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Introduction: Higgs couplings

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

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

is central to LHC physics program
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The Higgs self-coupling 

Measuring the Higgs self-coupling at the LHC is huge experimental challenge 

Direct access in double Higgs production process:

+
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The Higgs self-coupling 

Measuring the Higgs self-coupling at the LHC is huge experimental challenge 

Direct access in double Higgs production process:
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<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="/d1j9ZrieTZvmfmTolVgwCpcFsM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48t2A9oQ9lsN+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1gNOE+xEdKREKRtFKTRyUK27VXYCsEy8nFcjRGJS/+sOYpRFXyCQ1pue5CfoZ1SiY5LNSPzU8oWxCR7xnqaIRN362OHRGLqwyJGGsbSkkC/X3REYjY6ZRYDsjimOz6s3F/7xeiuGtnwmVpMgVWy4KU0kwJvOvyVBozlBOLaFMC3srYWOqKUObTcmG4K2+vE7aV1Xvulpr1ir1Wh5HEc7gHC7Bgxuowz00oAUMODzDK7w5j86L8+58LFsLTj5zCn/gfP4A3uGM8w==</latexit>

t

<latexit sha1_base64="/d1j9ZrieTZvmfmTolVgwCpcFsM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48t2A9oQ9lsN+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1gNOE+xEdKREKRtFKTRyUK27VXYCsEy8nFcjRGJS/+sOYpRFXyCQ1pue5CfoZ1SiY5LNSPzU8oWxCR7xnqaIRN362OHRGLqwyJGGsbSkkC/X3REYjY6ZRYDsjimOz6s3F/7xeiuGtnwmVpMgVWy4KU0kwJvOvyVBozlBOLaFMC3srYWOqKUObTcmG4K2+vE7aV1Xvulpr1ir1Wh5HEc7gHC7Bgxuowz00oAUMODzDK7w5j86L8+58LFsLTj5zCn/gfP4A3uGM8w==</latexit>

t

At High-Luminosity LHC, expect 100% precision 

(rule out                   at 2 )σ

[ATLAS-CONF-2021-052]

<latexit sha1_base64="aVOLE+nCAOZflD4Ny2+5IER4Ke4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0m0qBeh4MVjBfsBbQybzaZdutmE3U2hhP4TLx4U8eo/8ea/cdvmoK0PBh7vzTAzL0g5U9pxvq3S2vrG5lZ5u7Kzu7d/YB8etVWSSUJbJOGJ7AZYUc4EbWmmOe2mkuI44LQTjO5mfmdMpWKJeNSTlHoxHggWMYK1kXzb7oeUa+znw6fLKbpFjm9XnZozB1olbkGqUKDp21/9MCFZTIUmHCvVc51UezmWmhFOp5V+pmiKyQgPaM9QgWOqvHx++RSdGSVEUSJNCY3m6u+JHMdKTeLAdMZYD9WyNxP/83qZjm68nIk001SQxaIo40gnaBYDCpmkRPOJIZhIZm5FZIglJtqEVTEhuMsvr5L2Rc29qtUf6tVGvYijDCdwCufgwjU04B6a0AICY3iGV3izcuvFerc+Fq0lq5g5hj+wPn8AKb+SqQ==</latexit>

�h3 = 0

[de Blas et al. 1905.03764]

3



Single-Higgs couplings

[ATLAS-CONF-2021-052]

Compare to measurements 

of single-Higgs couplings:

<latexit sha1_base64="h01iaSIgY7yl2ltHZNgLIcDJ3/o=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgqiRSrMuCG5cVbFpoSphMbtqhkwczE6GkXbjxV9y4UMStH+HOv3HaZqGtBy73cM69zNzjp5xJZVnfRmljc2t7p7xb2ds/ODwyj08cmWSCQocmPBE9n0jgLIaOYopDLxVAIp9D1x/fzP3uAwjJkvheTVIYRGQYs5BRorTkmdWpGwBXxMsdZzbFLgcpJYuwVbeanlnTbQG8TuyC1FCBtmd+uUFCswhiRTmRsm9bqRrkRChGOcwqbiYhJXRMhtDXNCYRyEG+OGKGz7US4DARumKFF+rvjZxEUk4iX09GRI3kqjcX//P6mQqvBzmL00xBTJcPhRnHKsHzRHDABFDFJ5oQKpj+K6YjIghVOreKDsFePXmdOJd1+6reuGvUWo0ijjKqojN0gWzURC10i9qogyh6RM/oFb0ZT8aL8W58LEdLRrFziv7A+PwBv92Xdg==</latexit>

|�V V | . 0.07

Already now at ~ 10% level

[ATLAS-CONF-2021-053]

At High-Luminosity LHC, expect 100% precision 

(rule out                   at 2 )σ
<latexit sha1_base64="aVOLE+nCAOZflD4Ny2+5IER4Ke4=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0m0qBeh4MVjBfsBbQybzaZdutmE3U2hhP4TLx4U8eo/8ea/cdvmoK0PBh7vzTAzL0g5U9pxvq3S2vrG5lZ5u7Kzu7d/YB8etVWSSUJbJOGJ7AZYUc4EbWmmOe2mkuI44LQTjO5mfmdMpWKJeNSTlHoxHggWMYK1kXzb7oeUa+znw6fLKbpFjm9XnZozB1olbkGqUKDp21/9MCFZTIUmHCvVc51UezmWmhFOp5V+pmiKyQgPaM9QgWOqvHx++RSdGSVEUSJNCY3m6u+JHMdKTeLAdMZYD9WyNxP/83qZjm68nIk001SQxaIo40gnaBYDCpmkRPOJIZhIZm5FZIglJtqEVTEhuMsvr5L2Rc29qtUf6tVGvYijDCdwCufgwjU04B6a0AICY3iGV3izcuvFerc+Fq0lq5g5hj+wPn8AKb+SqQ==</latexit>

�h3 = 0

[de Blas et al. 1905.03764]
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Theory question

Given that measuring the self-coupling is experimentally challenging, 

and that we have not seen new physics so far: 

How large can deviations in the Higgs self-coupling be, 

if other (Higgs and electroweak) measurements are compatible with the SM?

To address this question, we ask how large

<latexit sha1_base64="Iy5LRanfM1auWvY3EqOuRLWr1a8=">AAACF3icbVDJSgNBEO2JW4xb1KOXxiB4CjMa1GPAi8cIZoFMDD2dmqRJz0J3jRAm8xde/BUvHhTxqjf/xs6CaPRBwev3quiq58VSaLTtTyu3tLyyupZfL2xsbm3vFHf3GjpKFIc6j2SkWh7TIEUIdRQooRUrYIEnoekNLyd+8w6UFlF4g6MYOgHrh8IXnKGRusWyK8HHMXV9xXjq9kAi66aD29Ms+341GlnmKtEf4LhbLNllewr6lzhzUiJz1LrFD7cX8SSAELlkWrcdO8ZOyhQKLiEruImGmPEh60Pb0JAFoDvp9K6MHhmlR/1ImQqRTtWfEykLtB4FnukMGA70ojcR//PaCfoXnVSEcYIQ8tlHfiIpRnQSEu0JBRzlyBDGlTC7Uj5gJiE0URZMCM7iyX9J46TsnJUr15VStTKPI08OyCE5Jg45J1VyRWqkTji5J4/kmbxYD9aT9Wq9zVpz1nxmn/yC9f4FBemhEg==</latexit>����
�h3

�V V

����

can be in generic ultraviolet completions of the SM

generic  no fine tuning for the purpose of getting a specific value of  

generic   canonical model

=
≠

<latexit sha1_base64="pjfmNhNgu754yy4tu/dsoxzByn8=">AAAB6nicdVDLSsNAFL2pr1pfVZduBovgKiQ21HZXcOOyon1AG8tkOmmHTiZhZiKU0E9w40IRt36RO//G6UPweeDC4Zx7ufeeIOFMacd5t3Irq2vrG/nNwtb2zu5ecf+gpeJUEtokMY9lJ8CKciZoUzPNaSeRFEcBp+1gfDHz23dUKhaLGz1JqB/hoWAhI1gb6Xp0W+4XS47t1apOuYZ+E9d25ijBEo1+8a03iEkaUaEJx0p1XSfRfoalZoTTaaGXKppgMsZD2jVU4IgqP5ufOkUnRhmgMJamhEZz9etEhiOlJlFgOiOsR+qnNxP/8rqpDqt+xkSSairIYlGYcqRjNPsbDZikRPOJIZhIZm5FZIQlJtqkUzAhfH6K/ietM9ut2N6VV6p7yzjycATHcAounEMdLqEBTSAwhHt4hCeLWw/Ws/WyaM1Zy5lD+Abr9QOC1I3v</latexit>

h3

[Durieux, McCullough, Salvioni 2209.00666]
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Part 1  

An upper bound on  δh3/δVV



An upper bound on δh3/δVV

Assume new physics is heavy enough to be described by SM effective field theory

<latexit sha1_base64="FRYHob/82e56QV5DG1gzdGYNavM=">AAACNHicbVDLSsNAFJ34rPUVdelmsAiCUJJSajdCwY2gQkX7gCaEyWTSDp08mJkIJfSj3PghbkRwoYhbv8FJm0UfHhg459x7mXuPGzMqpGG8ayura+sbm4Wt4vbO7t6+fnDYFlHCMWnhiEW86yJBGA1JS1LJSDfmBAUuIx13eJXVO0+ECxqFj3IUEztA/ZD6FCOpLEe/sQIkBxix9HYML+GMclKLB/DhbgzP5+zagq5nmnmRFI5eMsrGBHCZmDkpgRxNR3+1vAgnAQklZkiInmnE0k4RlxQzMi5aiSAxwkPUJz1FQxQQYaeTo8fwVDke9COuXijhxJ2dSFEgxChwVWe2rVisZeZ/tV4i/bqd0jBOJAnx9CM/YVBGMEsQepQTLNlIEYQ5VbtCPEAcYalyLqoQzMWTl0m7UjZr5ep9tdSo5HEUwDE4AWfABBegAa5BE7QABs/gDXyCL+1F+9C+tZ9p64qWzxyBOWi/f79sqjg=</latexit>

L = LSM + L6 + L8 + . . .

In terms of higher-dimension operators, a large    corresponds to generatingδh3/δVV

<latexit sha1_base64="DTA8pOHMfPNijlXYIpwcvpekJ+A=">AAACEHicbVDLSsNAFJ3UV62vqks3g0V0Y0lKqW6EgptuxAr2AW0aJtNJO3QyCTMToaT5BDf+ihsXirh16c6/cdpmoa0HLhzOuZd773FDRqUyzW8js7K6tr6R3cxtbe/s7uX3D5oyiAQmDRywQLRdJAmjnDQUVYy0Q0GQ7zLSckfXU7/1QISkAb9X45DYPhpw6lGMlJac/GnXR2qIEYtvE6cCr+A57HoC4Rg7lSS+6ZUSOKlNeh UnXzCL5gxwmVgpKYAUdSf/1e0HOPIJV5ghKTuWGSo7RkJRzEiS60aShAiP0IB0NOXIJ9KOZw8l8EQrfegFQhdXcKb+noiRL+XYd3Xn9Hy56E3F/7xOpLxLO6Y8jBTheL7IixhUAZymA/tUEKzYWBOEBdW3QjxEOg+lM8zpEKzFl5dJs1S0KsXyXblQLaVxZMEROAZnwAIXoApqoA4aAINH8AxewZvxZLwY78bHvDVjpDOH4A+Mzx+5YJu3</latexit>

O6 = �
c6

M2
|H|

6 ≫
<latexit sha1_base64="B9ryQi+C01SmKFUdAEk2DF3jKNM="></latexit>

OH =
cH

M2
(@µ|H|

2)2 , OR =
cR

M2
|H|

2
|Dµ|

2
, OT =

cT

M2
|H

†
DµH|

2

<latexit sha1_base64="sob4Y5AFspzwsTpTjnn7V78lP+Q=">AAAB/nicdVDLSgMxFM3UV62vqrhyEyyCizJkaqe2u4KbLqv0Be0wZNK0Dc08SDJCmRb8FTcuFHHrd7jzb0wfgooeuHA4517uvceLOJMKoQ8jtba+sbmV3s7s7O7tH2QPj1oyjAWhTRLyUHQ8LClnAW0qpjjtRIJi3+O07Y2v5377jgrJwqChJhF1fDwM2IARrLTkZk+mxC1NYW84hJoltfxtvjGbutkcMpFdsS0EkWkjq3I5J5VKuWjb0DLRAjmwQt3Nvvf6IYl9GijCsZRdC0XKSbBQjHA6y/RiSSNMxnhIu5oG2KfSSRbnz+C5VvpwEApdgYIL9ftEgn0pJ76nO32sRvK3Nxf/8rqxGpSdhAVRrGhAlosGMYcqhPMsYJ8JShSfaIKJYPpWSEZYYKJ0Yhkdwten8H/SKphWySzeFHPVwiqONDgFZ+ACWOAKVEEN1EETEJCAB/AEno1749F4MV6XrSljNXMMfsB4+wRdMZUW</latexit>

|c6| � |cH,R,T | single-Higgs couplings electroweak T parameter

Note peculiar property of  : only SMEFT coefficient with dimension of  c6 (coupling)4

<latexit sha1_base64="ojUVpG0zDDEUB/Ml7pHIKeOjclI=">AAACEnicdVDLSsNAFJ34rPUVdelmsAi6iYkWbXcFXXRZqX1AEstkOmmHTiZhZiKU0G9w46+4caGIW1fu/BunD8HngYHDOfcy95wgYVQq23435uYXFpeWcyv51bX1jU1za7sp41Rg0sAxi0U7QJIwyklDUcVIOxEERQEjrWBwPvZbN0RIGvMrNUyIH6EepyHFSGmpYx56lCt4UYXkOqOw7lb9I68fIDGCnophHXqSRnCidMyCbRXLJfukDH8Tx7InKIAZah3zzevGOI0IV5ghKV3HTpSfIaEoZmSU91JJEoQHqEdcTTmKiPSzSaQR3NdKF4ax0E8fOFG/bmQoknIYBXoyQqovf3pj8S/PTVVY8jPKk1QRjqcfhSmDOu24H9ilgmDFhpogLKi+FeI+Eggr3WJel/CZFP5PmseWc2oVL4uFij2rIwd2wR44AA44AxVQBTXQABjcgnvwCJ6MO+PBeDZepqNzxmxnB3yD8foBHqqcgQ==</latexit>Z
DHe

iS[H]/~ ! S ⇠ ~

<latexit sha1_base64="EoAgxBUpv8WYtnDAyzXQ8mnyXEQ=">AAAB+3icdVDLSgMxFM3UV62vsS7dBIvgapypRdtdwU2XFewD2rFk0kwbmmSGJCOWYX7FjQtF3Poj7vwb04fg88CFwzn3cu89Qcyo0q77buVWVtfWN/Kbha3tnd09e7/YVlEiMWnhiEWyGyBFGBWkpalmpBtLgnjASCeYXM78zi2RikbiWk9j4nM0EjSkGGkjDexiA/YV5bA/DpC8Sb3TcjawS65TqVXdsxr8TTzHnaMElmgO7Lf+MMIJJ0JjhpTqeW6s/RRJTTEjWaGfKBIjPEEj0jNUIE6Un85vz+CxUYYwjKQpoeFc/TqRIq7UlAemkyM9Vj+9mfiX10t0WPVTKuJEE4EXi8KEQR3BWRBwSCXBmk0NQVhScyvEYyQR1iauggnh81P4P2mXHe/cqVxVSnV3GUceHIIjcAI8cAHqoAGaoAUwuAP34BE8WZn1YD1bL4vWnLWcOQDfYL1+AAo2k8c=</latexit>

H ⇠ ~1/2
<latexit sha1_base64="GcE4oAuEzuE9R/eumJwoDu429sc=">AAACAXicdVDLSgMxFM34rPU16kZwEyyCG8eZWrTdFdy4rGAf0BmHTJq2oUlmSDJCGerGX3HjQhG3/oU7/8b0Ifg8cOFwzr3ce0+UMKq0675bc/MLi0vLuZX86tr6xqa9td1QcSoxqeOYxbIVIUUYFaSuqWaklUiCeMRIMxqcj/3mDZGKxuJKDxMScNQTtEsx0kYK7d1e6COloa8oh34/QvI6O/KOi6PQLrhOqVJ2TyrwN/Ecd4ICmKEW2m9+J8YpJ0JjhpRqe26igwxJTTEjo7yfKpIgPEA90jZUIE5UkE0+GMEDo3RgN5amhIYT9etEhrhSQx6ZTo50X/30xuJfXjvV3XKQUZGkmgg8XdRNGdQxHMcBO1QSrNnQEIQlNbdC3EcSYW1Cy5sQPj+F/5NG0fFOndJlqVB1Z3HkwB7YB4fAA2egCi5ADdQBBrfgHjyCJ+vOerCerZdp65w1m9kB32C9fgCbCZZS</latexit>

g⇤ ⇠ ~�1/2

field

trilinear coupling

loop factor
<latexit sha1_base64="wI+xSnVNfqy7d2fyVfTtSI1dCjQ=">AAACBHicdVDLSsNAFJ34rPUVddnNYBHqJiQ1aLsruHFZwT6giWUynbRDZ5IwMxFKyMKNv+LGhSJu/Qh3/o3Th+DzwIXDOfdy7z1BwqhUtv1uLC2vrK6tFzaKm1vbO7vm3n5bxqnApIVjFotugCRhNCItRRUj3UQQxANGOsH4fOp3boiQNI6u1CQhPkfDiIYUI6WlvlnyJOXQCwXCmTcKkMiziusl9Pi6mvfNsm259Zp9Uoe/iWPZM5TBAs2++eYNYpxyEinMkJQ9x06UnyGhKGYkL3qpJAnCYzQkPU0jxIn0s9kTOTzSygCGsdAVKThTv05kiEs54YHu5EiN5E9vKv7l9VIV1vyMRkmqSITni8KUQRXDaSJwQAXBik00QVhQfSvEI6QDUTq3og7h81P4P2lXLefUci/dcsNexFEAJXAIKsABZ6ABLkATtAAGt+AePIIn4854MJ6Nl3nrkrGYOQDfYLx+AI24mAM=</latexit>

⇠ ~
(4⇡)2

 countingℏ

e.g. [Falkowski 2017] 6



An upper bound on δh3/δVV

Imagine a UV completion with mass scale  and single coupling parameterM

Then  counting enforces:ℏ

<latexit sha1_base64="gIK8lPiabo+RJaaUFiW/79UXQZk=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwY0lKUDdCwY3LCvYBTRpuptN26OTBzEQooWs3/oobF4q49Qvc+TdO2yy09cCFwzn3cu89QcKZVJb1bRRWVtfWN4qbpa3tnd09c/+gKeNUENogMY9FOwBJOYtoQzHFaTsRFMKA01Ywupn6rQcqJIujezVOqBfCIGJ9RkBpyTeP3REkCeBrPPBdkKrrYFeyELvDAEQ3O69OfLNsVawZ8DKxc1JGOeq++eX2YpKGNFKEg5Qd20qUl4FQjHA6KbmppAmQEQxoR9MIQiq9bPbKBJ9qpYf7sdAVKTxTf09kEEo5DgPdGYIaykVvKv7ndVLVv/IyFiWpohGZL+qnHKsYT3PBPSYoUXysCRDB9K2YDEEAUTq9kg7BXnx5mTSrFfui4tw55ZqTx1FER+gEnSEbXaIaukV11EAEPaJn9IrejCfjxXg3PuatBSOfOUR/YHz+AF6nmWU=</latexit>

 = g4⇤ ⇠ ~�2

<latexit sha1_base64="OaTtybiH9iTicsdbq97sMSnEiRI=">AAAB+HicbVBNS8NAEN34WetHox69LBbBU0mkVI8FLx4r2A9oQphsN+3S3WTZ3Qi19Jd48aCIV3+KN/+N2zYHbX0w8Hhvhpl5seRMG8/7djY2t7Z3dkt75f2Dw6OKe3zS0VmuCG2TjGeqF4OmnKW0bZjhtCcVBRFz2o3Ht3O/+0iVZln6YCaShgKGKUsYAWOlyK2QqIEDzQQOxiAlRG7Vq3kL4HXiF6SKCrQi9ysYZCQXNDWEg9Z935MmnIIyjHA6Kwe5phLIGIa0b2kKgupwujh8hi+sMsBJpmylBi/U3xNTEFpPRGw7BZiRXvXm4n9ePzfJTThlqcwNTclyUZJzbDI8TwEPmKLE8IklQBSzt2IyAgXE2KzKNgR/9eV10rmq+Y1a/b5ebdaLOEroDJ2jS+Sja9REd6iF2oigHD2jV/TmPDkvzrvzsWzdcIqZU/QHzucPzViSgg==</latexit>c6 ⇠ 
<latexit sha1_base64="+sp6AB8gMdDougQ2mLN4furWNjw=">AAACEXicbVDLSsNAFJ34rPUVdelmsAgVSklKUJcFN11W6QuaWCbTSTt0kgwzE6GE/IIbf8WNC0XcunPn3zhts9DWAxcO59zLvff4nFGpLOvbWFvf2NzaLuwUd/f2Dw7No+OOjBOBSRvHLBY9H0nCaETaiipGelwQFPqMdP3JzczvPhAhaRy11JQTL0SjiAYUI6WlgVnGg7RRuau0MuhKGkI3EAin0J0gzhHM0rLjcnpxX8sGZsmqWnPAVWLnpARyNAfmlzuMcRKSSGGGpOzbFldeioSimJGs6CaScIQnaET6mkYoJNJL5x9l8FwrQxjEQlek4Fz9PZGiUMpp6OvOEKmxXPZm4n9eP1HBtZfSiCeKRHixKEgYVDGcxQOHVBCs2FQThAXVt0I8RjoTpUMs6hDs5ZdXSadWtS+rzq1Tqjt5HAVwCs5AGdjgCtRBAzRBG2DwCJ7BK3gznowX4934WLSuGfnMCfgD4/MHMm6b9g==</latexit>

cH,R,T ⇠ 

(4⇡)2
<latexit sha1_base64="Gl1B45brhZRFZ6kItZ95v1L1xzg=">AAACBnicbVDLSgMxFM3UV62vUZciBIvgQsqMFO2y4KbLKn1BZxgyadqGJpkhyQhl6MqNv+LGhSJu/QZ3/o2ZdhbaeuBeDufcS3JPGDOqtON8W4W19Y3NreJ2aWd3b//APjzqqCiRmLRxxCLZC5EijArS1lQz0oslQTxkpBtObjO/+0CkopFo6WlMfI5Ggg4pRtpIgX2Kg7QR1ODlfdZaQW0GPUU59CYojlFgl52KMwdcJW5OyiBHM7C/vEGEE06Exgwp1XedWPspkppiRmYlL1EkRniCRqRvqECcKD+dnzGD50YZwGEkTQkN5+rvjRRxpaY8NJMc6bFa9jLxP6+f6GHNT6mIE00EXjw0TBjUEcwygQMqCdZsagjCkpq/QjxGEmFtkiuZENzlk1dJ56riXleqd9VyvZrHUQQn4AxcABfcgDpogCZoAwwewTN4BW/Wk/VivVsfi9GCle8cgz+wPn8AUviXGw==</latexit>cH8,R8,T8 ⇠ 

<latexit sha1_base64="DTA8pOHMfPNijlXYIpwcvpekJ+A=">AAACEHicbVDLSsNAFJ3UV62vqks3g0V0Y0lKqW6EgptuxAr2AW0aJtNJO3QyCTMToaT5BDf+ihsXirh16c6/cdpmoa0HLhzOuZd773FDRqUyzW8js7K6tr6R3cxtbe/s7uX3D5oyiAQmDRywQLRdJAmjnDQUVYy0Q0GQ7zLSckfXU7/1QISkAb9X45DYPhpw6lGMlJac/GnXR2qIEYtvE6cCr+A57HoC4Rg7lSS+6ZUSOKlNeh UnXzCL5gxwmVgpKYAUdSf/1e0HOPIJV5ghKTuWGSo7RkJRzEiS60aShAiP0IB0NOXIJ9KOZw8l8EQrfegFQhdXcKb+noiRL+XYd3Xn9Hy56E3F/7xOpLxLO6Y8jBTheL7IixhUAZymA/tUEKzYWBOEBdW3QjxEOg+lM8zpEKzFl5dJs1S0KsXyXblQLaVxZMEROAZnwAIXoApqoA4aAINH8AxewZvxZLwY78bHvDVjpDOH4A+Mzx+5YJu3</latexit>

O6 = �
c6

M2
|H|

6 ≫
<latexit sha1_base64="B9ryQi+C01SmKFUdAEk2DF3jKNM="></latexit>

OH =
cH

M2
(@µ|H|

2)2 , OR =
cR

M2
|H|

2
|Dµ|

2
, OT =

cT

M2
|H

†
DµH|

2

Higgs self-coupling  

at tree level dim-6

single-Higgs couplings and T  

at 1 loop dim-6, or tree level dim-8

<latexit sha1_base64="PKa2LVt2ksuK11/oqhYJExLcdro="></latexit>

OH8,R8,T8 ⌘
|H|

2

M2
OH,R,T

7



An upper bound on δh3/δVV

<latexit sha1_base64="OaTtybiH9iTicsdbq97sMSnEiRI=">AAAB+HicbVBNS8NAEN34WetHox69LBbBU0mkVI8FLx4r2A9oQphsN+3S3WTZ3Qi19Jd48aCIV3+KN/+N2zYHbX0w8Hhvhpl5seRMG8/7djY2t7Z3dkt75f2Dw6OKe3zS0VmuCG2TjGeqF4OmnKW0bZjhtCcVBRFz2o3Ht3O/+0iVZln6YCaShgKGKUsYAWOlyK2QqIEDzQQOxiAlRG7Vq3kL4HXiF6SKCrQi9ysYZCQXNDWEg9Z935MmnIIyjHA6Kwe5phLIGIa0b2kKgupwujh8hi+sMsBJpmylBi/U3xNTEFpPRGw7BZiRXvXm4n9ePzfJTThlqcwNTclyUZJzbDI8TwEPmKLE8IklQBSzt2IyAgXE2KzKNgR/9eV10rmq+Y1a/b5ebdaLOEroDJ2jS+Sja9REd6iF2oigHD2jV/TmPDkvzrvzsWzdcIqZU/QHzucPzViSgg==</latexit>c6 ⇠ 
<latexit sha1_base64="+sp6AB8gMdDougQ2mLN4furWNjw=">AAACEXicbVDLSsNAFJ34rPUVdelmsAgVSklKUJcFN11W6QuaWCbTSTt0kgwzE6GE/IIbf8WNC0XcunPn3zhts9DWAxcO59zLvff4nFGpLOvbWFvf2NzaLuwUd/f2Dw7No+OOjBOBSRvHLBY9H0nCaETaiipGelwQFPqMdP3JzczvPhAhaRy11JQTL0SjiAYUI6WlgVnGg7RRuau0MuhKGkI3EAin0J0gzhHM0rLjcnpxX8sGZsmqWnPAVWLnpARyNAfmlzuMcRKSSGGGpOzbFldeioSimJGs6CaScIQnaET6mkYoJNJL5x9l8FwrQxjEQlek4Fz9PZGiUMpp6OvOEKmxXPZm4n9eP1HBtZfSiCeKRHixKEgYVDGcxQOHVBCs2FQThAXVt0I8RjoTpUMs6hDs5ZdXSadWtS+rzq1Tqjt5HAVwCs5AGdjgCtRBAzRBG2DwCJ7BK3gznowX4934WLSuGfnMCfgD4/MHMm6b9g==</latexit>

cH,R,T ⇠ 

(4⇡)2
<latexit sha1_base64="Gl1B45brhZRFZ6kItZ95v1L1xzg=">AAACBnicbVDLSgMxFM3UV62vUZciBIvgQsqMFO2y4KbLKn1BZxgyadqGJpkhyQhl6MqNv+LGhSJu/QZ3/o2ZdhbaeuBeDufcS3JPGDOqtON8W4W19Y3NreJ2aWd3b//APjzqqCiRmLRxxCLZC5EijArS1lQz0oslQTxkpBtObjO/+0CkopFo6WlMfI5Ggg4pRtpIgX2Kg7QR1ODlfdZaQW0GPUU59CYojlFgl52KMwdcJW5OyiBHM7C/vEGEE06Exgwp1XedWPspkppiRmYlL1EkRniCRqRvqECcKD+dnzGD50YZwGEkTQkN5+rvjRRxpaY8NJMc6bFa9jLxP6+f6GHNT6mIE00EXjw0TBjUEcwygQMqCdZsagjCkpq/QjxGEmFtkiuZENzlk1dJ56riXleqd9VyvZrHUQQn4AxcABfcgDpogCZoAwwewTN4BW/Wk/VivVsfi9GCle8cgz+wPn8AUviXGw==</latexit>cH8,R8,T8 ⇠ 

Higgs self-coupling  

at tree level dim-6

single-Higgs couplings and T  

at 1 loop dim-6, or tree level dim-8

<latexit sha1_base64="3xrg+ghS3Cxh2Aqij/DVwptVJiw=">AAACGXicbVDLSsNAFJ34rPVVdelmsAgupCS1qMuCGzdCBfuApg0300k7dCYJM5NCCfkNN/6KGxeKuNSVf+P0sdDWAxcO59zLvff4MWdK2/a3tbK6tr6xmdvKb+/s7u0XDg4bKkokoXUS8Ui2fFCUs5DWNdOctmJJQficNv3hzcRvjqhULAof9DimHQH9kAWMgDaSV7DdHuUavHTQvciwq5jAbiCBpO4Q4hjcczzqVrL0rlvGwht0y5lXKNolewq8TJw5KaI5al7h0+1FJBE01ISDUm3HjnUnBakZ4TTLu4miMZAh9Gnb0BAEVZ10+lmGT43Sw0EkTYUaT9XfEykIpcbCN50C9EAtehPxP6+d6OC6k7IwTjQNyWxRkHCsIzyJCfeYpETzsSFAJDO3YjIAE4w2YeZNCM7iy8ukUS45l6XKfaVYLc/jyKFjdILOkIOuUBXdohqqI4Ie0TN6RW/Wk/VivVsfs9YVaz5zhP7A+voBbsaf4Q==</latexit>

�h3 ⇠  v4

M2m2
h

<latexit sha1_base64="l0EVCkMBDXxkNUtaXlZlwWefazk="></latexit>

�V V , bT ⇠  v2

M2
max


1

16⇡2
,
v2

M2

�

<latexit sha1_base64="JTeXQBO3kb4zfkwbzxTOZ/h74cE="></latexit>����
�h3

�V V

���� . min

"✓
4⇡v

mh

◆2

,
M2

m2
h

#

Upper bound in generic UV completions

reaches
<latexit sha1_base64="JqOKQfm8zR3gLANL5pbi9lqvwbY=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4GjJSqsuCG5cV7AOmQ8mkmTY0k4QkI5ahn+HGhSJu/Rp3/o2ZtoLPAyGHc+7l3ntixZmxCL17pZXVtfWN8mZla3tnd6+6f9AxMtOEtonkUvdibChngrYts5z2lKY4jTntxpPLwu/eUm2YFDd2qmiU4pFgCSPYOinsY6W0vIMNhAbVGvLrqAD8TQJ//qMaWKI1qL71h5JkKRWWcGxMGCBloxxrywins0o/M1RhMsEjGjoqcEpNlM9XnsETpwxhIrV7wsK5+rUjx6kx0zR2lSm2Y/PTK8S/vDCzyUWUM6EySwVZDEoyDq2Exf1wyDQllk8dwUQztyskY6wxsS6ligvh81L4P+mc+UHDr1/Xa836Mo4yOALH4BQE4Bw0wRVogTYgQIJ78AiePOs9eM/ey6K05C17DsE3eK8fWCyQmw==</latexit>⇡ 600

for
<latexit sha1_base64="RVUayEnlKvVECkUD2F4HazhBo/Y=">AAACC3icdVDLSsNAFJ3UV62vqEs3Q4vgKiQaVBCk4MaNUKEvaEKZTCft0EkyzEyKJXTvxl9x40IRt/6AO//GSVvB54FhDufcy733BJxRqWz73SgsLC4trxRXS2vrG5tb5vZOUyapwKSBE5aIdoAkYTQmDUUVI20uCIoCRlrB8CL3WyMiJE3iuhpz4keoH9OQYqS01DXLV/Acuh6ncAQ9xLlIbuCRd+ZFSA1ElNVJc9I1K7bl2jngb+JY09+ugDlqXfPN6yU4jUisMENSdhybKz9DQlHMyKTkpZJwhIeoTzqaxigi0s+mt0zgvlZ6MEyEfrGCU/VrR4YiKcdRoCvzHeVPLxf/8jqpCk/9jMY8VSTGs0FhyqBKYB4M7FFBsGJjTRAWVO8K8QAJhJWOr6RD+LwU/k+ah5ZzbLnXbqXqzuMogj1QBgfAASegCi5BDTQABrfgHjyCJ+POeDCejZdZacGY9+yCbzBePwDwx5m8</latexit>

M > 4⇡v ⇡ 3 TeV

8



Implications for phenomenology
<latexit sha1_base64="JTeXQBO3kb4zfkwbzxTOZ/h74cE="></latexit>����
�h3

�V V

���� . min

"✓
4⇡v

mh

◆2

,
M2

m2
h

#
reaches

<latexit sha1_base64="JqOKQfm8zR3gLANL5pbi9lqvwbY=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4GjJSqsuCG5cV7AOmQ8mkmTY0k4QkI5ahn+HGhSJu/Rp3/o2ZtoLPAyGHc+7l3ntixZmxCL17pZXVtfWN8mZla3tnd6+6f9AxMtOEtonkUvdibChngrYts5z2lKY4jTntxpPLwu/eUm2YFDd2qmiU4pFgCSPYOinsY6W0vIMNhAbVGvLrqAD8TQJ//qMaWKI1qL71h5JkKRWWcGxMGCBloxxrywins0o/M1RhMsEjGjoqcEpNlM9XnsETpwxhIrV7wsK5+rUjx6kx0zR2lSm2Y/PTK8S/vDCzyUWUM6EySwVZDEoyDq2Exf1wyDQllk8dwUQztyskY6wxsS6ligvh81L4P+mc+UHDr1/Xa836Mo4yOALH4BQE4Bw0wRVogTYgQIJ78AiePOs9eM/ey6K05C17DsE3eK8fWCyQmw==</latexit>⇡ 600

for
<latexit sha1_base64="RVUayEnlKvVECkUD2F4HazhBo/Y=">AAACC3icdVDLSsNAFJ3UV62vqEs3Q4vgKiQaVBCk4MaNUKEvaEKZTCft0EkyzEyKJXTvxl9x40IRt/6AO//GSVvB54FhDufcy733BJxRqWz73SgsLC4trxRXS2vrG5tb5vZOUyapwKSBE5aIdoAkYTQmDUUVI20uCIoCRlrB8CL3WyMiJE3iuhpz4keoH9OQYqS01DXLV/Acuh6ncAQ9xLlIbuCRd+ZFSA1ElNVJc9I1K7bl2jngb+JY09+ugDlqXfPN6yU4jUisMENSdhybKz9DQlHMyKTkpZJwhIeoTzqaxigi0s+mt0zgvlZ6MEyEfrGCU/VrR4YiKcdRoCvzHeVPLxf/8jqpCk/9jMY8VSTGs0FhyqBKYB4M7FFBsGJjTRAWVO8K8QAJhJWOr6RD+LwU/k+ah5ZzbLnXbqXqzuMogj1QBgfAASegCi5BDTQABrfgHjyCJ+POeDCejZdZacGY9+yCbzBePwDwx5m8</latexit>

M > 4⇡v ⇡ 3 TeV

Some examples

• Now:   , compare to double Higgs exp  

HL-LHC:  , compare to exp  

current and future LHC measurements of  probe unexplored territory 

• FCC-ee:   , compare to indirect FCC-ee  

and direct FCC-hh  

even if FCC-ee observes SM, opportunities remain for FCC-hh

|δVV | ≲ 0.07 → |δh3 | ≲ 40 −2 < δh3 < 5.6

|δVV | ≲ 2.6 % → |δh3 | ≲ 15 |δh3 | ≲ 100 %

hh

|δZZ | ≲ 0.34 % → |δh3 | ≲ 2 |δh3 | < 48 %

|δh3 | ≲ 10 %

9



Implications for phenomenology

reaches
<latexit sha1_base64="JqOKQfm8zR3gLANL5pbi9lqvwbY=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4GjJSqsuCG5cV7AOmQ8mkmTY0k4QkI5ahn+HGhSJu/Rp3/o2ZtoLPAyGHc+7l3ntixZmxCL17pZXVtfWN8mZla3tnd6+6f9AxMtOEtonkUvdibChngrYts5z2lKY4jTntxpPLwu/eUm2YFDd2qmiU4pFgCSPYOinsY6W0vIMNhAbVGvLrqAD8TQJ//qMaWKI1qL71h5JkKRWWcGxMGCBloxxrywins0o/M1RhMsEjGjoqcEpNlM9XnsETpwxhIrV7wsK5+rUjx6kx0zR2lSm2Y/PTK8S/vDCzyUWUM6EySwVZDEoyDq2Exf1wyDQllk8dwUQztyskY6wxsS6ligvh81L4P+mc+UHDr1/Xa836Mo4yOALH4BQE4Bw0wRVogTYgQIJ78AiePOs9eM/ey6K05C17DsE3eK8fWCyQmw==</latexit>⇡ 600

for
<latexit sha1_base64="RVUayEnlKvVECkUD2F4HazhBo/Y=">AAACC3icdVDLSsNAFJ3UV62vqEs3Q4vgKiQaVBCk4MaNUKEvaEKZTCft0EkyzEyKJXTvxl9x40IRt/6AO//GSVvB54FhDufcy733BJxRqWz73SgsLC4trxRXS2vrG5tb5vZOUyapwKSBE5aIdoAkYTQmDUUVI20uCIoCRlrB8CL3WyMiJE3iuhpz4keoH9OQYqS01DXLV/Acuh6ncAQ9xLlIbuCRd+ZFSA1ElNVJc9I1K7bl2jngb+JY09+ugDlqXfPN6yU4jUisMENSdhybKz9DQlHMyKTkpZJwhIeoTzqaxigi0s+mt0zgvlZ6MEyEfrGCU/VrR4YiKcdRoCvzHeVPLxf/8jqpCk/9jMY8VSTGs0FhyqBKYB4M7FFBsGJjTRAWVO8K8QAJhJWOr6RD+LwU/k+ah5ZzbLnXbqXqzuMogj1QBgfAASegCi5BDTQABrfgHjyCJ+POeDCejZdZacGY9+yCbzBePwDwx5m8</latexit>

M > 4⇡v ⇡ 3 TeV

Important caveat: T parameter

If UV does not have custodial symmetry, electroweak precision bounds 

severely limit size of self-coupling deviations 

Example:  FCC-ee   

Loop factor is not enough, need custodially invariant theory

| ̂T | ≲ 10−4 → |δh3 | ≲ 6 %

<latexit sha1_base64="kgPh6WtnlukXib7W6IeJRGSPkAg="></latexit>����
�h3

bT

����. min

"✓
4⇡v

mh

◆2

,
M2

m2
h

#
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Concrete realization: custodial weak quadruplet
Find a simple extension of the SM, endowed with custodial symmetry, 

saturating   upper bound: 

• Weak  quadruplet couples at renormalizable level to 3 Higgs fields: 

δh3/δVV

SU(2)L Φ̃ ∼ 43/2

<latexit sha1_base64="oYxaQ2KTziQpHblVybbrhta7r9s="></latexit>

L � ��e� H
⇤
i H

⇤
jH

⇤
k
e�ijk + h.c.+ . . .

hypercharge

<latexit sha1_base64="vNzXQj/ki9RRNrjYjxawE/2lbNE=">AAAB+XicdVDJSgNBEO2JW4zbqEcvjUHwNPTEjCa3gBePEcwCSQg9PZWkSc9Cd08kDPkTLx4U8eqfePNv7CyCij4oeLxXRVU9PxFcaUI+rNza+sbmVn67sLO7t39gHx41VZxKBg0Wi1i2fapA8AgammsB7UQCDX0BLX98PfdbE5CKx9GdnibQC+kw4gPOqDZS37a79zwAzUUAWbc+4rO+XSQO8aqeSzBxPOJWL+akWq2UPQ+7DlmgiFao9+33bhCzNIRIM0GV6rgk0b2MSs2ZgFmhmypIKBvTIXQMjWgIqpctLp/hM6MEeBBLU5HGC/X7REZDpaahbzpDqkfqtzcX//I6qR5UehmPklRDxJaLBqnAOsbzGHDAJTAtpoZQJrm5FbMRlZRpE1bBhPD1Kf6fNEuOe+mUb8vFWmkVRx6doFN0jlx0hWroBtVRAzE0QQ/oCT1bmfVovVivy9actZo5Rj9gvX0CXq6UHg==</latexit>

e�
<latexit sha1_base64="vNzXQj/ki9RRNrjYjxawE/2lbNE=">AAAB+XicdVDJSgNBEO2JW4zbqEcvjUHwNPTEjCa3gBePEcwCSQg9PZWkSc9Cd08kDPkTLx4U8eqfePNv7CyCij4oeLxXRVU9PxFcaUI+rNza+sbmVn67sLO7t39gHx41VZxKBg0Wi1i2fapA8AgammsB7UQCDX0BLX98PfdbE5CKx9GdnibQC+kw4gPOqDZS37a79zwAzUUAWbc+4rO+XSQO8aqeSzBxPOJWL+akWq2UPQ+7DlmgiFao9+33bhCzNIRIM0GV6rgk0b2MSs2ZgFmhmypIKBvTIXQMjWgIqpctLp/hM6MEeBBLU5HGC/X7REZDpaahbzpDqkfqtzcX//I6qR5UehmPklRDxJaLBqnAOsbzGHDAJTAtpoZQJrm5FbMRlZRpE1bBhPD1Kf6fNEuOe+mUb8vFWmkVRx6doFN0jlx0hWroBtVRAzE0QQ/oCT1bmfVovVivy9actZo5Rj9gvX0CXq6UHg==</latexit>

e�

Integrate out:

But this includes corrections to T parameter, @ 1 loop dim-6 or tree level dim-8 

• Similarly for the other possible quadruplet,  Φ ∼ 41/2 [de Blas et al. 2014] 
[Henning et al. 2014] 
…

<latexit sha1_base64="+uEXgml8i8RIT/mHOfCMcZYIyo4=">AAACNXicfVC7SgNBFJ2N7/hatbQZDIJFCLshREtBCwuFCMYEskmYnb2bDJl9MDOrhGV/ysb/sNLCQhFbf8HJo9BEPDBwOOdc7tzjxpxJZVkvRm5hcWl5ZXUtv76xubVt7uzeyigRFOo04pFoukQCZyHUFVMcmrEAErgcGu7gbOQ37kBIFoU3ahhDOyC9kPmMEqWlrnnp+ILQ9KJTzdKrTrmbOvfMA8W4B6lT67Msy4pOEU9S550y/i/ZNQtWyRoDzxN7SgpoilrXfHK8iCYBhIpyImXLtmLVTolQjHLI8k4iISZ0QHrQ0jQkAch2Or46w4da8bAfCf1Chcfqz4mUBFIOA1cnA6L6ctYbiX95rUT5J+2UhXGiIKSTRX7CsYrwqELsMQFU8aEmhAqm/4ppn+iClC46r0uwZ0+eJ7flkl0tVa4rhdPytI5VtI8O0BGy0TE6RReohuqIogf0jN7Qu/FovBofxuckmjOmM3voF4yvb2+yrGw=</latexit>

H
6

M
2
e�
,
D

2
H

6

M
2
e�

<latexit sha1_base64="YKwMWd2E0D0J75CamD3cmiyrID4="></latexit>

1

(4⇡)2
D

2
H

4

M
2
e�

11

<latexit sha1_base64="FGfS8S+5kEF6gr5tFXtEKqu2tY0=">AAACD3icbVC7SgNBFJ31GeMramkzGBSrsBtCtAxokUaIYB6QTcLs7N1kyOyDmVklLPsHNv6KjYUitrZ2/o2TZAtNPHDhcM693HuPE3EmlWl+Gyura+sbm7mt/PbO7t5+4eCwJcNYUGjSkIei4xAJnAXQVExx6EQCiO9waDvjq6nfvgchWRjcqUkEPZ8MA+YxSpSWBoUz2xOEJtf9Mq73q2ly068MEvuBuaAYdyGxGyOWpumgUDRL5gx4mVgZKaIMjUHhy3ZDGvsQKMqJlF3LjFQvIUIxyiHN27GEiNAxGUJX04D4IHvJ7J8Un2rFxV4odAUKz9TfEwnxpZz4ju70iRrJRW8q/ud1Y+Vd9hIWRLGCgM4XeTHHKsTTcLDLBFDFJ5oQKpi+FdMR0QEpHWFeh2AtvrxMWuWSVS1VbivFWjmLI4eO0Qk6Rxa6QDVURw3URBQ9omf0it6MJ+PFeDc+5q0rRjZzhP7A+PwB9CKcmg==</latexit>

D
2
H

6

M
4
e�



Concrete realization: custodial weak quadruplet

Combine the two quadruplets into single rep. of custodial symmetry

see also [Logan, Rentala 2015] 
[Chala, Krause, Nardini 2018]

<latexit sha1_base64="IVyoQHyngaAX+iiWGDTQKDMwSPg="></latexit>

L � �� �̂abc
hahbhc ! ��

✓
H

⇤
H

⇤(✏H)�+
1p
3
H

⇤
H

⇤
H

⇤e�
◆
+ h.c.

<latexit sha1_base64="RW27pvabJc6k4eGv5PlVFbn0HsA=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYJUY8kXjhCIo8ENmR2aGBkdnYzM2tCNnyBFw8a49VP8ubfOMAeFKykk0pVd7q7glhwbVz328ltbe/s7uX3CweHR8cnxdOzto4SxbDFIhGpbkA1Ci6xZbgR2I0V0jAQ2Amm9wu/84RK80g+mFmMfkjHko84o8ZKzfqgWHLL7hJkk3gZKUGGxqD41R9GLAlRGiao1j3PjY2fUmU4Ezgv9BONMWVTOsaepZKGqP10eeicXFllSEaRsiUNWaq/J1Iaaj0LA9sZUjPR695C/M/rJWZ056dcxolByVaLRokgJiKLr8mQK2RGzCyhTHF7K2ETqigzNpuCDcFbf3mTtCtl76ZcbVZLtUoWRx4u4BKuwYNbqEEdGtACBgjP8ApvzqPz4rw7H6vWnJPNnMMfOJ8/m5eMxQ==</latexit>

H

<latexit sha1_base64="cy15vSxCGdEj4reZ5dwibzaoSGI=">AAACAXicbZDLSsNAFIZP6q3WW9SN4GawCBWkJKWoy4IblxXsBdpSJtNJO3QyCTMToYS68VXcuFDErW/hzrdx0gbU1h8GPv5zDnPO70WcKe04X1ZuZXVtfSO/Wdja3tnds/cPmiqMJaENEvJQtj2sKGeCNjTTnLYjSXHgcdryxtdpvXVPpWKhuNOTiPYCPBTMZwRrY/Xto1I3wHrk+Ulleo5++KxvF52yMxNaBjeDImSq9+3P7iAkcUCFJhwr1XGdSPcSLDUjnE4L3VjRCJMxHtKOQYEDqnrJ7IIpOjXOAPmhNE9oNHN/TyQ4UGoSeKYzXVEt1lLzv1on1v5VL2EiijUVZP6RH3OkQ5TGgQZMUqL5xAAmkpldERlhiYk2oRVMCO7iycvQrJTdi3L1tlqsVbI48nAMJ1ACFy6hBjdQhwYQeIAneIFX69F6tt6s93lrzspmDuGPrI9vUt6WIQ==</latexit>

(2,2)

<latexit sha1_base64="R/jE/VuAanHG1Xr8UvjqvsZNyBI=">AAACAXicbZDLSsNAFIZP6q3WW9SN4GawCBWkJKWoy4IblxXsBdpSJtNJO3QyCTMToYS68VXcuFDErW/hzrdx0gbU1h8GPv5zDnPO70WcKe04X1ZuZXVtfSO/Wdja3tnds/cPmiqMJaENEvJQtj2sKGeCNjTTnLYjSXHgcdryxtdpvXVPpWKhuNOTiPYCPBTMZwRrY/Xto1I3wHrk+Ul1eo5++KxvF52yMxNaBjeDImSq9+3P7iAkcUCFJhwr1XGdSPcSLDUjnE4L3VjRCJMxHtKOQYEDqnrJ7IIpOjXOAPmhNE9oNHN/TyQ4UGoSeKYzXVEt1lLzv1on1v5VL2EiijUVZP6RH3OkQ5TGgQZMUqL5xAAmkpldERlhiYk2oRVMCO7iycvQrJTdi3L1tlqsVbI48nAMJ1ACFy6hBjdQhwYQeIAneIFX69F6tt6s93lrzspmDuGPrI9vWQ6WJQ==</latexit>

(4,4)

<latexit sha1_base64="yCLUg8J+d7va+jKITbVvGZ35g+s=">AAAB/HicbVBNS8NAFHypX7V+RXv0slgETyUpRT0WvHisYFuhCWWz3bRLN5uwuxFCqH/FiwdFvPpDvPlv3LQ5aOvAwjDzHm92goQzpR3n26psbG5t71R3a3v7B4dH9vFJX8WpJLRHYh7LhwArypmgPc00pw+JpDgKOB0Es5vCHzxSqVgs7nWWUD/CE8FCRrA20siuT0cYeYpFyIuwngZh3p6P7IbTdBZA68QtSQNKdEf2lzeOSRpRoQnHSg1dJ9F+jqVmhNN5zUsVTTCZ4QkdGipwRJWfL8LP0blRxiiMpXlCo4X6eyPHkVJZFJjJIqFa9QrxP2+Y6vDaz5lIUk0FWR4KU450jIom0JhJSjTPDMFEMpMVkSmWmGjTV82U4K5+eZ30W033stm+azc6rbKOKpzCGVyAC1fQgVvoQg8IZPAMr/BmPVkv1rv1sRytWOVOHf7A+vwBJIiUaQ==</latexit>

ha ⇠ 4

<latexit sha1_base64="s3vrXm9M4vzbBzh3S9m9lM6sWxU=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkhJSlGXBTcuK9gHNKFMJrft0MmDmYlSQt34K25cKOLWv3Dn3zhps9DWAxcO59zLvfd4MWdSWda3UVhZXVvfKG6WtrZ3dvfM/YO2jBJBoUUjHomuRyRwFkJLMcWhGwsggceh442vM79zD0KyKLxTkxjcgAxDNmCUKC31zaOK0xyxc+w8MB8U4z6kmTA965tlq2rNgJeJnZMyytHsm1+OH9EkgFBRTqTs2Vas3JQIxSiHaclJJMSEjskQepqGJADpprMPpvhUKz4eREJXqPBM/T2RkkDKSeDpzoCokVz0MvE/r5eowZWbsjBOFIR0vmiQcKwinMWBfSaAKj7RhFDB9K2YjoggVOnQSjoEe/HlZdKuVe2Lav22Xm7U8jiK6BidoAqy0SVqoBvURC1E0SN6Rq/ozXgyXox342PeWjDymUP0B8bnD3UEljo=</latexit>

(�, e�)
<latexit sha1_base64="Z65GQ9rZU5wwKpnBnbzoYyzkClE=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwVZJSqsuCG5cV7AOaWCbTSTt0ZhJmJkIJWbvxV9y4UMStX+DOv3HSZqGtBy4czrmXe+8JYkaVdpxvq7S2vrG5Vd6u7Ozu7R/Yh0ddFSUSkw6OWCT7AVKEUUE6mmpG+rEkiAeM9ILpde73HohUNBJ3ehYTn6OxoCHFSBtpaJ96E6RTrz2h2X2KApxBT1EOPY70JAhTt5kN7apTc+aAq8QtSBUUaA/tL28U4YQToTFDSg1cJ9Z+iqSmmJGs4iWKxAhP0ZgMDBWIE+Wn81cyeG6UEQwjaUpoOFd/T6SIKzXjgenMT1TLXi7+5w0SHV75KRVxoonAi0VhwqCOYJ4LHFFJsGYzQxCW1NwK8QRJhLVJr2JCcJdfXiXdes1t1hq3jWqrXsRRBifgDFwAF1yCFrgBbdABGDyCZ/AK3qwn68V6tz4WrSWrmDkGf2B9/gA1IZqK</latexit>

�̂abc ⇠ 16

<latexit sha1_base64="AGsDzSL3rwfqpv3pcTP4HUbKt/c=">AAACDHicbVC7TgJBFL2LL8QXamkzkZhAQ3YJUUsSGwsTUeSRsBsyO8zChNmHM7MmZMMH2PgrNhYaY+sH2Pk3DrCFgieZ5Nxz7s2de9yIM6lM89vIrKyurW9kN3Nb2zu7e/n9g5YMY0Fok4Q8FB0XS8pZQJuKKU47kaDYdzltu6OLqd9+oEKyMLhT44g6Ph4EzGMEKy318oXGdbFaQrZkPr1HjWaxUupdIVvpUqblre4yy+YMaJlYKSlAinov/2X3QxL7NFCEYym7lhkpJ8FCMcLpJGfHkkaYjPCAdjUNsF7mJLNjJuhEK33khUK/QKGZ+nsiwb6UY9/VnT5WQ7noTcX/vG6svHMnYUEUKxqQ+SIv5kiFaJoM6jNBieJjTTARTP8VkSEWmCidX06HYC2evExalbJ1Wq7eVAu1ShpHFo7gGIpgwRnU4BLq0AQCj/AMr/BmPBkvxrvxMW/NGOnMIfyB8fkD5seYVA==</latexit>

SO(4) ' SU(2)L ⇥ SU(2)R

Integrating out, get same operator classes but now  :T = 0
<latexit sha1_base64="YQLPV1C9uMrEh18+H1q3I6avVxE="></latexit>

2�2

3M4

�
5|H|4|DµH|2 + |H|2@µ|H|2@µ|H|2

�
<latexit sha1_base64="g2fSfXdbwYPrXyvFlJ+jozsStJo=">AAACBnicbVDNS8MwHE3n15xfVY8iBIfgabRzTI8DL7sIE9wHrN1I03QLS9OSpMLodvLiv+LFgyJe/Ru8+d+YbT3o5oOEx3u/R/J7XsyoVJb1beTW1jc2t/LbhZ3dvf0D8/CoJaNEYNLEEYtEx0OSMMpJU1HFSCcWBIUeI21vdDPz2w9ESBrxezWOiRuiAacBxUhpqW+eOoFAOC07TGd81CtP08tbfcNJfdKr9s2iVbLmgKvEzkgRZGj0zS/Hj3ASEq4wQ1J2bStWboqEopiRacFJJIkRHqEB6WrKUUikm87XmMJzrfgwiIQ+XMG5+juRolDKcejpyRCpoVz2ZuJ/XjdRwbWbUh4ninC8eChIGFQRnHUCfSoIVmysCcKC6r9CPES6F6WbK+gS7OWVV0mrXLKrpcpdpVizsjry4AScgQtggytQA3XQAE2AwSN4Bq/gzXgyXox342MxmjOyzDH4A+PzBxXZmC8=</latexit>

2�2

3M2
|H|6

<latexit sha1_base64="a/NW1byattVWm6PM2ziktSOKb5E="></latexit>

�
2

12⇡2M2

�
8|H|2|DµH|2 + @µ|H|2@µ|H|2

�

Higgs self-coupling  

at tree level dim-6

single-Higgs couplings 

at 1 loop dim-6, or tree level dim-8
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Concrete realization: custodial weak quadruplet

Combine the two quadruplets into single rep. of custodial symmetry

<latexit sha1_base64="RW27pvabJc6k4eGv5PlVFbn0HsA=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYJUY8kXjhCIo8ENmR2aGBkdnYzM2tCNnyBFw8a49VP8ubfOMAeFKykk0pVd7q7glhwbVz328ltbe/s7uX3CweHR8cnxdOzto4SxbDFIhGpbkA1Ci6xZbgR2I0V0jAQ2Amm9wu/84RK80g+mFmMfkjHko84o8ZKzfqgWHLL7hJkk3gZKUGGxqD41R9GLAlRGiao1j3PjY2fUmU4Ezgv9BONMWVTOsaepZKGqP10eeicXFllSEaRsiUNWaq/J1Iaaj0LA9sZUjPR695C/M/rJWZ056dcxolByVaLRokgJiKLr8mQK2RGzCyhTHF7K2ETqigzNpuCDcFbf3mTtCtl76ZcbVZLtUoWRx4u4BKuwYNbqEEdGtACBgjP8ApvzqPz4rw7H6vWnJPNnMMfOJ8/m5eMxQ==</latexit>

H

<latexit sha1_base64="cy15vSxCGdEj4reZ5dwibzaoSGI=">AAACAXicbZDLSsNAFIZP6q3WW9SN4GawCBWkJKWoy4IblxXsBdpSJtNJO3QyCTMToYS68VXcuFDErW/hzrdx0gbU1h8GPv5zDnPO70WcKe04X1ZuZXVtfSO/Wdja3tnds/cPmiqMJaENEvJQtj2sKGeCNjTTnLYjSXHgcdryxtdpvXVPpWKhuNOTiPYCPBTMZwRrY/Xto1I3wHrk+Ulleo5++KxvF52yMxNaBjeDImSq9+3P7iAkcUCFJhwr1XGdSPcSLDUjnE4L3VjRCJMxHtKOQYEDqnrJ7IIpOjXOAPmhNE9oNHN/TyQ4UGoSeKYzXVEt1lLzv1on1v5VL2EiijUVZP6RH3OkQ5TGgQZMUqL5xAAmkpldERlhiYk2oRVMCO7iycvQrJTdi3L1tlqsVbI48nAMJ1ACFy6hBjdQhwYQeIAneIFX69F6tt6s93lrzspmDuGPrI9vUt6WIQ==</latexit>

(2,2)

<latexit sha1_base64="R/jE/VuAanHG1Xr8UvjqvsZNyBI=">AAACAXicbZDLSsNAFIZP6q3WW9SN4GawCBWkJKWoy4IblxXsBdpSJtNJO3QyCTMToYS68VXcuFDErW/hzrdx0gbU1h8GPv5zDnPO70WcKe04X1ZuZXVtfSO/Wdja3tnds/cPmiqMJaENEvJQtj2sKGeCNjTTnLYjSXHgcdryxtdpvXVPpWKhuNOTiPYCPBTMZwRrY/Xto1I3wHrk+Ul1eo5++KxvF52yMxNaBjeDImSq9+3P7iAkcUCFJhwr1XGdSPcSLDUjnE4L3VjRCJMxHtKOQYEDqnrJ7IIpOjXOAPmhNE9oNHN/TyQ4UGoSeKYzXVEt1lLzv1on1v5VL2EiijUVZP6RH3OkQ5TGgQZMUqL5xAAmkpldERlhiYk2oRVMCO7iycvQrJTdi3L1tlqsVbI48nAMJ1ACFy6hBjdQhwYQeIAneIFX69F6tt6s93lrzspmDuGPrI9vWQ6WJQ==</latexit>

(4,4)

<latexit sha1_base64="yCLUg8J+d7va+jKITbVvGZ35g+s=">AAAB/HicbVBNS8NAFHypX7V+RXv0slgETyUpRT0WvHisYFuhCWWz3bRLN5uwuxFCqH/FiwdFvPpDvPlv3LQ5aOvAwjDzHm92goQzpR3n26psbG5t71R3a3v7B4dH9vFJX8WpJLRHYh7LhwArypmgPc00pw+JpDgKOB0Es5vCHzxSqVgs7nWWUD/CE8FCRrA20siuT0cYeYpFyIuwngZh3p6P7IbTdBZA68QtSQNKdEf2lzeOSRpRoQnHSg1dJ9F+jqVmhNN5zUsVTTCZ4QkdGipwRJWfL8LP0blRxiiMpXlCo4X6eyPHkVJZFJjJIqFa9QrxP2+Y6vDaz5lIUk0FWR4KU450jIom0JhJSjTPDMFEMpMVkSmWmGjTV82U4K5+eZ30W033stm+azc6rbKOKpzCGVyAC1fQgVvoQg8IZPAMr/BmPVkv1rv1sRytWOVOHf7A+vwBJIiUaQ==</latexit>

ha ⇠ 4

<latexit sha1_base64="s3vrXm9M4vzbBzh3S9m9lM6sWxU=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARKkhJSlGXBTcuK9gHNKFMJrft0MmDmYlSQt34K25cKOLWv3Dn3zhps9DWAxcO59zLvfd4MWdSWda3UVhZXVvfKG6WtrZ3dvfM/YO2jBJBoUUjHomuRyRwFkJLMcWhGwsggceh442vM79zD0KyKLxTkxjcgAxDNmCUKC31zaOK0xyxc+w8MB8U4z6kmTA965tlq2rNgJeJnZMyytHsm1+OH9EkgFBRTqTs2Vas3JQIxSiHaclJJMSEjskQepqGJADpprMPpvhUKz4eREJXqPBM/T2RkkDKSeDpzoCokVz0MvE/r5eowZWbsjBOFIR0vmiQcKwinMWBfSaAKj7RhFDB9K2YjoggVOnQSjoEe/HlZdKuVe2Lav22Xm7U8jiK6BidoAqy0SVqoBvURC1E0SN6Rq/ozXgyXox342PeWjDymUP0B8bnD3UEljo=</latexit>

(�, e�)
<latexit sha1_base64="Z65GQ9rZU5wwKpnBnbzoYyzkClE=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwVZJSqsuCG5cV7AOaWCbTSTt0ZhJmJkIJWbvxV9y4UMStX+DOv3HSZqGtBy4czrmXe+8JYkaVdpxvq7S2vrG5Vd6u7Ozu7R/Yh0ddFSUSkw6OWCT7AVKEUUE6mmpG+rEkiAeM9ILpde73HohUNBJ3ehYTn6OxoCHFSBtpaJ96E6RTrz2h2X2KApxBT1EOPY70JAhTt5kN7apTc+aAq8QtSBUUaA/tL28U4YQToTFDSg1cJ9Z+iqSmmJGs4iWKxAhP0ZgMDBWIE+Wn81cyeG6UEQwjaUpoOFd/T6SIKzXjgenMT1TLXi7+5w0SHV75KRVxoonAi0VhwqCOYJ4LHFFJsGYzQxCW1NwK8QRJhLVJr2JCcJdfXiXdes1t1hq3jWqrXsRRBifgDFwAF1yCFrgBbdABGDyCZ/AK3qwn68V6tz4WrSWrmDkGf2B9/gA1IZqK</latexit>

�̂abc ⇠ 16

<latexit sha1_base64="AGsDzSL3rwfqpv3pcTP4HUbKt/c=">AAACDHicbVC7TgJBFL2LL8QXamkzkZhAQ3YJUUsSGwsTUeSRsBsyO8zChNmHM7MmZMMH2PgrNhYaY+sH2Pk3DrCFgieZ5Nxz7s2de9yIM6lM89vIrKyurW9kN3Nb2zu7e/n9g5YMY0Fok4Q8FB0XS8pZQJuKKU47kaDYdzltu6OLqd9+oEKyMLhT44g6Ph4EzGMEKy318oXGdbFaQrZkPr1HjWaxUupdIVvpUqblre4yy+YMaJlYKSlAinov/2X3QxL7NFCEYym7lhkpJ8FCMcLpJGfHkkaYjPCAdjUNsF7mJLNjJuhEK33khUK/QKGZ+nsiwb6UY9/VnT5WQ7noTcX/vG6svHMnYUEUKxqQ+SIv5kiFaJoM6jNBieJjTTARTP8VkSEWmCidX06HYC2evExalbJ1Wq7eVAu1ShpHFo7gGIpgwRnU4BLq0AQCj/AMr/BmPBkvxrvxMW/NGOnMIfyB8fkD5seYVA==</latexit>

SO(4) ' SU(2)L ⇥ SU(2)R

Integrating out, get same operator classes but now  :T = 0

custodial violation happens @ 2 loops dim 6, or 1 loop dim 8, 

negligible <latexit sha1_base64="jlj+QO/uY3zokQrBkQfUMDlfoRI=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvQU0mkqMeCF48V7Ac2oWy2m2bpZhN2J0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZekAqu0XG+rdLG5tb2Tnm3srd/cHhUPT7p6iRTlHVoIhLVD4hmgkvWQY6C9VPFSBwI1gsmt3O/98SU5ol8wGnK/JiMJQ85JWikRy8imHvtiM+G1ZrTcBaw14lbkBoUaA+rX94ooVnMJFJBtB64Top+ThRyKtis4mWapYROyJgNDJUkZtrPFxfP7AujjOwwUaYk2gv190ROYq2ncWA6Y4KRXvXm4n/eIMPwxs+5TDNkki4XhZmwMbHn79sjrhhFMTWEUMXNrTaNiCIUTUgVE4K7+vI66V423KtG875Za9WLOMpwBudQBxeuoQV30IYOUJDwDK/wZmnrxXq3PpatJauYOYU/sD5/AK89kNs=</latexit>

�̂

<latexit sha1_base64="jlj+QO/uY3zokQrBkQfUMDlfoRI=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvQU0mkqMeCF48V7Ac2oWy2m2bpZhN2J0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZekAqu0XG+rdLG5tb2Tnm3srd/cHhUPT7p6iRTlHVoIhLVD4hmgkvWQY6C9VPFSBwI1gsmt3O/98SU5ol8wGnK/JiMJQ85JWikRy8imHvtiM+G1ZrTcBaw14lbkBoUaA+rX94ooVnMJFJBtB64Top+ThRyKtis4mWapYROyJgNDJUkZtrPFxfP7AujjOwwUaYk2gv190ROYq2ncWA6Y4KRXvXm4n/eIMPwxs+5TDNkki4XhZmwMbHn79sjrhhFMTWEUMXNrTaNiCIUTUgVE4K7+vI66V423KtG875Za9WLOMpwBudQBxeuoQV30IYOUJDwDK/wZmnrxXq3PpatJauYOYU/sD5/AK89kNs=</latexit>

�̂

<latexit sha1_base64="IVyoQHyngaAX+iiWGDTQKDMwSPg="></latexit>

L � �� �̂abc
hahbhc ! ��

✓
H

⇤
H

⇤(✏H)�+
1p
3
H

⇤
H

⇤
H

⇤e�
◆
+ h.c.

see also [Logan, Rentala 2015] 
[Chala, Krause, Nardini 2018]
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Custodial weak quadruplet: parameter space
<latexit sha1_base64="nok+BGPVaufefjDuXneG316qf/g=">AAACMHicbZDLSgMxFIYz9VbrrerSTbAIbiwztajLggvdCBXtBTptyaRn2tDMxSRTKMM8khsfRTcKirj1KUzbWWjrD4Gf75zDyfmdkDOpTPPNyCwtr6yuZddzG5tb2zv53b26DCJBoUYDHoimQyRw5kNNMcWhGQognsOh4QwvJ/XGCIRkgX+vxiG0PdL3mcsoURp181d2D7gi3XjQOU2wDQ8RG2HbFYTG/RSe4NR1Ylt4+O4mSeIF0s0XzKI5FV40VmoKKFW1m3+2ewGNPPAV5UTKlmWGqh0ToRjlkOTsSEJI6JD0oaWtTzyQ7Xh6cIKPNOlhNxD6+QpP6e+JmHhSjj1Hd3pEDeR8bQL/q7Ui5V60Y+aHkQKfzha5EccqwJP0cI8JoIqPtSFUMP1XTAdEp6V0xjkdgjV/8qKpl4rWWbF8Wy5USmkcWXSADtExstA5qqBrVEU1RNEjekHv6MN4Ml6NT+Nr1pox0pl99EfG9w/IKKoC</latexit>

�h3 ⌘
gh3 � gSMh3

gSMh3

<latexit sha1_base64="7GgWfQEREje/axWwbESntAxxtM0=">AAACL3icbZDLSsNAFIYn9V5vVZduBovgxpKUoi4FQdwIijYKTQyT6Uk7dHJxZiKUIW/kxldxI6KIW9/Cac1CW38Y+PnOOZw5f5hxJpVtv1qVmdm5+YXFperyyuraem1j05VpLii0acpTcRsSCZwl0FZMcbjNBJA45HATDk5G9ZsHEJKlybUaZuDHpJewiFGiDApqp14XuCKBdt0Ce3CfswfsRYJQ3Qt0fwT3cenutCdifHVeFHqKBLW63bDHwtPGKU0dlboIas9eN6V5DIminEjZcexM+ZoIxSiHourlEjJCB6QHHWMTEoP09fjeAu8a0sVRKsxLFB7T3xOaxFIO49B0xkT15WRtBP+rdXIVHfmaJVmuIKE/i6KcY5XiUXi4ywRQxYfGECqY+SumfWLSUibiqgnBmTx52rjNhnPQaF226sfNMo5FtI120B5y0CE6RmfoArURRY/oGb2hd+vJerE+rM+f1opVzmyhP7K+vgGaxKn8</latexit>

�V V ⌘ ghV V � gSMhV V

gSMhV V

<latexit sha1_base64="1SVju2pvWlp1Dw5vFJje4A3Lsk8="></latexit>

��V V

�h3
= 3

⇣mh

4⇡v

⌘2
+
⇣mh

M

⌘2
⇡ 1

200
+

1

580

✓
3 TeV

M

◆2

Recall: key was to have  coupling parameter 

Here,   and the  interaction is invariant under  

in EFT where quadruplet is integrated out, only  can appear

κ ∼ g4
*

λ ∼ g2
* λ Φ̂ h3 λ → − λ, Φ̂ → − Φ̂

λ2

This model indeed saturates  

the upper bound I discussed:

[Durieux, McCullough,  
Salvioni 2209.00666]
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Custodial weak quadruplet: prospects

<latexit sha1_base64="QwwSWDv1Ente5hmm1pUopFqyrBA=">AAAB/nicbVBNS8NAEJ3Ur1q/ouLJy2IR2ktJSlGPBS8ePFQ0rdKGsNlu2qWbD3Y3QgkF/4oXD4p49Xd489+4bXPQ1gcDj/dmmJnnJ5xJZVnfRmFldW19o7hZ2tre2d0z9w/aMk4FoQ6JeSzufSwpZxF1FFOc3ieC4tDntOOPLqd+55EKyeLoTo0T6oZ4ELGAEay05JlHt06lXvWuUU+xkErkVOyq9+CZZatmzYCWiZ2TMuRoeeZXrx+TNKSRIhxL2bWtRLkZFooRTielXippgskID2hX0wjrXW42O3+CTrXSR0EsdEUKzdTfExkOpRyHvu4MsRrKRW8q/ud1UxVcuBmLklTRiMwXBSlHKkbTLFCfCUoUH2uCiWD6VkSGWGCidGIlHYK9+PIyaddr9lmtcdMoN608jiIcwwlUwIZzaMIVtMABAhk8wyu8GU/Gi/FufMxbC0Y+cwh/YHz+ABQSk5c=</latexit>

SU(2)L ⇥ U(1)Y

<latexit sha1_base64="LzcMXIPhToa+3Yed0Ajn0AC8jXw=">AAACGXicbZDLSsNAFIYn9VbrLerSzWARBKEmtagboeDGZQV7gSaEyXTSDp1MwsxEKCGv4cZXceNCEZe68m2ctFnY1h8Gfr5zDnPO78eMSmVZP0ZpZXVtfaO8Wdna3tndM/cPOjJKBCZtHLFI9HwkCaOctBVVjPRiQVDoM9L1x7d5vftIhKQRf1CTmLghGnIaUIyURp5pOSOkUqc1ohm8gU6I1MgP0kbmpRfn9QyezSFbI8+sWjVrKrhs7MJUQaGWZ345gwgnIeEKMyRl37Zi5aZIKIoZySpOIkmM8BgNSV9bjkIi3XR6WQZPNBnAIBL6cQWn9O9EikIpJ6GvO/M95WIth//V+okKrt2U8jhRhOPZR0HCoIpgHhMcUEGwYhNtEBZU7wrxCAmElQ6zokOwF09eNp16zb6sNe4b1aZVxFEGR+AYnAIbXIEmuAMt0AYYPIEX8AbejWfj1fgwPmetJaOYOQRzMr5/AWvin0A=</latexit>

�̂ = 43/2 + 41/2

direct HL-LHC reach (pair/single production)
<latexit sha1_base64="8MmyRydZfc0d2+UvVYiJeOvr7dE=">AAACAXicdVDLSgMxFM34rPU16kZwEyyCqyHVUlvcFFzoRqhgH9AZSibNtKHJzJBkhDLUjb/ixoUibv0Ld/6NmbaCzwMXDufcy733+DFnSiP0bs3NLywuLedW8qtr6xub9tZ2U0WJJLRBIh7Jto8V5SykDc00p+1YUix8Tlv+8CzzWzdUKhaF13oUU0/gfsgCRrA2UtfevYSuYgKWEXJPXYH1QIr0nDbHXbuAnFK1go6r8DcpOmiCApih3rXf3F5EEkFDTThWqlNEsfZSLDUjnI7zbqJojMkQ92nH0BALqrx08sEYHhilB4NImgo1nKhfJ1IslBoJ33RmN6qfXib+5XUSHVS8lIVxomlIpouChEMdwSwO2GOSEs1HhmAimbkVkgGWmGgTWt6E8Pkp/J80j5xi2SldlQo1NIsjB/bAPjgERXACauAC1EEDEHAL7sEjeLLurAfr2XqZts5Zs5kd8A3W6wdeLJYz</latexit>

M ⇠ 600 GeV

By measuring the Higgs self-coupling, 

HL-LHC, FCC-ee, FCC-hh will probe wide region of open parameter space
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Custodial weak quadruplet: prospects

By measuring the Higgs self-coupling, 

HL-LHC, FCC-ee, FCC-hh will probe wide region of open parameter space

<latexit sha1_base64="pxqjMAwFnaLrmMAekY4DMFKfUM0=">AAAB/3icdVDJSgNBEO1xjXEbFbx4aQwBDzL0mKDJQQh48RjBLJAZh56eTtKkZ6G7RwiTHPwVLx4U8epvePNv7CyC64OCx3tVVNXzE86kQujdWFhcWl5Zza3l1zc2t7bNnd2mjFNBaIPEPBZtH0vKWUQbiilO24mgOPQ5bfmDi4nfuqVCsji6VsOEuiHuRazLCFZa8sz9kRNQrrCX9W9K4xE8hzZCTtEzC8gqVyuoVIW/iW2hKQpgjrpnvjlBTNKQRopwLGXHRolyMywUI5yO804qaYLJAPdoR9MIh1S62fT+MSxqJYDdWOiKFJyqXycyHEo5DH3dGWLVlz+9ifiX10lVt+JmLEpSRSMyW9RNOVQxnIQBAyYoUXyoCSaC6Vsh6WOBidKR5XUIn5/C/0nzxLJPrfJVuVA7nseRAwfgEBwBG5yBGrgEddAABIzAPXgET8ad8WA8Gy+z1gVjPrMHvsF4/QCNxpUa</latexit>

|�h3 | = 100%

<latexit sha1_base64="s8ts4W1Xoh+NrgusWygTwWVd1e4=">AAAB/nicdVDLSsNAFJ34rPUVFVduBkvBhYTEBm0XQsGNywr2AU0Mk8mkHTp5MDMRSlrwV9y4UMSt3+HOv3H6EHweuHA4517uvcdPGRXSNN+1hcWl5ZXVwlpxfWNza1vf2W2JJOOYNHHCEt7xkSCMxqQpqWSkk3KCIp+Rtj+4mPjtW8IFTeJrOUyJG6FeTEOKkVSSp++PnIAwiby8f1MZj+A5tKtO2dNLpmHXqmalBn8TyzCnKIE5Gp7+5gQJziISS8yQEF3LTKWbIy4pZmRcdDJBUoQHqEe6isYoIsLNp+ePYVkpAQwTriqWcKp+nchRJMQw8lVnhGRf/PQm4l9eN5Nh1c1pnGaSxHi2KMwYlAmcZAEDygmWbKgIwpyqWyHuI46wVIkVVQifn8L/SevEsE4N+8ou1Y/ncRTAATgER8ACZ6AOLkEDNAEGObgHj+BJu9MetGftZda6oM1n9sA3aK8fKbSU6w==</latexit>

|�h3 | = 48%

<latexit sha1_base64="NR/LyXAy/3+fjX3GzLDUhXzlFG8=">AAAB/nicdVDLSsNAFJ34rPUVFVduBkvBhYTEFm0XQsGNywr2AU0Mk8m0HTqZhJmJUNKCv+LGhSJu/Q53/o3Th+DzwIXDOfdy7z1BwqhUtv1uLCwuLa+s5tby6xubW9vmzm5TxqnApIFjFot2gCRhlJOGooqRdiIIigJGWsHgYuK3bomQNObXapgQL0I9TrsUI6Ul39wfuSFhCvlZ/6Y0HsFz6Nhu0TcLtlWuVuxSFf4mjmVPUQBz1H3zzQ1jnEaEK8yQlB3HTpSXIaEoZmScd1NJEoQHqEc6mnIUEell0/PHsKiVEHZjoYsrOFW/TmQoknIYBbozQqovf3oT8S+vk6puxcsoT1JFOJ4t6qYMqhhOsoAhFQQrNtQEYUH1rRD3kUBY6cTyOoTPT+H/pHliOadW+apcqB3P48iBA3AIjoADzkANXII6aAAMMnAPHsGTcWc8GM/Gy6x1wZjP7IFvMF4/ABjvlOA=</latexit>

|�h3 | = 10%

(also )hZZ
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Vacuum stability

?Discussion assumed only the coupling

<latexit sha1_base64="ly6FxjkkdHpvQCVeh/Pd+ieosgE=">AAACHnicbVBJSwMxGM241rpVPXoJFsGDlJlal2PBSw8eKtgFmlq+SdM2NJkZkoxQhvklXvwrXjwoInjSf2O6HLT1QeDlfUvynh8Jro3rfjtLyyura+uZjezm1vbObm5vv67DWFFWo6EIVdMHzQQPWM1wI1gzUgykL1jDH16P640HpjQPgzszilhbQj/gPU7BWKmTOycSzICCSG7STkKUxLV6ionmEhNh13SBnGIyAJOQ6oCn9lK5P8OdXN4tuBPgReLNSB7NUO3kPkk3pLFkgaECtG55bmTaCSjDqWBplsSaRUCH0GctSwOQTLeTib0UH1uli3uhsicweKL+nkhAaj2Svu0cm9HztbH4X60Vm95VO+FBFBsW0OlDvVhgE+JxVrjLFaNGjCwBqrj9K6YDUECNTTRrQ/DmLS+SerHgXRRKt6V8uTiLI4MO0RE6QR66RGVUQVVUQxQ9omf0it6cJ+fFeXc+pq1LzmzmAP2B8/UDviChhg==</latexit>

LUV ⇠ � �̂H
3

<latexit sha1_base64="u0/6V6D+tES86Wr6JEmhDDi8G/s="></latexit>

LEFT � 2�2

3M2
|H|6

<latexit sha1_base64="OTrUoAk9zT1HbAwsQ18Zw9xBgYY="></latexit>

�LBSM = c6
|H|6

M2
+ c8

|H|8

M4

for ex. [Falkowski, Rattazzi 2019]

<latexit sha1_base64="1YeJO+8v+G+MYXIcGSebeNwM8Ao=">AAACF3icbVC7SgNBFJ31GeMramkzGIQ0LrshqI0QsEkZwTwguwmzs3eTIbMPZmYjYclf2PgrNhaK2Grn3zh5FJp44F4O59zLzD1ewplUlvVtrK1vbG5t53byu3v7B4eFo+OmjFNBoUFjHou2RyRwFkFDMcWhnQggoceh5Q1vp35rBEKyOLpX4wTckPQjFjBKlJZ6BdN5YD4oxn3I2hN8g51AEJqVa13HJ/0+CFzDF3jULU+yaesVipZpzYBXib0gRbRAvVf4cvyYpiFEinIiZce2EuVmRChGOUzyTiohIXRI+tDRNCIhSDeb3TXB51rxcRALXZHCM/X3RkZCKcehpydDogZy2ZuK/3mdVAXXbsaiJFUQ0flDQcqxivE0JOwzAVTxsSaECqb/iumA6GCUjjKvQ7CXT14lzbJpX5qVu0qxWlrEkUOn6AyVkI2uUBXVUB01EEWP6Bm9ojfjyXgx3o2P+eiasdg5QX9gfP4AWQKesQ==</latexit>

eX =
2H†

H � v
2

v2

<latexit sha1_base64="fmCdFiNGGewS4TElN0qO/pz4ho4=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgQkuiRd0IBTcuK9gHtDFMJjft0MmDmYlSYj/FjQtF3Pol7vwbp20W2nrgwuGce7n3Hi/hTCrL+jYKS8srq2vF9dLG5tb2jlnebck4FRSaNOax6HhEAmcRNBVTHDqJABJ6HNre8Hritx9ASBZHd2qUgBOSfsQCRonSkmuWez5wRdxscH82xlf4xHbNilW1psCLxM5JBeVouOZXz49pGkKkKCdSdm0rUU5GhGKUw7jUSyUkhA5JH7qaRiQE6WTT08f4UCs+DmKhK1J4qv6eyEgo5Sj0dGdI1EDOexPxP6+bquDSyViUpAoiOlsUpByrGE9ywD4TQBUfaUKoYPpWTAdEEKp0WiUdgj3/8iJpnVbt82rttlapH+dxFNE+OkBHyEYXqI5uUAM1EUWP6Bm9ojfjyXgx3o2PWWvByGf20B8Ynz+XkJLZ</latexit>

�h3 = �1

<latexit sha1_base64="xEBbP9cnImBwiglK6nC8yxG5Koc=">AAAB/3icdVDLSgMxFM3UV62vquDGTbAIFWTIlLa2Gym4cVnB1kJbhkyatqFJZkgyQhm78FfcuFDErb/hzr8xfQgqeuByD+fcS25OEHGmDUIfTmppeWV1Lb2e2djc2t7J7u41dRgrQhsk5KFqBVhTziRtGGY4bUWKYhFwehOMLqb+zS1VmoXy2owj2hV4IFmfEWys5GcPiF+B8BzmbT/xk44SUDA58bM55KJCpVQsQOQWSqjqVS0pIa9aLkLPRTPkwAJ1P/ve6YUkFlQawrHWbQ9FpptgZRjhdJLpxJpGmIzwgLYtlVhQ3U1m90/gsVV6sB8qW9LAmfp9I8FC67EI7KTAZqh/e1PxL68dm36lmzAZxYZKMn+oH3NoQjgNA/aYosTwsSWYKGZvhWSIFSbGRpaxIXz9FP5PmgXXK7vFq2KudrqIIw0OwRHIAw+cgRq4BHXQAATcgQfwBJ6de+fReXFe56MpZ7GzD37AefsEtjuUmw==</latexit>

c8 > (c8)min

<latexit sha1_base64="ssqiy05AaHX/MLr0zmyyv38hILM=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARKkiZ6XvhouDGZQX7gLYMmTRtQ5PMkGSEMnbhr7hxoYhbf8Odf2PazkKrBy73cM695Ob4IaNKO86XlVpb39jcSm9ndnb39g/sw6OWCiKJSRMHLJAdHynCqCBNTTUjnVASxH1G2v7keu6374lUNBB3ehqSPkcjQYcUI20kzz7BXg3CK5gz/cKLe5JDTsXMs7NOvuLUqm4BOvlipVwolg1xFoBuQrIgQcOzP3uDAEecCI0ZUqrrOqHux0hqihmZZXqRIiHCEzQiXUMF4kT148X9M3hulAEcBtKU0HCh/tyIEVdqyn0zyZEeq1VvLv7ndSM9rPVjKsJIE4GXDw0jBnUA52HAAZUEazY1BGFJza0Qj5FEWJvIMiYEd/XLf0mrkHcr+dJtKVu/TOJIg1NwBnLABVVQBzegAZoAgwfwBF7Aq/VoPVtv1vtyNGUlO8fgF6yPb5F+lIE=</latexit>

c8 < (c8)min

<latexit sha1_base64="EVJM887rrXuLkDsPW7FDs+qHqcA=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kRAuLgI1lBPMByRH2NnvJkr29Y3dOCEd+hI2FIrb+Hjv/jZvkCk18MPB4b4aZeUEihUHX/XYKG5tb2zvF3dLe/sHhUfn4pG3iVDPeYrGMdTeghkuheAsFSt5NNKdRIHknmNzN/c4T10bE6hGnCfcjOlIiFIyilTpsUCe3xB2UK27VXYCsEy8nFcjRHJS/+sOYpRFXyCQ1pue5CfoZ1SiY5LNSPzU8oWxCR7xnqaIRN362OHdGLqwyJGGsbSkkC/X3REYjY6ZRYDsjimOz6s3F/7xeiuGNnwmVpMgVWy4KU0kwJvPfyVBozlBOLaFMC3srYWOqKUObUMmG4K2+vE7aV1WvXq091CoNN4+jCGdwDpfgwTU04B6a0AIGE3iGV3hzEufFeXc+lq0FJ585hT9wPn8Ajg2OWw==</latexit>

c6 < 0

However, large  needs to be accompanied  

by sizable , to ensure vacuum stability:

|H |6

|H |8
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Vacuum stability

?Discussion assumed only the coupling

<latexit sha1_base64="ly6FxjkkdHpvQCVeh/Pd+ieosgE=">AAACHnicbVBJSwMxGM241rpVPXoJFsGDlJlal2PBSw8eKtgFmlq+SdM2NJkZkoxQhvklXvwrXjwoInjSf2O6HLT1QeDlfUvynh8Jro3rfjtLyyura+uZjezm1vbObm5vv67DWFFWo6EIVdMHzQQPWM1wI1gzUgykL1jDH16P640HpjQPgzszilhbQj/gPU7BWKmTOycSzICCSG7STkKUxLV6ionmEhNh13SBnGIyAJOQ6oCn9lK5P8OdXN4tuBPgReLNSB7NUO3kPkk3pLFkgaECtG55bmTaCSjDqWBplsSaRUCH0GctSwOQTLeTib0UH1uli3uhsicweKL+nkhAaj2Svu0cm9HztbH4X60Vm95VO+FBFBsW0OlDvVhgE+JxVrjLFaNGjCwBqrj9K6YDUECNTTRrQ/DmLS+SerHgXRRKt6V8uTiLI4MO0RE6QR66RGVUQVVUQxQ9omf0it6cJ+fFeXc+pq1LzmzmAP2B8/UDviChhg==</latexit>

LUV ⇠ � �̂H
3

<latexit sha1_base64="u0/6V6D+tES86Wr6JEmhDDi8G/s="></latexit>

LEFT � 2�2

3M2
|H|6

However, large  needs to be accompanied  

by sizable , to ensure vacuum stability:

|H |6

|H |8

in turn, Higgs self-coupling receives  

sizable contribution from  : |H |8

<latexit sha1_base64="oZRWXlgRypz0X0sXbhoXSU13YLg=">AAACH3icbVDLSsNAFJ34rPUVdelmsAgtQkm01G6EghuXFewD2jRMJtN26GQSZiZCCfkTN/6KGxeKiLv+jdM2i9p64MKZc+5l7j1exKhUljU1Nja3tnd2c3v5/YPDo2Pz5LQlw1hg0sQhC0XHQ5IwyklTUcVIJxIEBR4jbW98P/Pbz0RIGvInNYmIE6AhpwOKkdKSa1Z7PmEKucmof5PCO7j87CfFaimFV6tirZS6ZsEqW3PAdWJnpAAyNFzzp+eHOA4IV5ghKbu2FSknQUJRzEia78WSRAiP0ZB0NeUoINJJ5vel8FIrPhyEQhdXcK4uTyQokHISeLozQGokV72Z+J/XjdWg5iSUR7EiHC8+GsQMqhDOwoI+FQQrNtEEYUH1rhCPkEBY6UjzOgR79eR10rou29Vy5bFSqFtZHDlwDi5AEdjgFtTBA2iAJsDgBbyBD/BpvBrvxpfxvWjdMLKZM/AHxvQXyp6hhA==</latexit>

�h3 = �(6)h3 + �(8)h3

<latexit sha1_base64="ToxtrlDFSlip3BcwQFKAVm1AhmE="></latexit>

�(8)h3 � � �(6)h3 + 1�
q

1� 2�(6)h3

Region shaded in gray is where 

<latexit sha1_base64="+m6bzr4iMhNi3oGIArFkA3JIK1g="></latexit>�����
�(8)h3

�(6)h3

����� � 1/2

Here EFT based only on  becomes unreliable, cannot ignore other UV couplings anymore 

For example , which leads to  at tree level

|H |6

|Φ̂ |2 |H |2 |H |8
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Vacuum stability

?Discussion assumed only the coupling

<latexit sha1_base64="ly6FxjkkdHpvQCVeh/Pd+ieosgE=">AAACHnicbVBJSwMxGM241rpVPXoJFsGDlJlal2PBSw8eKtgFmlq+SdM2NJkZkoxQhvklXvwrXjwoInjSf2O6HLT1QeDlfUvynh8Jro3rfjtLyyura+uZjezm1vbObm5vv67DWFFWo6EIVdMHzQQPWM1wI1gzUgykL1jDH16P640HpjQPgzszilhbQj/gPU7BWKmTOycSzICCSG7STkKUxLV6ionmEhNh13SBnGIyAJOQ6oCn9lK5P8OdXN4tuBPgReLNSB7NUO3kPkk3pLFkgaECtG55bmTaCSjDqWBplsSaRUCH0GctSwOQTLeTib0UH1uli3uhsicweKL+nkhAaj2Svu0cm9HztbH4X60Vm95VO+FBFBsW0OlDvVhgE+JxVrjLFaNGjCwBqrj9K6YDUECNTTRrQ/DmLS+SerHgXRRKt6V8uTiLI4MO0RE6QR66RGVUQVVUQxQ9omf0it6cJ+fFeXc+pq1LzmzmAP2B8/UDviChhg==</latexit>

LUV ⇠ � �̂H
3

<latexit sha1_base64="u0/6V6D+tES86Wr6JEmhDDi8G/s="></latexit>

LEFT � 2�2

3M2
|H|6

However, large  needs to be accompanied  

by sizable , to ensure vacuum stability:

|H |6

|H |8

in turn, Higgs self-coupling receives  

sizable contribution from  : |H |8

<latexit sha1_base64="oZRWXlgRypz0X0sXbhoXSU13YLg=">AAACH3icbVDLSsNAFJ34rPUVdelmsAgtQkm01G6EghuXFewD2jRMJtN26GQSZiZCCfkTN/6KGxeKiLv+jdM2i9p64MKZc+5l7j1exKhUljU1Nja3tnd2c3v5/YPDo2Pz5LQlw1hg0sQhC0XHQ5IwyklTUcVIJxIEBR4jbW98P/Pbz0RIGvInNYmIE6AhpwOKkdKSa1Z7PmEKucmof5PCO7j87CfFaimFV6tirZS6ZsEqW3PAdWJnpAAyNFzzp+eHOA4IV5ghKbu2FSknQUJRzEia78WSRAiP0ZB0NeUoINJJ5vel8FIrPhyEQhdXcK4uTyQokHISeLozQGokV72Z+J/XjdWg5iSUR7EiHC8+GsQMqhDOwoI+FQQrNtEEYUH1rhCPkEBY6UjzOgR79eR10rou29Vy5bFSqFtZHDlwDi5AEdjgFtTBA2iAJsDgBbyBD/BpvBrvxpfxvWjdMLKZM/AHxvQXyp6hhA==</latexit>

�h3 = �(6)h3 + �(8)h3

<latexit sha1_base64="ToxtrlDFSlip3BcwQFKAVm1AhmE="></latexit>

�(8)h3 � � �(6)h3 + 1�
q

1� 2�(6)h3

Region shaded in gray is where 

<latexit sha1_base64="+m6bzr4iMhNi3oGIArFkA3JIK1g="></latexit>�����
�(8)h3

�(6)h3

����� � 1/2

Expect  changes in the Higgs couplings and their ratio, 

but qualitatively similar picture

O(1)
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Summary
How large can deviations in the Higgs self-coupling be, 

if other (Higgs and electroweak) measurements are compatible with SM? 

• Starting from simple  counting observation, derived upper bound 

in “generic” theories (no specific tuning for ) 

Wrote down concrete model, custodial weak quadruplet, that saturates it 

• Shows quantitatively that measuring Higgs self-coupling  

probes regions of parameters that remain otherwise inaccessible 

• On the other hand, quadruplet model is unique example at tree level

ℏ
h3

<latexit sha1_base64="JTeXQBO3kb4zfkwbzxTOZ/h74cE="></latexit>����
�h3

�V V

���� . min

"✓
4⇡v

mh

◆2

,
M2

m2
h

#

[Durieux, McCullough, Salvioni 2209.00666] 20



Part 2  

Large  for a pNGB Higgs 

(Gegenbauer’s Twin) 

δh3/δVV



The Higgs mystery

Can we calculate it within a more fundamental theory?

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

V (H) = �m
2|H|2 + �|H|4
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Motivation

Other scalar particles we know: pions 

They are composite pseudo Nambu-Goldstone bosons (pNGBs)

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

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

⇧ ⇠ (q̄q)

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

Goldstone shift symmetry 
(leading-order transformation 

under broken generators)

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

⇧ ! ⇧+ ✓f

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

f ⇠ 100 MeV

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

V (H) = 0

A light Higgs is natural

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

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

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

v ⌧ f

Leading term of EFT for pNGBs:

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

� = ei⇧
aTa/f

✓
~0N
1

◆
=

 
sin ⇧

f
~⇧
⇧

cos ⇧
f

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

⇧ ⌘
p

~⇧T ~⇧

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

L =
f2

2
Dµ�

TDµ�

Introducing the SM weak interactions:

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

Dµ� = @µ�� igW a
µT

a
L�� ig0BµT

3
R�

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

chV V

cSMhV V

= cos
h⇧i
f

=

s

1� v2

f2

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

v ⇡ 246 GeV

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

SO(N + 1)/SO(N)

suppression 
of Higgs couplings  

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

chV V

cSMhV V

= cos
h⇧i
f

=

s

1� v2

f2

suppression 
of Higgs couplings  

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

v ⇡ 246 GeV

LHC Run 2:  

Higgs couplings agree with SM to ~ 10%

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

v ⌧ f

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

v ⌧ f

[ATLAS-CONF-2021-053]
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Realizing tn
<latexit sha1_base64="UtmB+zT5d00CSSK/NCJLzVbIPwo=">AAAB7XicdVBNSwMxEJ2tX7V+VT16CRbBU9mVWvUiBS8eK9gPaJeSTbNtbDZZkmyhLP0PXjwo4tX/481/Y9quUEUfDDzem2FmXhBzpo3rfjq5ldW19Y38ZmFre2d3r7h/0NQyUYQ2iORStQOsKWeCNgwznLZjRXEUcNoKRjczvzWmSjMp7s0kpn6EB4KFjGBjpea4yzkKe8WSW3bnQEvk3PWuqh7yMqUEGeq94ke3L0kSUWEIx1p3PDc2foqVYYTTaaGbaBpjMsID2rFU4IhqP51fO0UnVumjUCpbwqC5ujyR4kjrSRTYzgibof7tzcS/vE5iwks/ZSJODBVksShMODISzV5HfaYoMXxiCSaK2VsRGWKFibEBFWwI35+i/0nzrOxVy5W7Sql2ncWRhyM4hlPw4AJqcAt1aACBB3iEZ3hxpPPkvDpvi9ack80cwg84719gn48B</latexit>

v ⌧ f

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

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

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

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

The shape of the Higgs potential is strongly modified compared to SM 

       large Higgs self-coupling deviations

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

� ⇠ v2

f2
. 10%

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

V1 loop ⇠ y2t
16⇡2

M2
T f

2

✓
� sin2

⇧

f
+ sin4

⇧

f

◆

top partner mass
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Inspiration: Abelian Goldstone

For a single  Goldstone,  

we know a simple way to get

U(1)

Make it a pNGB: explicit breaking from operator of charge

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

�V =
✏ �

fn�4
�n + h.c.

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

�V ⇠ ✏�f4 cos

✓
n⇧

f

◆

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

� = fei⇧/f

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

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

L = @µ�
⇤@µ�� �

�
�⇤�� f2

�2

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

2⇡

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

h⇧i
f

=
⇡

n
⌧ 1

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

n = 6example:

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

⇧/f

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

v/f ⌧ 1

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

Zn : ⇧ ! ⇧+
2⇡

n
f
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Non-Abelian Goldstones

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

v ⌧ f

Consider  Goldstone bosons, from spontaneous breaking of global symmetryN

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

SO(N + 1)/SO(N)

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

L =
1

2
@µ�

T@µ�� �
�
�T�� f2

�2

(best studied pattern for pNGB Higgs)
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Non-Abelian Goldstones

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

SO(N + 1)/SO(N)

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

SO(N + 1)

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

L =
1

2
@µ�

T@µ�� �
�
�T�� f2

�2

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

Corrections at  and higher

O(ϵ)
O(ϵ2)

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

�V =
✏ �

fn�4
Ki1...in

n �i1 . . .�in

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

SO(N)

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

(best studied pattern for pNGB Higgs)

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

Parametrize

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

� = f�

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

� = ei⇧
aTa/f

✓
~0N
1

◆
=

 
sin ⇧

f
~⇧
⇧

cos ⇧
f

!

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

Corrections at  and higher

O(ϵ)
O(ϵ2)

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

�V =
✏ �

fn�4
Ki1...in

n �i1 . . .�in

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

⇧ ⌘
p

~⇧T ~⇧

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

�V = ✏�f4G(N�1)/2
n (cos⇧/f)

potential is a 
Gegenbauer polynomial 

[in d = 2: Brézin, Zinn-Justin, Le Guillou 1976]
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The shape of Gegenbauers

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

⇧/f

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

V

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

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

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

0

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

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

G(N�1)/2
n (cos⇧/f)

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

SO(5)/SO(4)

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

h⇧i
f

⇡
jN/2,1

n+ N�1
2

⇡ 5.1

n
⌧ 1

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

A radiatively stable way to obtain 

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

h⇧i ⌧ f

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

n = 20

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

Differently from Abelian case,  

not periodic (only approximately)
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Gegenbauer Higgs

Gegenbauer potential can realize    naturally 

But for standard composite pNGB Higgs, some tuning remains:  

QCD-charged top partner masses are constrained by LHC data

v ≪ f

[ATLAS-CONF-2021-024]

[Durieux, McCullough, Salvioni 2110.06941]
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Gegenbauer’s Twin

Gegenbauer potential can realize    naturally 

But for standard composite pNGB Higgs, some tuning remains:  

QCD-charged top partner masses are constrained by LHC data 

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

v ≪ f

Merge the two: Gegenbauer’s Twin

[Chacko, Goh, Harnik 2005]
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Twin Higgs

Standard Model

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

Z2 !

Twin Standard Model

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

�V = � Nc
8⇡2

�
y
2
t⇤

2
A|HA|2 + ŷ

2
t⇤

2
B |HB |2

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

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

They can still be really light

The         protects Higgs mass from quadratic corrections
33



Twin Higgs potential

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

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

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

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

v = for

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

Vt ⇡
3y4t f

4

64⇡2


sin4
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Gegenbauer’s Twin

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

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

v = for

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

Vt ⇡
3y4t f

4

64⇡2


sin4

h

f
log

a

sin2 h/f
+ cos4

h

f
log

a

cos2 h/f

�

We introduce a Gegenbauer contribution: 

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

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

V (n)
G = ✏f4G3/2

n (cos 2h/f)

Quartic terms do not cancel exactly, but resulting potential is not realistic:
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standard Twin model (Twin hypercharge not gauged)

Fine tuning:
Gegenbauer’s Twin with 

 or  and  
has essentially no tuning

n = 6 n = 8 f ∼ 1 TeV

Gegenbauer’s Twin
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Finally: the Higgs self-coupling

For Gegenbauer’s Twin, corrections are parametrically enhanced 

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

[Durieux, McCullough, Salvioni 2202.01228 + 2209.00666]

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

gSMh3
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Back to the  ratioδh3/δVV

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

Another class of models where Higgs self-coupling measurements probe new ground
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<latexit sha1_base64="PyNrEMKPF5z6ZN1OTwQ16XWD7G0="></latexit>
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Conclusions

Gegenbauer’s Twin shows that fully natural electroweak breaking 

is still compatible with LHC results 

Large modifications of Higgs self-coupling are generic. 

Ratio  is between 10 and 100, promising for future measurements  

Requires to drop often assumed “minimality criteria” about origin  

of (explicit) symmetry breaking

δh3/δVV
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Backup slides



Custodial quadruplet: HELCs

[Durieux, McCullough, Salvioni 2209.00666]



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]


