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Self coupling @ HL-LHC measurements

bbɣɣ

combination HL-LHC

bbbb

combination HL-LHC

• At the (HL-)LHC the self-coupling 
can be measured via both:

• Higgs pair production 
• single Higgs production 

• Indirect constraint from ggH and ttH:

• δκλ  ≈ 100% (exclusive)
• δκλ  ≈ 200% (global)

• Direct measurement:

• δκλ  ≈ 50%

1902.00134 [hep-ph]

https://arxiv.org/abs/1902.00134
https://arxiv.org/abs/1902.00134
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Self-coupling at circular e+e- colliders

global fit, with/without HL-LHC input

• At low energy √s < 500 GeV the self-
coupling is measured via single Higgs 
production (FCC-ee)

• Precise ZH cross-section measurement at 
various energies can resolve λ3 , λVVHH

• FCC-ee gives the best indirect 
measurement:

• δκλ  = 33%  (2 IPs)
• δκλ  = 24%  (4 IPs)

1312.3322 [hep-ph]

https://arxiv.org/abs/1312.3322
https://arxiv.org/abs/1312.3322
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Self-coupling at linear e+e- colliders

• At high energies √s > 500 GeV self-
coupling is measured via double Higgs 
production (ZHH and vvHH)

• Cross-section at various energies depends 
on λ3

CLIC -  3TeV

ILC  - 1 TeV • Measured in 𝑙𝑙bbbb (ZHH) and vvbbbb, 
vvbbWW (vvHH)

• ILC and CLIC best direct 
measurement at e+e-:

• δκλ  = 10%  (ILC1000)
• δκλ  = 9%  (CLIC3000)

1901.05897 [hep-ex]

1910.00012 [hep-ph]

https://arxiv.org/abs/1901.05897
https://arxiv.org/abs/1901.05897
https://arxiv.org/abs/1910.00012
https://arxiv.org/abs/1910.00012
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Self-coupling at the FCC-hh

• At 100 TeV pp, Higgs pair production gives 
best precision on λ3

• Measured in: 

• Combined precision: 

• 3.5-7%  for SM (3% stat. only)
• 10-20%  for λ3 = 1.5* λ3SM

• bbɣɣ (golden channel), bb𝛕𝛕, bbbb, bbZZ(4l) 2004.03505 [hep-ph]

https://arxiv.org/abs/2004.03505
https://arxiv.org/abs/2004.03505
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Self-coupling at the Muon Collider

• At 10-30 TeV muon collider, the VBF pair 
production dominates (~ CLIC)

• Muon collider could potentially provide the 
best precision ~2% (stat only) ?

• More studies needed, parton level only for 
now

• vvbbbb final state (4jets + ME)
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Open questions:

•  For simplicity, most of the benchmarking on future colliders capabilities in made assuming λ3SM 

(allows for easy comparison), or varying λ3 alone.

• desirable to investigate use of global  — (SM)EFT fit from exp. community, or this exercise can be 
left to theorists? 

• how about indirect measurements? (e.g single Higgs production or W/Z mass)
• how approach global fits as a community (pheno/exp)

• Various proposed future colliders present different levels of maturity
• How do we deal with detector effects (Pile-up , Beam Induced Background) ? 

• Can be indirectly parameterised if full-sim is not available (very different environment) ?
• Treatment of dominant systematic uncertainties (theory vs. exp)
• How do we estimate uncertainties (performance/systematics) on future colliders?
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Open questions:

• How about λVVHH  and λ4 ?
• missing exp. efforts so far (see backup for pheno. work)

•  What is the interplay between auxiliary measurements at various colliders to allow for best self- coupling 
precision? e.g 

• at proton collider precise measurement of λ3  requires yt (itself requiring gttZ)?
• at lepton (and proton) colliders need both measurements of  λVVHH and λ3 
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Open questions

• A strongly first-order EWPT requires new physics coupling to the Higgs.

• What does this imply generically for di-Higgs rates?

• Does it imply a minimum deviation pattern in Higgs couplings?

• How does the reach of Higgs coupling measurements compare to other direct and indirect probes?

• What can we learn about the history of the universe from collider measurements ?  



BACKUP
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The Standard Model Higgs Potential
 
 
 
 
 
 

• Fix the two parameters             with two observables             . 

• Predictions:

<latexit sha1_base64="vsLPFEOeRuGqYPV+FxbOqK70iWs="></latexit>
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<latexit sha1_base64="b0fXz3dilCULBvQoF8IvYvnKTT0=">AAAB+nicbVDLSgMxFM34rPU11aWbYBEqlDJTFF0W3Oiugn1AZyyZTKYNTTJDklHK2E9x40IRt36JO//GtJ2Fth4IHM65h3tzgoRRpR3n21pZXVvf2CxsFbd3dvf27dJBW8WpxKSFYxbLboAUYVSQlqaakW4iCeIBI51gdDX1Ow9EKhqLOz1OiM/RQNCIYqSN1LdLFY+n9/WqV/WYSYXotG+XnZozA1wmbk7KIEezb395YYxTToTGDCnVc51E+xmSmmJGJkUvVSRBeIQGpGeoQJwoP5udPoEnRglhFEvzhIYz9XciQ1ypMQ/MJEd6qBa9qfif10t1dOlnVCSpJgLPF0UpgzqG0x5gSCXBmo0NQVhScyvEQyQR1qatoinBXfzyMmnXa+55zbk9Kzdu8joK4AgcgwpwwQVogGvQBC2AwSN4Bq/gzXqyXqx362M+umLlmUPwB9bnD5VvkvA=</latexit>

(µ2, �)
<latexit sha1_base64="JZCarbjP5cAeBb7jhxllvq4Bbuo=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahQim7ouix4EVvFeyHtEvJptk2NMkuSbZQlv4KLx4U8erP8ea/MW33oK0PBh7vzTAzL4g508Z1v53c2vrG5lZ+u7Czu7d/UDw8auooUYQ2SMQj1Q6wppxJ2jDMcNqOFcUi4LQVjG5nfmtMlWaRfDSTmPoCDyQLGcHGSk/lcaVbEb3hea9YcqvuHGiVeBkpQYZ6r/jV7UckEVQawrHWHc+NjZ9iZRjhdFroJprGmIzwgHYslVhQ7afzg6fozCp9FEbKljRorv6eSLHQeiIC2ymwGeplbyb+53USE974KZNxYqgki0VhwpGJ0Ox71GeKEsMnlmCimL0VkSFWmBibUcGG4C2/vEqaF1Xvquo+XJZq91kceTiBUyiDB9dQgzuoQwMICHiGV3hzlPPivDsfi9ack80cwx84nz93EI+O</latexit>

(v, mh)

<latexit sha1_base64="q2+Vjw8B3pxTDtzAJ+yqQdORYNQ=">AAACE3icbZDLSgMxFIYzXmu9jbp0EyyCuCgztaIboeDGZQV7gXYcMmmmDU0yQ5IplKHv4MZXceNCEbdu3Pk2ZtoRtPVAwsf/n0Ny/iBmVGnH+bKWlldW19YLG8XNre2dXXtvv6miRGLSwBGLZDtAijAqSENTzUg7lgTxgJFWMLzO/NaISEUjcafHMfE46gsaUoy0kXz7tMtMcw/5Z/AK/nA141AinHJ/cF+ZpJWRuX275JSdacFFcHMogbzqvv3Z7UU44URozJBSHdeJtZciqSlmZFLsJorECA9Rn3QMCsSJ8tLpThN4bJQeDCNpjtBwqv6eSBFXaswD08mRHqh5LxP/8zqJDi+9lIo40UTg2UNhwqCOYBYQ7FFJsGZjAwhLav4K8QCZMLSJsWhCcOdXXoRmpeyel53baqlWz+MogENwBE6ACy5ADdyAOmgADB7AE3gBr9aj9Wy9We+z1iUrnzkAf8r6+Aa6Qpze</latexit>
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Testing the SM Higgs Potential
• Measure di-Higgs (tri-Higgs?) production to probe      (     ): 
 
 
 
 
 
 
 
 
 

• Must be part of a global fit to Higgs couplings, requires high SM precision!
[de Blas et al. 1905.03764]

<latexit sha1_base64="bkxP3nvxwt3/6qSpv5Qt30nE3t8=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsz4QJcFN+Kqgn1gO5Q7mbQNzWSGJCOUoX/hxoUibv0bd/6NaTsLbT0QOJxzLrn3BIng2rjut1NYWV1b3yhulra2d3b3yvsHTR2nirIGjUWs2gFqJrhkDcONYO1EMYwCwVrB6Gbqt56Y0jyWD2acMD/CgeR9TtFY6bErbDTE3jnplStu1Z2BLBMvJxXIUe+Vv7phTNOISUMFat3x3MT4GSrDqWCTUjfVLEE6wgHrWCoxYtrPZhtPyIlVQtKPlX3SkJn6eyLDSOtxFNhkhGaoF72p+J/XSU3/2s+4TFLDJJ1/1E8FMTGZnk9Crhg1YmwJUsXtroQOUSE1tqSSLcFbPHmZNM+q3mXVvb+o1O7yOopwBMdwCh5cQQ1uoQ4NoCDhGV7hzdHOi/PufMyjBSefOYQ/cD5/AMZUkFk=</latexit>

�3
<latexit sha1_base64="i/2zYbGJEr5Hd0uel5533PL1+Q8=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsxIRZcFN+Kqgn1IO5RMJtOGJpkhyQhl6Fe4caGIWz/HnX9jOp2Fth4IHM45l9x7goQzbVz32ymtrW9sbpW3Kzu7e/sH1cOjjo5TRWibxDxWvQBrypmkbcMMp71EUSwCTrvB5Gbud5+o0iyWD2aaUF/gkWQRI9hY6XHAbTTEw8awWnPrbg60SryC1KBAa1j9GoQxSQWVhnCsdd9zE+NnWBlGOJ1VBqmmCSYTPKJ9SyUWVPtZvvAMnVklRFGs7JMG5erviQwLracisEmBzVgve3PxP6+fmujaz5hMUkMlWXwUpRyZGM2vRyFTlBg+tQQTxeyuiIyxwsTYjiq2BG/55FXSuah7l3X3vlFr3hV1lOEETuEcPLiCJtxCC9pAQMAzvMKbo5wX5935WERLTjFzDH/gfP4AbxWQMA==</latexit>

�4 [talk by M. Selvaggi]

[e.g. Di Vita, Grojean, Riembau, Vantalon 1704.01953]
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Testing the SM Higgs Potential
• Look for NLO effects of      in single Higgs production: 
 
 
 
 
 
 
 
 
 

[McCullough 1312.3322;  Maltoni, Pagani, Shivaji, Zhao 1709.08649]

<latexit sha1_base64="16qWQ7xKH5qWeAla5rFpgh6EeZ4=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsz4QJcFN+Kqgn1IO5RMJtOGJpkhyQhl6Fe4caGIWz/HnX9jOp2Fth4IHM45l9x7goQzbVz32ymtrK6tb5Q3K1vbO7t71f2Dto5TRWiLxDxW3QBrypmkLcMMp91EUSwCTjvB+Gbmd56o0iyWD2aSUF/goWQRI9hY6bHPbTTEg/NBtebW3RxomXgFqUGB5qD61Q9jkgoqDeFY657nJsbPsDKMcDqt9FNNE0zGeEh7lkosqPazfOEpOrFKiKJY2ScNytXfExkWWk9EYJMCm5Fe9Gbif14vNdG1nzGZpIZKMv8oSjkyMZpdj0KmKDF8YgkmitldERlhhYmxHVVsCd7iycukfVb3Luvu/UWtcVfUUYYjOIZT8OAKGnALTWgBAQHP8ApvjnJenHfnYx4tOcXMIfyB8/kDbZGQLw==</latexit>

�3
HL-LHC
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Testing the SM Higgs Potential
• Look for effects of      in precision electroweak observables:

<latexit sha1_base64="16qWQ7xKH5qWeAla5rFpgh6EeZ4=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsz4QJcFN+Kqgn1IO5RMJtOGJpkhyQhl6Fe4caGIWz/HnX9jOp2Fth4IHM45l9x7goQzbVz32ymtrK6tb5Q3K1vbO7t71f2Dto5TRWiLxDxW3QBrypmkLcMMp91EUSwCTjvB+Gbmd56o0iyWD2aSUF/goWQRI9hY6bHPbTTEg/NBtebW3RxomXgFqUGB5qD61Q9jkgoqDeFY657nJsbPsDKMcDqt9FNNE0zGeEh7lkosqPazfOEpOrFKiKJY2ScNytXfExkWWk9EYJMCm5Fe9Gbif14vNdG1nzGZpIZKMv8oSjkyMZpdj0KmKDF8YgkmitldERlhhYmxHVVsCd7iycukfVb3Luvu/UWtcVfUUYYjOIZT8OAKGnALTWgBAQHP8ApvjnJenHfnYx4tOcXMIfyB8/kDbZGQLw==</latexit>

�3

Z Z

h

h

h h

W± W±

W± W±

h h

h

[Degrassi, Fedele, Giardino 1702.01737; Kribs, Maier, Rzehak, Spannowsky, Waite 1702.07678]
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Higgs Potential Beyond the SM
• Heavy new physics can yield effective operators that modify the potential. 
 
 
 
 
 
 
 
 
 
 

• Note:       also modifies hhVV couplings!

[e.g. Giudice, Grojean, Pomarol, Rattazzi hep-ph/0703164; Brivio, Trott  1706.08945]

<latexit sha1_base64="KfANWWL7SHbZ5DOWhs/9WJOQKNo="></latexit>

L � cH

2⇤2
[@µ(H

†
H)]2 � c6 �

⇤2
(H†

H)3

<latexit sha1_base64="g7RVPHysc5WbHNH0IWZ3RlawY6w="></latexit>
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<latexit sha1_base64="HDwYCxRUcbhcF0ox3QtNoy62vGY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEoseClx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKD2zQGJQrbtVdgKwTLycVyNEclL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4dUYurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4a2fCZWkyBVbLgpTSTAm87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68TtpXVa9Wde+vK/VGHkcRzuAcLsGDG6hDA5rQAgYjeIZXeHOk8+K8Ox/L1oKTz5zCHzifPxGujaw=</latexit>cH
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Higgs Potential Beyond the SM
• Higgs mixing with other fields or new sources of EWSB can too. 
 
e.g. 

 
 

<latexit sha1_base64="wssNjtm+ocJ0OK1CPGH14zW15Bg="></latexit>

Model max{
�3

�SM
3

� 1}

Mixed-in Singlet �18%

Composite Higgs O(10%)

MSSM �15%

NMSSM �25

[Gupta, Rzehak, Wells 1305.6397]
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Higgs Potential in the Early Universe
• Thermal effective potential: 
 
 
 
 
 
 
 
 
 
 
 
 
→ electroweak phase transition (EWPT)

Veff Τ >> µ

Τ << µ

φ

<latexit sha1_base64="V1qQ28186AhQykNcL81ivm57EEY="></latexit>

V (�, T ) ' (⇠ T 2 � µ2)�2 �AT (�2 +B)3/2 + ��4
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Electroweak Phase Transition
• SM: the electroweak phase transition is a smooth crossover. 

• BSM: the EWPT can be strongly first order if new physics couples to the Higgs. 
 
 
 
 
 
 
 

• A strong first-order EWPT can allow baryogenesis or make gravitational waves! 
[e.g. Shaposhnikov NPB287, 575; Kamionkowski, Kosowsky, Turner astro-ph/9310044; 
         Cohen, Kaplan, Nelson hep-ph/9302210; Grojean, Servant hep-ph/0607107, LOIs by Carena et al.]

Veff

T = T

T < T

T > Tc

φ

c

c

tunnel

<ϕ> = 0
<ϕ> = 0

<ϕ> = 0

<ϕ> = 0

[Kajantie et al. hep-lat/9510020]
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A First Order EWPT
• Requires new physics that couples to the Higgs. 

• SM-charged new physics ⇒ modified Higgs production and decay rates. 
e.g. gluon fusion rates rule out a SFO EWPT from light stops in the MSSM 

• SM-singlet new physics - main effect can be to alter the self-coupling     . 

• Higgs-singlet portal: 

• SMEFT operator: 

[Cohen, DM, Pierce 1203.2924; Curtin, Jaiswal, Meade 1203.2932]

<latexit sha1_base64="rEB8X0mRyMULpsQtSJDRahPnZfI=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsz4QJcFN11WsA9sh5LJZNrQTDIkGaEM/Qs3LhRx69+482/MtLPQ1gOBwznnkntPkHCmjet+O6W19Y3NrfJ2ZWd3b/+genjU0TJVhLaJ5FL1AqwpZ4K2DTOc9hJFcRxw2g0md7nffaJKMykezDShfoxHgkWMYGOlxwG30RAPLyvDas2tu3OgVeIVpAYFWsPq1yCUJI2pMIRjrfuemxg/w8owwumsMkg1TTCZ4BHtWypwTLWfzTeeoTOrhCiSyj5h0Fz9PZHhWOtpHNhkjM1YL3u5+J/XT01062dMJKmhgiw+ilKOjET5+ShkihLDp5ZgopjdFZExVpgYW1Jegrd88irpXNS967p7f1VrNIs6ynACp3AOHtxAA5rQgjYQEPAMr/DmaOfFeXc+FtGSU8wcwx84nz+kYpBB</latexit>

�3

<latexit sha1_base64="L6bq/41jVxL+pYGhKXJIQ44rDvQ=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgQkpSFF0W3ARXldoHNGmYTCbp0MmDmYlQQldu/BU3LhRx6ze482+ctllo64GBwznncuceL2VUSMP41korq2vrG+XNytb2zu6evn/QEUnGMWnjhCW85yFBGI1JW1LJSC/lBEUeI11vdDP1uw+EC5rE93KcEidCYUwDipFUkqsf20yFfeTmVmtin7cGdWuQ2z4KQ8InlqtXjZoxA1wmZkGqoEDT1b9sP8FZRGKJGRKibxqpdHLEJcWMTCp2JkiK8AiFpK9ojCIinHx2xgSeKsWHQcLViyWcqb8nchQJMY48lYyQHIpFbyr+5/UzGVw7OY3TTJIYzxcFGYMygdNOoE85wZKNFUGYU/VXiIeIIyxVcxVVgrl48jLp1GvmZc24u6g2bos6yuAInIAzYIIr0AAWaII2wOARPINX8KY9aS/au/Yxj5a0YuYQ/IH2+QOlLJif</latexit>
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<latexit sha1_base64="/dVqpxlFhRKW1t2bcxQemE6Gu48=">AAACD3icbVC7TsMwFHXKq5RXgJHFogKVpUrKc6zE0qFDkehDatLIcZzWqvOQ7SBVUf6AhV9hYQAhVlY2/ga3zQAtR7J0dM49ur7HjRkV0jC+tcLK6tr6RnGztLW9s7un7x90RJRwTNo4YhHvuUgQRkPSllQy0os5QYHLSNcd30797gPhgkbhvZzExA7QMKQ+xUgqydFPLZ8jnGLnKkutpsp5aFDLKo1BanloOCQ8a5wNzqGjl42qMQNcJmZOyiBHy9G/LC/CSUBCiRkSom8asbRTxCXFjGQlKxEkRniMhqSvaIgCIux0dk8GT5TiQT/i6oUSztTfiRQFQkwCV00GSI7EojcV//P6ifRv7JSGcSJJiOeL/IRBGcFpOdCjnGDJJoogzKn6K8QjpAqSqsKSKsFcPHmZdGpV87Jq3F2U6828jiI4AsegAkxwDeqgAVqgDTB4BM/gFbxpT9qL9q59zEcLWp45BH+gff4A5N2b8A==</latexit>

c6

⇤2
(H†

H)3

[Noble, Perelstein 0711.3018; 
Profumo, Ramsey-Musolf, 

 Wainwright, Winslow 1407.5342; 
 Curtin, Meade, Yu 1409.0005]

[Grojean, Servant, Wells hep-ph/0407019; 
Noble, Perelstein 0711.3018]
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A First Order EWPT with Singlet
• For the Higgs-singlet portal: 

<latexit sha1_base64="L6bq/41jVxL+pYGhKXJIQ44rDvQ=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgQkpSFF0W3ARXldoHNGmYTCbp0MmDmYlQQldu/BU3LhRx6ze482+ctllo64GBwznncuceL2VUSMP41korq2vrG+XNytb2zu6evn/QEUnGMWnjhCW85yFBGI1JW1LJSC/lBEUeI11vdDP1uw+EC5rE93KcEidCYUwDipFUkqsf20yFfeTmVmtin7cGdWuQ2z4KQ8InlqtXjZoxA1wmZkGqoEDT1b9sP8FZRGKJGRKibxqpdHLEJcWMTCp2JkiK8AiFpK9ojCIinHx2xgSeKsWHQcLViyWcqb8nchQJMY48lYyQHIpFbyr+5/UzGVw7OY3TTJIYzxcFGYMygdNOoE85wZKNFUGYU/VXiIeIIyxVcxVVgrl48jLp1GvmZc24u6g2bos6yuAInIAzYIIr0AAWaII2wOARPINX8KY9aS/au/Yxj5a0YuYQ/IH2+QOlLJif</latexit>

�HS S
2
H

†
H

[Curtin, Meade, Yu 1409.0005; Kotwal, Ramsey-Musolf, No, Winslow 1605.06123; 
Huang, Long, Wang 1608.06619; Beniwal, Lewicki, Wells, White, Williams 1702.06124]

•

+

x

•

+

x

FOPT
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The Standard Model Higgs Potential

hierarchy 
problem

Higgs 
metastability

<latexit sha1_base64="qBfi956qQqhqG5Eg3tFp6qZm0x4=">AAACIXicbVDLSsNAFJ3UV62vqEs3g0WoqCUpit0IBTddVrEPaNIymUzaoZMHMxOhhPyKG3/FjQtFuhN/xmmbRW09cOFwzr135h4nYlRIw/jWcmvrG5tb+e3Czu7e/oF+eNQSYcwxaeKQhbzjIEEYDUhTUslIJ+IE+Q4jbWd0P/Xbz4QLGgZPchwR20eDgHoUI6mkvl5tQQveqbqy/LhXqfcSy0WDAeFpHV7AxGJqlYtS67K0aJ33Kn29aJSNGeAqMTNSBBkafX1iuSGOfRJIzJAQXdOIpJ0gLilmJC1YsSARwiM0IF1FA+QTYSezC1N4phQXeiFXFUg4UxcnEuQLMfYd1ekjORTL3lT8z+vG0qvaCQ2iWJIAzx/yYgZlCKdxQZdygiUbK4Iwp+qvEA8RR1iqUAsqBHP55FXSqpTNm7LxcF2sPWZx5MEJOAUlYIJbUAN10ABNgMELeAMf4FN71d61L20yb81p2cwx+APt5xfdhKGW</latexit>
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[KC Green, gunshowcomic.com]

http://gunshowcomic.com
http://gunshowcomic.com
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(Higgs) Potential Questions
• What can we learn about new physics from Higgs couplings? 

• A strongly first-order EWPT requires new physics coupling to the Higgs: 

• What does this imply generically for di-Higgs rates? 

• Does it imply a minimum deviation pattern in Higgs couplings? 

• How does the reach of Higgs coupling measurements compare to other 
direct and indirect probes? 
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Higgs Potential Beyond the SM
• Note 1: extractions of     are sensitive to other deviations in Higgs 

couplings as well as uncertainties in SM parameters. 

• Note 2: some BSM scenarios can even interfere with the full realization of 
electroweak symmetry at high temperature.  

• Note 3: in Higgs-singlet scenarios with a first-order EWPT, finding the new 
(mostly) singlet scalar might be easier than measuring Higgs rates.  

<latexit sha1_base64="rEB8X0mRyMULpsQtSJDRahPnZfI=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsz4QJcFN11WsA9sh5LJZNrQTDIkGaEM/Qs3LhRx69+482/MtLPQ1gOBwznnkntPkHCmjet+O6W19Y3NrfJ2ZWd3b/+genjU0TJVhLaJ5FL1AqwpZ4K2DTOc9hJFcRxw2g0md7nffaJKMykezDShfoxHgkWMYGOlxwG30RAPLyvDas2tu3OgVeIVpAYFWsPq1yCUJI2pMIRjrfuemxg/w8owwumsMkg1TTCZ4BHtWypwTLWfzTeeoTOrhCiSyj5h0Fz9PZHhWOtpHNhkjM1YL3u5+J/XT01062dMJKmhgiw+ilKOjET5+ShkihLDp5ZgopjdFZExVpgYW1Jegrd88irpXNS967p7f1VrNIs6ynACp3AOHtxAA5rQgjYQEPAMr/DmaOfFeXc+FtGSU8wcwx84nz+kYpBB</latexit>
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<latexit sha1_base64="J742vOGgXkzfslqUs9aQUXWnpYE=">AAACAHicbVA7T8MwGHR4lvIKMDCwWFRIhaFKKhCMlVg6Fok+pDZEjus0Vh3Hsh2kKsrCX2FhACFWfgYb/wa3zQAtJ1k6332f7LtAMKq043xbK6tr6xubpa3y9s7u3r59cNhRSSoxaeOEJbIXIEUY5aStqWakJyRBccBINxjfTv3uI5GKJvxeTwTxYjTiNKQYaSP59rEQcKATGPn1h6x6cZ7Pb5FvV5yaMwNcJm5BKqBAy7e/BsMEpzHhGjOkVN91hPYyJDXFjOTlQaqIQHiMRqRvKEcxUV42C5DDM6MMYZhIc7iGM/X3RoZipSZxYCZjpCO16E3F/7x+qsMbL6NcpJpwPH8oTBk0GadtwCGVBGs2MQRhSc1fIY6QRFibzsqmBHcx8jLp1GvuVc25u6w0mkUdJXACTkEVuOAaNEATtEAbYJCDZ/AK3qwn68V6tz7moytWsXME/sD6/AF/i5UT</latexit>

pp ! h(⇤)
2 ! hh

[Kotwal, Ramsey-Musolf, No, Winslow 1605.06123; 
Papaefstathiou, White 2010.00597]

[e.g. Meade, Ramani 1807.07578; 
 Baldes, Servant 1807.08770]
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Summary future 𝝺3 measurements
1)  LHC

• O(10)-O(2)
• Could detect large anomalous coupling

2)   HL-LHC
• O(1)
• Potential for evidence (3σ precision)

3)   CEPC/FCC-ee : single H couplings + indirect measurement
•  Potential for observation (5σ precision)
•  δgttZ ~ 1%, allows for δyt  ~ 1% @FCC-hh

4)   ILC/CLIC :  ~ 10 % precision

5)   FCC-hh : precision measurement:   3.5-7.8% 

6)   Muon Collider: precision 2-3% (stat only) ?
https://arxiv.org/abs/1902.00134

https://arxiv.org/abs/1902.00134
https://arxiv.org/abs/1902.00134


Global fit in indirect ee measurements
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1910.00012 [hep-ph]

https://arxiv.org/abs/1910.00012
https://arxiv.org/abs/1910.00012


Combined constraints from precision Higgs 
measurements at FCC-ee and FCC-hh
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Direct detection of extra Higgs states

Parameter space scan for a singlet model extension of 
the Standard Model. The points indicate a first order 
phase transition. 

Higgs Self-coupling and constraints on models 
with 1st order EWPT

• Strong 1st order EWPT needed to explain large observed baryon asymmetry in our universe
• Can be achieved with extension of SM + singlet 



VLVL →HH
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negligible at 
large mHH

c2V cV 2

With cV from FCC-ee, δc2V < 1%

0 in the SM

high energy behaviour driven by C2V and CV, if
δC2V ≄ 0, grows with E

[1611.03860]



HHH→bbbbbb
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1909.09166 [hep-ph]

https://arxiv.org/abs/1909.09166
https://arxiv.org/abs/1909.09166


Quartic bounds from di-Higgs
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1811.12366 [hep-ph]

https://arxiv.org/abs/1811.12366
https://arxiv.org/abs/1811.12366

