9ACHwgweIZXeHOk8+K8Ox/L1oKTz5zAHzifP3kPjnA=</latexit>

µ+

<latexit sha1_base64="vwAcs7ZmBgaFjybbigTgEob6svs=">AAAB7XicbVDJSgNBEO2JW4xb1KOXxiB4CjMSl2PAi8cIZoFkCDWdnqRNL0N3jxCG/IMXD4p49X+8+Td2kjlo4oOCx3tVVNWLEs6M9f1vr7C2vrG5Vdwu7ezu7R+UD49aRqWa0CZRXOlOBIZyJmnTMstpJ9EURMRpOxrfzvz2E9WGKflgJwkNBQwlixkB66RWbwhCQL9c8av+HHiVBDmpoByNfvmrN1AkFVRawsGYbuAnNsxAW0Y4nZZ6qaEJkDEMaddRCYKaMJtfO8VnThngWGlX0uK5+nsiA2HMRESuU4AdmWVvJv7ndVMb34QZk0lqqSSLRXHKsVV49joeME2J5RNHgGjmbsVkBBqIdQGVXAjB8surpHVRDa6ql/e1Sr2Wx1FEJ+gUnaMAXaM6ukMN1EQEPaJn9IrePOW9eO/ex6K14OUzx+gPvM8fhfWPEQ==</latexit>�

<latexit sha1_base64="vwAcs7ZmBgaFjybbigTgEob6svs=">AAAB7XicbVDJSgNBEO2JW4xb1KOXxiB4CjMSl2PAi8cIZoFkCDWdnqRNL0N3jxCG/IMXD4p49X+8+Td2kjlo4oOCx3tVVNWLEs6M9f1vr7C2vrG5Vdwu7ezu7R+UD49aRqWa0CZRXOlOBIZyJmnTMstpJ9EURMRpOxrfzvz2E9WGKflgJwkNBQwlixkB66RWbwhCQL9c8av+HHiVBDmpoByNfvmrN1AkFVRawsGYbuAnNsxAW0Y4nZZ6qaEJkDEMaddRCYKaMJtfO8VnThngWGlX0uK5+nsiA2HMRESuU4AdmWVvJv7ndVMb34QZk0lqqSSLRXHKsVV49joeME2J5RNHgGjmbsVkBBqIdQGVXAjB8surpHVRDa6ql/e1Sr2Wx1FEJ+gUnaMAXaM6ukMN1EQEPaJn9IrePOW9eO/ex6K14OUzx+gPvM8fhfWPEQ==</latexit>�

Require  


to suppress photon background

<latexit sha1_base64="DSc6pWL5FmT4QeuRSYcChl/PY/c=">AAACC3icbVDLSsNAFJ34rPUVdelmaBFclaRYFQQpuNBlBfuAJobJdNIOnUnCzEQoIXs3/oobF4q49Qfc+TdO2iy09TADh3Pu5d57/JhRqSzr21haXlldWy9tlDe3tnd2zb39jowSgUkbRywSPR9JwmhI2ooqRnqxIIj7jHT98VXudx+IkDQK79QkJi5Hw5AGFCOlJc+stDzHj9R96vBEvwxewoblXDgcqZHg6TXpZJ5ZtWrWFHCR2AWpggItz/xyBhFOOAkVZkjKvm3Fyk2RUBQzkpWdRJIY4TEakr6mIeJEuun0lgweaWUAg0joHyo4VX93pIhLOeG+rsx3lPNeLv7n9RMVnLspDeNEkRDPBgUJgyqCeTBwQAXBik00QVhQvSvEIyQQVjq+sg7Bnj95kXTqNfu01rg9qTbrRRwlcAgq4BjY4Aw0wQ1ogTbA4BE8g1fwZjwZL8a78TErXTKKngPwB8bnDyf2mnQ=</latexit>

Pµµ
? > 50 GeV

33



Beam and detector effects

<latexit sha1_base64="B7okdRwXIC+ATyKEb7Rb2sRmYvU=">AAAB7HicbVBNSwMxEJ2tX7V+tOrRS7AIglB2pVSPBS8eK7htoV1LNs22oUl2SbJCWfobvHhQxKs/yJv/xrTdg7Y+GHi8N8PMvDDhTBvX/XYKG5tb2zvF3dLe/sFhuXJ03NZxqgj1Scxj1Q2xppxJ6htmOO0mimIRctoJJ7dzv/NElWaxfDDThAYCjySLGMHGSn5fpI+Xg0rVrbkLoHXi5aQKOVqDyld/GJNUUGkIx1r3PDcxQYaVYYTTWamfappgMsEj2rNUYkF1kC2OnaFzqwxRFCtb0qCF+nsiw0LrqQhtp8BmrFe9ufif10tNdBNkTCapoZIsF0UpRyZG88/RkClKDJ9agoli9lZExlhhYmw+JRuCt/ryOmlf1bxGrX5frzYbeRxFOIUzuAAPrqEJd9ACHwgweIZXeHOk8+K8Ox/L1oKTz5zAHzifP3kPjnA=</latexit>

µ+<latexit sha1_base64="zDjrZXimEmKZbvR7Q+/I0rMFMuc=">AAAB7HicbVBNTwIxEJ3FL8QPUI9eGomJF8muIeiRxItHTFwggZV0Sxca2u6m7ZqQDb/BiweN8eoP8ua/scAeFHzJJC/vzWRmXphwpo3rfjuFjc2t7Z3ibmlv/+CwXDk6bus4VYT6JOax6oZYU84k9Q0znHYTRbEIOe2Ek9u533miSrNYPphpQgOBR5JFjGBjJb8v0sfLQaXq1twF0DrxclKFHK1B5as/jEkqqDSEY617npuYIMPKMMLprNRPNU0wmeAR7VkqsaA6yBbHztC5VYYoipUtadBC/T2RYaH1VIS2U2Az1qveXPzP66UmugkyJpPUUEmWi6KUIxOj+edoyBQlhk8twUQxeysiY6wwMTafkg3BW315nbSval6jVr+vV5uNPI4inMIZXIAH19CEO2iBDwQYPMMrvDnSeXHenY9la8HJZ07gD5zPH3wXjnI=</latexit>

µ�

<latexit sha1_base64="RAcUeGYBC36LERfjD8j8MqgpH/E="></latexit>

Eb(1+ �BES)

Beam energy spread of 0.1%

Finite resolution in measurement

  of muon energies                    *

<latexit sha1_base64="qteoxC4AadriRQ1T1WBkZd+jVMo=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgZLwVVJiq+NUHDjsoKthSaEyeSmHTp5MDMRSsjGX3HjQhG3foY7/8Zpm4W2HrhwOOde7r3HTzmTyrK+jcrK6tr6RnWztrW9s7tn7h/0ZJIJCl2a8ET0fSKBsxi6iikO/VQAiXwOD/74Zuo/PIKQLInv1SQFNyLDmIWMEqUlzzxyAuCKeLkjIixAFvga25bT8My61bRmwMvELkkdleh45pcTJDSLIFaUEykHtpUqNydCMcqhqDmZhJTQMRnCQNOYRCDdfPZAgRtaCXCYCF2xwjP190ROIiknka87I6JGctGbiv95g0yFV27O4jRTENP5ojDjWCV4mgYOmACq+EQTQgXTt2I6IoJQpTOr6RDsxZeXSa/VtC+a53dn9XarjKOKjtEJOkU2ukRtdIs6qIsoKtAzekVvxpPxYrwbH/PWilHOHKI/MD5/APYVlUw=</latexit>

�res = 10%

 * inspired by initial results of IMCC studies on muon propagation: 

[KITP talk] by Daniele Calzolari, 03/2023

Truth level

MIM does not discriminate anymore
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Sensitivity on Higgs  invisible→

FCC-hh

FCC-ee/ILC

[Ruhdorfer, Salvioni, Wulzer 2303.14202]

<latexit sha1_base64="S9b//dOlrzDQTInA/llcPOpdpo8=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiTSqhuh4MZlBfuAJoTJdNIOnZmEmYm0hPyKGxeKuPVH3Pk3TtsstPXAhcM593LvPWHCqNKO822VNja3tnfKu5W9/YPDI/u42lVxKjHp4JjFsh8iRRgVpKOpZqSfSIJ4yEgvnNzN/d4TkYrG4lHPEuJzNBI0ohhpIwV21SMaBZknOeRomsNb2AzsmlN3FoDrxC1IDRRoB/aXN4xxyonQmCGlBq6TaD9DUlPMSF7xUkUShCdoRAaGCsSJ8rPF7Tk8N8oQRrE0JTRcqL8nMsSVmvHQdHKkx2rVm4v/eYNURzd+RkWSaiLwclGUMqhjOA8CDqkkWLOZIQhLam6FeIwkwtrEVTEhuKsvr5PuZd29qjcfGrVWo4ijDE7BGbgALrgGLXAP2qADMJiCZ/AK3qzcerHerY9la8kqZk7AH1ifP9A+k5s=</latexit>

⌘max = 5
<latexit sha1_base64="Lp1CScucu+Bg7IB5OGyycF8D+vY=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNokcSLx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9ovltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWldlr1q+blRKtUoWRx7O4BwuwYMbqME91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AIE7jLY=</latexit>

6

• With 10% resolution on forward muon energy, just reach the SM value


•                    or      is needed for optimal sensitivity

<latexit sha1_base64="OcFr9vm6wk6fVroqceKbAzGP/sg=">AAAB+3icbVBNS8NAEN34WetXrEcvi0XwVBLR6rHgxWMF+wFNDJvttF26m4TdjbSE/BUvHhTx6h/x5r9x2+agrQ8GHu/NMDMvTDhT2nG+rbX1jc2t7dJOeXdv/+DQPqq0VZxKCi0a81h2Q6KAswhammkO3UQCESGHTji+nfmdJ5CKxdGDnibgCzKM2IBRoo0U2BUPNAk8kT5mnhRYkEke2FWn5syBV4lbkCoq0AzsL68f01RApCknSvVcJ9F+RqRmlENe9lIFCaFjMoSeoRERoPxsfnuOz4zSx4NYmoo0nqu/JzIilJqK0HQKokdq2ZuJ/3m9VA9u/IxFSaohootFg5RjHeNZELjPJFDNp4YQKpm5FdMRkYRqE1fZhOAuv7xK2hc1t167ur+sNupFHCV0gk7ROXLRNWqgO9RELUTRBD2jV/Rm5daL9W59LFrXrGLmGP2B9fkDNR+Uhw==</latexit>

⌘max
µ

<latexit sha1_base64="/7ltaCDpUW+yFfRL63hUjgMQW8A=">AAACDnicbVC7SgNBFJ2NrxhfUUubwRCwkLAr8VEGbCwjmAdk1zA7mSRDZmaXmbtCWPIFNv6KjYUittZ2/o2zSQpNPHDhcM693HtPGAtuwHW/ndzK6tr6Rn6zsLW9s7tX3D9omijRlDVoJCLdDolhgivWAA6CtWPNiAwFa4Wj68xvPTBteKTuYByzQJKB4n1OCVipWyz7MGRAur5M7lNfSyy5mvinuONLAkMtU016k6BbLLkVdwq8TLw5KaE56t3il9+LaCKZAiqIMR3PjSFIiQZOBZsU/MSwmNARGbCOpYpIZoJ0+s4El63Sw/1I21KAp+rviZRIY8YytJ3ZkWbRy8T/vE4C/asg5SpOgCk6W9RPBIYIZ9ngHteMghhbQqjm9lZMh0QTCjbBgg3BW3x5mTTPKt5F5fy2WqpV53Hk0RE6RifIQ5eohm5QHTUQRY/oGb2iN+fJeXHenY9Za86ZzxyiP3A+fwDRyZyR</latexit>

✓min
µ [rad]

<latexit sha1_base64="jG6Q3Pi4AXdJ2dC7vsmeLupXcYw=">AAACCHicbZC7TsMwFIYdrqXcAowMWFRITFWCoDBWZWFBKpdepCZUjuu2Vm0nsp1KVZSRhVdhYQAhVh6BjbfBaTtAyy9Z+vSfc+Rz/iBiVGnH+bYWFpeWV1Zza/n1jc2tbXtnt67CWGJSwyELZTNAijAqSE1TzUgzkgTxgJFGMLjM6o0hkYqG4l6PIuJz1BO0SzHSxmrbBx5Hui95UrlN24knOaRimD6MqXJ3nbbtglN0xoLz4E 6hAKaqtu0vrxPimBOhMUNKtVwn0n6CpKaYkTTvxYpECA9Qj7QMCsSJ8pPxISk8Mk4HdkNpntBw7P6eSBBXasQD05mtrWZrmflfrRXr7oWfUBHFmgg8+agbM6hDmKUCO1QSrNnIAMKSml0h7iOJsDbZ5U0I7uzJ81A/Kbql4tnNaaFcmsaRA/vgEBwDF5yDMrgCVVADGDyCZ/AK3qwn68V6tz4mrQvWdGYP/JH1+QPu8pni</latexit>

BRBSM
inv
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Final message

• Light new physics coupled to the Higgs is strongly motivated by alternative 

approaches to Naturalness problem (cosmological selection, Neutral Naturalness)


• Not a single sharp prediction, but still useful guidance. 


Signatures are often in common with other key questions (e.g. light dark matter)


• Effective search strategies require thinking outside the box, 


both at the (HL-) LHC and at future colliders: detectors, trigger, analyses

36



Backup slides



More on radiative stability

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

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

V = ✏�f4 G(cos⇧/f)

quadratic piece of one-loop CW is

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

Vquantum = ✏�f4


G+

⇤2

32⇡2f2

⇣
G00 + (N � 1) cot

⇧

f
G0

⌘�

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

0 ⌘ @

@(⇧/f)

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

/ Gif

[Alonso, Jenkins, Manohar 2015]

Can also see Gegenbauers emerge from Coleman-Weinberg potential:



More on radiative stability

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

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

V = ✏�f4 G(cos⇧/f)

Can also see Gegenbauers emerge from Coleman-Weinberg potential:

quadratic piece of one-loop CW is

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

Vquantum = ✏�f4


G+

⇤2

32⇡2f2

⇣
G00 + (N � 1) cot

⇧

f
G0

⌘�

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

0 ⌘ @

@(⇧/f)

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

/ Gif

[Alonso, Jenkins, Manohar 2015]

Indeed, Gegenbauers satisfy differential equation

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

G↵ 00
n + 2↵ cot

⇧

f
G↵ 0

n + n(n+ 2↵)G↵
n = 0

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

↵ =
N � 1

2

Radiative corrections do not alter functional form



More on radiative stability

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

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

V = ✏�f4 G(cos⇧/f)

Can also see Gegenbauers emerge from Coleman-Weinberg potential:

quadratic piece of one-loop CW is

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

Vquantum = ✏�f4


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



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



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]



standard Twin Higgs 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



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 [%]



Higgs couplings at FCC 

At FCC-ee, indirect sensitivity on  from loop corrections to single-Higgs observablesh3

<latexit sha1_base64="3bM8F+nWBXBfIcWuUbcBa0L6peY=">AAAB83icbVDJSgNBEK1xjXGLevTSGAQPEmbcjwEvHiOYBTJj6OnpSZr0LHTXCGHIb3jxoIhXf8abf2MnmYMmPih4vFdFVT0/lUKjbX9bS8srq2vrpY3y5tb2zm5lb7+lk0wx3mSJTFTHp5pLEfMmCpS8kypOI1/ytj+8nfjtJ660SOIHHKXci2g/FqFgFI3kugGXSHv54PF83KtU7Zo9BVkkTkGqUKDRq3y5QcKyiMfIJNW669gpejlVKJjk47KbaZ5SNqR93jU0phHXXj69eUyOjRKQMFGmYiRT9fdETiOtR5FvOiOKAz3vTcT/vG6G4Y2XizjNkMdstijMJMGETAIggVCcoRwZQpkS5lbCBlRRhiamsgnBmX95kbTOas5V7fL+olo/LeIowSEcwQk4cA11uIMGNIFBCs/wCm9WZr1Y79bHrHXJKmYO4A+szx8BvZGc</latexit>

�h3

<latexit sha1_base64="1guR4wrusJImQc5rptZfuBESUPo=">AAAB9HicbVDJSgNBEO2JW4xb1KOXxiB4kDAT3I4BPXiMYBbIjKGnU0ma9Cx21wTCkO/w4kERr36MN//GTjIHTXxQ8Hiviqp6fiyFRtv+tnIrq2vrG/nNwtb2zu5ecf+goaNEcajzSEaq5TMNUoRQR4ESWrECFvgSmv7wZuo3R6C0iMIHHMfgBawfip7gDI3kubcgkVGXD8RjpVMs2WV7BrpMnIyUSIZap/jldiOeBBAil0zrtmPH6KVMoeASJgU30RAzPmR9aBsasgC0l86OntATo3RpL1KmQqQz9fdEygKtx4FvOgOGA73oTcX/vHaCvWsvFWGcIIR8vqiXSIoRnSZAu0IBRzk2hHElzK2UD5hiHE1OBROCs/jyMmlUys5l+eL+vFQ9y+LIkyNyTE6JQ65IldyRGqkTTp7IM3klb9bIerHerY95a87KZg7JH1ifP9+AkXY=</latexit>

��2<latexit sha1_base64="3mTwnUlpumysMrGA51gF5i4M92c=">AAAB/nicbVDLSsNAFJ34rPUVFVduBkvBVUlq1S5cFNy4rGAf0MQwmUzaoZNJmJkIJS34K25cKOLW73Dn3zhts9DWAxcO59zLvff4CaNSWda3sbK6tr6xWdgqbu/s7u2bB4dtGacCkxaOWSy6PpKEUU5aiipGuokgKPIZ6fjDm6nfeSRC0pjfq1FC3Aj1OQ0pRkpLnnk8dgLCFPKywcP5ZAyvYa3ulD2zZFWsGeAysXNSAjmanvnlBDFOI8IVZkjKnm0lys2QUBQzMik6qSQJwkPUJz1NOYqIdLPZ+RNY1koAw1jo4grO1N8TGYqkHEW+7oyQGshFbyr+5/VSFdbdjPIkVYTj+aIwZVDFcJoFDKggWLGRJggLqm+FeIAEwkonVtQh2IsvL5N2tWJfVi7uaqVGNY+jAE7AKTgDNrgCDXALmqAFMMjAM3gFb8aT8WK8Gx/z1hUjnzkCf2B8/gCa85SO</latexit>

|�h3 | < 48%(2 )σ

At FCC-hh, direct access through 


double Higgs production
<latexit sha1_base64="qffE7jrrcEvS2fYC6WbWnLm4Bik=">AAAB/nicbVDLSsNAFL3xWesrKq7cDJaCq5LU58JFwY3LCvYBTQyTybQdOnkwMxFKWvBX3LhQxK3f4c6/cdpmoa0HLhzOuZd77/ETzqSyrG9jaXlldW29sFHc3Nre2TX39psyTgWhDRLzWLR9LClnEW0opjhtJ4Li0Oe05Q9uJn7rkQrJ4uheDRPqhrgXsS4jWGnJMw9HTkC5wl7Wfzgdj9A1si2n7Jklq2JNgRaJnZMS5Kh75pcTxCQNaaQIx1J2bCtRboaFYoTTcdFJJU0wGeAe7Wga4ZBKN5ueP0ZlrQSoGwtdkUJT9fdEhkMph6GvO0Os+nLem4j/eZ1Uda/cjEVJqmhEZou6KUcqRpMsUMAEJYoPNcFEMH0rIn0sMFE6saIOwZ5/eZE0qxX7onJ+d1aqVfM4CnAEx3ACNlxCDW6hDg0gkMEzvMKb8WS8GO/Gx6x1ychnDuAPjM8fii6Ugw==</latexit>

|�h3 | < 10%

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]

<latexit sha1_base64="ikQWFAZ9NtVhjG+exXD9kL8fD6s=">AAACB3icbVDJSgNBEO1xjXEb9ShIYwh4GmZiXI4BLx4jmIVkQujpqSRNeha6e4Qwyc2Lv+LFgyJe/QVv/o2dZA6a+KDg8V4VVfW8mDOpbPvbWFldW9/YzG3lt3d29/bNg8O6jBJBoUYjHommRyRwFkJNMcWhGQsggceh4Q1vpn7jAYRkUXivRjF0AtIPWY9RorTUNU/Grg9ckW46aLUmY+xykFKyANvWedktds2Cbdkz4GXiZKSAMlS75pfrRzQJIFSUEynbjh2rTkqEYpTDJO8mEmJCh6QPbU1DEoDspLM/JrioFR/3IqErVHim/p5ISSDlKPB0Z0DUQC56U/E/r52o3nUnZWGcKAjpfFEv4VhFeBoK9pkAqvhIE0IF07diOiCCUKWjy+sQnMWXl0m9ZDmX1sVduVApZXHk0DE6RWfIQVeogm5RFdUQRY/oGb2iN+PJeDHejY9564qRzRyhPzA+fwC89ZiE</latexit>

|�hZZ | . 0.34%



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



Singlet scalar: trigger rates

[Gershtein, Knapen, Redigolo 2012.07864]



Singlet scalar: current vs projected

[Mitridate, Papucci, Wang, Peña, Xie 2304.06109]



Renormalizable Higgs portal

<latexit sha1_base64="4TLMaB7GCfRn+ca0IGlOD5RA/Z8=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWARXEhJpFSXBRe6rGAfkIQwmU7aoTOTMDMRSujGX3HjQhG3foY7/8ZJm4W2HrhwOOde7r0nShlV2nG+rZXVtfWNzcpWdXtnd2/fPjjsqiSTmHRwwhLZj5AijArS0VQz0k8lQTxipBeNbwq/90ikool40JOUBBwNBY0pRtpIoX3MQz8dUf8Cej5HeiR5fku60yC0a07dmQEuE7ckNVCiHdpf/iDBGSdCY4aU8lwn1UGOpKaYkWnVzxRJER6jIfEMFYgTFeSzB6bwzCgDGCfSlNBwpv6eyBFXasIj01kcqRa9QvzP8zIdXwc5FWmmicDzRXHGoE5gkQYcUEmwZhNDEJbU3ArxCEmEtcmsakJwF19eJt3LutusN+4btVazjKMCTsApOAcuuAItcAfaoAMwmIJn8ArerCfrxXq3PuatK1Y5cwT+wPr8AVKmljY=</latexit>

m� [GeV]

<latexit sha1_base64="ab3mO5UZtZ/Zh8+PZIrEUgSB0V8=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQiKq4KblxWsA9oQ5lMJu3QySTM3Agl9CPcuFDErd/jzr9x2mahrQcGDuecy9x7glQKg6777ZTW1jc2t8rblZ3dvf2D6uFR2ySZZrzFEpnobkANl0LxFgqUvJtqTuNA8k4wvpv5nSeujUjUI05S7sd0qEQkGEUrdfrSRkM6qNbcujsHWSVeQWpQoDmofvXDhGUxV8gkNabnuSn6OdUomOTTSj8zPKVsTIe8Z6miMTd+Pl93Ss6sEpIo0fYpJHP190ROY2MmcWCTMcWRWfZm4n9eL8Poxs+FSjPkii0+ijJJMCGz20koNGcoJ5ZQpoXdlbAR1ZShbahiS/CWT14l7Yu6d1W/fLisNW6LOspwAqdwDh5cQwPuoQktYDCGZ3iFNyd1Xpx352MRLTnFzDH8gfP5Az1Lj34=</latexit>

� LUX-Zeplin excludes

<latexit sha1_base64="7tow+OUnFkwN+7WlGFKfWDGZC4c=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiCxUCVRBYyVWDoWiT6kJq0cx0mtOk5kO0hV1B9g4VdYGECIlZ2Nv8FtM0DLkSwdnXOPru/xU0alsqxvo7S2vrG5Vd6u7Ozu7R+Yh0cdmWQCkzZOWCJ6PpKEUU7aiipGeqkgKPYZ6frj25nffSBC0oTfq0lKvBhFnIYUI6WloXl26YYC4dxlOhOgae5M3XREBw5sDtwARRERsDk0q1bNmgOuErsgVVCgNTS/3CDBWUy4wgxJ2betVHk5EopiRqYVN5MkRXiMItLXlKOYSC+fXzOF51oJYJgI/biCc/V3IkexlJPY15MxUiO57M3E/7x+psIbL6c8zRTheLEozBhUCZxVAwMqCFZsognCguq/QjxCuh2lC6zoEuzlk1dJx6nZV7X6Xb3acIo6yuAEnIILYINr0ABN0AJtgMEjeAav4M14Ml6Md+NjMVoyiswx+APj8weTRJsx</latexit>

��

2
�
2
H

†
H

XENON1T 2018
PANDAX-4T 2021

<latexit sha1_base64="GSDFDIEps8M7f0fJdEZrJdFbk7U=">AAACA3icdVDLSsNAFJ3UV62vqDvdDBbBVUhiaOtjUXDjskJf0JQymU7boTNJmJkIJRTc+CtuXCji1p9w5984aSuo6IELh3Pu5d57gphRqWz7w8gtLa+sruXXCxubW9s75u5eU0aJwKSBIxaJdoAkYTQkDUUVI+1YEMQDRlrB+CrzW7dESBqFdTWJSZejYUgHFCOlpZ55wHt+PKLwErpWxb/wOVIjwdM6aU57ZtG2ziol1ytB27LtsuM6GXHL3qkHHa1kKIIFaj3z3e9HOOEkVJghKTuOHatuioSimJFpwU8kiREeoyHpaBoiTmQ3nf0whcda6cNBJHSFCs7U7xMp4lJOeKA7sxvlby8T//I6iRpUuikN40SREM8XDRIGVQSzQGCfCoIVm2iCsKD6VohHSCCsdGwFHcLXp/B/0nQtp2R5N16xer6IIw8OwRE4AQ4ogyq4BjXQABjcgQfwBJ6Ne+PReDFe5605YzGzD37AePsEtcWW8g==</latexit>

m� < 2.8 TeV

90% CL

LZ 2022

Good example of the “WIMP vs direct detection” tension

thermal abundance

90% CL

thermal abundance

XENON1T 2018
PANDAX-4T 2021

LZ 2022

LUX-ZEPLIN excludes
<latexit sha1_base64="GSDFDIEps8M7f0fJdEZrJdFbk7U=">AAACA3icdVDLSsNAFJ3UV62vqDvdDBbBVUhiaOtjUXDjskJf0JQymU7boTNJmJkIJRTc+CtuXCji1p9w5984aSuo6IELh3Pu5d57gphRqWz7w8gtLa+sruXXCxubW9s75u5eU0aJwKSBIxaJdoAkYTQkDUUVI+1YEMQDRlrB+CrzW7dESBqFdTWJSZejYUgHFCOlpZ55wHt+PKLwErpWxb/wOVIjwdM6aU57ZtG2ziol1ytB27LtsuM6GXHL3qkHHa1kKIIFaj3z3e9HOOEkVJghKTuOHatuioSimJFpwU8kiREeoyHpaBoiTmQ3nf0whcda6cNBJHSFCs7U7xMp4lJOeKA7sxvlby8T//I6iRpUuikN40SREM8XDRIGVQSzQGCfCoIVm2iCsKD6VohHSCCsdGwFHcLXp/B/0nQtp2R5N16xer6IIw8OwRE4AQ4ogyq4BjXQABjcgQfwBJ6Ne+PReDFe5605YzGzD37AePsEtcWW8g==</latexit>

m� < 2.8 TeV

<latexit sha1_base64="7tow+OUnFkwN+7WlGFKfWDGZC4c=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiCxUCVRBYyVWDoWiT6kJq0cx0mtOk5kO0hV1B9g4VdYGECIlZ2Nv8FtM0DLkSwdnXOPru/xU0alsqxvo7S2vrG5Vd6u7Ozu7R+Yh0cdmWQCkzZOWCJ6PpKEUU7aiipGeqkgKPYZ6frj25nffSBC0oTfq0lKvBhFnIYUI6WloXl26YYC4dxlOhOgae5M3XREBw5sDtwARRERsDk0q1bNmgOuErsgVVCgNTS/3CDBWUy4wgxJ2betVHk5EopiRqYVN5MkRXiMItLXlKOYSC+fXzOF51oJYJgI/biCc/V3IkexlJPY15MxUiO57M3E/7x+psIbL6c8zRTheLEozBhUCZxVAwMqCFZsognCguq/QjxCuh2lC6zoEuzlk1dJx6nZV7X6Xb3acIo6yuAEnIILYINr0ABN0AJtgMEjeAav4M14Ml6Md+NjMVoyiswx+APj8weTRJsx</latexit>

��

2
�
2
H

†
H

<latexit sha1_base64="+J0Jkh6tsyqeLQJB8AQ12JXrYVc=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4GmakqMuiG5dV7AOmQ8mkmTY0mQzJHaEM/Qw3LhRx69e482/MtBV8Xgg5nHMv99wTpYIb8Lx3p7S0vLK6Vl6vbGxube9Ud/faRmWashZVQuluRAwTPGEt4CBYN9WMyEiwTjS+LPTOHdOGq+QWJikLJRkmPOaUgKWCniQw0jK/uJn2qzXPrXtF4d/Ad2e/V0OLavarb72BoplkCVBBjAl8L4UwJxo4FWxa6WWGpYSOyZAFFiZEMhPmM8tTfGSZAY6Vti8BPGO/TuREGjORke0sLJqfWkH+pQUZxOdhzpM0A5bQ+aI4ExgULu7HA64ZBTGxgFDNrVdMR0QTCjalig3h81L8P2ifuP6pW7+u1xreIo4yOkCH6Bj56Aw10BVqohaiSKF79IieHHAenGfnZd5achYz++hbOa8fgp2RXA==</latexit>

BR
<latexit sha1_base64="pmXgNY+SHgiOFpYvcIGf7qk7AhQ=">AAAB/HicdVDLSsNAFL2pr1pf0S7dDBahbkIqRV0W3LisYFuhCWUynbRDJ5MwMymEUH/FjQtF3Poh7vwbJ20FnxeGOZx7L/ecEyScKe2671ZpZXVtfaO8Wdna3tnds/cPuipOJaEdEvNY3gZYUc4E7WimOb1NJMVRwGkvmFwW/d6USsVicaOzhPoRHgkWMoK1oQZ2tT72dIy8COuxjHImprOTgV1znaZbFPoNGs78d2uwrPbAfvOGMUkjKjThWKl+w020n2OpGeF0VvFSRRNMJnhE+wYKHFHl53PxM3RsmCEKY2me0GjOft3IcaRUFgVmshCpfvYK8q9eP9XhhW8cJammgiwOhSlHxm6RBBoySYnmmQGYSGa0IjLGEhNt8qqYED6dov9B99RpnDnN62at5S7jKMMhHEEdGnAOLbiCNnSAQAb38AhP1p31YD1bL4vRkrXcqcK3sl4/AJAblK4=</latexit>

(h ! inv)
<latexit sha1_base64="mJzF5Om3+PptmXzHTFGFG0RP4os=">AAAB7XicdVDLSgMxFL1TX7W+qi7dBIvgashIUVdScOOygn1AO5RMmmljM8mQZIRS+g9uXCji1v9x59+YaSv4PBByOOde7r0nSgU3FuN3r7C0vLK6VlwvbWxube+Ud/eaRmWasgZVQul2RAwTXLKG5VawdqoZSSLBWtHoMvdbd0wbruSNHacsTMhA8phTYp3UvEDYD4JeuYL9Ks6BfpPAn/24AgvUe+W3bl/RLGHSUkGM6QQ4teGEaMupYNNSNzMsJXREBqzjqCQJM+Fktu0UHTmlj2Kl3ZMWzdSvHROSGDNOIleZEDs0P71c/MvrZDY+Dydcppllks4HxZlAVqH8dNTnmlErxo4QqrnbFdEh0YRaF1DJhfB5KfqfNE/84NSvXlcrNbyIowgHcAjHEMAZ1OAK6tAACrdwD4/w5CnvwXv2XualBW/Rsw/f4L1+AKxKjdc=</latexit>

> 0.11



EFT for SM + singlet scalar

Think more broadly. For SM + (complex) scalar     , up to dimension 6:
<latexit sha1_base64="TqYrg3HRKFyrfnAhA/xDingH9xY=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVY8FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NCQRG1Vrbt1dAK0TryA1KNAeVb+G45ikgkpDONZ64LmJ8TOsDCOczivDVNMEkyme0IGlEguq/Wxx6xxdWGWMwljZkgYt1N8TGRZaz0RgOwU2kV71cvE/b5Ca8NbPmExSQyVZLgpTjkyM8sfRmClKDJ9Zgoli9lZEIqwwMTaeig3BW315nXSv6t51vfnQqLUaRRxlOINzuAQPbqAF99CGDhCI4Ble4c0Rzovz7nwsW0tOMXMKf+B8/gD+tY4u</latexit>�

Power counting here assumes both      and     arise as pseudo-Goldstone bosons.


In this case, expect leading DM-SM interaction to be of dimension 6 


(“derivative Higgs portal”), while shift-breaking interactions are naturally small

<latexit sha1_base64="+WACqRJcd2hRzEUL8q7FMHYo9h8=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNPo4kXjhCIo8ENmR26IWR2dnNzKwJIXyBFw8a49VP8ubfOMAeFKykk0pVd7q7gkRwbVz328ltbG5t7+R3C3v7B4dHxeOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O//YRK81g+mEmCfkSHkoecUWOlRq1fLLlldwGyTryMlCBDvV/86g1ilkYoDRNU667nJsafUmU4Ezgr9FKNCWVjOsSupZJGqP3p4tAZubDKgISxsiUNWai/J6Y00noSBbYzomakV725+J/XTU1450+5TFKDki0XhakgJibzr8mAK2RGTCyhTHF7K2EjqigzNpuCDcFbfXmdtK7K3k35ulEpVStZHHk4g3O4BA9uoQo1qEMTGCA8wyu8OY/Oi/PufCxbc042cwp/4Hz+AJyDjMg=</latexit>

H
<latexit sha1_base64="TqYrg3HRKFyrfnAhA/xDingH9xY=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVY8FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NCQRG1Vrbt1dAK0TryA1KNAeVb+G45ikgkpDONZ64LmJ8TOsDCOczivDVNMEkyme0IGlEguq/Wxx6xxdWGWMwljZkgYt1N8TGRZaz0RgOwU2kV71cvE/b5Ca8NbPmExSQyVZLgpTjkyM8sfRmClKDJ9Zgoli9lZEIqwwMTaeig3BW315nXSv6t51vfnQqLUaRRxlOINzuAQPbqAF99CGDhCI4Ble4c0Rzovz7nwsW0tOMXMKf+B8/gD+tY4u</latexit>�

preserve DM shift symmetry

break DM shift symmetry

[Criado, Djouadi, Perez-Victoria, Santiago 2021]

[Ruhdorfer, Salvioni, Weiler 2019]


[Balkin, Ruhdorfer, Salvioni, Weiler 2018]

[Chala, Durieux, Grojean, de Lima, Matsedonskyi 2017]


[Bruggisser, Riva, Urbano 2016]

[Frigerio, Pomarol, Riva, Urbano 2012]



A simple & viable alternative:

The “other” Higgs portal

<latexit sha1_base64="N0i8K+L7IDdRgmESxb9j70rhlrg=">AAACA3icbVBNS8NAEN34WetX1JteFovgqSRSVPBS8OJFqGA/oAlls520S3eTsLsRSih48a948aCIV/+EN/+NmzYHbX0w8Hhvhpl5QcKZ0o7zbS0tr6yurZc2yptb2zu79t5+S8WppNCkMY9lJyAKOIugqZnm0EkkEBFwaAej69xvP4BULI7u9TgBX5BBxEJGiTZSzz70OCilmMCu43hXniB6KEV2C61Jz644VWcKvEjcglRQgUbP/vL6MU0FRJpyolTXdRLtZ0RqRjlMyl6qICF0RAbQNTQiApSfTX+Y4BOj9HEYS1ORxlP190RGhFJjEZjO/EY17+Xif1431eGln7EoSTVEdLYoTDnWMc4DwX0mgWo+NoRQycytmA6JJFSb2MomBHf+5UXSOqu659XaXa1Sd4o4SugIHaNT5KILVEc3qIGaiKJH9Ixe0Zv1ZL1Y79bHrHXJKmYO0B9Ynz8tHJcv</latexit>. 100 MeV
<latexit sha1_base64="aWIept1eNUKtY3ghTZsMnbEPIG4=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKiB4DXjxGMA9IljA7mU3GzGOZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEs6M9f1vr7CxubW9U9wt7e0fHB6Vj0/aRqWa0BZRXOluhA3lTNKWZZbTbqIpFhGnnWhyO/c7T1QbpuSDnSY0FHgkWcwItk5qi0E/GbNBueJX/QXQOglyUoEczUH5qz9UJBVUWsKxMb3AT2yYYW0Z4XRW6qeGJphM8Ij2HJVYUBNmi2tn6MIpQxQr7UpatFB/T2RYGDMVkesU2I7NqjcX//N6qY1vwozJJLVUkuWiOOXIKjR/HQ2ZpsTyqSOYaOZuRWSMNSbWBVRyIQSrL6+T9lU1qFdr97VKo5bHUYQzOIdLCOAaGnAHTWgBgUd4hld485T34r17H8vWgpfPnMIfeJ8/lPKPGg==</latexit>m�

<latexit sha1_base64="lRo4TYDRIWFheDwFKskibITho54=">AAAB6nicdVDJSgNBEK1xjXGLevTSGARPQ8840eQW8OIxolkgGUNPpydp0rPY3SOEkE/w4kERr36RN//GziKo6IOCx3tVVNULUsGVxvjDWlpeWV1bz23kN7e2d3YLe/sNlWSSsjpNRCJbAVFM8JjVNdeCtVLJSBQI1gyGF1O/ec+k4kl8o0cp8yPSj3nIKdFGur67dbuFIrYrFex5JYTtEnZdt2wIPnXLFQc5Np6hCAvUuoX3Ti+hWcRiTQVRqu3gVPtjIjWngk3ynUyxlNAh6bO2oTGJmPLHs1Mn6NgoPRQm0lSs0Uz9PjEmkVKjKDCdEdED9dubin957UyHZX/M4zTTLKbzRWEmkE7Q9G/U45JRLUaGECq5uRXRAZGEapNO3oTw9Sn6nzRc2zmzvSuvWPUWceTgEI7gBBw4hypcQg3qQKEPD/AEz5awHq0X63XeumQtZg7gB6y3T2mijd0=</latexit>

q2

annihilation

scattering

<latexit sha1_base64="6BU04uKA936zCncyagL3UX0y7q4=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCqyEzTrXdFURwWcE+oK0lk2ba0ExmSDJCHfolblwo4tZPceffmD4EFT1wL4dz7iU3J0g4UxqhDyu3srq2vpHfLGxt7+wW7b39popTSWiDxDyW7QArypmgDc00p+1EUhwFnLaC8cXMb91RqVgsbvQkob0IDwULGcHaSH272A0lJtnlrTfNQtP6dgk51Sry/TJEThl5nlcxBJ16laoLXQfNUQJL1Pv2e3cQkzSiQhOOleq4KNG9DEvNCKfTQjdVNMFkjIe0Y6jAEVW9bH74FB4bZQDDWJoSGs7V7xsZjpSaRIGZjLAeqd/eTPzL66Q6rPQyJpJUU0EWD4UphzqGsxTggElKNJ8Ygolk5lZIRtgkoU1WBRPC10/h/6TpOe6Z41/7pZq3jCMPDsEROAEuOAc1cAXqoAEISMEDeALP1r31aL1Yr4vRnLXcOQA/YL19AuF9kzY=</latexit>

E2

f2

<latexit sha1_base64="EhezZ6K726A4R8f1M1NGr9+8oes="></latexit>

L � 1

2f2
@µ(�

2)@µ(H†
H)

For the derivative Higgs portal,


direct detection is automatically suppressed

<latexit sha1_base64="wtbF+fnHY9dGLEiv5rOdrst8tUw=">AAACAHicdVDLSgMxFM3UV62vqgsXboJFcOOQmbba7gq6cCNUsA9oa8mkaRuazAxJplCG2fgrblwo4tbPcOffmD4EFT1w4XDOvdx7jxdypjRCH1ZqaXlldS29ntnY3Nreye7u1VUQSUJrJOCBbHpYUc58WtNMc9oMJcXC47ThjS6mfmNMpWKBf6snIe0IPPBZnxGsjdTNHoy7cVsKeHmdwLZiAjroLj7NJ91sDtnlMioUihDZReS6bskQlHdLZQc6NpohBxaodrPv7V5AIkF9TThWquWgUHdiLDUjnCaZdqRoiMkID2jLUB8Lqjrx7IEEHhulB/uBNOVrOFO/T8RYKDURnukUWA/Vb28q/uW1It0vdWLmh5GmPpkv6kcc6gBO04A9JinRfGIIJpKZWyEZYomJNpllTAhfn8L/Sd21nTO7cFPIVdxFHGlwCI7ACXDAOaiAK1AFNUBAAh7AE3i27q1H68V6nbemrMXMPvgB6+0TR1WViA==</latexit>

vDM ⇠ 10�3

<latexit sha1_base64="9T4PXGuVNr2FAl1agKKAhTOVK+o=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZqDtj4YeLw3w8y8IOFMG9f9diobm1vbO9Xd2t7+weFR/fikp+NUEdolMY/VIMCaciZp1zDD6SBRFIuA034wu8v9/hNVmsXy0cwT6gs8lSxkBJtcGiURG9cbbtMtgNaJV5IGlOiM61+jSUxSQaUhHGs99NzE+BlWhhFOF7VRqmmCyQxP6dBSiQXVflbcukAXVpmgMFa2pEGF+nsiw0LruQhsp8Am0qteLv7nDVMT3voZk0lqqCTLRWHKkYlR/jiaMEWJ4XNLMFHM3opIhBUmxsZTsyF4qy+vk95V07tuth5ajXarjKMKZ3AOl+DBDbThHjrQBQIRPMMrvDnCeXHenY9la8UpZ07hD5zPHxJAjjo=</latexit>

�

<latexit sha1_base64="9T4PXGuVNr2FAl1agKKAhTOVK+o=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZqDtj4YeLw3w8y8IOFMG9f9diobm1vbO9Xd2t7+weFR/fikp+NUEdolMY/VIMCaciZp1zDD6SBRFIuA034wu8v9/hNVmsXy0cwT6gs8lSxkBJtcGiURG9cbbtMtgNaJV5IGlOiM61+jSUxSQaUhHGs99NzE+BlWhhFOF7VRqmmCyQxP6dBSiQXVflbcukAXVpmgMFa2pEGF+nsiw0LruQhsp8Am0qteLv7nDVMT3voZk0lqqCTLRWHKkYlR/jiaMEWJ4XNLMFHM3opIhBUmxsZTsyF4qy+vk95V07tuth5ajXarjKMKZ3AOl+DBDbThHjrQBQIRPMMrvDnCeXHenY9la8UpZ07hD5zPHxJAjjo=</latexit>

�

<latexit sha1_base64="sR4km5FmoqoDdfW5E/PiVX/2VNs=">AAACC3icbVDLSgMxFM3UV62vUZduQovgqsyUoi4LunAjVLAPaMchk2ba0CQzJplCGbp346+4caGIW3/AnX9j2s6ith64cHLOveTeE8SMKu04P1ZubX1jcyu/XdjZ3ds/sA+PmipKJCYNHLFItgOkCKOCNDTVjLRjSRAPGGkFw6up3xoRqWgk7vU4Jh5HfUFDipE2km8XHx8qsKsoh9xPu5LD69uJUUYLD98uOWVnBrhK3IyUQIa6b393exFOOBEaM6RUx3Vi7aVIaooZmRS6iSIxwkPUJx1DBeJEeenslgk8NUoPhpE0JTScqYsTKeJKjXlgOjnSA7XsTcX/vE6iw0svpSJONBF4/lGYMKgjOA0G9qgkWLOxIQhLanaFeIAkwtrEVzAhuMsnr5Jmpeyel6t31VKtksWRByegCM6ACy5ADdyAOmgADJ7AC3gD79az9Wp9WJ/z1pyVzRyDP7C+fgGz/5mH</latexit>

q2 ⇠ m2
DMv2DM

<latexit sha1_base64="GgduXJYtEHWKqKB46IvwiKKotic=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyUpRV0WdOFGqGAf0KRhMp20Q2cmcWYilFDwV9y4UMSt3+HOv3HaZqGtBy4czrmXe+8JE0aVdpxvq7Cyura+UdwsbW3v7O7Z+wctFacSkyaOWSw7IVKEUUGammpGOokkiIeMtMPR1dRvPxKpaCzu9TghPkcDQSOKkTZSYB899KrQU5RDHmSe5PD6dtKrBnbZqTgzwGXi5qQMcjQC+8vrxzjlRGjMkFJd10m0nyGpKWZkUvJSRRKER2hAuoYKxInys9n5E3hqlD6MYmlKaDhTf09kiCs15qHp5EgP1aI3Ff/zuqmOLv2MiiTVROD5oihlUMdwmgXsU0mwZmNDEJbU3ArxEEmEtUmsZEJwF19eJq1qxT2v1O5q5Xo1j6MIjsEJOAMuuAB1cAMaoAkwyMAzeAVv1pP1Yr1bH/PWgpXPHII/sD5/AKiFlJw=</latexit>

q2 ⇠ m2
DM

<latexit sha1_base64="+o2Hr9W8ax91T4/y0WHFXk/Qqww=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipOR6UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp619Vas1ap1/I4inAG53AJHtxAHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDzLGM5w==</latexit>

h



The “other” Higgs portal

<latexit sha1_base64="N0i8K+L7IDdRgmESxb9j70rhlrg=">AAACA3icbVBNS8NAEN34WetX1JteFovgqSRSVPBS8OJFqGA/oAlls520S3eTsLsRSih48a948aCIV/+EN/+NmzYHbX0w8Hhvhpl5QcKZ0o7zbS0tr6yurZc2yptb2zu79t5+S8WppNCkMY9lJyAKOIugqZnm0EkkEBFwaAej69xvP4BULI7u9TgBX5BBxEJGiTZSzz70OCilmMCu43hXniB6KEV2C61Jz644VWcKvEjcglRQgUbP/vL6MU0FRJpyolTXdRLtZ0RqRjlMyl6qICF0RAbQNTQiApSfTX+Y4BOj9HEYS1ORxlP190RGhFJjEZjO/EY17+Xif1431eGln7EoSTVEdLYoTDnWMc4DwX0mgWo+NoRQycytmA6JJFSb2MomBHf+5UXSOqu659XaXa1Sd4o4SugIHaNT5KILVEc3qIGaiKJH9Ixe0Zv1ZL1Y79bHrHXJKmYO0B9Ynz8tHJcv</latexit>. 100 MeV
<latexit sha1_base64="aWIept1eNUKtY3ghTZsMnbEPIG4=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKiB4DXjxGMA9IljA7mU3GzGOZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEs6M9f1vr7CxubW9U9wt7e0fHB6Vj0/aRqWa0BZRXOluhA3lTNKWZZbTbqIpFhGnnWhyO/c7T1QbpuSDnSY0FHgkWcwItk5qi0E/GbNBueJX/QXQOglyUoEczUH5qz9UJBVUWsKxMb3AT2yYYW0Z4XRW6qeGJphM8Ij2HJVYUBNmi2tn6MIpQxQr7UpatFB/T2RYGDMVkesU2I7NqjcX//N6qY1vwozJJLVUkuWiOOXIKjR/HQ2ZpsTyqSOYaOZuRWSMNSbWBVRyIQSrL6+T9lU1qFdr97VKo5bHUYQzOIdLCOAaGnAHTWgBgUd4hld485T34r17H8vWgpfPnMIfeJ8/lPKPGg==</latexit>m�

<latexit sha1_base64="6BU04uKA936zCncyagL3UX0y7q4=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCqyEzTrXdFURwWcE+oK0lk2ba0ExmSDJCHfolblwo4tZPceffmD4EFT1wL4dz7iU3J0g4UxqhDyu3srq2vpHfLGxt7+wW7b39popTSWiDxDyW7QArypmgDc00p+1EUhwFnLaC8cXMb91RqVgsbvQkob0IDwULGcHaSH272A0lJtnlrTfNQtP6dgk51Sry/TJEThl5nlcxBJ16laoLXQfNUQJL1Pv2e3cQkzSiQhOOleq4KNG9DEvNCKfTQjdVNMFkjIe0Y6jAEVW9bH74FB4bZQDDWJoSGs7V7xsZjpSaRIGZjLAeqd/eTPzL66Q6rPQyJpJUU0EWD4UphzqGsxTggElKNJ8Ygolk5lZIRtgkoU1WBRPC10/h/6TpOe6Z41/7pZq3jCMPDsEROAEuOAc1cAXqoAEISMEDeALP1r31aL1Yr4vRnLXcOQA/YL19AuF9kzY=</latexit>

E2

f2

<latexit sha1_base64="EhezZ6K726A4R8f1M1NGr9+8oes="></latexit>

L � 1

2f2
@µ(�

2)@µ(H†
H)

• Motivated by composite Higgs theories where both DM and Higgs arise


as “sibling” pseudo-Goldstone bosons


• Shift symmetries dictate derivative coupling.


Shift-breaking couplings are naturally small, but DM acquires weak scale mass

[Frigerio, Pomarol, Riva, Urbano 2012] + many others

A simple & viable alternative:

[Balkin, Ruhdorfer, Salvioni, Weiler 2018]



The “other” Higgs portal

<latexit sha1_base64="N0i8K+L7IDdRgmESxb9j70rhlrg=">AAACA3icbVBNS8NAEN34WetX1JteFovgqSRSVPBS8OJFqGA/oAlls520S3eTsLsRSih48a948aCIV/+EN/+NmzYHbX0w8Hhvhpl5QcKZ0o7zbS0tr6yurZc2yptb2zu79t5+S8WppNCkMY9lJyAKOIugqZnm0EkkEBFwaAej69xvP4BULI7u9TgBX5BBxEJGiTZSzz70OCilmMCu43hXniB6KEV2C61Jz644VWcKvEjcglRQgUbP/vL6MU0FRJpyolTXdRLtZ0RqRjlMyl6qICF0RAbQNTQiApSfTX+Y4BOj9HEYS1ORxlP190RGhFJjEZjO/EY17+Xif1431eGln7EoSTVEdLYoTDnWMc4DwX0mgWo+NoRQycytmA6JJFSb2MomBHf+5UXSOqu659XaXa1Sd4o4SugIHaNT5KILVEc3qIGaiKJH9Ixe0Zv1ZL1Y79bHrHXJKmYO0B9Ynz8tHJcv</latexit>. 100 MeV
<latexit sha1_base64="aWIept1eNUKtY3ghTZsMnbEPIG4=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKexKiB4DXjxGMA9IljA7mU3GzGOZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEs6M9f1vr7CxubW9U9wt7e0fHB6Vj0/aRqWa0BZRXOluhA3lTNKWZZbTbqIpFhGnnWhyO/c7T1QbpuSDnSY0FHgkWcwItk5qi0E/GbNBueJX/QXQOglyUoEczUH5qz9UJBVUWsKxMb3AT2yYYW0Z4XRW6qeGJphM8Ij2HJVYUBNmi2tn6MIpQxQr7UpatFB/T2RYGDMVkesU2I7NqjcX//N6qY1vwozJJLVUkuWiOOXIKjR/HQ2ZpsTyqSOYaOZuRWSMNSbWBVRyIQSrL6+T9lU1qFdr97VKo5bHUYQzOIdLCOAaGnAHTWgBgUd4hld485T34r17H8vWgpfPnMIfeJ8/lPKPGg==</latexit>m�

<latexit sha1_base64="6BU04uKA936zCncyagL3UX0y7q4=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCqyEzTrXdFURwWcE+oK0lk2ba0ExmSDJCHfolblwo4tZPceffmD4EFT1wL4dz7iU3J0g4UxqhDyu3srq2vpHfLGxt7+wW7b39popTSWiDxDyW7QArypmgDc00p+1EUhwFnLaC8cXMb91RqVgsbvQkob0IDwULGcHaSH272A0lJtnlrTfNQtP6dgk51Sry/TJEThl5nlcxBJ16laoLXQfNUQJL1Pv2e3cQkzSiQhOOleq4KNG9DEvNCKfTQjdVNMFkjIe0Y6jAEVW9bH74FB4bZQDDWJoSGs7V7xsZjpSaRIGZjLAeqd/eTPzL66Q6rPQyJpJUU0EWD4UphzqGsxTggElKNJ8Ygolk5lZIRtgkoU1WBRPC10/h/6TpOe6Z41/7pZq3jCMPDsEROAEuOAc1cAXqoAEISMEDeALP1r31aL1Yr4vRnLXcOQA/YL19AuF9kzY=</latexit>

E2

f2

<latexit sha1_base64="EhezZ6K726A4R8f1M1NGr9+8oes="></latexit>

L � 1

2f2
@µ(�

2)@µ(H†
H)

• Motivated by composite Higgs theories where both DM and Higgs arise


as “sibling” pseudo-Goldstone bosons 


• Can also be introduced with elementary Higgs: extend SM by complex scalar 


with specific explicit breaking [Barger, Langacker, McCaskey, Ramsey-Musolf, 
Shaughnessy 2008] + many others

<latexit sha1_base64="D6KXgByMYl7fnCA+ZuIGbdj92qI="></latexit>

L � ��HS |�|2H†
H + µ

2(�2 + h.c.)
<latexit sha1_base64="AHocDFpkNAqzikdlrP7L8ys33T4="></latexit>

� = (v� + �) ei�/v�

A simple & viable alternative:



Derivative Higgs portal

<latexit sha1_base64="4TLMaB7GCfRn+ca0IGlOD5RA/Z8=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWARXEhJpFSXBRe6rGAfkIQwmU7aoTOTMDMRSujGX3HjQhG3foY7/8ZJm4W2HrhwOOde7r0nShlV2nG+rZXVtfWNzcpWdXtnd2/fPjjsqiSTmHRwwhLZj5AijArS0VQz0k8lQTxipBeNbwq/90ikool40JOUBBwNBY0pRtpIoX3MQz8dUf8Cej5HeiR5fku60yC0a07dmQEuE7ckNVCiHdpf/iDBGSdCY4aU8lwn1UGOpKaYkWnVzxRJER6jIfEMFYgTFeSzB6bwzCgDGCfSlNBwpv6eyBFXasIj01kcqRa9QvzP8zIdXwc5FWmmicDzRXHGoE5gkQYcUEmwZhNDEJbU3ArxCEmEtcmsakJwF19eJt3LutusN+4btVazjKMCTsApOAcuuAItcAfaoAMwmIJn8ArerCfrxXq3PuatK1Y5cwT+wPr8AVKmljY=</latexit>

m� [GeV]

<latexit sha1_base64="PdCfWKJZgt/q7waFN+a/90rMDcU="></latexit>

1

2f2
@µ(�

2)@µ(H†
H)

<latexit sha1_base64="+J0Jkh6tsyqeLQJB8AQ12JXrYVc=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4GmakqMuiG5dV7AOmQ8mkmTY0mQzJHaEM/Qw3LhRx69e482/MtBV8Xgg5nHMv99wTpYIb8Lx3p7S0vLK6Vl6vbGxube9Ud/faRmWashZVQuluRAwTPGEt4CBYN9WMyEiwTjS+LPTOHdOGq+QWJikLJRkmPOaUgKWCniQw0jK/uJn2qzXPrXtF4d/Ad2e/V0OLavarb72BoplkCVBBjAl8L4UwJxo4FWxa6WWGpYSOyZAFFiZEMhPmM8tTfGSZAY6Vti8BPGO/TuREGjORke0sLJqfWkH+pQUZxOdhzpM0A5bQ+aI4ExgULu7HA64ZBTGxgFDNrVdMR0QTCjalig3h81L8P2ifuP6pW7+u1xreIo4yOkCH6Bj56Aw10BVqohaiSKF79IieHHAenGfnZd5achYz++hbOa8fgp2RXA==</latexit>

BR
<latexit sha1_base64="pmXgNY+SHgiOFpYvcIGf7qk7AhQ=">AAAB/HicdVDLSsNAFL2pr1pf0S7dDBahbkIqRV0W3LisYFuhCWUynbRDJ5MwMymEUH/FjQtF3Poh7vwbJ20FnxeGOZx7L/ecEyScKe2671ZpZXVtfaO8Wdna3tnds/cPuipOJaEdEvNY3gZYUc4E7WimOb1NJMVRwGkvmFwW/d6USsVicaOzhPoRHgkWMoK1oQZ2tT72dIy8COuxjHImprOTgV1znaZbFPoNGs78d2uwrPbAfvOGMUkjKjThWKl+w020n2OpGeF0VvFSRRNMJnhE+wYKHFHl53PxM3RsmCEKY2me0GjOft3IcaRUFgVmshCpfvYK8q9eP9XhhW8cJammgiwOhSlHxm6RBBoySYnmmQGYSGa0IjLGEhNt8qqYED6dov9B99RpnDnN62at5S7jKMMhHEEdGnAOLbiCNnSAQAb38AhP1p31YD1bL4vRkrXcqcK3sl4/AJAblK4=</latexit>

(h ! inv)
<latexit sha1_base64="mJzF5Om3+PptmXzHTFGFG0RP4os=">AAAB7XicdVDLSgMxFL1TX7W+qi7dBIvgashIUVdScOOygn1AO5RMmmljM8mQZIRS+g9uXCji1v9x59+YaSv4PBByOOde7r0nSgU3FuN3r7C0vLK6VlwvbWxube+Ud/eaRmWasgZVQul2RAwTXLKG5VawdqoZSSLBWtHoMvdbd0wbruSNHacsTMhA8phTYp3UvEDYD4JeuYL9Ks6BfpPAn/24AgvUe+W3bl/RLGHSUkGM6QQ4teGEaMupYNNSNzMsJXREBqzjqCQJM+Fktu0UHTmlj2Kl3ZMWzdSvHROSGDNOIleZEDs0P71c/MvrZDY+Dydcppllks4HxZlAVqH8dNTnmlErxo4QqrnbFdEh0YRaF1DJhfB5KfqfNE/84NSvXlcrNbyIowgHcAjHEMAZ1OAK6tAACrdwD4/w5CnvwXv2XualBW/Rsw/f4L1+AKxKjdc=</latexit>

> 0.11

<latexit sha1_base64="8scb7rybF6TI+5gIlDy9LVgE4AI="></latexit>

f ' 1.3 TeV
⇣ m�

130 GeV

⌘1/2

<latexit sha1_base64="wqr7vunTpFpvcwayyoAF0a7OBcg=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvgqsyUooKbggtdVrAPmBlKJs20oUlmSDJKGfspblwo4tYvceffmGlnoa0HAodz7uWenDBhVGnH+bZKa+sbm1vl7crO7t7+gV097Ko4lZh0cMxi2Q+RIowK0tFUM9JPJEE8ZKQXTq5zv/dApKKxuNfThAQcjQSNKEbaSAO7GvlXPkd6LHnm3ZBuMBvYNafuzAFXiVuQGijQHthf/jDGKSdCY4aU8lwn0UGGpKaYkVnFTxVJEJ6gEfEMFYgTFWTz6DN4apQhjGJpntBwrv7eyBBXaspDM5mnVMteLv7neamOLoOMiiTVRODFoShlUMcw7wEOqSRYs6khCEtqskI8RhJhbdqqmBLc5S+vkm6j7p7Xm3fNWqtR1FEGx+AEnAEXXIAWuAVt0AEYPIJn8ArerCfrxXq3PhajJavYOQJ/YH3+ACJWk+I=</latexit>

f [GeV] thermal abundance
2000



Truth-level analysis @ MC
Near-ideal discrimination of S and B is possible:

<latexit sha1_base64="/fbRLbaFY7ZT2lTalYFG6l5uHhI=">AAACDXicbVC7SgNBFJ31GeMramkzGIXYhN3gqxECWmgRiGAekF3D7GSSDJl9OHNXCJv8gI2/YmOhiK29nX/jJNlCEw9cOJxzL/fe44aCKzDNb2NufmFxaTm1kl5dW9/YzGxtV1UQScoqNBCBrLtEMcF9VgEOgtVDyYjnClZzexcjv/bApOKBfwv9kDke6fi8zSkBLTUz+7ZHoCu9uHRdGuJzbKt7CfEgZ18yAQSXD+8Kg2EzkzXz5hh4llgJyaIE5Wbmy24FNPKYD1QQpRqWGYITEwmcCjZM25FiIaE90mENTX3iMeXE42+G+EArLdwOpC4f8Fj9PRETT6m+5+rO0e1q2huJ/3mNCNpnTsz9MALm08midiQwBHgUDW5xySiIviaESq5vxbRLJKGgA0zrEKzpl2dJtZC3TvLHN0fZYiGJI4V20R7KIQudoiK6QmVUQRQ9omf0it6MJ+PFeDc+Jq1zRjKzg/7A+PwBNQ6a9w==</latexit>

MIM =
p

|(�P )2|
<latexit sha1_base64="NF8yzcl7cI77t/uT8ePQtJW54GQ="></latexit>

�P = (2Eb,~0 )� pµ+ � pµ�

<latexit sha1_base64="Ak9lLNWvvhfKnc1ECsTUOAHInsc=">AAACI3icbVDLSgMxFM34tr6qLt0Ei1CxlhnxhSAURHBZwT6gMx0yaVqDSWZIMkIZ5l/c+CtuXCjFjQv/xUw7C60eCJyccy/33hNEjCpt25/WzOzc/MLi0nJhZXVtfaO4udVUYSwxaeCQhbIdIEUYFaShqWakHUmCeMBIK3i4yvzWI5GKhuJODyPicTQQtE8x0kbyixfXfuLyOO0mruSQU5HCS+hypO8lT7KvW4HlSU33IK3AnB6mcN8vluyqPQb8S5yclECOul8cub0Qx5wIjRlSquPYkfYSJDXFjKQFN1YkQvgBDUjHUIE4UV4yvjGFe0bpwX4ozRMajtWfHQniSg15YCqz7dW0l4n/eZ1Y98+9hIoo1kTgyaB+zKAOYRYY7FFJsGZDQxCW1OwK8T2SCGsTa8GE4Eyf/Jc0j6rOafXk9rhUO8rjWAI7YBeUgQPOQA3cgDpoAAyewAt4A+/Ws/VqjayPSemMlfdsg1+wvr4BkBujgw==</latexit>

Emin
µ = min (Eµ+ , Eµ�)

                         &


force      to be central  veto→<latexit sha1_base64="+HxUyTIg/+uk51uQhGzueFSj0LQ=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAi8cEzAOSJcxOepMxs7PLzKwQlnyBFw+KePWTvPk3TpI9aGJBQ1HVTXdXkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzU6PTLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGtn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS96+pV47JSc/M4inACp3AOHtxADe6hDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDs4+M1A==</latexit>

X

<latexit sha1_base64="+mOCKtgN2demv1hwGgdc3MnqTQA=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4KjNiVRCk4EKXFewDOmPJpJk2NI8hyQhlmA9w46+4caGIWz/AnX9j2s5Cq5cEDuecy733hDGj2rjul1NYWFxaXimultbWNza3yts7LS0ThUkTSyZVJ0SaMCpI01DDSCdWBPGQkXY4upzo7XuiNJXi1oxjEnA0EDSiGBlL9cqVRs8PpblLfZ7Yl8ELWHP9c58jM1Q8vSKtDFqXW3WnBf8CLwcVkFejV/70+xInnAiDGdK667mxCVKkDMWMZCU/0SRGeIQGpGuhQJzoIJ0ek8EDy/RhJJX9wsAp+7MjRVzrMQ+tc7Kkntcm5H9aNzHRWZBSESeGCDwbFCUMGgknycA+VQQbNrYAYUXtrhAPkULY2PxKNgRv/uS/oHVU9U6qtZvjSt3N4yiCPbAPDoEHTkEdXIMGaAIMHsATeAGvzqPz7Lw57zNrwcl7dsGvcj6+AYmcmpw=</latexit>

Pµµ
? > 50 GeV

<latexit sha1_base64="G3rRjR56xTUNd2yYSWAdx0xW/5k=">AAACCHicbVDLSsNAFJ34rPUVdenCwVJwVRLxtSxIwWUF+4Amhsl00g6dmYSZiVBCl278FTcuFHHrJ7jzb5ymWWjrgQuHc+7l3nvChFGlHefbWlpeWV1bL22UN7e2d3btvf22ilOJSQvHLJbdECnCqCAtTTUj3UQSxENGOuHoeup3HohUNBZ3epwQn6OBoBHFSBspsI8agcfT+8yTHHIqJtBTlMNGkAvhBAZ2xak5OeAicQtSAQWagf3l9WOcciI0Zkipnusk2s+Q1BQzMil7qSIJwiM0ID1DBeJE+Vn+yARWjdKHUSxNCQ1z9fdEhrhSY27uqnKkh2rem4r/eb1UR1d+RkWSaiLwbFGUMqhjOE0F9qkkWLOxIQhLam6FeIgkwtpkVzYhuPMvL5L2ac29qJ3fnlXqThFHCRyCY3ACXHAJ6uAGNEELYPAInsEreLOerBfr3fqYtS5ZxcwB+APr8weou5kO</latexit>

Emin
µ ⇠ Eb

<latexit sha1_base64="GLUAG3jtFLbtBh0JWvqjuBatamo=">AAAB+3icbVDLSgMxFM3UV62vsS7dBIvgqsyIr41QcKOLQgX7gHYYMmmmDU0yQ5IRyzC/4saFIm79EXf+jZl2Ftp6IHA4517uyQliRpV2nG+rtLK6tr5R3qxsbe/s7tn71Y6KEolJG0cskr0AKcKoIG1NNSO9WBLEA0a6weQm97uPRCoaiQc9jYnH0UjQkGKkjeTb1QFHeix52rxrZvAacn/s2zWn7swAl4lbkBoo0PLtr8EwwgknQmOGlOq7Tqy9FElNMSNZZZAoEiM8QSPSN1QgTpSXzrJn8NgoQxhG0jyh4Uz9vZEirtSUB2YyT6oWvVz8z+snOrzyUiriRBOB54fChEEdwbwIOKSSYM2mhiAsqckK8RhJhLWpq2JKcBe/vEw6p3X3on5+f1ZrOEUdZXAIjsAJcMElaIBb0AJtgMETeAav4M3KrBfr3fqYj5asYucA/IH1+QMYv5PI</latexit>

MIM = mh

<latexit sha1_base64="v3Xp6MpE9kvKHkDg8pxeu4obDm0=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBVUnE17LgxmUF+4Amhsl02g6dScLMRFpCfsWNC0Xc+iPu/BunbRbaeuDC4Zx7ufeeMOFMacf5tkpr6xubW+Xtys7u3v6BfVhtqziVhLZIzGPZDbGinEW0pZnmtJtIikXIaScc3878zhOVisXRg54m1Bd4GLEBI1gbKbCrHtU48ET6mHlSIIEneWDXnLozB1olbkFqUKAZ2F9ePyapoJEmHCvVc51E+xmWmhFO84qXKppgMsZD2jM0woIqP5vfnqNTo/TRIJamIo3m6u+JDAulpiI0nQLrkVr2ZuJ/Xi/Vgxs/Y1GSahqRxaJBypGO0SwI1GeSEs2nhmAimbkVkRGWmGgTV8WE4C6/vEra53X3qn55f1FrOEUcZTiGEzgDF66hAXfQhBYQmMAzvMKblVsv1rv1sWgtWcXMEfyB9fkDM1GUgQ==</latexit>

⌘max
µ

<latexit sha1_base64="ljXpVIRBnKgEmZ77nG8Rt9spfSU=">AAACCXicbZC7TsMwFIadcivlFmBksaiQmKoElctYlYUFqVx6kdoQOa7bWrWdyHYqVVFWFl6FhQGEWHkDNt4Gp+0ALb9k6dN/zpHP+YOIUaUd59vKLS2vrK7l1wsbm1vbO/buXkOFscSkjkMWylaAFGFUkLqmmpFWJAniASPNYHiZ1ZsjIhUNxb0eR8TjqC9oj2KkjeXbEHY40gPJk+pt6icdySEVo/RhQtW769S3i07JmQgugjuDIpip5ttfnW6IY06Exgwp1XadSHsJkppiRtJCJ1YkQniI+qRtUCBOlJdMLknhkXG6sBdK84SGE/f3RIK4UmMemM5sbTVfy8z/au1Y9y68hIoo1kTg6Ue9mEEdwiwW2KWSYM3GBhCW1OwK8QBJhLUJr2BCcOdPXoTGSck9K53elIuV8iyOPDgAh+AYuOAcVMAVqIE6wOARPINX8GY9WS/Wu/Uxbc1Zs5l98EfW5w9IBpoK</latexit>

BRBSM
inv
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Effect of finite angular resolution

For fixed                  :
<latexit sha1_base64="mqTB5JPy+Y4iMsM8CXTzLKeUapk=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiRSqxuh4MZlBfuAJoTJdNIOnZmEmYm0hPyKGxeKuPVH3Pk3TtsstPXAhcM593LvPWHCqNKO822VNja3tnfKu5W9/YPDI/u42lVxKjHp4JjFsh8iRRgVpKOpZqSfSIJ4yEgvnNzN/d4TkYrG4lHPEuJzNBI0ohhpIwV21SMaBZknOeRomsNb2AzsmlN3FoDrxC1IDRRoB/aXN4xxyonQmCGlBq6TaD9DUlPMSF7xUkUShCdoRAaGCsSJ8rPF7Tk8N8oQRrE0JTRcqL8nMsSVmvHQdHKkx2rVm4v/eYNURzd+RkWSaiLwclGUMqhjOA8CDqkkWLOZIQhLam6FeIwkwtrEVTEhuKsvr5PuZd1t1q8eGrVWo4ijDE7BGbgALrgGLXAP2qADMJiCZ/AK3qzcerHerY9la8kqZk7AH1ifP9HCk5w=</latexit>

⌘max = 6

As long as                         , no significant degradation of sensitivity
<latexit sha1_base64="DLYS9ceOH/uOJvDRuwOHLvDZAXQ=">AAACEHicbVA9SwNBEN3zM8avqKXNYhCtwp3ED7ARtLCMYGIgd4S9zcQs7t4du3NCOPITbPwrNhaK2Fra+W/cS67Q6INlH+/NMDMvTKQw6Lpfzszs3PzCYmmpvLyyurZe2dhsmTjVHJo8lrFuh8yAFBE0UaCEdqKBqVDCTXh3nvs396CNiKNrHCYQKHYbib7gDK3Urez5FyCRUR8HkH8SjDFC0UP/1FcMB1plSrPeqFupujV3DPqXeAWpkgKNbuXT78U8VRAhl8yYjucmGGRMo+ASRmU/NZAwfsduoWNpxBSYIBsfNKK7VunRfqzti5CO1Z8dGVPGDFVoK/MlzbSXi/95nRT7J0EmoiRFiPhkUD+VFGOap0N7QgNHObSEcS3srpQPmGYcbYZlG4I3ffJf0jqoeUe1w6t69axexFEi22SH7BOPHJMzckkapEk4eSBP5IW8Oo/Os/PmvE9KZ5yiZ4v8gvPxDZbHnO4=</latexit>

�✓ . 5 mrad

<latexit sha1_base64="hxxdjMnczhqH/PXM/0WfVfvsb2A=">AAAB83icdVDLSgNBEJz1GeMr6tHLYBQ8hV3JJuYW0IPHCOYB2RBmJ51kyOyDmV4hLPkNLx4U8erPePNvnCQrqGhBQ1HVTXeXH0uh0bY/rJXVtfWNzdxWfntnd2+/cHDY0lGiODR5JCPV8ZkGKUJookAJnVgBC3wJbX9yNffb96C0iMI7nMbQC9goFEPBGRrJ865BIvNwDMj6haJdcm2n5tboklTLGam41CnZCxRJhka/8O4NIp4EECKXTOuuY8fYS5lCwSXM8l6iIWZ8wkbQNTRkAeheurh5Rs+MMqDDSJkKkS7U7xMpC7SeBr7pDBiO9W9vLv7ldRMcXvZSEcYJQsiXi4aJpBjReQB0IBRwlFNDGFfC3Er5mCnG0cSUNyF8fUr/J62LklMpubflYv00iyNHjskJOScOqZI6uSEN0iScxOSBPJFnK7EerRfrddm6YmUzR+QHrLdPdmiR5w==</latexit>

�✓<latexit sha1_base64="zDjrZXimEmKZbvR7Q+/I0rMFMuc=">AAAB7HicbVBNTwIxEJ3FL8QPUI9eGomJF8muIeiRxItHTFwggZV0Sxca2u6m7ZqQDb/BiweN8eoP8ua/scAeFHzJJC/vzWRmXphwpo3rfjuFjc2t7Z3ibmlv/+CwXDk6bus4VYT6JOax6oZYU84k9Q0znHYTRbEIOe2Ek9u533miSrNYPphpQgOBR5JFjGBjJb8v0sfLQaXq1twF0DrxclKFHK1B5as/jEkqqDSEY617npuYIMPKMMLprNRPNU0wmeAR7VkqsaA6yBbHztC5VYYoipUtadBC/T2RYaH1VIS2U2Az1qveXPzP66UmugkyJpPUUEmWi6KUIxOj+edoyBQlhk8twUQxeysiY6wwMTafkg3BW315nbSval6jVr+vV5uNPI4inMIZXIAH19CEO2iBDwQYPMMrvDnSeXHenY9la8HJZ07gD5zPH3wXjnI=</latexit>

µ�



Distributions after BES + detector smearing



<latexit sha1_base64="XL2a8p5/G99voj9ZCGv/ZXJzsnU=">AAACCnicbZC7TsMwFIadcivlFmBkMVSVmEqCoDBWsDAWQS9SE1WO67RW7SSyHUQVZWbhVVgYQIiVJ2DjbXDaIEHLL1n69J9z5HN+L2JUKsv6MgoLi0vLK8XV0tr6xuaWub3TkmEsMGnikIWi4yFJGA1IU1HFSCcSBHGPkbY3uszq7TsiJA2DWzWOiMvRIKA+xUhpq2fuOxypoeDJTXr0gxcpdFAUifAe1pxKzyxbVWsiOA92DmWQq9EzP51+iGNOAoUZkrJrW5FyEyQUxYykJSeWJEJ4hAakqzFAnEg3mZySwop2+tAPhX6BghP390SCuJRj7unObFs5W8vM/2rdWPnnbkKDKFYkwNOP/JhBFcIsF9ingmDFxhoQFlTvCvEQCYSVTq+kQ7BnT56H1nHVrlVPr0/KdSuPowj2wAE4BDY4A3VwBRqgCTB4AE/gBbwaj8az8Wa8T1sLRj6zC/7I+PgG7VmaWA==</latexit>

S/B ⇡ 6%

<latexit sha1_base64="dFtwkbKCRUvE8FBUyyFG073sl8I=">AAACCnicbZC7TsMwFIadcivlFmBkMVSVmErCfaxgYSyCXqQmqhzXaa06iWU7iCrKzMKrsDCAECtPwMbb4LRBgpZfsvTpP+fI5/weZ1Qqy/oyCnPzC4tLxeXSyura+oa5udWUUSwwaeCIRaLtIUkYDUlDUcVImwuCAo+Rlje8zOqtOyIkjcJbNeLEDVA/pD7FSGmra+46AVIDESQ36cEPXqTQQZyL6B4eOZWuWbaq1lhwFuwcyiBXvWt+Or0IxwEJFWZIyo5tceUmSCiKGUlLTiwJR3iI+qSjMUQBkW4yPiWFFe30oB8J/UIFx+7viQQFUo4CT3dm28rpWmb+V+vEyj93ExryWJEQTz7yYwZVBLNcYI8KghUbaUBYUL0rxAMkEFY6vZIOwZ4+eRaah1X7tHpyfVyuWXkcRbAD9sA+sMEZqIErUAcNgMEDeAIv4NV4NJ6NN+N90low8plt8EfGxzfox5pV</latexit>

S/B ⇡ 3%

At exclusion

At exclusion

Do not expect a strong impact from systematics

Cut flows


