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The overaching highlight to me…

…the emphasis is (back) on experimental data…

‣ unprecedented amount of data from the LHC and beyond 
‣ robust understanding and validation of our null hypothesis
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The overaching highlight to me…

…the emphasis is (back) on experimental data…

‣ unprecedented amount of data from the LHC and beyond 
‣ robust understanding and validation of our null hypothesis

‣ full ‘monetisation’ of the LHC high-luminosity phase 
‣ continued (UK) contributions to theoretical/exp. developments 
‣ wedge the door open for large-scale progress in particle physics

…which should equip us with ambition and optimism.
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→ ECFA



Still null BSM results…
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Still null BSM results…

‣ analyses are not sufficiently tailored 
‣ we are looking in the wrong place 
‣ our data are not accurate (yet)

What are the possibilities?
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address BSM needs
[Sakharov `67] …

→ Georg’s talk
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energy

<latexit sha1_base64="giOZqV/KJRXGlI6Yt0dhME1iyk4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI8hXjxGNCaQLGF2MpsMmccyMyuEJZ/gxYMiXv0ib/6Nk2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx49GpVqQltEcaU7ETaUM0lblllOO4mmWESctqPxzcxvP1FtmJIPdpLQUOChZDEj2DrpXvQb/XLFr/pzoFUS5KQCOZr98ldvoEgqqLSEY2O6gZ/YMMPaMsLptNRLDU0wGeMh7ToqsaAmzOanTtGZUwYoVtqVtGiu/p7IsDBmIiLXKbAdmWVvJv7ndVMbX4cZk0lqqSSLRXHKkVVo9jcaME2J5RNHMNHM3YrICGtMrEun5EIIll9eJY8X1aBWrd1dVuqNPI4inMApnEMAV1CHW2hCCwgM4Rle4c3j3ov37n0sWgtePnMMf+B9/gAYRI2x</latexit>mB

<latexit sha1_base64="AyPA76+zX4tn7CNtgVSCuT04Q9g=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmgcmS5idzCZD5rHMzAphySd48aCIV7/Im3/jJNmDRgsaiqpuuruihDNjff/LK6ysrq1vFDdLW9s7u3vl/YOWUakmtEkUV7oTYUM5k7RpmeW0k2iKRcRpOxpfz/z2I9WGKXlvJwkNBR5KFjOCrZPuRP+hX674VX8O9JcEOalAjka//NkbKJIKKi3h2Jhu4Cc2zLC2jHA6LfVSQxNMxnhIu45KLKgJs/mpU3TilAGKlXYlLZqrPycyLIyZiMh1CmxHZtmbif953dTGl2HGZJJaKsliUZxyZBWa/Y0GTFNi+cQRTDRztyIywhoT69IpuRCC5Zf/ktZZNahVa7fnlfpVHkcRjuAYTiGAC6jDDTSgCQSG8AQv8Opx79l7894XrQUvnzmEX/A+vgE8pI3J</latexit>mZ

mnew

<latexit sha1_base64="g3cZhdm8GczlsT7Wjiy/UBvxmEs=">AAAB/nicbVDLSgNBEJyNrxhfq+LJy2IQ4iXsikSPQQ96M4J5QDaE2UknGTL7YKZXDMuCv+LFgyJe/Q5v/o2TZA+aWNBQVHXT3eVFgiu07W8jt7S8srqWXy9sbG5t75i7ew0VxpJBnYUilC2PKhA8gDpyFNCKJFDfE9D0RlcTv/kAUvEwuMdxBB2fDgLe54yilrrmQeIyKpLbNC25CI+YXEMjPemaRbtsT2EtEicjRZKh1jW/3F7IYh8CZIIq1XbsCDsJlciZgLTgxgoiykZ0AG1NA+qD6iTT81PrWCs9qx9KXQFaU/X3REJ9pca+pzt9ikM1703E/7x2jP2LTsKDKEYI2GxRPxYWhtYkC6vHJTAUY00ok1zfarEhlZShTqygQ3DmX14kjdOyUylX7s6K1cssjjw5JEekRBxyTqrkhtRInTCSkGfySt6MJ+PFeDc+Zq05I5vZJ39gfP4AWKyVvw==</latexit>

O(GeV)

<latexit sha1_base64="NY+Va9mjjqxL5/cdby5t4+2hSjk=">AAACAnicbVDJSgNBEO2JW4zbqCfxMhiEeAkzItFj0IPejGAWyITQ06kkTXoWumvEMIxe/BUvHhTx6ld482/sLAdNfFDweK+KqnpeJLhC2/42MguLS8sr2dXc2vrG5pa5vVNTYSwZVFkoQtnwqALBA6giRwGNSAL1PQF1b3Ax8ut3IBUPg1scRtDyaS/gXc4oaqlt7iUuoyK5TtOCi3CPiWPbD5dQS4/aZt4u2mNY88SZkjyZotI2v9xOyGIfAmSCKtV07AhbCZXImYA058YKIsoGtAdNTQPqg2ol4xdS61ArHasbSl0BWmP190RCfaWGvqc7fYp9NeuNxP+8Zozds1bCgyhGCNhkUTcWFobWKA+rwyUwFENNKJNc32qxPpWUoU4tp0NwZl+eJ7XjolMqlm5O8uXzaRxZsk8OSIE45JSUyRWpkCph5JE8k1fyZjwZL8a78TFpzRjTmV3yB8bnD6jolvY=</latexit>

O(100 GeV)

<latexit sha1_base64="5yNPJmaK9gMt7MWDbmXgsVd8DBc=">AAAB/nicbVDLSgNBEJz1GeNrVTx5GQyCp7ArEr0Z9OIxQl6QDWF20kmGzD6Y6RXDEvFXvHhQxKvf4c2/cZLsQRMLGoqqbrq7/FgKjY7zbS0tr6yurec28ptb2zu79t5+XUeJ4lDjkYxU02capAihhgIlNGMFLPAlNPzhzcRv3IPSIgqrOIqhHbB+KHqCMzRSxz70+mjcgHoID5i6j1Woj686dsEpOlPQReJmpEAyVDr2l9eNeBJAiFwyrVuuE2M7ZQoFlzDOe4mGmPEh60PL0JAFoNvp9PwxPTFKl/YiZSpEOlV/T6Qs0HoU+KYzYDjQ895E/M9rJdi7bKcijBOEkM8W9RJJMaKTLGhXKOAoR4YwroS5lfIBU4yjSSxvQnDnX14k9bOiWyqW7s4L5essjhw5IsfklLjkgpTJLamQGuEkJc/klbxZT9aL9W59zFqXrGzmgPyB9fkDQGmVsA==</latexit>& 1 TeV?

<latexit sha1_base64="arBleMsN8+ZiIfy+kyYaZ5KzabA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPRi8eK9gPaUDbbTbt0dxN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZemAhu0PO+ncLa+sbmVnG7tLO7t39QPjxqmTjVlDVpLGLdCYlhgivWRI6CdRLNiAwFa4fj25nffmLa8Fg94iRhgSRDxSNOCVrpQfaxX654VW8Od5X4OalAjka//NUbxDSVTCEVxJiu7yUYZEQjp4JNS73UsITQMRmyrqWKSGaCbH7q1D2zysCNYm1LoTtXf09kRBozkaHtlARHZtmbif953RSj6yDjKkmRKbpYFKXCxdid/e0OuGYUxcQSQjW3t7p0RDShaNMp2RD85ZdXSeui6teqtfvLSv0mj6MIJ3AK5+DDFdThDhrQBApDeIZXeHOE8+K8Ox+L1oKTzxzDHzifP2QMjeM=</latexit>mt
<latexit sha1_base64="6cplaOwp8dYvO23/EQNX9l6sq4k=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLzlGNCaQLGF2MpsMmccyMyuEJZ/gxYMiXv0ib/6Nk2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx49GpVqQltEcaU7ETaUM0lblllOO4mmWESctqPx7cxvP1FtmJIPdpLQUOChZDEj2DrpXvQb/XLFr/pzoFUS5KQCOZr98ldvoEgqqLSEY2O6gZ/YMMPaMsLptNRLDU0wGeMh7ToqsaAmzOanTtGZUwYoVtqVtGiu/p7IsDBmIiLXKbAdmWVvJv7ndVMbX4cZk0lqqSSLRXHKkVVo9jcaME2J5RNHMNHM3YrICGtMrEun5EIIll9eJY8X1aBWrd1dVuo3eRxFOIFTOIcArqAODWhCCwgM4Rle4c3j3ov37n0sWgtePnMMf+B9/gAhXI23</latexit>mH

<latexit sha1_base64="pdJLtZ7ichNC1J1ruhuzZGzmtE8=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIVI9FLx4rmLbQhrLZbtqlm03YfRFK6G/w4kERr/4gb/4bt20OWh1YGGbesO9NmEph0HW/nNLa+sbmVnm7srO7t39QPTxqmyTTjPsskYnuhtRwKRT3UaDk3VRzGoeSd8LJ7dzvPHJtRKIecJryIKYjJSLBKFrJ7w8TNINqza27C5C/xCtIDQq0BtVPm2NZzBUySY3peW6KQU41Cib5rNLPDE8pm9AR71mqaMxNkC+WnZEzqwxJlGj7FJKF+jOR09iYaRzayZji2Kx6c/E/r5dhdB3kQqUZcsWWH0WZJJiQ+eVkKDRnKKeWUKaF3ZWwMdWUoe2nYkvwVk/+S9oXda9Rb9xf1po3RR1lOIFTOAcPrqAJd9ACHxgIeIIXeHWU8+y8Oe/L0ZJTZI7hF5yPb/T6js0=</latexit> ..
.

<latexit sha1_base64="pdJLtZ7ichNC1J1ruhuzZGzmtE8=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIVI9FLx4rmLbQhrLZbtqlm03YfRFK6G/w4kERr/4gb/4bt20OWh1YGGbesO9NmEph0HW/nNLa+sbmVnm7srO7t39QPTxqmyTTjPsskYnuhtRwKRT3UaDk3VRzGoeSd8LJ7dzvPHJtRKIecJryIKYjJSLBKFrJ7w8TNINqza27C5C/xCtIDQq0BtVPm2NZzBUySY3peW6KQU41Cib5rNLPDE8pm9AR71mqaMxNkC+WnZEzqwxJlGj7FJKF+jOR09iYaRzayZji2Kx6c/E/r5dhdB3kQqUZcsWWH0WZJJiQ+eVkKDRnKKeWUKaF3ZWwMdWUoe2nYkvwVk/+S9oXda9Rb9xf1po3RR1lOIFTOAcPrqAJd9ACHxgIeIIXeHWU8+y8Oe/L0ZJTZI7hF5yPb/T6js0=</latexit> ..
.

bottom-up approach: EFT

electroweak

flavour

address BSM needs
[Sakharov `67] …

→ Georg’s talk

new physics
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bottom-up approach: EFT
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…
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O(GeV)

<latexit sha1_base64="NY+Va9mjjqxL5/cdby5t4+2hSjk=">AAACAnicbVDJSgNBEO2JW4zbqCfxMhiEeAkzItFj0IPejGAWyITQ06kkTXoWumvEMIxe/BUvHhTx6ld482/sLAdNfFDweK+KqnpeJLhC2/42MguLS8sr2dXc2vrG5pa5vVNTYSwZVFkoQtnwqALBA6giRwGNSAL1PQF1b3Ax8ut3IBUPg1scRtDyaS/gXc4oaqlt7iUuoyK5TtOCi3CPiWPbD5dQS4/aZt4u2mNY88SZkjyZotI2v9xOyGIfAmSCKtV07AhbCZXImYA058YKIsoGtAdNTQPqg2ol4xdS61ArHasbSl0BWmP190RCfaWGvqc7fYp9NeuNxP+8Zozds1bCgyhGCNhkUTcWFobWKA+rwyUwFENNKJNc32qxPpWUoU4tp0NwZl+eJ7XjolMqlm5O8uXzaRxZsk8OSIE45JSUyRWpkCph5JE8k1fyZjwZL8a78TFpzRjTmV3yB8bnD6jolvY=</latexit>

O(100 GeV)

<latexit sha1_base64="5yNPJmaK9gMt7MWDbmXgsVd8DBc=">AAAB/nicbVDLSgNBEJz1GeNrVTx5GQyCp7ArEr0Z9OIxQl6QDWF20kmGzD6Y6RXDEvFXvHhQxKvf4c2/cZLsQRMLGoqqbrq7/FgKjY7zbS0tr6yurec28ptb2zu79t5+XUeJ4lDjkYxU02capAihhgIlNGMFLPAlNPzhzcRv3IPSIgqrOIqhHbB+KHqCMzRSxz70+mjcgHoID5i6j1Woj686dsEpOlPQReJmpEAyVDr2l9eNeBJAiFwyrVuuE2M7ZQoFlzDOe4mGmPEh60PL0JAFoNvp9PwxPTFKl/YiZSpEOlV/T6Qs0HoU+KYzYDjQ895E/M9rJdi7bKcijBOEkM8W9RJJMaKTLGhXKOAoR4YwroS5lfIBU4yjSSxvQnDnX14k9bOiWyqW7s4L5essjhw5IsfklLjkgpTJLamQGuEkJc/klbxZT9aL9W59zFqXrGzmgPyB9fkDQGmVsA==</latexit>& 1 TeV?

renormalisable SM ⊂ EFT 
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<latexit sha1_base64="pdJLtZ7ichNC1J1ruhuzZGzmtE8=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIVI9FLx4rmLbQhrLZbtqlm03YfRFK6G/w4kERr/4gb/4bt20OWh1YGGbesO9NmEph0HW/nNLa+sbmVnm7srO7t39QPTxqmyTTjPsskYnuhtRwKRT3UaDk3VRzGoeSd8LJ7dzvPHJtRKIecJryIKYjJSLBKFrJ7w8TNINqza27C5C/xCtIDQq0BtVPm2NZzBUySY3peW6KQU41Cib5rNLPDE8pm9AR71mqaMxNkC+WnZEzqwxJlGj7FJKF+jOR09iYaRzayZji2Kx6c/E/r5dhdB3kQqUZcsWWH0WZJJiQ+eVkKDRnKKeWUKaF3ZWwMdWUoe2nYkvwVk/+S9oXda9Rb9xf1po3RR1lOIFTOAcPrqAJd9ACHxgIeIIXeHWU8+y8Oe/L0ZJTZI7hF5yPb/T6js0=</latexit> ..
.

<latexit sha1_base64="pdJLtZ7ichNC1J1ruhuzZGzmtE8=">AAAB7HicbVBNS8NAFHypX7V+VT16WSyCp5KIVI9FLx4rmLbQhrLZbtqlm03YfRFK6G/w4kERr/4gb/4bt20OWh1YGGbesO9NmEph0HW/nNLa+sbmVnm7srO7t39QPTxqmyTTjPsskYnuhtRwKRT3UaDk3VRzGoeSd8LJ7dzvPHJtRKIecJryIKYjJSLBKFrJ7w8TNINqza27C5C/xCtIDQq0BtVPm2NZzBUySY3peW6KQU41Cib5rNLPDE8pm9AR71mqaMxNkC+WnZEzqwxJlGj7FJKF+jOR09iYaRzayZji2Kx6c/E/r5dhdB3kQqUZcsWWH0WZJJiQ+eVkKDRnKKeWUKaF3ZWwMdWUoe2nYkvwVk/+S9oXda9Rb9xf1po3RR1lOIFTOAcPrqAJd9ACHxgIeIIXeHWU8+y8Oe/L0ZJTZI7hF5yPb/T6js0=</latexit> ..
.

bottom-up approach: EFT

measure/constrain

measure/constrain

RGE evolve

‘match’ [de Blas et al.`17] 
[Banerjee et al. `20]  
[Naskar et al. `22] 
[Guedes et al. `23, `24] 
[Adhikary et al. 25] 
…

electroweak

flavour

address BSM needs
[Sakharov `67] …

→ Georg’s talk

new physics
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energy

≟

flavour
<latexit sha1_base64="giOZqV/KJRXGlI6Yt0dhME1iyk4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI8hXjxGNCaQLGF2MpsMmccyMyuEJZ/gxYMiXv0ib/6Nk2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx49GpVqQltEcaU7ETaUM0lblllOO4mmWESctqPxzcxvP1FtmJIPdpLQUOChZDEj2DrpXvQb/XLFr/pzoFUS5KQCOZr98ldvoEgqqLSEY2O6gZ/YMMPaMsLptNRLDU0wGeMh7ToqsaAmzOanTtGZUwYoVtqVtGiu/p7IsDBmIiLXKbAdmWVvJv7ndVMbX4cZk0lqqSSLRXHKkVVo9jcaME2J5RNHMNHM3YrICGtMrEun5EIIll9eJY8X1aBWrd1dVuqNPI4inMApnEMAV1CHW2hCCwgM4Rle4c3j3ov37n0sWgtePnMMf+B9/gAYRI2x</latexit>mB
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mnew

<latexit sha1_base64="g3cZhdm8GczlsT7Wjiy/UBvxmEs=">AAAB/nicbVDLSgNBEJyNrxhfq+LJy2IQ4iXsikSPQQ96M4J5QDaE2UknGTL7YKZXDMuCv+LFgyJe/Q5v/o2TZA+aWNBQVHXT3eVFgiu07W8jt7S8srqWXy9sbG5t75i7ew0VxpJBnYUilC2PKhA8gDpyFNCKJFDfE9D0RlcTv/kAUvEwuMdxBB2fDgLe54yilrrmQeIyKpLbNC25CI+YXEMjPemaRbtsT2EtEicjRZKh1jW/3F7IYh8CZIIq1XbsCDsJlciZgLTgxgoiykZ0AG1NA+qD6iTT81PrWCs9qx9KXQFaU/X3REJ9pca+pzt9ikM1703E/7x2jP2LTsKDKEYI2GxRPxYWhtYkC6vHJTAUY00ok1zfarEhlZShTqygQ3DmX14kjdOyUylX7s6K1cssjjw5JEekRBxyTqrkhtRInTCSkGfySt6MJ+PFeDc+Zq05I5vZJ39gfP4AWKyVvw==</latexit>

O(GeV)
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O(100 GeV)

<latexit sha1_base64="5yNPJmaK9gMt7MWDbmXgsVd8DBc=">AAAB/nicbVDLSgNBEJz1GeNrVTx5GQyCp7ArEr0Z9OIxQl6QDWF20kmGzD6Y6RXDEvFXvHhQxKvf4c2/cZLsQRMLGoqqbrq7/FgKjY7zbS0tr6yurec28ptb2zu79t5+XUeJ4lDjkYxU02capAihhgIlNGMFLPAlNPzhzcRv3IPSIgqrOIqhHbB+KHqCMzRSxz70+mjcgHoID5i6j1Woj686dsEpOlPQReJmpEAyVDr2l9eNeBJAiFwyrVuuE2M7ZQoFlzDOe4mGmPEh60PL0JAFoNvp9PwxPTFKl/YiZSpEOlV/T6Qs0HoU+KYzYDjQ895E/M9rJdi7bKcijBOEkM8W9RJJMaKTLGhXKOAoR4YwroS5lfIBU4yjSSxvQnDnX14k9bOiWyqW7s4L5essjhw5IsfklLjkgpTJLamQGuEkJc/klbxZT9aL9W59zFqXrGzmgPyB9fkDQGmVsA==</latexit>& 1 TeV?

renormalisable SM ⊂ EFT 

theoretical ambition
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.
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.

bottom-up approach: EFT

spontaneously broken CFT

‘a theorem’

[Cardy `88] 
[Komargodski, Schwimmer `11] 

new physics
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e.g. [Stegeman, Zwicky `25 & `25] 



(pert.) Quantum Field Theory = Prediction of Correlations
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(pert.) Quantum Field Theory = Prediction of Correlations
SMEFT   SU(2)xU(1)/U(1) (+ flavour)

‣ clear power counting: dim. 6 > dim. 8 > … 
‣ comparably few (bosonic) parameters 
‣ tight correlations across Higgs multiplicities 
‣ non-linear elw vacuum: non-trivial technical implications…

7

[Buchmüller, Wyler `87]  
[Hagiwara, Peccei, Zeppenfeld, Hikasa `87] 
[Grzadkowski, Iskrzynski, Misiak, Rosiek `10] 
…

L = LSM +
�

i

ci

�2
Oi

<latexit sha1_base64="rtYvRkVs+YZh2OC4T8C8KCbRJ7o=">AAAB7nicdVDJSgNBFHwTtxi3qEcvjUEQhGEmaKK3oBePEcwCyRB6Oj1Jk56F7jdCGPIRXjwo4tXv8ebf2FkE14KGouoV/V75iRQaHefdyi0tr6yu5dcLG5tb2zvF3b2mjlPFeIPFMlZtn2ouRcQbKFDydqI4DX3JW/7oauq37rjSIo5ucZxwL6SDSASCUTRS64R0+zHqXrHk2O7FWblSJb+JazszlGCBeq/4ZnIsDXmETFKtO66ToJdRhYJJPil0U80TykZ0wDuGRjTk2stm607IkVH6JIiVeRGSmfo1kdFQ63Hom8mQ4lD/9KbiX14nxeDcy0SUpMgjNv8oSCXBmExvJ32hOEM5NoQyJcyuhA2pogxNQwVTwuel5H/SLNtuxa7cnJZql4s68nAAh3AMLlShBtdQhwYwGME9PMKTlVgP1rP1Mh/NWYvMPnyD9foBNGaPhg==</latexit>

+ . . .



“SM is a good IR reference point”SMEFT   SU(2)xU(1)/U(1) (+ flavour)

HEFT   SU(2)xSU(2)/SU(2) (+ flavour)

‣ clear power counting: dim. 6 > dim. 8 > … 
‣ comparably few (bosonic) parameters 
‣ tight correlations across Higgs multiplicities 
‣ non-linear elw vacuum: non-trivial technical implications…

‣ CCWZ construction of EW scale + observed states 
‣ large number of parameters  
‣ data informs Higgs multiplicity correlations

”technicolour”/!PT + singlet scalar

8

[Coleman, Wess, Zumino `69] 
[Callan, Coleman, Wess, Zumino `69]

(pert.) Quantum Field Theory = Prediction of Correlations

cf. counting  [Brivio et al. `25]



“SM is a good IR reference point”SMEFT   SU(2)xU(1)/U(1) (+ flavour)

HEFT   SU(2)xSU(2)/SU(2) (+ flavour)

‣ clear power counting: dim. 6 > dim. 8 > … 
‣ comparably few (bosonic) parameters 
‣ tight correlations across Higgs multiplicities 
‣ non-linear elw vacuum: non-trivial technical implications…
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“SM EWSB perhaps too limiting”

‣ CCWZ construction of EW scale + observed states 
‣ large number of parameters  
‣ data informs Higgs multiplicity correlations 
‣ (elw) vacuum coarse-grained: technical simplifications…

(pert.) Quantum Field Theory = Prediction of Correlations

cf. counting  [Brivio et al. `25]
[Coleman, Wess, Zumino `69] 

[Callan, Coleman, Wess, Zumino `69]



“SM is a good IR reference point”SMEFT   SU(2)xU(1)/U(1) (+ flavour)

HEFT   SU(2)xSU(2)/SU(2) (+ flavour)

‣ clear power counting: dim. 6 > dim. 8 > … 
‣ comparably few (bosonic) parameters 
‣ tight correlations across Higgs multiplicities 
‣ non-linear elw vacuum: non-trivial technical implications…
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“SM EWSB perhaps too limiting”

‣ CCWZ construction of EW scale + observed states 
‣ large number of parameters  
‣ data informs Higgs multiplicity correlations 
‣ (elw) vacuum coarse-grained: technical simplifications…

cf. counting  [Brivio et al. `25]

(pert.) Quantum Field Theory = Prediction of Correlations

[Coleman, Wess, Zumino `69] 
[Callan, Coleman, Wess, Zumino `69]



“SM is a good IR reference point”SMEFT   SU(2)xU(1)/U(1) (+ flavour)

HEFT   SU(2)xSU(2)/SU(2) (+ flavour)

‣ clear power counting: dim. 6 > dim. 8 > … 
‣ comparably few (bosonic) parameters 
‣ tight correlations across Higgs multiplicities 
‣ non-linear elw vacuum: non-trivial technical implications…
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“SM EWSB perhaps too limiting”

[CE, Naskar, Sutherland `23]

[Alonso et al. `16]

…

[Craig et al. `21]
[Anisha et al. `22]

‣ CCWZ construction of EW scale + observed states 
‣ large number of parameters  
‣ data informs Higgs multiplicity correlations 
‣ (elw) vacuum coarse-grained: technical simplifications…

cf. counting  [Brivio et al. `25]

(pert.) Quantum Field Theory = Prediction of Correlations
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results of [49, 121]. Their analysis includes dedicated HL-LHC observables which especially help for the

two-light-two-heavy operators, resulting in tighter bounds as compared to our fit by around a factor two

for some of these coe�cients.

Additionally, HL-LHC measurements can improve the bounds imposed by EWPOs along directions

that are a linear combination of individual coe�cients, as illustrated by the
⇣
c(3)'q , c(�)

'q

⌘
analysis of Fig. 3.10

where we show the impact of diboson production on the 95% CI intervals in the
⇣
c(3)'q , c(�)

'q

⌘
plane. We

compare the marginalized bounds from a global linear LEP-only fit with those resulting from combining
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‣ plethora of parameters

‣ flavour-blind results:     
0.1-1/TeV2 sensitivity

‣ improvements towards 
HL-LHC possible via 
data… 

‣ …not a silver bullet for 
BSM discovery 

‣ flavoured models as 
counterexamples

SMEFT analyses
‣ …well underway…

‣ …with exp. buy-in!

…[CE, Mayer, Naskar, Renner`24]
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Figure 4: Cross sections times branching fraction for ggF, VBF, +� and CC� + C� production in each relevant decay
mode, normalised to their SM predictions. The values are obtained from a simultaneous fit to all channels. The black
error bars, blue boxes and yellow boxes show the total, systematic, and statistical uncertainties in the measurements,
respectively. The gray bands show the theory uncertainties on the predictions. The level of compatibility between the
measurement and the SM prediction corresponds to a ?-value of ?SM = 79%, computed using the procedure outlined
in the text with 21 degrees of freedom.
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In, e.g., the recent [2], modifications of the (trilinear) Higgs self-coupling � and the quartic

gauge-Higgs couplings 2V have been constrained

� 2 [�3.5, 11.3] , 2V 2 [0.0, 2.1] , (1.2)

with similar sensitivity in other di-Higgs final state channels, e.g. [3–9]. The  framework

also successfully captures the dominant source of coupling modifications in many concrete

UV extensions.

The Higgs self-coupling corresponds to a unique operator in the dimension 6 e↵ective

field theory expansion [10]. Modifications of � 6= 1 can therefore be housed theoretically

consistently, which is also demonstrated by � investigations beyond tree level [11–14] that

do not lead to theoretical inconsistencies.

This is vastly di↵erent for 2V 6= 1, which breaks electroweak gauge invariance in the

SM(EFT), leading to a breakdown of renormalisability. As 2V is related to a modification

of the gauge sector, a departure from 2V = 1 requires care when moving beyond tree-level

considerations [15]. Notwithstanding these theoretical obstacles, the gauge-Higgs quartic

interactions can be strong indicators of Higgs compositeness as a consequence of dynamical

vacuum misalignment. For instance, in minimal theories of Higgs compositeness [16, 17],

the typical deviations in the Higgs-gauge sector are given by

V =
p

1 � ⇠ , 2V = 1 � 2⇠ , (1.3)

where ⇠ measures the electroweak vacuum expectation value v ' 246 GeV in units of

the CCWZ [18, 19] order parameter. These relations are independent of the mechanism

responsible for vacuum misalignment; they are independent of how partial compositeness

is included in the fermion sector. In contrast, for scenarios of iso-singlet mixing [20–23],

we obtain

V = cos ↵ , 2V = cos2 ↵ . (1.4)

It is immediately clear that a su�ciently precise measurement of the quartic gauge-Higgs

coupling, 2V , serves as a discriminator between these two dramatically di↵erent BSM

scenarios. While it is always possible to interpret V < 1 in either scenario through

identifying cos ↵ =
p

1 � ⇠,

cos 2↵ 6= cos2 ↵ (1.5)

away from the decoupling limit ↵ 6= 0 6= ⇠ in either BSM scenario.
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beyond single Higgs bosons?

‣ pinpoint bosonic multi-Higgs interactions at hadron machines?

[Anisha et al. `25] 
[Domenech  et al. `25] 

[Jäger et al. `25] 
[Braun et al. `25] 

….[Braun et al. `25] 
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FIG. 1. Electroweak Feynman rules relevant for V V !
HH(H) scattering probed in WBF multi-Higgs production.

by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =

✓
1 +

H

v

◆2

, (5)

so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.

The relation of the HEFT with the more widely
adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with

the SM, also beyond leading order; HEFT and SMEFT can be

identified. In parallel, only HEFT provides a theoretically rigor-

ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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by the gauge fields as in the SM. The e↵ective multi-Higgs
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so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
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The relation of the HEFT with the more widely
adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with

the SM, also beyond leading order; HEFT and SMEFT can be

identified. In parallel, only HEFT provides a theoretically rigor-

ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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FIG. 1. Electroweak Feynman rules relevant for V V !
HH(H) scattering probed in WBF multi-Higgs production.

by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =

✓
1 +

H

v

◆2

, (5)

so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.
The relation of the HEFT with the more widely

adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with
the SM, also beyond leading order; HEFT and SMEFT can be
identified. In parallel, only HEFT provides a theoretically rigor-
ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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by the gauge fields as in the SM. The e↵ective multi-Higgs
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
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so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.

The relation of the HEFT with the more widely
adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤
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Both HEFT and SMEFT admit coupling choices compatible with

the SM, also beyond leading order; HEFT and SMEFT can be

identified. In parallel, only HEFT provides a theoretically rigor-

ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for
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As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
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by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =

✓
1 +

H

v

◆2

, (5)

so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.

The relation of the HEFT with the more widely
adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with

the SM, also beyond leading order; HEFT and SMEFT can be

identified. In parallel, only HEFT provides a theoretically rigor-

ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities
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, (5)

so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.
The relation of the HEFT with the more widely

adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with
the SM, also beyond leading order; HEFT and SMEFT can be
identified. In parallel, only HEFT provides a theoretically rigor-
ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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FIG. 1. Electroweak Feynman rules relevant for V V !
HH(H) scattering probed in WBF multi-Higgs production.

by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =

✓
1 +

H

v

◆2

, (5)

so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.

The relation of the HEFT with the more widely
adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with

the SM, also beyond leading order; HEFT and SMEFT can be

identified. In parallel, only HEFT provides a theoretically rigor-

ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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SMEFT, only HHHZZ interactions arise from the op-
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parameter (as can be seen from replacing the Higgs legs
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tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
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17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =

✓
1 +

H

v

◆2

, (5)

so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.
The relation of the HEFT with the more widely

adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with
the SM, also beyond leading order; HEFT and SMEFT can be
identified. In parallel, only HEFT provides a theoretically rigor-
ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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FIG. 1. Electroweak Feynman rules relevant for V V !
HH(H) scattering probed in WBF multi-Higgs production.

by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =

✓
1 +

H

v

◆2

, (5)

so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.

The relation of the HEFT with the more widely
adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with

the SM, also beyond leading order; HEFT and SMEFT can be

identified. In parallel, only HEFT provides a theoretically rigor-

ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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due to the singlet nature of the physical Higgs boson
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expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
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erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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FIG. 1. Electroweak Feynman rules relevant for V V !
HH(H) scattering probed in WBF multi-Higgs production.

by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by
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for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities
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so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.

The relation of the HEFT with the more widely
adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with

the SM, also beyond leading order; HEFT and SMEFT can be

identified. In parallel, only HEFT provides a theoretically rigor-

ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.
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ferent scales are identified with the electroweak vacuum
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tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
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Higgs
contact

interactions
with

the
gauge

fields,
i.e.

H
V
V
,
H
H
V
V
and

H
H
H
V
V
(V

=
W
,Z
),
respec-

tively,
see

Fig.
1.

These
param

eters
are

independent

due
to
the

singlet
nature

of
the

physical
Higgs

boson

in
HEFT.

In
SM

EFT
these

are
fully

correlated
due

SU
(2)

L
gauge

sym
m
etry.

O
perators with

a
higher m
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dim
ension

than
four

such
as
the

H
H
H
V
V
contact

in-

teractions are loop-suppressed
in
renorm

alisable theories

such
as
SM

. Beyond
dim

ension
4, at dim

ension
6
in
the

SM
EFT, only

H
H
H
Z
Z
interactions

arise
from

the
op-

erator
O
H
D

=
(� †

D
µ�) ⇤

(� †
D

µ

�)
in
the

W
arsaw

ba-

sis
[7],

where
�
denotes

SM
Higgs

doublet.
This

op-

erator
is
tightly

constrained
by

m
easurem

ents
of the

T

param
eter (as can

be
seen

from
replacing

the
Higgs legs

with
their

vacuum
expectation

values
in
the

irreducible

Z
Z
!

H
H
H
diagram

s).
H
H
H
W
W

contact
interac-

tions
arise

at
dim

ension-8
level in

SM
EFT. In

the
lan-

guage
of
Ref.

[14],
these

contact
interactions

are
gen-

erated
m
ainly

from
the

bosonic
class

� 6
D 2
.
Including

operators
from

other
classes
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as
� 4
D 4
, and

involv-

ing
field

strength
tensors in

X
2
� 4
, X

� 4
D 2

interactions,

such
contact

term
s
are

also
generated

with
novel, non-

SM
Lorentz

structures
and

m
om
entum

dependencies
as

required
by
SU

(2)
L
invariance.

From
a
technical point-of-view, HEFT

can
o↵er

som
e

advantages over SM
EFT

calculations as detailed
in
[15–

17], however, with
an
opaque

power counting
(in

partic-

ular
because

in
the

form
ulation

of Eq. (1)
a
priori dif-

ferent
scales

are
identified

with
the

electroweak
vacuum

expectation
values).

This
carries

the
benefit

of
poten-

tially
capturing

BSM
correlations at interm

ediate
scales

towards
the

SM
’s
UV

com
pletion

m
ore

directly.
For

in-

stance, theories of strong
electroweak

sym
m
etry

breaking

such
as the

M
inim

al Com
posite

Higgs M
odel based

on
a

coset
SO

(5)/SO
(4)

[18] (M
CHM

, potentially
UV

com
-

pleted
in
a
less m

inim
al scenario

[19]) directly
predict for

FIG
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Cross
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H
jj
for

µ
R

=
µ
F

=
Q
,

i.e.
the

t-channel
m
om
entum

transfer
of
the

ferm
ion

legs.

A
s
can

be
seen

the
N
LO

corrections
are

m
odest

and
well-

approxim
ated

by
this

scale
choice, eventually

rendering
the

Q
CD

uncertainty
negligible. For further details, see

the
text.
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FIG. 1. Electroweak Feynman rules relevant for V V !
HH(H) scattering probed in WBF multi-Higgs production.

by the gauge fields as in the SM. The e↵ective multi-Higgs
gauge boson interactions are then given by

L2 �

✓
1 + 2a

H

v
+ b

H2

v2
+ c

H3

v3

◆

⇥

✓
m2

WW+
µ W�µ +

m2
W

2c2w
ZµZ

µ

◆
, (4)

for the phenomenologically relevant parametrisation of
the contact interactions of the weak gauge boson with up
to three Higgs bosons. (The vacuum expectation value is
fixed by the W mass 2mW = gv and Weinberg angle is
cw = mW/mZ). In the SM, we have for unrenormalised
quantities

F (H) =

✓
1 +

H

v

◆2

, (5)

so that a = b = 1 and c = 0. Furthermore, the Higgs
potential in the SM maps onto the HEFT parameters
3 = 4 = 1.
The relation of the HEFT with the more widely

adopted Standard Model E↵ective Theory (SMEFT) [7]
is a relevant question. The measurements of Higgs cou-
plings, e.g. [8], are compatible with a weak doublet char-
acter of the electroweak symmetry-breaking vacuum so
far. This consistency is currently limited to single Higgs
observations which relate to specific parameter choices
of the HEFT Lagrangian, which are, however, not moti-
vated beyond any other parameter choice in Eq. (1). The
study of multi-boson final states [9] is currently under-
way (e.g. [3, 10, 11]) and projected to reach sensitivity
to SM production in the gluon fusion channels [12]. The
LHC programme of the near future will therefore clarify
whether the wider HEFT “swampland” is indeed pre-
ferred over the SMEFT-compatible correlations at the
weak scale.⇤

⇤
Both HEFT and SMEFT admit coupling choices compatible with
the SM, also beyond leading order; HEFT and SMEFT can be
identified. In parallel, only HEFT provides a theoretically rigor-
ous extension of the kappa framework of [13].

The HEFT coe�cients a, b, and c describe the multi-
Higgs contact interactions with the gauge fields, i.e.
HV V , HHV V and HHHV V (V = W,Z), respec-
tively, see Fig. 1. These parameters are independent
due to the singlet nature of the physical Higgs boson
in HEFT. In SMEFT these are fully correlated due
SU(2)L gauge symmetry. Operators with a higher mass
dimension than four such as the HHHV V contact in-
teractions are loop-suppressed in renormalisable theories
such as SM. Beyond dimension 4, at dimension 6 in the
SMEFT, only HHHZZ interactions arise from the op-
erator OHD = (�†Dµ�)⇤(�†Dµ�) in the Warsaw ba-
sis [7], where � denotes SM Higgs doublet. This op-
erator is tightly constrained by measurements of the T
parameter (as can be seen from replacing the Higgs legs
with their vacuum expectation values in the irreducible
ZZ ! HHH diagrams). HHHWW contact interac-
tions arise at dimension-8 level in SMEFT. In the lan-
guage of Ref. [14], these contact interactions are gen-
erated mainly from the bosonic class �6D2. Including
operators from other classes such as �4D4, and involv-
ing field strength tensors in X2�4, X�4D2 interactions,
such contact terms are also generated with novel, non-
SM Lorentz structures and momentum dependencies as
required by SU(2)L invariance.
From a technical point-of-view, HEFT can o↵er some

advantages over SMEFT calculations as detailed in [15–
17], however, with an opaque power counting (in partic-
ular because in the formulation of Eq. (1) a priori dif-
ferent scales are identified with the electroweak vacuum
expectation values). This carries the benefit of poten-
tially capturing BSM correlations at intermediate scales
towards the SM’s UV completion more directly. For in-
stance, theories of strong electroweak symmetry breaking
such as the Minimal Composite Higgs Model based on a
coset SO(5)/SO(4) [18] (MCHM, potentially UV com-
pleted in a less minimal scenario [19]) directly predict for

FIG. 2. Cross section of pp ! HHHjj for µR = µF = Q,
i.e. the t-channel momentum transfer of the fermion legs.
As can be seen the NLO corrections are modest and well-
approximated by this scale choice, eventually rendering the
QCD uncertainty negligible. For further details, see the text.

SM

‣ pinpoint bosonic multi-Higgs interactions at hadron machines?
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geometrical probe of the ELWSB manifold

composite Higgs theories intrinsic HEFT

beyond single Higgs bosons?
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Figure 7. V -2V correlation for di↵erent 95% CL collider sensitivity extrapolations, assuming
� = 1. We overlay the BSM model discussion of Sec. 3 to highlight regions for which 2V can
provide information beyond V . In particular, the fourth quadrant (where 2V < 1 < V ) is
populated by scenarios of large dilaton-Higgs mixing (we scan �1  2V  2, |s✓|  1 with a physical
solution of ⇣ > 0; again we assume Mhh = 300 GeV as before). Note that the dilaton includes
e↵ects beyond the deformation truncated in Eq. (3.38). Hence, the covered area is comparably
larger. The black dashed line represents 2

V
= 2V and all BSM renormalisable models lie in the

region above this line, i.e., 2
V

 2V .

with bounds on V from single Higgs measurements that are approximately an order of

magnitude smaller.

On the theoretical side, deviations in 2V and V are highly correlated in all models of

heavy, decoupling new physics. This can be understood through their SMEFT parametri-

sation, where, due to the doublet nature of the Higgs field, 2V = 22
V

� 1 at dimension

6. In the broader HEFT parametrisation, 2V and V are independent free parameters

due to the custodial iso-singlet parameterisation of the Higgs boson. Any models of non-

decoupling new physics where the deviation in 2V is an order of magnitude larger than

that in V would highly motivate WBF di-Higgs production as an indirect probe of new

physics.

To this end, we surveyed many BSM models in Sec. 3, and summarise their patterns

of e↵ects in 2V and V in Table 2. In sum, to achieve an enhancement in 2V within

an extended scalar sector requires tree-level mixing with triplets or higher electroweak

representations. This cannot be done at loop level, where extra scalars give a characteristic

2V = 2
V

pattern from wavefunction renormalisation of the Higgs. We note in passing,

however, that we have identified a large class of scalar extensions of the SM for which a

Feynman-templated analysis extends to one-loop BSM precision in the weak sector.

We find that all renormalisable extended scalar sectors satisfy 2V �2
V

� 0, with this

– 22 –
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charting phenomenological possibilities

[CE, Naskar, Sutherland `23]

Triplets

2HDM
singlet

CHM

CHM

CHM-Dilaton

‣ big surprises a priori possible, but with TeV-relevant exotics
dilaton status see the recent [Brugisser et al. `22]



18

‣ H easy, HH doable, HHH !

triple Higgs?

could be a muon collider 
target!

[Celada et al. `23]

6

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
0.4

0.6

0.8

1.0

1.2

1.4

0.5

1

2

0.004

0.01
0.2

5

5

3

3

20.2

10.5

(a)

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
0.0

0.5

1.0

1.5

2.0

0.004

0.2
0.5
1
2
3

5

0.01

0.20.51235

(b)

(c) (d)

FIG. 6. NLO QCD cross section contours for WBF triple Higgs production for the selection cuts of Eq. (8) as functions of (a)
c, a (including single Higgs constraints on a), (b) c, b, (c) c,3, and (d) c,4. Again scale choices are µR = µF = Q. Couplings
that are not scanned over are fixed to their would-be SM values a,3,4 = 1.

III. UNITARITY CONSTRAINTS ON HH(H)
PRODUCTION FROM WBF

The HEFT predictions of multi-Higgs production from
WBF, like WW ! HH and WW ! HHH violate per-
turbative unitarity at high energies in the TeV region,
Eqs. (10) (see also [36, 38, 39, 57]). As a ' 1 has been es-
tablished with recent Higgs measurements unitarity con-
straints from this parameter are no longer driving overall
perturbativity considerations. The presence of b 6= 1,
however, implies pertubative unitarity violation in di-
Higgs and triple Higgs production; the presence of c 6= 0
is linked to unitarity violating cross section enhancement
of HHHjj production. The case of di-Higgs production
has been studied previously in the literature and the con-
straints on the values of the a and b HEFT parameters
have also been derived (see, for instance, [30, 34]). The
unitarity constraint on 3 from di-Higgs and the con-
straint on 4 from triple Higgs are much milder (e.g. [34])
and practically do not a↵ect the LHC multi-Higgs boson

rates as they do not drive a kinematic cross section en-
hancement. Hence, in the following, we focus on the b
and c parameters and their limit setting. We set the
remaining parameters to their respective SM values, i.e.
a = 3 = 4 = 1. As quantitatively identical bounds are
provided by the ZZ ! HH(H) amplitudes, we focus on
the WW processes in this section.

In this study, for the case of WLWL ! HH we apply
the unitarity requirement on the dominant partial wave
amplitude, with J = 0 (this is qualitatively identical to
constraints from elastic WLH forward scattering)

|a0(WLWL ! HH)(s)|  1 , (11)

where
p
s = mHH is the invariant double-Higgs mass.

For the case of WLWL ! HHH, we apply the unitarity
restriction on the inelastic cross section (see, e.g., [34, 35,
38, 57])

�(WLWL ! HHH) 
4⇡

s
(12)

[Anisha et al., `24]

‣ stability under QCD corrections of WBF H/HHn       
WBF is a clear window into (strong) ELW effects
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‣ H easy, HH doable, HHH !
‣ context with fixed order perturbation theory

!2V = 0.1 → 85% events in the non-perturbative 
regime

WBF is a clear window into (strong) ELW effects

strongly 
coupled modes 

will show
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FIG. 6. NLO QCD cross section contours for WBF triple Higgs production for the selection cuts of Eq. (8) as functions of (a)
c, a (including single Higgs constraints on a), (b) c, b, (c) c,3, and (d) c,4. Again scale choices are µR = µF = Q. Couplings
that are not scanned over are fixed to their would-be SM values a,3,4 = 1.

III. UNITARITY CONSTRAINTS ON HH(H)
PRODUCTION FROM WBF

The HEFT predictions of multi-Higgs production from
WBF, like WW ! HH and WW ! HHH violate per-
turbative unitarity at high energies in the TeV region,
Eqs. (10) (see also [36, 38, 39, 57]). As a ' 1 has been es-
tablished with recent Higgs measurements unitarity con-
straints from this parameter are no longer driving overall
perturbativity considerations. The presence of b 6= 1,
however, implies pertubative unitarity violation in di-
Higgs and triple Higgs production; the presence of c 6= 0
is linked to unitarity violating cross section enhancement
of HHHjj production. The case of di-Higgs production
has been studied previously in the literature and the con-
straints on the values of the a and b HEFT parameters
have also been derived (see, for instance, [30, 34]). The
unitarity constraint on 3 from di-Higgs and the con-
straint on 4 from triple Higgs are much milder (e.g. [34])
and practically do not a↵ect the LHC multi-Higgs boson

rates as they do not drive a kinematic cross section en-
hancement. Hence, in the following, we focus on the b
and c parameters and their limit setting. We set the
remaining parameters to their respective SM values, i.e.
a = 3 = 4 = 1. As quantitatively identical bounds are
provided by the ZZ ! HH(H) amplitudes, we focus on
the WW processes in this section.

In this study, for the case of WLWL ! HH we apply
the unitarity requirement on the dominant partial wave
amplitude, with J = 0 (this is qualitatively identical to
constraints from elastic WLH forward scattering)

|a0(WLWL ! HH)(s)|  1 , (11)

where
p
s = mHH is the invariant double-Higgs mass.

For the case of WLWL ! HHH, we apply the unitarity
restriction on the inelastic cross section (see, e.g., [34, 35,
38, 57])
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‣ in HEFT (Higgs = ‘custodial’ singlet) decorrelating multiplicities 
is technically consistent to all orders

where ⌧
a are the Pauli matrices with a = 1, 2, 3. The U matrix transforms under L 2
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The leading order HEFT Lagrangian relevant for this study is given as follows
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⇣1 and ⇣2 are the new physics parameters (the choice ⇣1,2 = 0 corresponds to the gauge-Higgs

interactions of the SM). The ellipses denote the interaction terms with more than two Higgs

bosons which are not relevant for our work. Lferm parametrises the fermion-gauge boson

interactions, which we take SM-like. LGF and LFP are the gauge-fixing and Faddeev-Popov

terms [64], respectively. V (H) is the Higgs potential
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For our analysis, we will take the potential to be SM-like, 3,4 = 1. The gauge-fixing term
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relevance & clarity of perturbative improvements
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‣ in HEFT (Higgs = ‘custodial’ singlet) decorrelating multiplicities 
is technically consistent to all orders
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‣ in HEFT (Higgs = ‘custodial’ singlet) decorrelating multiplicities 
is technically consistent to all orders
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radiatively source `higher-dimensional`interactions

lots of interesting physics/technical advantages
‣ Higgs physics is gauge-independent 
‣ vacuum gauge-independent 
‣ masses gauge-independent 
‣ …..
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Figure 4. The ⇣1 vs. ⇣2 parameter space obtained from the �
2 analysis of the  parameters from

ATLAS Run-2 data [87]. The solid (dashed) contour denotes the ��
2 = 2.28 (��

2 = 5.99) which
corresponds to confidence level of 68% (95%). Fig. 4b shows the similar regions in blue obtained
with the HL-LHC projected data.

A coupling modifier of this size is already in tension with the current measurement

results detailed in Sec. 2. This shows that the 2V and V are largely independent parameters

at the LHC as is naively suggested by Eq. (3.5). This highlights the need to increase the

sensitivity coverage to ⇣2 through direct searches further, which we will turn to in Sec. 5.

5 Enhancing direct collider sensitivity with Graph Neural Networks

Higgs pair production via WBF has been discussed in Refs. [19–23]. The process shares

the properties of single Higgs WBF production [89–93] especially when we consider LHC-

relevant QCD corrections [94–96]. To select the events for the WBF topology, Fig. 5, we

choose two forwarded jets in opposite detector hemispheres (opposite signs of pseudorapidity

⌘j1 · ⌘j2 < 1) with the invariant mass mjj larger than 500 GeV. For the minimum transverse

momentum pT of WBF jets, we choose 50 GeV. We select events with four b-jets in the
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Figure 5. Representative Feynman diagrams contributing to WBF p(f)p(f 0) ! HHjj. We
consider H ! bb̄ final states, but do not include the decays to the diagrams.
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Figure 7. Exclusion limits on 2V and V parameter space obtained from the GNN output trained
for the 2V enriched sample (2V ,V = 2, 1) are shown in Fig. 7a. The cyan line represents the
limits obtained from the ATLAS analysis for the fixed value of V = 1 [35]. The dot-dashed contour
shows the e↵ect of increasing the background by 25%. In Fig. 7b, HL-LHC projected constraints are
overlaid on the 95% C.L. region shown in Fig. 4b for 2V and V parameter space.

we have not included subdominant background from weak multi-boson processes or top

production, which will additionally degrade the sensitivity (see e.g. [20]). These processes

are, however, also characterised by di↵erent kinematic and QCD radiation properties, and

we can expect significant discrimination when considering these additional contributions

in the GNN classification. To get an estimate of how additional backgrounds modify the

direct search sensitivity, we modify the considered dominant QCD through a naive shifting

by 25% in normalisation. Including these to Fig. 7a, we see that there is minor change in

the sensitivity, and good sensitivity to 2V can be achieved.

The GNN could be further improved through a more dedicated inclusion of 2V � V

correlations to the classification, e.g., through a multi-class network architecture discussed

in Ref. [102], which could also be extended to subdominant background contributions to

specifically combat those when the QCD contribution has been removed su�ciently. A

more robust graph embedding could help in such an approach as well. While the QCD

background phenomenology is very di↵erent from the WBF signal (highlighted by the fact

that a shallow network is su�cient for very good discrimination), di↵erent electroweak

correlation structures such as top and weak boson decays impart a more tree-like structure

that could be further exploited when these become relevant. Insensitivity to di↵erential

distributions of the node features, as well as overall normalisations, could be achievable

using adversarial networks [107]. We leave more detailed investigations for future work.
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FIG. 5. Time evolution of the modular Hamiltonian for six qubits (top panel) and eight qubits (bottom panel) scenario. The left
panel shows the fidelity distribution, and the right panel shows the power spectrum of the FFT of the distributions. The signal
and the background are represented with blue and red colours in each panel.
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and background test sample where, as before, the red
and blue curves show the results for eight and six-qubit
scenarios, respectively. Even at the initial time step, we
observe that AUC values for both cases are above 0.9.

Utilising the time evolution sequence, we observe up
to 3% di↵erence between six and eight qubit scenarios,

reducing the required frequency by 72%. Notice that we
are barely able to achieve 50% using a four-qubit scenario
with the largest frequency that we compute; thus, adding
new information significantly a↵ects the ability to di↵er-
entiate two sequences. Using only the information from
the expectation value provides significantly better di↵er-
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The form of Eqs. (2.15), (2.16) is that of a tensor contracted with vierbiens T↵e↵ and is,

hence, invariant under field-coordinate transformations; there lies the usefulness of these

expressions.

The matter of computing the amplitude is then reduced to identifying the Higgs-

functions K, F for each Lagrangian and obtaining the curvature via the expressions above.

The results are collected in Tab. 1. Coincidentally, the 2 ! 2 scattering terms happen to

have only linear ✏ corrections, which means all three Lagrangians give the same prediction.

The 2 ! 3 case, however, does display both the equivalence of the original and field-redefined

case and the fact that EoM lead to a di↵erent prediction at order ✏2.

For the ⇡⇡ ! 3h case, we can further identify the ratio between LO prediction and NLO

theory error as ✏2/4✏ = ✏/4. If a hypothetical experiment would only set limits in the range

✏ ⇠ 4, e.g. when statistical control is not (yet) good enough, no reliable information can be

gained from this measurement when it is interpreted in a truncated EFT approach. Our

example, therefore, clearly highlights the tension between data quality and EFT expansion

parametrised by the theory error of Eq. (2.10).

Generalising this example requires examining two issues: firstly, the general case will

not be the high-energy limit of a scalar theory or have simple geometry-based formulae to

connect the Lagrangian with observables. And secondly, there is the issue of determining

our expansion parameter ✏, either via theoretical input or directly via measurements as

indicated above.

The first point is no obstacle; we simply have to specify our theory in full and the

operator whose removal will lead to the O(✏2) error. The full theory we choose as HEFT,

which requires gauging SU(2)L ⇥ U(1)Y , so that

DµU = @µU + i
g

2
W I

µ�IU � ig0UBµTY , (2.19)

where TY is the generator of U(1)Y in scalar space, explicitly TY = �3/2.

L L LEoM

K2(⇣) 1 1 � 2✏⇣ + ✏2⇣2 1 � 2✏⇣

F 2(⇣) (1+⇣)2+✏⇣2
(1+ ⇣)2 � (✏+ ✏2)⇣3 +

O(⇣4)

(1+ ⇣)2 � (✏+ ✏2)⇣3 +

O(⇣4)

v2Rh �✏ �✏ �✏

v3

K

dRh

dh
4✏ 4✏ 4✏ � ✏2

Table 1. Metric and curvature elements for the original, field-redefined and EoM-transformed
Lagrangians. The curvature terms give the high-energy leading terms in amplitudes and signal
physical di↵erences between theories.
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The results are collected in Tab. 1. Coincidentally, the 2 ! 2 scattering terms happen to

have only linear ✏ corrections, which means all three Lagrangians give the same prediction.

The 2 ! 3 case, however, does display both the equivalence of the original and field-redefined

case and the fact that EoM lead to a di↵erent prediction at order ✏2.

For the ⇡⇡ ! 3h case, we can further identify the ratio between LO prediction and NLO

theory error as ✏2/4✏ = ✏/4. If a hypothetical experiment would only set limits in the range

✏ ⇠ 4, e.g. when statistical control is not (yet) good enough, no reliable information can be

gained from this measurement when it is interpreted in a truncated EFT approach. Our

example, therefore, clearly highlights the tension between data quality and EFT expansion

parametrised by the theory error of Eq. (2.10).

Generalising this example requires examining two issues: firstly, the general case will

not be the high-energy limit of a scalar theory or have simple geometry-based formulae to

connect the Lagrangian with observables. And secondly, there is the issue of determining

our expansion parameter ✏, either via theoretical input or directly via measurements as

indicated above.

The first point is no obstacle; we simply have to specify our theory in full and the

operator whose removal will lead to the O(✏2) error. The full theory we choose as HEFT,

which requires gauging SU(2)L ⇥ U(1)Y , so that

DµU = @µU + i
g

2
W I

µ�IU � ig0UBµTY , (2.19)

where TY is the generator of U(1)Y in scalar space, explicitly TY = �3/2.

L L LEoM

K2(⇣) 1 1 � 2✏⇣ + ✏2⇣2 1 � 2✏⇣

F 2(⇣) (1+⇣)2+✏⇣2
(1+ ⇣)2 � (✏+ ✏2)⇣3 +

O(⇣4)

(1+ ⇣)2 � (✏+ ✏2)⇣3 +

O(⇣4)

v2Rh �✏ �✏ �✏

v3

K

dRh

dh
4✏ 4✏ 4✏ � ✏2

Table 1. Metric and curvature elements for the original, field-redefined and EoM-transformed
Lagrangians. The curvature terms give the high-energy leading terms in amplitudes and signal
physical di↵erences between theories.
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with

A(⇣) = (1 + ⇣)2 � (✏ + ✏2)⇣3 +
(✏3 + ✏4)⇣4

4
. (2.4)

This is a Lagrangian that, despite apparent di↵erences, will lead to the very same amplitudes

as the one in Eq. (2.1).

One might also remove the ✏ term in a seemingly di↵erent way, using the equation of

motion (EoM) as an algebraic relation. This procedure is widely used for the definition of

operator bases. It follows, S =
R

d4x L,

�S

�h(x)
= �2h(x) +

A0(⇣)

v
J(x) = 0 , J =

v

2
2h � (1 + ✏)⇣J , (2.5)

now substitution of J as given above in the very term we want to remove, i.e. the ✏⇣2J

term in the Lagrangian in Eq. (2.1), leads to

LEoM =
1

2
(@µh@µh)(1 � ✏⇣) + JAEoM(h/v) , (2.6)

with

AEoM(⇣) = (1 + ⇣)2 � (✏ + ✏2)⇣3 . (2.7)

This is yet another Lagrangian which now, however, is only guaranteed to provide the same

amplitudes to order ✏. To understand why this is the case, we can rewrite the Lagrangian as

LEoM = L(h(x)) +

✓
�

✏h2(x)

2v

◆
�S

�h(x)
= L(h) +

✓
�

✏h2

2v

◆⇥
�2h + A0(⇣)J/v

⇤
, (2.8)

hence using the EoM is equivalent to the first order modification in a field redefinition

� ! � + ✏�� (cf. Eq. (2.2)) as highlighted in [52]. The di↵erence between the two is

therefore the second variation of the action

S�TH =

Z
d4x d4y

✏2

2
��(y)

�2S

��(x)��(x)
��(y) , (2.9)

and higher orders. This example shows the interpretation of the use of the EoM ‘once’ to

remove a given operator; one can make multiple uses of the EoM on the same operator,

which is related to iterated field redefinitions. Appendix A shows how one can use the EoM

‘twice’ and how the error would still take the form of Eq. (2.9).

Such a definition of a theory error is still a few steps away from a ready-to-use form,

but the road to get there is clear: compute your observable with and without the term in

the action above and take the theory error as the di↵erence between the two. Let us be a

bit more explicit. We define (a strictly positive)

�TH =

����
� � �EoM

� � �SM

���� . (2.10)

A few comments are in order.
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Figure 1. Ratio of the BSM-modified to SM cross section for gg ! h ! �� at
p

s = 13 TeV,
as a function of a22/v2. Theoretical variations corresponding to the vanilla HEFT model, field
redefinition, and EoM reduction are shown. Shaded bands indicate current (LHC, integrated lumi-
nosity of 139 fb�1 [69]) and projected (HL-LHC, integrated luminosity of 3 ab�1 [70]) experimental
sensitivities at 95% CL. The lower panel shows the theory error calculated using Eq. (2.10).

therefore, yield comparable constraints at the same order of magnitude, indicating that

the field redefinition and EoM substitution are equivalent for this observable at leading

order. The theoretical uncertainty, shown in the lower panel of Fig. 1, exhibits an almost

linear behaviour in the vicinity of the origin, as anticipated in our earlier discussion, but not

trivially so, given the processing that the theory has undergone to arrive at these predictions.

The error is therefore well controlled within the experimentally allowed region, reinforcing

the robustness of the linear approximation for this process.

Going further, we extract constraints on a22/v2 by performing a global fit across all

relevant Higgs production and decay channels in single Higgs processes at the LHC, and at

a future HL-LHC. To this end, we construct a �2 statistic incorporating the experimental

correlation matrix from Ref. [69]. The resulting bounds on a22 are shown in Fig. 2, further

illustrating that all three approaches lead to consistent results when computing physical

observables at leading order.

3.2.2 O↵-shell E↵ects in Four-Top Production

The production of four top quarks at hadron colliders,

pp ! tt̄tt̄ , (3.32)

is a rare but highly informative process. Although the SM predicts a small cross section of

about 13 fb at
p

s = 13 TeV [71, 72], this channel is sensitive to a wide range of potential

new physics e↵ects and has attracted increasing interest in recent years.
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with

A(⇣) = (1 + ⇣)2 � (✏ + ✏2)⇣3 +
(✏3 + ✏4)⇣4

4
. (2.4)

This is a Lagrangian that, despite apparent di↵erences, will lead to the very same amplitudes

as the one in Eq. (2.1).

One might also remove the ✏ term in a seemingly di↵erent way, using the equation of

motion (EoM) as an algebraic relation. This procedure is widely used for the definition of

operator bases. It follows, S =
R

d4x L,

�S

�h(x)
= �2h(x) +

A0(⇣)

v
J(x) = 0 , J =

v

2
2h � (1 + ✏)⇣J , (2.5)

now substitution of J as given above in the very term we want to remove, i.e. the ✏⇣2J

term in the Lagrangian in Eq. (2.1), leads to

LEoM =
1

2
(@µh@µh)(1 � ✏⇣) + JAEoM(h/v) , (2.6)

with

AEoM(⇣) = (1 + ⇣)2 � (✏ + ✏2)⇣3 . (2.7)

This is yet another Lagrangian which now, however, is only guaranteed to provide the same

amplitudes to order ✏. To understand why this is the case, we can rewrite the Lagrangian as

LEoM = L(h(x)) +

✓
�

✏h2(x)

2v

◆
�S

�h(x)
= L(h) +

✓
�

✏h2

2v

◆⇥
�2h + A0(⇣)J/v

⇤
, (2.8)

hence using the EoM is equivalent to the first order modification in a field redefinition

� ! � + ✏�� (cf. Eq. (2.2)) as highlighted in [52]. The di↵erence between the two is

therefore the second variation of the action

S�TH =

Z
d4x d4y

✏2

2
��(y)

�2S

��(x)��(x)
��(y) , (2.9)

and higher orders. This example shows the interpretation of the use of the EoM ‘once’ to

remove a given operator; one can make multiple uses of the EoM on the same operator,

which is related to iterated field redefinitions. Appendix A shows how one can use the EoM

‘twice’ and how the error would still take the form of Eq. (2.9).

Such a definition of a theory error is still a few steps away from a ready-to-use form,

but the road to get there is clear: compute your observable with and without the term in

the action above and take the theory error as the di↵erence between the two. Let us be a

bit more explicit. We define (a strictly positive)

�TH =

����
� � �EoM

� � �SM

���� . (2.10)

A few comments are in order.
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Figure 1. Ratio of the BSM-modified to SM cross section for gg ! h ! �� at
p

s = 13 TeV,
as a function of a22/v2. Theoretical variations corresponding to the vanilla HEFT model, field
redefinition, and EoM reduction are shown. Shaded bands indicate current (LHC, integrated lumi-
nosity of 139 fb�1 [69]) and projected (HL-LHC, integrated luminosity of 3 ab�1 [70]) experimental
sensitivities at 95% CL. The lower panel shows the theory error calculated using Eq. (2.10).

therefore, yield comparable constraints at the same order of magnitude, indicating that

the field redefinition and EoM substitution are equivalent for this observable at leading

order. The theoretical uncertainty, shown in the lower panel of Fig. 1, exhibits an almost

linear behaviour in the vicinity of the origin, as anticipated in our earlier discussion, but not

trivially so, given the processing that the theory has undergone to arrive at these predictions.

The error is therefore well controlled within the experimentally allowed region, reinforcing

the robustness of the linear approximation for this process.

Going further, we extract constraints on a22/v2 by performing a global fit across all

relevant Higgs production and decay channels in single Higgs processes at the LHC, and at

a future HL-LHC. To this end, we construct a �2 statistic incorporating the experimental

correlation matrix from Ref. [69]. The resulting bounds on a22 are shown in Fig. 2, further

illustrating that all three approaches lead to consistent results when computing physical

observables at leading order.

3.2.2 O↵-shell E↵ects in Four-Top Production

The production of four top quarks at hadron colliders,

pp ! tt̄tt̄ , (3.32)

is a rare but highly informative process. Although the SM predicts a small cross section of

about 13 fb at
p

s = 13 TeV [71, 72], this channel is sensitive to a wide range of potential

new physics e↵ects and has attracted increasing interest in recent years.
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with

A(⇣) = (1 + ⇣)2 � (✏ + ✏2)⇣3 +
(✏3 + ✏4)⇣4

4
. (2.4)

This is a Lagrangian that, despite apparent di↵erences, will lead to the very same amplitudes

as the one in Eq. (2.1).

One might also remove the ✏ term in a seemingly di↵erent way, using the equation of

motion (EoM) as an algebraic relation. This procedure is widely used for the definition of

operator bases. It follows, S =
R

d4x L,

�S

�h(x)
= �2h(x) +

A0(⇣)

v
J(x) = 0 , J =

v

2
2h � (1 + ✏)⇣J , (2.5)

now substitution of J as given above in the very term we want to remove, i.e. the ✏⇣2J

term in the Lagrangian in Eq. (2.1), leads to

LEoM =
1

2
(@µh@µh)(1 � ✏⇣) + JAEoM(h/v) , (2.6)

with

AEoM(⇣) = (1 + ⇣)2 � (✏ + ✏2)⇣3 . (2.7)

This is yet another Lagrangian which now, however, is only guaranteed to provide the same

amplitudes to order ✏. To understand why this is the case, we can rewrite the Lagrangian as

LEoM = L(h(x)) +

✓
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✏h2(x)
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�h(x)
= L(h) +
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�2h + A0(⇣)J/v

⇤
, (2.8)

hence using the EoM is equivalent to the first order modification in a field redefinition

� ! � + ✏�� (cf. Eq. (2.2)) as highlighted in [52]. The di↵erence between the two is

therefore the second variation of the action

S�TH =

Z
d4x d4y

✏2

2
��(y)

�2S

��(x)��(x)
��(y) , (2.9)

and higher orders. This example shows the interpretation of the use of the EoM ‘once’ to

remove a given operator; one can make multiple uses of the EoM on the same operator,

which is related to iterated field redefinitions. Appendix A shows how one can use the EoM

‘twice’ and how the error would still take the form of Eq. (2.9).

Such a definition of a theory error is still a few steps away from a ready-to-use form,

but the road to get there is clear: compute your observable with and without the term in

the action above and take the theory error as the di↵erence between the two. Let us be a

bit more explicit. We define (a strictly positive)

�TH =

����
� � �EoM

� � �SM

���� . (2.10)

A few comments are in order.
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ghosts etc. [Brivio et al. `14] 
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(still important: unitarity/power counting)
[Alonso, CE, Naskar, Rahaman `25] 
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robustness of rare final states?
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Figure 1. Evolution of the expected significance in four top quark analyses by the CMS experiment.
We compare the 2018 result based on an integrated luminosity 35.9 fb�1 [9] red (red filled circle),
with a projection from 2018 [10] (blue area), with the expected significance from the 2023 observation
based on an integrated luminosity 138 fb�1 [11] (red cross). The CMS projection based on statistical
uncertainties only is also shown (black solid line). The projection starts at an integrated luminosity of
78 fb�1; the dashed grey lines extrapolate it with a

p
L dependence down to 36 fb�1. For illustration,

the function 0.25
p

L/fb, is also shown (red dotted line), which describes well the expected significance
obtained from the statistical-only uncertainty.

observes tttt production with an expected sensitivity of one standard deviation (�) above the

SM backgrounds, using data corresponding to 35.9 fb�1 of integrated luminosity [9], shown

as a filled red circle. When extrapolating this result to the HL-LHC, the cross section of tttt

production increases by a factor of about 1.3 when increasing
p
s from 13 to 14TeV. This

increase, together with an expected increase of the integrated luminosity to 78 fb�1, led to

a predicted sensitivity of about 2� above the SM background in the projection, obtained by

using
p
L scaling [10]. The projection of the expected tttt significance for the HL-LHC is

performed using two di↵erent scenarios, namely statistical uncertainties only (solid line), and

three di↵erent assumptions on the systematic uncertainties (blue band). When including sys-

tematic uncertainties, the most optimistic scenario leads to an expected significance of 4.1�

with 3ab�1, where the improvement from 300fb�1 to the HL-LHC is only about one standard

deviation. Only in the unrealistic case of statistical uncertainties only, the projection results

in an observation with a significance above 5�. We argue that this pessimistic scenario is

misleading because it does not consider methodical and technical improvements that can im-

prove the sensitivity far beyond a simple reduction of systematic uncertainties in an existing

analysis. This is demonstrated by a recent result by the CMS Collaboration, observing tttt

production with an expected significance of 4.9� using 138 fb�1 of 13TeV data, shown by the
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‣ four top quark production highly sensitive to electroweak interactions
[Alvarez et al. `16] [Frederix et al. `17] [Darme et al. `18]… 

‣ increasing interest by the theory and experimental communities

‣ major sensitivity 
leaps by ATLAS 
and CMS !

‣ conservative 
estimates create an 
unrealistically  
pessimistic outlook 
of the HL-LHC 
capacity

[CE, Kogler, Spannowsky `24]
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robustness of rare final states?
‣ significant a priori uncertainty for 

model-independent analysis 
strategies….
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Figure 2. The �2 fit to a22 from Higgs signal strength data [69] (left), and the resulting extrapolation
to the High Luminosity (HL-LHC) frontier (right, assuming a SM outcome) for the di↵erent HEFT
Lagrangians described in the text. The 68% and 95% constraints are shown by the dotted and
dashed black lines on the plots, respectively.
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Figure 3. Cross-section dependence of pp ! tt̄tt̄ at
p

s = 13 TeV with a22 for the vanilla and field
redefined case for linear and quadratic truncations in the amplitudes. The light and dark bands in
blue present the 95% confidence limits in the current (at an integrated luminosity of 139 fb�1) and
HL-LHC projected (at 3 ab�1) sensitivities to the 4-top signal strength. The lower panel illustrates
the theory errors associated with the di↵erent parameterisations described previously.

Among the subleading contributions to this process, Higgs-mediated diagrams play a

distinctive role. While QCD dominates the total cross section, also electroweak e↵ects enter

at the amplitude level, and are significant. Diagrams featuring a virtual Higgs exchanged

between top-quark lines o↵er direct sensitivity to the structure of the Higgs sector [73, 74],

particularly at high energies where such exchanges are far from resonance and sensitive to the
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Figure 2. The �2 fit to a22 from Higgs signal strength data [69] (left), and the resulting extrapolation
to the High Luminosity (HL-LHC) frontier (right, assuming a SM outcome) for the di↵erent HEFT
Lagrangians described in the text. The 68% and 95% constraints are shown by the dotted and
dashed black lines on the plots, respectively.
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Figure 3. Cross-section dependence of pp ! tt̄tt̄ at
p

s = 13 TeV with a22 for the vanilla and field
redefined case for linear and quadratic truncations in the amplitudes. The light and dark bands in
blue present the 95% confidence limits in the current (at an integrated luminosity of 139 fb�1) and
HL-LHC projected (at 3 ab�1) sensitivities to the 4-top signal strength. The lower panel illustrates
the theory errors associated with the di↵erent parameterisations described previously.
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distinctive role. While QCD dominates the total cross section, also electroweak e↵ects enter

at the amplitude level, and are significant. Diagrams featuring a virtual Higgs exchanged

between top-quark lines o↵er direct sensitivity to the structure of the Higgs sector [73, 74],

particularly at high energies where such exchanges are far from resonance and sensitive to the
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Figure 3. Relative Higgs cross section constraints ��/� understood as universal Higgs coupling corrections
for di↵erent colliders and the model discussed in the text. We show MS = 30 GeV for parameter choices that
remove invisible branching ratio constraints (dot-dashed) through a choice of ⌘S . Also shown is MS = 120 GeV
for ⌘S = 0 (dashed). The green bands represent the scale uncertainty, which is obtained from varying the
renormalisation scale in µ 2 [0.5mH , 2mH ] for a central choice µ = mH . Throughout, we choose ⇤ = 1 TeV.
An optimistic target for the HL-LHC is a 2% determination of universally rescaled SM Higgs couplings [67],
which can be improved by a 0.31% measurement of Higgs strahlung [68] at a future Higgs machine (here
represented by FCC-ee). Other concepts such as the ILC [69], CLIC [70], CEPC [71], or LCF [72, 73] can
obtain quantitatively similar constraints.
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Figure 4. Constraints from four top quark production on the kinetic Higgs portal with ⇤ = 1 TeV. In (a),
we also show constraints from invisible Higgs constraints imposed by 125 GeV Higgs boson signal strength
measurements for ⌘S = 0 (black, dashed). These are extended by WBF constraints in the o↵-shell regime
(black solid). (b) shows the constraints on ⌘KS when ⌘S = ⌘S(⌘KS) is chosen to remove the invisible Higgs
decay according to Eq. (3.1). The di↵erent coloured bands correspond to the allowed ranges for di↵erent
choices of the renormalisation scale µ.
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Any new scalar fields that perturbatively solve the hierarchy problem by stabilizing the Higgs
mass also generate new contributions to the Higgs field-strength renormalization, irrespective of their
gauge representation. These new contributions are physical and their magnitude can be inferred from
the requirement of quadratic divergence cancellation, hence they are directly related to the resolution
of the hierarchy problem. Upon canonically normalizing the Higgs field these new contributions lead
to modifications of Higgs couplings which are typically great enough that the hierarchy problem and
the concept of electroweak naturalness can be probed thoroughly within a precision Higgs program.
Specifically, at a Linear Collider this can be achieved through precision measurements of the Higgs
associated production cross-section. This would lead to indirect constraints on perturbative solutions
to the hierarchy problem in the broadest sense, even if the relevant new fields are gauge singlets.

I. INTRODUCTION

The discovery of the Higgs at the LHC [1, 2] and
lack of evidence for physics beyond the Standard Model
have heightened the urgency of the electroweak hierarchy
problem. This motivates focusing experimental searches
towards testing “naturalness from the bottom up” as
broadly as possible. In practice this means generalizing
beyond the specifics of particular UV-complete models
and instead constraining the additional degrees of free-
dom whose couplings to the Higgs are responsible for
canceling the most pressing quadratically divergent Stan-
dard Model contributions to the Higgs mass. While these
couplings may appear tuned from the perspective of the
low-energy e↵ective theory, we may assume they are dic-
tated by symmetries of the full theory. To a certain ex-
tent, this strategy is already being pursued in searches
for stops in SUSY and t

0 fermions, however the Stan-
dard Model gauge representations of top partners are
not necessarily fixed by the cancellation of quadratic di-
vergences. For example, in twin Higgs models [3] the
degrees of freedom protecting the Higgs mass are com-
pletely neutral under the Standard Model, while in folded
supersymmetry [4] the scalar top partners are neutral un-
der QCD and only carry electroweak quantum numbers.
Such models provide proof of principle that the Higgs
mass may be protected by degrees of freedom that carry
a variety of Standard Model gauge charges, and there are
likely to be broad classes of theories with similar proper-
ties.

As we will discuss further in Sec. II, direct searches for
these additional degrees of freedom can be particularly
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challenging depending on the gauge charges. Therefore
in this work we will advocate an additional and comple-
mentary approach, concerned with exploring naturalness
indirectly. In certain cases this may be the most promis-
ing avenue for constraining additional degrees of freedom
associated with the naturalness of the Higgs potential.1

Specifically, we establish for the first time a quanti-
tative connection between quadratically divergent Higgs
mass corrections and new contributions to the Higgs
wave-function renormalization in natural theories. The
latter are physical and modify Higgs couplings.

To illustrate the possible indirect e↵ects of natural
new physics, consider a scenario where the Higgs is cou-
pled to some new top-partner fields that cancel the one-
loop quadratic divergences arising from top-quark loops.
Eq. (1) schematically indicates that, as well as the usual
Higgs mass corrections, one will also in general have cor-
rections to the Higgs wave-function renormalization2

�Zh, �m
2
h

⇠

(a)

e�

e+

h

ZG0

(b)

e�

e+

h

ZZ

h h
. (1)

At the Higgs mass-scale we may write the full one-loop
e↵ective Lagrangian as

L = LSM +
1

2
�Zh(@µh)2 + ... (2)

where �Zh is directly related to the new quadratic Higgs
mass corrections, LSM is the full SM Lagrangian at one
loop, and the ellipsis denote corrections to the Higgs
mass, cubic and quartic couplings coming from the new

1
For recent work probing naturalness indirectly when new fields

are charged under QCD and contribute directly to Higgs digluon

and Higgs diphoton couplings at one loop, see e.g. [5–7].
2
There are also typically corrections to the cubic and quartic cou-

plings as well, which we do not show in this diagram.

ar
X

iv
:1

30
5.

52
51

v1
  [

he
p-

ph
]  

22
 M

ay
 2

01
3

H
<latexit sha1_base64="Ypq6rG/tZOgniXLiE2fUVtPbCWE=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHZ9RI9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj+5nfekKleSwfzDhBP6IDyUPOqLFSvdorltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89SdcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77J8Xb8qVe6yOPJwAqdwDh7cQAWqUIMGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AZ+9jNM=</latexit>

H
<latexit sha1_base64="Ypq6rG/tZOgniXLiE2fUVtPbCWE=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHZ9RI9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj+5nfekKleSwfzDhBP6IDyUPOqLFSvdorltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89SdcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77J8Xb8qVe6yOPJwAqdwDh7cQAWqUIMGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AZ+9jNM=</latexit>

DM …but cancellations in 
gauge amplitudes!



28

robustness of rare final states?
‣ significant a priori uncertainty for 

model-independent analysis 
strategies….

�2 0 2
a��/v2 [GeV�2] ⇥10�6

0

10

20

30

40

�
2 (

a �
�
/v

2 )
Vanilla model

Field redefined model

EoM substituted model

68% CL

95% CL

Lint. = 139 fb�1

�1.0 �0.5 0.0 0.5 1.0
a��/v2 [GeV�2] ⇥10�6

0

10

20

30

40

�
2 (

a �
�
/v

2 )

Vanilla model

Field redefined model

EoM substituted model

68% CL

95% CL

Lint. = 3 ab�1

Figure 2. The �2 fit to a22 from Higgs signal strength data [69] (left), and the resulting extrapolation
to the High Luminosity (HL-LHC) frontier (right, assuming a SM outcome) for the di↵erent HEFT
Lagrangians described in the text. The 68% and 95% constraints are shown by the dotted and
dashed black lines on the plots, respectively.
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Figure 3. Cross-section dependence of pp ! tt̄tt̄ at
p

s = 13 TeV with a22 for the vanilla and field
redefined case for linear and quadratic truncations in the amplitudes. The light and dark bands in
blue present the 95% confidence limits in the current (at an integrated luminosity of 139 fb�1) and
HL-LHC projected (at 3 ab�1) sensitivities to the 4-top signal strength. The lower panel illustrates
the theory errors associated with the di↵erent parameterisations described previously.

Among the subleading contributions to this process, Higgs-mediated diagrams play a

distinctive role. While QCD dominates the total cross section, also electroweak e↵ects enter

at the amplitude level, and are significant. Diagrams featuring a virtual Higgs exchanged

between top-quark lines o↵er direct sensitivity to the structure of the Higgs sector [73, 74],

particularly at high energies where such exchanges are far from resonance and sensitive to the
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Figure 3. Relative Higgs cross section constraints ��/� understood as universal Higgs coupling corrections
for di↵erent colliders and the model discussed in the text. We show MS = 30 GeV for parameter choices that
remove invisible branching ratio constraints (dot-dashed) through a choice of ⌘S . Also shown is MS = 120 GeV
for ⌘S = 0 (dashed). The green bands represent the scale uncertainty, which is obtained from varying the
renormalisation scale in µ 2 [0.5mH , 2mH ] for a central choice µ = mH . Throughout, we choose ⇤ = 1 TeV.
An optimistic target for the HL-LHC is a 2% determination of universally rescaled SM Higgs couplings [67],
which can be improved by a 0.31% measurement of Higgs strahlung [68] at a future Higgs machine (here
represented by FCC-ee). Other concepts such as the ILC [69], CLIC [70], CEPC [71], or LCF [72, 73] can
obtain quantitatively similar constraints.
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Figure 4. Constraints from four top quark production on the kinetic Higgs portal with ⇤ = 1 TeV. In (a),
we also show constraints from invisible Higgs constraints imposed by 125 GeV Higgs boson signal strength
measurements for ⌘S = 0 (black, dashed). These are extended by WBF constraints in the o↵-shell regime
(black solid). (b) shows the constraints on ⌘KS when ⌘S = ⌘S(⌘KS) is chosen to remove the invisible Higgs
decay according to Eq. (3.1). The di↵erent coloured bands correspond to the allowed ranges for di↵erent
choices of the renormalisation scale µ.
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Any new scalar fields that perturbatively solve the hierarchy problem by stabilizing the Higgs
mass also generate new contributions to the Higgs field-strength renormalization, irrespective of their
gauge representation. These new contributions are physical and their magnitude can be inferred from
the requirement of quadratic divergence cancellation, hence they are directly related to the resolution
of the hierarchy problem. Upon canonically normalizing the Higgs field these new contributions lead
to modifications of Higgs couplings which are typically great enough that the hierarchy problem and
the concept of electroweak naturalness can be probed thoroughly within a precision Higgs program.
Specifically, at a Linear Collider this can be achieved through precision measurements of the Higgs
associated production cross-section. This would lead to indirect constraints on perturbative solutions
to the hierarchy problem in the broadest sense, even if the relevant new fields are gauge singlets.

I. INTRODUCTION

The discovery of the Higgs at the LHC [1, 2] and
lack of evidence for physics beyond the Standard Model
have heightened the urgency of the electroweak hierarchy
problem. This motivates focusing experimental searches
towards testing “naturalness from the bottom up” as
broadly as possible. In practice this means generalizing
beyond the specifics of particular UV-complete models
and instead constraining the additional degrees of free-
dom whose couplings to the Higgs are responsible for
canceling the most pressing quadratically divergent Stan-
dard Model contributions to the Higgs mass. While these
couplings may appear tuned from the perspective of the
low-energy e↵ective theory, we may assume they are dic-
tated by symmetries of the full theory. To a certain ex-
tent, this strategy is already being pursued in searches
for stops in SUSY and t

0 fermions, however the Stan-
dard Model gauge representations of top partners are
not necessarily fixed by the cancellation of quadratic di-
vergences. For example, in twin Higgs models [3] the
degrees of freedom protecting the Higgs mass are com-
pletely neutral under the Standard Model, while in folded
supersymmetry [4] the scalar top partners are neutral un-
der QCD and only carry electroweak quantum numbers.
Such models provide proof of principle that the Higgs
mass may be protected by degrees of freedom that carry
a variety of Standard Model gauge charges, and there are
likely to be broad classes of theories with similar proper-
ties.

As we will discuss further in Sec. II, direct searches for
these additional degrees of freedom can be particularly
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challenging depending on the gauge charges. Therefore
in this work we will advocate an additional and comple-
mentary approach, concerned with exploring naturalness
indirectly. In certain cases this may be the most promis-
ing avenue for constraining additional degrees of freedom
associated with the naturalness of the Higgs potential.1

Specifically, we establish for the first time a quanti-
tative connection between quadratically divergent Higgs
mass corrections and new contributions to the Higgs
wave-function renormalization in natural theories. The
latter are physical and modify Higgs couplings.

To illustrate the possible indirect e↵ects of natural
new physics, consider a scenario where the Higgs is cou-
pled to some new top-partner fields that cancel the one-
loop quadratic divergences arising from top-quark loops.
Eq. (1) schematically indicates that, as well as the usual
Higgs mass corrections, one will also in general have cor-
rections to the Higgs wave-function renormalization2

�Zh, �m
2
h

⇠

(a)

e�

e+

h

ZG0

(b)

e�

e+

h

ZZ

h h
. (1)

At the Higgs mass-scale we may write the full one-loop
e↵ective Lagrangian as

L = LSM +
1

2
�Zh(@µh)2 + ... (2)

where �Zh is directly related to the new quadratic Higgs
mass corrections, LSM is the full SM Lagrangian at one
loop, and the ellipsis denote corrections to the Higgs
mass, cubic and quartic couplings coming from the new

1
For recent work probing naturalness indirectly when new fields

are charged under QCD and contribute directly to Higgs digluon

and Higgs diphoton couplings at one loop, see e.g. [5–7].
2
There are also typically corrections to the cubic and quartic cou-

plings as well, which we do not show in this diagram.
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Figure 8. Expected cross section deviation in the kinetic portal model as a function of mS . ⌘S , ⌘KS

are chosen to reproduce the correct DM relic abundance whilst evading DM direct detection constraints
as implemented in micrOMEGAs [101]. Further details are given in the main text. Again, we show a scale
variation by a factor of two around a central scale choice µ = mH as the green-shaded region. The horizontal
lines represent the constraints that can be achieved at the respective colliders, cf. Fig. 3.

4.2 Dark matter relic abundance and direct detection

Understanding the Z2-odd scalar as a minimal solution to the WIMP miracle is experimentally

challenged. The generic finding of the standard singlet scenario is that the concordance of dark

matter relic abundance ⌦DMh
2

' 0.12 and direct detection exclusion leads to a substantial tension.

If the hidden sector is less minimal and contains additional fields, this tension can be reduced.

Nonetheless, to gauge the compatibility of the discussed scenario with these data, we will assume

here that S is indeed stable and the only relevant state for direct detection and relic abundance

computations. Similar to extending the parameter space via the kinetic interactions ⇠ ⌘KS into

the regime mS  mH/2, we can then also revisit the implications for astrophysics. We employ

micrOMEGAs [101] to identify regions of the (mS , ⌘S , ⌘KS) parameter space where the correct DM

relic abundance is reproduced whilst no direct detection constraints can be obtained. In this region

mS . mH/2, we find that a benchmark choice

mS = 55 GeV, ⌘KS = �0.3, ⌘S = 0.003, (BR(inv) = 1.9%) , (4.7)

is consistent with experimental observations and can approximate the astrophysical data within

10%. Viewed against our previous discussion of Sec. 4.1, it is clear that this region is not compatible

with the simultaneous requirement of an SFOEWPT. The viable region in parameter space for

mS . mH/2 is small and well-represented by this point. The coupling deviations for this parameter

point will also be observable at a future Higgs factory [68]; the invisible branching ratio exceeds the

(representative) 0.31% accuracy obtainable for Higgs production at a lepton collider.7

Turning to regions 2mS > mH , around the threshold region, much bigger ⌘KS are allowed,

reaching |⌘KS | ' 4.5 around 70 GeV. Relic abundance and direct detection results are reproduced

7As part of the renormalisation programme detailed in the previous section, we have checked that the RGE flow

does not significantly change the correlation between measurements at the involved di↵erent energy scales.
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flavour / collider

3

Observable Experimental value

Br(B̄0 ! D+K�) (2.05± 0.08)⇥ 10�4

Br(B̄s ! D+
s ⇡

�) (2.98± 0.14)⇥ 10�3

Br(B̄0 ! D+K⇤�) (4.5± 0.7)⇥ 10�4

Br(B̄0 ! D⇤+K�) (2.16± 0.08)⇥ 10�4

Br(B̄s ! D⇤+
s ⇡�) (1.9+0.5

�0.4)⇥ 10�3

TABLE I. Experimental values for the non-leptonic B decays
used in our analysis, taken from the PDG [54].

perturbative kernels corresponding to the BSM contri-
butions have been determined up to NLO within QCDF;
we deploy these results for our analysis.

B-physics observables

Central to our study are the constructed observ-
ables [53]

R(⇤)
(s)L ⌘

�(B̄0
(s) ! D(⇤)+

(s) L�)

d�(B̄0
(s) ! D(⇤)+

(s) `�⌫̄`)/dq2 |q2=m
2
L

= 6⇡2
|Vuq|

2 f2
L

|a1(D
(⇤)+
(s) L�)|2 X(⇤)

(s)L .

(4)

This construction ensures that the Vcb dependence van-
ishes (which is helpful in light of ongoing tensions be-
tween inclusive and exclusive determinations, see the
PDG review [54, 55] for a summary), as well reducing
the form-factor dependence, since the XL factors are ra-
tios of the required form factors (the general definition
can be found in [56] for pseudoscalar and vector mesons
D(⇤)). Numerically we evaluate these form-factor ratios
using the software EOS [57], which enables us to incor-
porate state-of-the-art results while accounting for cor-
relations, which leads to low total uncertainties for the

di↵erent quantities X(⇤)
L

(following Ref. [56] we consider
XK⇤ = 1):

X⇡ = 1.0012000(1) , X(s)⇡ = 1.00111(8) ,

X⇤
K

= 0.944(5) , X⇤
(s)⇡ = 0.945(8) .

(5)

These precise results mean the ratios R(⇤)
(s)L show very

low sensitivity to hadronic uncertainties arising from the
form factors. Thus in view of the high precision of the
CKM elements Vuq, the leading uncertainties in the the-

oretical determination of R(⇤)
(s)L stem from the decay con-

stant fL and the renormalization scale uncertainty which

a↵ects a1(D
(⇤)+
(s) L�). We update the experimental val-

ues for the ratios in Eq. (4) relative to the numbers pre-
sented in [52], using the most recent measurements of
the corresponding numerators (shown in Tab. II). These
are estimated based on the branching fractions listed in

Channel Experiment SM Pull
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TABLE II. Observables used in our low energy B-physics
analysis, and the discrepancy between SM and experiment.

Tab. I, which are taken from the latest Particle Data
Group reference [54] and thus include new results from
Belle [58, 59] and LHCb [60]. Overall this leads to slightly
reduced experimental uncertainties compared to those
detailed in [52] and hence increases the tension with the
SM predictions.

B. Statistical Analysis

To characterize the phenomenological imprint of new
physics, we construct a �2 function
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non-leptonic =
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where�R is a vector containing the di↵erence between
the theoretical and experimental values of the ratios ap-
pearing in Tab. II. The matrix M accounts for correla-
tions between the di↵erent observables. It is calculated
out of the experimental uncertainties and the inverse of
the covariance matrix containing a sampling of the di↵er-
ent theory computations per observable. In practice we
estimate our theoretical values using Monte-Carlo sam-
pling for each input using around 2000 evaluations per
NP space point.
When comparing the current status of SM theoretical

predictions for the annihilation-free non-leptonic decays
described above to the latest experimental data we obtain

�2
SM, non-leptonic = 65.5 . (7)

This shows a clear tension between the SM and current
experimental flavour results.

C. Additional flavour constraints

B meson lifetimes

Previous studies [61] have highlighted the critical role
that B-meson lifetime measurements can play in con-
straining four-quark operators involved in non-leptonic
decay calculations. The ratio ⌧(B+)/⌧(Bd) has been

‣ longstanding tension in non-leptonic  B decays within QCDf
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estimate our theoretical values using Monte-Carlo sam-
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porate state-of-the-art results while accounting for cor-
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Figure 5. Comparison of the branching ratios of the nonleptonic decays in units of the experimentally mea-

sured branching ratios. We show the theory-based prior prediction (TH) and the various posterior postdictions

for the fit models SM, SM+PC(0) and WET-1 to WET-4. In the BSM-like models, the two modes A and B are

shown separately. The tension between the prior predictions and the SM postdiction on the one hand and the

measurements on the other is clearly visible. All intervals shown correspond to the central intervals at 68%

probability.

Fitting the hadronic nuisance parameters to the experimental data lessens the tensions with the

branching ratios somewhat as can be observed in Fig. 5: all SM postdictions are closer to the mea-

surement than the original theory prediction (marked as TH). The lifetime bound is fulfilled by this

fit scenario by construction.

Fitting additionally for potential power corrections as discussed in the definition of the SM+PC fit

model does not alleviate the tension with the experimental data. Accounting for the power corrections

using two flavour-universal parameters (within the estimates produced in Ref. [21]) reduces the �
2 by

– 30 –

[Meiser, van Dyk, Virto `24]



29

flavour / collider

3

Observable Experimental value

Br(B̄0 ! D+K�) (2.05± 0.08)⇥ 10�4

Br(B̄s ! D+
s ⇡

�) (2.98± 0.14)⇥ 10�3

Br(B̄0 ! D+K⇤�) (4.5± 0.7)⇥ 10�4

Br(B̄0 ! D⇤+K�) (2.16± 0.08)⇥ 10�4

Br(B̄s ! D⇤+
s ⇡�) (1.9+0.5

�0.4)⇥ 10�3

TABLE I. Experimental values for the non-leptonic B decays
used in our analysis, taken from the PDG [54].

perturbative kernels corresponding to the BSM contri-
butions have been determined up to NLO within QCDF;
we deploy these results for our analysis.

B-physics observables

Central to our study are the constructed observ-
ables [53]

R(⇤)
(s)L ⌘

�(B̄0
(s) ! D(⇤)+

(s) L�)

d�(B̄0
(s) ! D(⇤)+

(s) `�⌫̄`)/dq2 |q2=m
2
L

= 6⇡2
|Vuq|

2 f2
L

|a1(D
(⇤)+
(s) L�)|2 X(⇤)

(s)L .

(4)

This construction ensures that the Vcb dependence van-
ishes (which is helpful in light of ongoing tensions be-
tween inclusive and exclusive determinations, see the
PDG review [54, 55] for a summary), as well reducing
the form-factor dependence, since the XL factors are ra-
tios of the required form factors (the general definition
can be found in [56] for pseudoscalar and vector mesons
D(⇤)). Numerically we evaluate these form-factor ratios
using the software EOS [57], which enables us to incor-
porate state-of-the-art results while accounting for cor-
relations, which leads to low total uncertainties for the

di↵erent quantities X(⇤)
L

(following Ref. [56] we consider
XK⇤ = 1):

X⇡ = 1.0012000(1) , X(s)⇡ = 1.00111(8) ,

X⇤
K

= 0.944(5) , X⇤
(s)⇡ = 0.945(8) .

(5)

These precise results mean the ratios R(⇤)
(s)L show very

low sensitivity to hadronic uncertainties arising from the
form factors. Thus in view of the high precision of the
CKM elements Vuq, the leading uncertainties in the the-

oretical determination of R(⇤)
(s)L stem from the decay con-

stant fL and the renormalization scale uncertainty which

a↵ects a1(D
(⇤)+
(s) L�). We update the experimental val-

ues for the ratios in Eq. (4) relative to the numbers pre-
sented in [52], using the most recent measurements of
the corresponding numerators (shown in Tab. II). These
are estimated based on the branching fractions listed in

Channel Experiment SM Pull

RK B̄0 ! D+K� 0.058+0.004
�0.004 0.082+0.002

�0.001 ⇡ 5.6�

Rs⇡ B̄s ! D+
s ⇡

� 0.71± 0.06 1.06+0.04
�0.03 ⇡ 5�

RK⇤ B̄0 ! D+K⇤� 0.136± 0.023 0.14+0.01
�0.01 ⇡ 0.16�

R⇤
K B̄0 ! D⇤+K� 0.064± 0.003 0.076+0.002

�0.001 ⇡ 3.6�

R⇤
s⇡ B̄s ! D⇤+⇡� 0.52+0.18

�0.16 1.05+0.04
�0.03 ⇡ 3.1�

TABLE II. Observables used in our low energy B-physics
analysis, and the discrepancy between SM and experiment.

Tab. I, which are taken from the latest Particle Data
Group reference [54] and thus include new results from
Belle [58, 59] and LHCb [60]. Overall this leads to slightly
reduced experimental uncertainties compared to those
detailed in [52] and hence increases the tension with the
SM predictions.

B. Statistical Analysis

To characterize the phenomenological imprint of new
physics, we construct a �2 function

�2
non-leptonic =

X

j

�RT
· M · �R , (6)

where�R is a vector containing the di↵erence between
the theoretical and experimental values of the ratios ap-
pearing in Tab. II. The matrix M accounts for correla-
tions between the di↵erent observables. It is calculated
out of the experimental uncertainties and the inverse of
the covariance matrix containing a sampling of the di↵er-
ent theory computations per observable. In practice we
estimate our theoretical values using Monte-Carlo sam-
pling for each input using around 2000 evaluations per
NP space point.
When comparing the current status of SM theoretical

predictions for the annihilation-free non-leptonic decays
described above to the latest experimental data we obtain

�2
SM, non-leptonic = 65.5 . (7)

This shows a clear tension between the SM and current
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for the fit models SM, SM+PC(0) and WET-1 to WET-4. In the BSM-like models, the two modes A and B are

shown separately. The tension between the prior predictions and the SM postdiction on the one hand and the

measurements on the other is clearly visible. All intervals shown correspond to the central intervals at 68%

probability.

Fitting the hadronic nuisance parameters to the experimental data lessens the tensions with the

branching ratios somewhat as can be observed in Fig. 5: all SM postdictions are closer to the mea-

surement than the original theory prediction (marked as TH). The lifetime bound is fulfilled by this

fit scenario by construction.

Fitting additionally for potential power corrections as discussed in the definition of the SM+PC fit

model does not alleviate the tension with the experimental data. Accounting for the power corrections

using two flavour-universal parameters (within the estimates produced in Ref. [21]) reduces the �
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one to watch!



no reason to be so pessimistic at this point!
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Figure 4: Cross sections times branching fraction for ggF, VBF, +� and CC� + C� production in each relevant decay
mode, normalised to their SM predictions. The values are obtained from a simultaneous fit to all channels. The black
error bars, blue boxes and yellow boxes show the total, systematic, and statistical uncertainties in the measurements,
respectively. The gray bands show the theory uncertainties on the predictions. The level of compatibility between the
measurement and the SM prediction corresponds to a ?-value of ?SM = 79%, computed using the procedure outlined
in the text with 21 degrees of freedom.
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II. HIGGS COUPLINGS, UNITARITY AND
RESONANCES

We focus first on the high-energy behaviour of WBF
scattering. Even when the Higgs couplings are modi-
fied away from the SM expectation, the bulk of WBF
scattering does not reflect the naive longitudinal scatter-
ing ⇠ s growth (

p
s denoting the centre-of-mass energy)

except in regions of phase space that are well modelled
by the e↵ective W/Z approximation [9–11]. That said,
these regions exist and unitarity-violating behaviour is
typically mended through the appearance of new reso-
nances in the spectrum, in particular the SM Higgs. Ear-
lier work by Birkedal, Matchev and Perelstein provided
coupling selection rules for an a priori good high-energy
behaviour of WBF scattering via vectorial iso-triplet res-
onances [12]. These were particularly relevant for the
so-called higgsless models and their holographic descrip-
tions [13, 14] where the sum rules arise as completeness
relations of the compactified theory [15, 16]. Such theo-
ries are disfavoured by the observation of the Higgs bo-
son, but generic composite theories are likely to produce a
combination of resonances in addition to the Higgs when
the cut-o↵ of the theory is considerably higher than the
new particles’ mass scale. Such a situation can be phe-
nomenologically parametrised as [17–19]
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for WW scattering, Fig. 1; k runs over the non-SM
modes. For WW ! ZZ (and crossed) scattering, they
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These sum rules cancel the ⇠ s
2 (Eqs. (1a) and (1c))

and ⇠ s (Eqs. (1b) and (1d)) high energy behaviour of
longitudinal gauge boson scattering above the relevant
particle thresholds i. Mixed longitudinal-transverse scat-
tering does not lead to new rules.

In large N theories and their holographic interpreta-
tion [13, 14, 20, 21], the resonances’ relevance is con-
trolled by their wave function overlap with the SM mode
in the compactified 5D theory [17, 22]. Realistically,
we can, therefore, expect these to be saturated by the
first modes, similar to the behaviour of QCD [23] and
the large-N properties of SU(N) gauge theories [24].
This has also been verified through explicit AdS calcula-
tions [25].

In the SM, due to gauge invariance, we have
gWWWW = g

2
w
(the SU(2)L gauge coupling, gw = e/sW ,

with sW denoting the sine of the Weinberg angle), and
gWWZ = gwcW , gWW� = gwsW = e. The sum rule for
the s

2 behaviour is satisfied by gauge invariance. The
s-divergent behaviour is mended in the SM as a result of
“spontaneous symmetry breaking” with couplings related
to the order parameter, e.g., gWWH = gwmW . Notably,
longitudinal ZZ scattering is not sensitive to the mecha-
nism of electroweak symmetry breaking (except for mix-
ing e↵ects, see below). Abelian masses can also be intro-
duced semi-classically via a Stückelberg mechanism (at
very di↵erent quantum properties compared to the SM
weak sector). Vector and scalar resonances exhaust the
possibility of ameliorating or curing a bad high-energy
behaviour. Tensor resonances, for example, inevitably
lead to pathological high-energy amplitudes [18].

These observations are semi-classical manifestations of
the quantum behaviour of spontaneously broken quan-
tum field theories [26, 27]. Theories with a well-behaved
high-energy limit to all orders have no choice but to re-
place virtual longitudinal gauge boson contributions by
derivatively coupled scalar degrees of freedom to restore
the superficial degree of divergence counting. This sets
tight constraints that shape tree-level approximations,
which dominate phenomenological implications, e.g., as
demonstrated by the SM. Any theory of unitarising iso-
vectors is, therefore, only valid as an e↵ective theory be-
low some cut-o↵. This is obvious for the 5D theories un-
derpinning Eq. (1); tensorial states further enhance the
energy growth of amplitudes.

In this work, we will not refer to any particular un-
derlying renormalisable or e↵ective theory. Instead, the
above relations enable a consistent treatment of the high-
energy environment that is explored at p10 TeV ma-

[Weinberg `67]… 
…[Alboteanu et al. `08] 

[Birkedal, Matchev, Perelstein `04] 
[CE, Harris, Spannowsky, Takeuchi `15]
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II. HIGGS COUPLINGS, UNITARITY AND
RESONANCES

We focus first on the high-energy behaviour of WBF
scattering. Even when the Higgs couplings are modi-
fied away from the SM expectation, the bulk of WBF
scattering does not reflect the naive longitudinal scatter-
ing ⇠ s growth (

p
s denoting the centre-of-mass energy)

except in regions of phase space that are well modelled
by the e↵ective W/Z approximation [9–11]. That said,
these regions exist and unitarity-violating behaviour is
typically mended through the appearance of new reso-
nances in the spectrum, in particular the SM Higgs. Ear-
lier work by Birkedal, Matchev and Perelstein provided
coupling selection rules for an a priori good high-energy
behaviour of WBF scattering via vectorial iso-triplet res-
onances [12]. These were particularly relevant for the
so-called higgsless models and their holographic descrip-
tions [13, 14] where the sum rules arise as completeness
relations of the compactified theory [15, 16]. Such theo-
ries are disfavoured by the observation of the Higgs bo-
son, but generic composite theories are likely to produce a
combination of resonances in addition to the Higgs when
the cut-o↵ of the theory is considerably higher than the
new particles’ mass scale. Such a situation can be phe-
nomenologically parametrised as [17–19]

gWWWW = g
2
WW�

+
X

k

g
2
WWZk

, (1a)

4m2
W
gWWWW =

X

k

3m2
Zk

g
2
WWZk

+
X

k

g
2
WWHk
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for WW scattering, Fig. 1; k runs over the non-SM
modes. For WW ! ZZ (and crossed) scattering, they
read

gWWZZ =
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, (1c)
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These sum rules cancel the ⇠ s
2 (Eqs. (1a) and (1c))

and ⇠ s (Eqs. (1b) and (1d)) high energy behaviour of
longitudinal gauge boson scattering above the relevant
particle thresholds i. Mixed longitudinal-transverse scat-
tering does not lead to new rules.

In large N theories and their holographic interpreta-
tion [13, 14, 20, 21], the resonances’ relevance is con-
trolled by their wave function overlap with the SM mode
in the compactified 5D theory [17, 22]. Realistically,
we can, therefore, expect these to be saturated by the
first modes, similar to the behaviour of QCD [23] and
the large-N properties of SU(N) gauge theories [24].
This has also been verified through explicit AdS calcula-
tions [25].

In the SM, due to gauge invariance, we have
gWWWW = g

2
w
(the SU(2)L gauge coupling, gw = e/sW ,

with sW denoting the sine of the Weinberg angle), and
gWWZ = gwcW , gWW� = gwsW = e. The sum rule for
the s

2 behaviour is satisfied by gauge invariance. The
s-divergent behaviour is mended in the SM as a result of
“spontaneous symmetry breaking” with couplings related
to the order parameter, e.g., gWWH = gwmW . Notably,
longitudinal ZZ scattering is not sensitive to the mecha-
nism of electroweak symmetry breaking (except for mix-
ing e↵ects, see below). Abelian masses can also be intro-
duced semi-classically via a Stückelberg mechanism (at
very di↵erent quantum properties compared to the SM
weak sector). Vector and scalar resonances exhaust the
possibility of ameliorating or curing a bad high-energy
behaviour. Tensor resonances, for example, inevitably
lead to pathological high-energy amplitudes [18].

These observations are semi-classical manifestations of
the quantum behaviour of spontaneously broken quan-
tum field theories [26, 27]. Theories with a well-behaved
high-energy limit to all orders have no choice but to re-
place virtual longitudinal gauge boson contributions by
derivatively coupled scalar degrees of freedom to restore
the superficial degree of divergence counting. This sets
tight constraints that shape tree-level approximations,
which dominate phenomenological implications, e.g., as
demonstrated by the SM. Any theory of unitarising iso-
vectors is, therefore, only valid as an e↵ective theory be-
low some cut-o↵. This is obvious for the 5D theories un-
derpinning Eq. (1); tensorial states further enhance the
energy growth of amplitudes.

In this work, we will not refer to any particular un-
derlying renormalisable or e↵ective theory. Instead, the
above relations enable a consistent treatment of the high-
energy environment that is explored at p10 TeV ma-

Higgs deviation

[Weinberg `67]… 
…[Alboteanu et al. `08] 

[Birkedal, Matchev, Perelstein `04] 
[CE, Harris, Spannowsky, Takeuchi `15]
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II. HIGGS COUPLINGS, UNITARITY AND
RESONANCES

We focus first on the high-energy behaviour of WBF
scattering. Even when the Higgs couplings are modi-
fied away from the SM expectation, the bulk of WBF
scattering does not reflect the naive longitudinal scatter-
ing ⇠ s growth (

p
s denoting the centre-of-mass energy)

except in regions of phase space that are well modelled
by the e↵ective W/Z approximation [9–11]. That said,
these regions exist and unitarity-violating behaviour is
typically mended through the appearance of new reso-
nances in the spectrum, in particular the SM Higgs. Ear-
lier work by Birkedal, Matchev and Perelstein provided
coupling selection rules for an a priori good high-energy
behaviour of WBF scattering via vectorial iso-triplet res-
onances [12]. These were particularly relevant for the
so-called higgsless models and their holographic descrip-
tions [13, 14] where the sum rules arise as completeness
relations of the compactified theory [15, 16]. Such theo-
ries are disfavoured by the observation of the Higgs bo-
son, but generic composite theories are likely to produce a
combination of resonances in addition to the Higgs when
the cut-o↵ of the theory is considerably higher than the
new particles’ mass scale. Such a situation can be phe-
nomenologically parametrised as [17–19]
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, (1a)
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, (1b)

for WW scattering, Fig. 1; k runs over the non-SM
modes. For WW ! ZZ (and crossed) scattering, they
read

gWWZZ =
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, (1c)
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These sum rules cancel the ⇠ s
2 (Eqs. (1a) and (1c))

and ⇠ s (Eqs. (1b) and (1d)) high energy behaviour of
longitudinal gauge boson scattering above the relevant
particle thresholds i. Mixed longitudinal-transverse scat-
tering does not lead to new rules.

In large N theories and their holographic interpreta-
tion [13, 14, 20, 21], the resonances’ relevance is con-
trolled by their wave function overlap with the SM mode
in the compactified 5D theory [17, 22]. Realistically,
we can, therefore, expect these to be saturated by the
first modes, similar to the behaviour of QCD [23] and
the large-N properties of SU(N) gauge theories [24].
This has also been verified through explicit AdS calcula-
tions [25].

In the SM, due to gauge invariance, we have
gWWWW = g

2
w
(the SU(2)L gauge coupling, gw = e/sW ,

with sW denoting the sine of the Weinberg angle), and
gWWZ = gwcW , gWW� = gwsW = e. The sum rule for
the s

2 behaviour is satisfied by gauge invariance. The
s-divergent behaviour is mended in the SM as a result of
“spontaneous symmetry breaking” with couplings related
to the order parameter, e.g., gWWH = gwmW . Notably,
longitudinal ZZ scattering is not sensitive to the mecha-
nism of electroweak symmetry breaking (except for mix-
ing e↵ects, see below). Abelian masses can also be intro-
duced semi-classically via a Stückelberg mechanism (at
very di↵erent quantum properties compared to the SM
weak sector). Vector and scalar resonances exhaust the
possibility of ameliorating or curing a bad high-energy
behaviour. Tensor resonances, for example, inevitably
lead to pathological high-energy amplitudes [18].

These observations are semi-classical manifestations of
the quantum behaviour of spontaneously broken quan-
tum field theories [26, 27]. Theories with a well-behaved
high-energy limit to all orders have no choice but to re-
place virtual longitudinal gauge boson contributions by
derivatively coupled scalar degrees of freedom to restore
the superficial degree of divergence counting. This sets
tight constraints that shape tree-level approximations,
which dominate phenomenological implications, e.g., as
demonstrated by the SM. Any theory of unitarising iso-
vectors is, therefore, only valid as an e↵ective theory be-
low some cut-o↵. This is obvious for the 5D theories un-
derpinning Eq. (1); tensorial states further enhance the
energy growth of amplitudes.

In this work, we will not refer to any particular un-
derlying renormalisable or e↵ective theory. Instead, the
above relations enable a consistent treatment of the high-
energy environment that is explored at p10 TeV ma-

Higgs deviation

prediction

[Weinberg `67]… 
…[Alboteanu et al. `08] 

[Birkedal, Matchev, Perelstein `04] 
[CE, Harris, Spannowsky, Takeuchi `15]
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II. HIGGS COUPLINGS, UNITARITY AND
RESONANCES

We focus first on the high-energy behaviour of WBF
scattering. Even when the Higgs couplings are modi-
fied away from the SM expectation, the bulk of WBF
scattering does not reflect the naive longitudinal scatter-
ing ⇠ s growth (

p
s denoting the centre-of-mass energy)

except in regions of phase space that are well modelled
by the e↵ective W/Z approximation [9–11]. That said,
these regions exist and unitarity-violating behaviour is
typically mended through the appearance of new reso-
nances in the spectrum, in particular the SM Higgs. Ear-
lier work by Birkedal, Matchev and Perelstein provided
coupling selection rules for an a priori good high-energy
behaviour of WBF scattering via vectorial iso-triplet res-
onances [12]. These were particularly relevant for the
so-called higgsless models and their holographic descrip-
tions [13, 14] where the sum rules arise as completeness
relations of the compactified theory [15, 16]. Such theo-
ries are disfavoured by the observation of the Higgs bo-
son, but generic composite theories are likely to produce a
combination of resonances in addition to the Higgs when
the cut-o↵ of the theory is considerably higher than the
new particles’ mass scale. Such a situation can be phe-
nomenologically parametrised as [17–19]
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for WW scattering, Fig. 1; k runs over the non-SM
modes. For WW ! ZZ (and crossed) scattering, they
read
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These sum rules cancel the ⇠ s
2 (Eqs. (1a) and (1c))

and ⇠ s (Eqs. (1b) and (1d)) high energy behaviour of
longitudinal gauge boson scattering above the relevant
particle thresholds i. Mixed longitudinal-transverse scat-
tering does not lead to new rules.

In large N theories and their holographic interpreta-
tion [13, 14, 20, 21], the resonances’ relevance is con-
trolled by their wave function overlap with the SM mode
in the compactified 5D theory [17, 22]. Realistically,
we can, therefore, expect these to be saturated by the
first modes, similar to the behaviour of QCD [23] and
the large-N properties of SU(N) gauge theories [24].
This has also been verified through explicit AdS calcula-
tions [25].

In the SM, due to gauge invariance, we have
gWWWW = g

2
w
(the SU(2)L gauge coupling, gw = e/sW ,

with sW denoting the sine of the Weinberg angle), and
gWWZ = gwcW , gWW� = gwsW = e. The sum rule for
the s

2 behaviour is satisfied by gauge invariance. The
s-divergent behaviour is mended in the SM as a result of
“spontaneous symmetry breaking” with couplings related
to the order parameter, e.g., gWWH = gwmW . Notably,
longitudinal ZZ scattering is not sensitive to the mecha-
nism of electroweak symmetry breaking (except for mix-
ing e↵ects, see below). Abelian masses can also be intro-
duced semi-classically via a Stückelberg mechanism (at
very di↵erent quantum properties compared to the SM
weak sector). Vector and scalar resonances exhaust the
possibility of ameliorating or curing a bad high-energy
behaviour. Tensor resonances, for example, inevitably
lead to pathological high-energy amplitudes [18].

These observations are semi-classical manifestations of
the quantum behaviour of spontaneously broken quan-
tum field theories [26, 27]. Theories with a well-behaved
high-energy limit to all orders have no choice but to re-
place virtual longitudinal gauge boson contributions by
derivatively coupled scalar degrees of freedom to restore
the superficial degree of divergence counting. This sets
tight constraints that shape tree-level approximations,
which dominate phenomenological implications, e.g., as
demonstrated by the SM. Any theory of unitarising iso-
vectors is, therefore, only valid as an e↵ective theory be-
low some cut-o↵. This is obvious for the 5D theories un-
derpinning Eq. (1); tensorial states further enhance the
energy growth of amplitudes.

In this work, we will not refer to any particular un-
derlying renormalisable or e↵ective theory. Instead, the
above relations enable a consistent treatment of the high-
energy environment that is explored at p10 TeV ma-
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II. HIGGS COUPLINGS, UNITARITY AND
RESONANCES

We focus first on the high-energy behaviour of WBF
scattering. Even when the Higgs couplings are modi-
fied away from the SM expectation, the bulk of WBF
scattering does not reflect the naive longitudinal scatter-
ing ⇠ s growth (

p
s denoting the centre-of-mass energy)

except in regions of phase space that are well modelled
by the e↵ective W/Z approximation [9–11]. That said,
these regions exist and unitarity-violating behaviour is
typically mended through the appearance of new reso-
nances in the spectrum, in particular the SM Higgs. Ear-
lier work by Birkedal, Matchev and Perelstein provided
coupling selection rules for an a priori good high-energy
behaviour of WBF scattering via vectorial iso-triplet res-
onances [12]. These were particularly relevant for the
so-called higgsless models and their holographic descrip-
tions [13, 14] where the sum rules arise as completeness
relations of the compactified theory [15, 16]. Such theo-
ries are disfavoured by the observation of the Higgs bo-
son, but generic composite theories are likely to produce a
combination of resonances in addition to the Higgs when
the cut-o↵ of the theory is considerably higher than the
new particles’ mass scale. Such a situation can be phe-
nomenologically parametrised as [17–19]
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for WW scattering, Fig. 1; k runs over the non-SM
modes. For WW ! ZZ (and crossed) scattering, they
read
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These sum rules cancel the ⇠ s
2 (Eqs. (1a) and (1c))

and ⇠ s (Eqs. (1b) and (1d)) high energy behaviour of
longitudinal gauge boson scattering above the relevant
particle thresholds i. Mixed longitudinal-transverse scat-
tering does not lead to new rules.

In large N theories and their holographic interpreta-
tion [13, 14, 20, 21], the resonances’ relevance is con-
trolled by their wave function overlap with the SM mode
in the compactified 5D theory [17, 22]. Realistically,
we can, therefore, expect these to be saturated by the
first modes, similar to the behaviour of QCD [23] and
the large-N properties of SU(N) gauge theories [24].
This has also been verified through explicit AdS calcula-
tions [25].

In the SM, due to gauge invariance, we have
gWWWW = g

2
w
(the SU(2)L gauge coupling, gw = e/sW ,

with sW denoting the sine of the Weinberg angle), and
gWWZ = gwcW , gWW� = gwsW = e. The sum rule for
the s

2 behaviour is satisfied by gauge invariance. The
s-divergent behaviour is mended in the SM as a result of
“spontaneous symmetry breaking” with couplings related
to the order parameter, e.g., gWWH = gwmW . Notably,
longitudinal ZZ scattering is not sensitive to the mecha-
nism of electroweak symmetry breaking (except for mix-
ing e↵ects, see below). Abelian masses can also be intro-
duced semi-classically via a Stückelberg mechanism (at
very di↵erent quantum properties compared to the SM
weak sector). Vector and scalar resonances exhaust the
possibility of ameliorating or curing a bad high-energy
behaviour. Tensor resonances, for example, inevitably
lead to pathological high-energy amplitudes [18].

These observations are semi-classical manifestations of
the quantum behaviour of spontaneously broken quan-
tum field theories [26, 27]. Theories with a well-behaved
high-energy limit to all orders have no choice but to re-
place virtual longitudinal gauge boson contributions by
derivatively coupled scalar degrees of freedom to restore
the superficial degree of divergence counting. This sets
tight constraints that shape tree-level approximations,
which dominate phenomenological implications, e.g., as
demonstrated by the SM. Any theory of unitarising iso-
vectors is, therefore, only valid as an e↵ective theory be-
low some cut-o↵. This is obvious for the 5D theories un-
derpinning Eq. (1); tensorial states further enhance the
energy growth of amplitudes.

In this work, we will not refer to any particular un-
derlying renormalisable or e↵ective theory. Instead, the
above relations enable a consistent treatment of the high-
energy environment that is explored at p10 TeV ma-

Higgs deviation

prediction

prediction

pheno determined by unitarity, gauge 
symmetry (d>4), and convergence

[Weinberg `67]… 
…[Alboteanu et al. `08] 

[Birkedal, Matchev, Perelstein `04] 
[CE, Harris, Spannowsky, Takeuchi `15]
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FIG. 2. Sensitivity of resonance searches in the WW and ZZ weak boson fusion production modes when considering scalar
unitarity restoration for µH 6= 1. We show two scenarios for comparison: (a) a wide resonance and (b) a narrow resonance;
overlaid on the significance plot is the signal strength that such parameter choices will probe. Lines coloured in magenta include
the expected improvements from accessing semi-leptonic channels (FCC-hh e�ciencies are provided at the end of Sec. III B, we
comment on more conservative current LHC e�ciencies in the text).

decays will currently perform at 5% at the LHC. Again,
we include an improvement to 15% at FCC-hh in this
case, in line with our considerations of WZ.

In all cases, we define the significance at a given ma-
chine and luminosity through

S =
Sp
B

(8)

where S is the number of signal counts obtained from
the selection signal cross section and the luminosity, and
B is the background count in the same region. We em-
ploy integrated luminosities of 30/ab for the FCC-hh and
10/ab for the muon collider. Significances of independent
channels are treated as uncorrelated. ‘Evidence’ and ‘dis-
covery’ refer to significances of 3 and 5, respectively. We
have checked that the claimed discovery and observation
levels are not statistically limited.

IV. RESULTS

Starting with exotic Higgs production, we show results
in Fig. 2 for two scenarios �H0/mH0 = 0.5, 0.025. A
hadron machine probes a range of partonic initial states
across a wider, relevant energy range; it is less sensitive to
how narrow the produced exotics are. With H

0 ! WW

driving the statistical sensitivity, the width is directly
important when considering the transverse mass distri-
bution and its decorrelation due to an incomplete re-
construction of missing energy. The muon collider, on
the other hand, exploits steeply falling backgrounds to
gain access to narrow H

0 states before they decouple for
µH ' 1. Semi-leptonic channels can further enhance the

sensitivity beyond the baseline of fully leptonic decays,
as shown in Fig. 2. Especially for wider resonances, these
can enhance the sensitivity profile (as shown here with
the FCC-hh improvement in S/B ratios). If e�ciencies
remain at the current LHC baseline, the discovery poten-
tial decreases from 7.1 TeV to 6.4 TeV (�H0/mH0 = 0.5)
and 7.3 TeV to 6.7 TeV (�H0/mH0 = 0.1). Coinciden-
tally, the muon collider operators for narrow resonances
above a continuum background with an almost identical
discovery range as fully-leptonic WBF at FCC-hh.

The sensitivity to vector resonances exhibits a simi-
lar behaviour as shown in Fig. 3. The production of the
Z

0, Fig. 3(a), dominates due to the intermediate SM W

couplings and therefore leads to a significantly higher a
priori discovery reach, as shown in Fig. 3(a). The FCC-
hh, however, quickly loses discovery sensitivity when µH

approaches unity. Whilst the muon collider operates ef-
fectively at 10 TeV, the FCC-hh’s energy spectrum is
much broader, and the signal cross section therefore de-
pletes more quickly for heavy states close to the FCC-hh’s
kinematic endpoint. Partial sensitivity can be recovered
by adding semi-leptonic WBF channels. In particular,
for the Z

0, these add considerable sensitivity so that the
FCC-hh combination of fully leptonic and semi-leptonic
modes is compatible with the muon collider. For signif-
icant departures from the SM, the FCC-hh combination
can outperform the muon collider. If hadronic improve-
ments beyond the current LHC are not possible, the dis-
covery limits for the Z

0 decrease from 5 TeV to 3.4 TeV
(µH = 0.99) and from 9.5 TeV to 8.4 TeV (µH = 0.95).
The hadronic modes are not as important for the W 0 lim-
its as the fully-leptonic analysis drives the sensitivity in
this case due to a small SM background. In this case, the
hadronic improvement beyond the current LHC is not too
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FIG. 3. Sensitivity of a WBF search of unitarity-restoring vector resonances. Shown are (a) the Z0 search and (b) the W 0

search for two choices of Higgs signal strengths µH = 0.95, 0, 99. A significant coupling modification leads to a large signal at
an FCC-hh, which decreases more quickly as it approaches the SM, since the kinematic endpoint of the FCC-hh is probed with
lower statistics compared to the muon collider. Lines coloured in magenta include the expected improvements from accessing
semi-leptonic channels (FCC-hh e�ciencies are provided at the end of Sec. III B; we comment on more conservative current
LHC e�ciencies in the text).

relevant, improving the discovery reach by 100-200 GeV.
We finally return to the theoretical considerations re-

lated to fermion-gauge-Higgs unitarity. The Z 0 discovery
reach in the considered WBF production mode is cru-
cially sensitive to couplings to fermions, as can be seen
in Fig. 4. If the extra vector resonances are fermiophobic,
both muon and hadron colliders show formidable sensi-
tivity; if there is a significant coupling of these states
to fermions, unitarity cancellation in the fermion-gauge-
Higgs sectors shifts the phenomenological attention to
direct tt̄ production. Top quark pair production via
weak boson fusion at a muon collider can still provide
a sensitive tool with an expected cross section of around
17 fb. An FCC-hh, similar to the recent developments
seen at the LHC, will support a comprehensive analysis
programme of all electroweak aspects of the top sector.
Fig. 4 also shows that including semi-leptonic decays at
an FCC-hh can reach compatibility with a muon collider,
however, at much reduced sensitivity in the 2 TeV due to
the large width of the Z

0 boson. We leave a top-specific
comparison of µ10 and FCC-hh for future work.

Comments on a precision FCC-ee runs

As the scalar extension is UV-complete, an analysis of
oblique corrections [50–53] in this model provides a ro-
bust estimate of the coupling modifications of the SM
Higgs interactions that can be explored at, e.g., a pre-
cision Z pole programme such as FCC-ee. For the iso-
triplet states as EFTs, this is less clear. From the point
of view of renormalisability, the measurements of elec-
troweak precision observables serve as a precise measure-

FIG. 4. Sensitivity for wide fermion-aware resonances. The
magenta line includes semileptonic channels using the FCC-
hh extrapolation of e�ciencies given in the text.

ment of the EFT input data set, rather than constitut-
ing a prediction as for the Higgs mixing model. In holo-
graphic scenarios, these measurements predominantly in-
form 5d-localised operators [54], highlighting the phe-
nomenological decorrelation of the electroweak precision
data set with the mechanism of electroweak symmetry
breaking.
Employing the Higgs-mixing results as a proxy of the

modifications of the SM-like Higgs sector, Fig. 5 shows
the 68% confidence level exclusion regions obtainable at
the LHC and the ILC using the results of [49]. Also
shown is an extrapolation to an FCC-ee, conservatively

[CE, Pilkington, Spannowsky, Naskar, hopefully in time for Xmas]



‣ no new physics so far; no shortage of progress, ideas, opportunities,… 

‣ theoretical/experimental inconsistencies are clearer than ever 

‣ holistically-informed & directed effort for discovery-led physics 

‣ only limited insights into the electroweak scale so far 
☛ margins get smaller, but are big enough for surprises 
☛ collider pheno directly relevant for other pheno arenas
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