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The Standard Model: The Good

The SM is a gauge theory SU(3)⇥
<latexit sha1_base64="ckkTknQ+Tp7vCKDg3RC0A94a0Lo=">AAAB83icdVBNSwMxEM3Wr1q/qh69BItQLyVpxba3ohePFW0tdJeSTbNtaDa7JFmhLP0bXjwo4tU/481/Y7atoKIPBh7vzTAzz48F1wahDye3srq2vpHfLGxt7+zuFfcPujpKFGUdGolI9XyimeCSdQw3gvVixUjoC3bnTy4z/+6eKc0jeWumMfNCMpI84JQYK7k3nXLt1DU8ZBoOiiVUQQhhjGFGcP0cWdJsNqq4AXFmWZTAEu1B8d0dRjQJmTRUEK37GMXGS4kynAo2K7iJZjGhEzJifUslsVu8dH7zDJ5YZQiDSNmSBs7V7xMpCbWehr7tDIkZ699eJv7l9RMTNLyUyzgxTNLFoiAR0EQwCwAOuWLUiKklhCpub4V0TBShxsZUsCF8fQr/J91qBdcq1euzUutiGUceHIFjUAYY1EELXIE26AAKYvAAnsCzkziPzovzumjNOcuZQ/ADztsn5v6Q9g==</latexit>

SU(2)L ⇥ U(1)Y
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with O(1) dimensionless couplings
g2 g1
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g3
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Strong Electroweak
•Built with the input from experimental observations

•Some fermions feel the strong interactions (quarks). I.e. they transform under 

•All SM fermions transform under the electroweak gauge group SU(2)L ⇥ U(1)Y
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• It describes all the (gauge) interactions of all elementary particles

Gauge interactions tested with great precision at LEP, Tevatron, LHC, …

20 10. Electroweak model and constraints on new physics

σhad, the fermionic two-loop EW corrections are known [134]. Non-factorizable O(ααs)
corrections to the Z → qq̄ vertex are also available [132]. They add coherently, resulting
in a sizable effect and shift αs(MZ) when extracted from Z lineshape observables by

≈ +0.0007. As an example of the precision of the Z-pole observables, the values of ḡfA
and ḡfV , f = e, µ, τ, $, extracted from the LEP and SLC lineshape and asymmetry data,
are shown in Fig. 10.3, which should be compared with Fig. 10.1. (The two sets of
parameters coincide in the SM at tree-level.)
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Figure 10.3: 1 σ (39.35% C.L.) contours for the Z-pole observables ḡfA and ḡfV ,
f = e, µ, τ obtained at LEP and SLC [10], compared to the SM expectation as a
function of ŝ 2

Z . (The SM best fit value ŝ 2
Z = 0.23122 is also indicated.) Also shown

is the 90% CL allowed region in ḡ!A,V obtained assuming lepton universality.

As for hadron colliders, the forward-backward asymmetry, AFB, for e+e− and µ+µ−

final states (with invariant masses restricted to or dominated by values around MZ) in
pp̄ collisions has been measured by the CDF [145] and DØ [146] collaborations, and the
values s2! = 0.23221± 0.00046 and s2! = 0.23095± 0.00040 were extracted, respectively.
The combination of these measurements yields [147]

s2! = 0.23148± 0.00033 (Tevatron). (10.43)

By varying the invariant mass and the scattering angle (and assuming the electron

couplings), information on the effective Z couplings to light quarks, gu,dV,A, could also

be obtained [148,149], but with large uncertainties and mutual correlations and not
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The Higgs Sector of the Standard Model

• Introduce a scalar sector to spontaneously break the electroweak symmetry 

SU(2)L ⇥ U(1)Y
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scalar  doublet with SU(2)L YΦ =
1
2

Higgs doublet
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Non-trivial minimum of ⇒ mh =
p
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p
2� v
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mh ' 125 GeV, v ' 246 GeV
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Experimentally

 is the one and only energy scale in all of  ! ℒSMm ' 89 GeV
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•Gauge invariance  in the  forbids mass terms !       Massless gauge bosons and fermions! ℒSM ⇒

•Masses in  break gauge invariance explicitlyℒSM

(Only scale in fundamental physics together with  and )MP ΛCC



 Higgs Couplings 
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with 

•  enters in production through ggF loop
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•  
<latexit sha1_base64="2P4241RAS7mGGh4ZPP+kxmBZdCs=">AAAB83icdVDLSgMxFL1TX7W+qi7dBIvgqmSK1HZXdOOygn1AZyiZTNqGZjJDkhHK0N9w40IRt/6MO//GTFtBRQ8EDuecy705QSK4Nhh/OIW19Y3NreJ2aWd3b/+gfHjU1XGqKOvQWMSqHxDNBJesY7gRrJ8oRqJAsF4wvc793j1TmsfyzswS5kdkLPmIU2Ks5HnCRkMy9AxJh+UKrmKLeh3lxG1g15Jms1GrNZG7sDCuwArtYfndC2OaRkwaKojWAxcnxs+IMpwKNi95qWYJoVMyZgNLJYmY9rPFzXN0ZpUQjWJlnzRooX6fyEik9SwKbDIiZqJ/e7n4lzdIzajhZ1wmqWGSLheNUoFMjPICUMgVo0bMLCFUcXsrohOiCDW2ppIt4eun6H/SrVVdXHVvLyqtq1UdRTiBUzgHFy6hBTfQhg5QSOABnuDZSZ1H58V5XUYLzmrmGH7AefsEbiiR8Q==</latexit>

VH+VBF+ggF

•  
<latexit sha1_base64="a+Jl//dI4uTdCSwiQpv6fxIZFk4=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4Kpkitd0V3bisYB8wM5RMJtOGJpMhyQhl6Ge4caGIW7/GnX9jpq2gogcCh3POJfeeMOVMG4Q+nNLa+sbmVnm7srO7t39QPTzqa5kpQntEcqmGIdaUs4T2DDOcDlNFsQg5HYTT68If3FOlmUzuzCylgcDjhMWMYGMlz+c2GuGRL7JRtYbqyKLZhAVxW8i1pN1uNRpt6C4shGpghe6o+u5HkmSCJoZwrLXnotQEOVaGEU7nFT/TNMVkisfUszTBguogX6w8h2dWiWAslX2JgQv1+0SOhdYzEdqkwGaif3uF+JfnZSZuBTlL0szQhCw/ijMOjYTF/TBiihLDZ5ZgopjdFZIJVpgY21LFlvB1Kfyf9Bt1F9Xd24ta52pVRxmcgFNwDlxwCTrgBnRBDxAgwQN4As+OcR6dF+d1GS05q5lj8APO2yenLZF/</latexit>

ggF+VBF

and 
<latexit sha1_base64="d8wfBpXnCY1J5HaWELLDoZ/hEJs=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzEOSJcxOZpMhM7PLTK8QQr7CiwdFvPo53vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41bZIZxhsskYlpR9RyKTRvoEDJ26nhVEWSt6LR7cxvPXFjRaIfcJzyUNGBFrFgFJ30iN2IGoJk2CtX/Ko/B1klQU4qkKPeK391+wnLFNfIJLW2E/gphhNqUDDJp6VuZnlK2YgOeMdRTRW34WR+8JScOaVP4sS40kjm6u+JCVXWjlXkOhXFoV32ZuJ/XifD+DqcCJ1myDVbLIozSTAhs+9JXxjOUI4docwIdythQ2ooQ5dRyYUQLL+8SpoX1cCvBveXldpNHkcRTuAUziGAK6jBHdShAQwUPMMrvHnGe/HevY9Fa8HLZ47hD7zPHyOUj/U=</latexit>

To fermions

<latexit sha1_base64="yOa/zNfkV14msU7XQ8rYVCLccUY="></latexit>

<latexit sha1_base64="Xpm+fVOPkOuovZtWC04CHt8g5Tw="></latexit>

•Triple coupling tested in Higgs decays to both 
<latexit sha1_base64="6M0NSvfrAlOuwHN6/ONqJHi+tjE=">AAACD3icbVDLSgMxFM3UV62vUZdugkURF2VGBF0W3bisYB/QjuVOmrahSWZIMkIZ2i9w46+4caGIW7fu/BszbRfaeuBeDufcS3JPGHOmjed9O7ml5ZXVtfx6YWNza3vH3d2r6ShRhFZJxCPVCEFTziStGmY4bcSKggg5rYeD68yvP1ClWSTvzDCmgYCeZF1GwFip7R63eiAETDu2SFtK4PEYZGc8HmVCDdfuT9tu0St5E+BF4s9IEc1QabtfrU5EEkGlIRy0bvpebIIUlGGE01GhlWgaAxlAjzYtlSCoDtLJPSN8ZJUO7kbKljR4ov7eSEFoPRShnRRg+nrey8T/vGZiupdBymScGCrJ9KFuwrGJcBYO7jBFieFDS4AoZv+KSR8UEGMjLNgQ/PmTF0ntrOR7Jf/2vFi+msWRRwfoEJ0gH12gMrpBFVRFBD2iZ/SK3pwn58V5dz6mozlntrOP/sD5/AEIyZq3</latexit>

<latexit sha1_base64="KYzcxeG/3knQZRbRGTAyDugWZos=">AAACBHicbVC7SgNBFJ31GeNr1TLNYBCswq4IWgZtLCOYByRLmJ3cZIfMPpi5K4ZlCxt/xcZCEVs/ws6/cZJsoYkHLhzOuXfu3OMnUmh0nG9rZXVtfWOztFXe3tnd27cPDls6ThWHJo9lrDo+0yBFBE0UKKGTKGChL6Htj6+nfvselBZxdIeTBLyQjSIxFJyhkfp2pYfwgLN3Ml+mkGejfhYErVae075ddWrODHSZuAWpkgKNvv3VG8Q8DSFCLpnWXddJ0MuYQsEl5OVeqiFhfMxG0DU0YiFoL5stz+mJUQZ0GCtTEdKZ+nsiY6HWk9A3nSHDQC96U/E/r5vi8NLLRJSkCBGfLxqmkmJMp4nQgVDAUU4MYVwJ81fKA6YYR5Nb2YTgLp68TFpnNdepubfn1fpVEUeJVMgxOSUuuSB1ckMapEk4eSTP5JW8WU/Wi/VufcxbV6xi5oj8gfX5A/m3mOs=</latexit>

•              accessible in double Higgs production

at the LHC

To gauge bosons
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Testing the Higgs Couplings in the SM



The Trouble(s) with the Standard Model

The SM does not

•Have a candidate for Dark Matter. Is  a new fundamental scale ?mDM

•Explain the Baryon Asymmetry of the universe. 

•Adequately account for neutrino masses. Mechanisms point to new physics scale. 

•Explain the enormous range of Yukawa couplings (Flavor Puzzle). Why is  ?λt /λu ≃ 105

•Have any symmetry preventing CPV in the strong interactions, i.e. explaining  θ < 10−10

•Provide any reason why the Higgs boson mass is so light compared to the SM cutoff

•Explain the origin of its only energy scale  GeVm ≃ 89



The Trouble(s) with the Standard Model

The SM does not

•Have a candidate for Dark Matter. Is  a new fundamental scale ?mDM

•Explain the Baryon Asymmetry of the universe. 

•Adequately account for neutrino masses. Mechanisms point to new physics scale. 

•Explain the enormous range of Yukawa couplings (Flavor Puzzle). Why is  ?λt /λu ≃ 105

•Have any symmetry preventing CPV in the strong interactions, i.e. explaining  θ < 10−10

•Provide any reason why the Higgs boson mass is so light compared to the SM cutoff

•Explain the origin of its only energy scale  GeVm ≃ 89

Searches for DM particle(s). 

Maybe some signals in HDV. Not guaranteed.

  experiments.ν

Axions.

Flavor physics.

} TeV scale?



The (In)Stability of the Electroweak Scale

m2
<latexit sha1_base64="a8gcRzjLL+6dYqIqrQmfGuLmBlw=">AAAB6nicdVDLSgMxFM34rPVVdekmWARXJRnFtruiG5cV7QPasWTSTBuaZIYkI5TST3DjQhG3fpE7/8ZMW0FFD1w4nHMv994TJoIbi9CHt7S8srq2ntvIb25t7+wW9vabJk41ZQ0ai1i3Q2KY4Io1LLeCtRPNiAwFa4Wjy8xv3TNteKxu7ThhgSQDxSNOiXXSjbzze4UiKiGEMMYwI7h8jhypVis+rkCcWQ5FsEC9V3jv9mOaSqYsFcSYDkaJDSZEW04Fm+a7qWEJoSMyYB1HFZHMBJPZqVN47JQ+jGLtSlk4U79PTIg0ZixD1ymJHZrfXib+5XVSG1WCCVdJapmi80VRKqCNYfY37HPNqBVjRwjV3N0K6ZBoQq1LJ+9C+PoU/k+afgmflvzrs2LtYhFHDhyCI3ACMCiDGrgCddAAFAzAA3gCz57wHr0X73XeuuQtZg7AD3hvn0kxjc8=</latexit>

V (�†�) = �
�
�†�

�
+ �

�
�†�

�2
<latexit sha1_base64="Lt5DM7270z5+je+YSeWi2sHX37E="></latexit>

The energy scale in the potential has a large UV sensitivity

And  is a high energy scale, the highest considered in the loopsΛ

Not a problem in QFT. Yes, the renormalization condition condition is highly tuned

(m2
h)phys. = �m2

h + �m2
h

<latexit sha1_base64="lciaUoOGRepM7MZwjrFm7CdCNwg=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0WoCCWpgm6Eoi5cVrAPaGKYTKft0JkkzEyEEPobbvwVNy4Ucakr/8ZpGlBbD1w4c869zL3HjxiVyrK+jMLC4tLySnG1tLa+sbllbu+0ZBgLTJo4ZKHo+EgSRgPSVFQx0okEQdxnpO2PLid++54IScPgViURcTkaBLRPMVJa8kyrwr3hXe3QSx3BYTRMZHUMz6FzRZhCMPPgkdP7eXlm2apaGeA8sXNSBjkanvnh9EIccxIozJCUXduKlJsioShmZFxyYkkihEdoQLqaBogT6abZZWN4oJUe7IdCV6Bgpv6eSBGXMuG+7uRIDeWsNxH/87qx6p+5KQ2iWJEATz/qxwyqEE5igj0qCFYs0QRhQfWuEA+RQFjpMEs6BHv25HnSqlXt42rt5qRcv8jjKII9sA8qwAanoA6uQQM0AQYP4Am8gFfj0Xg23oz3aWvByGd2wR8Yn98k3J6E</latexit>

But after removing  dependence by RC,  runs logarithmicallyΛ m2
h(μ)

Quantum corrections to the Higgs mass �m2
h ' c

16⇡2
⇤2

<latexit sha1_base64="s9+eKLOoiUfpGS8H6rO0cHYZ2Fk=">AAACGXicbVC7TsMwFHXKq5RXgZHFokJiQFUSEDBWwMDAUCT6kJq2ctyb1qqdBNtBqqL+Bgu/wsIAQoww8Te4jwFajnSlo3Pute89fsyZ0rb9bWUWFpeWV7KrubX1jc2t/PZOVUWJpFChEY9k3ScKOAuhopnmUI8lEOFzqPn9y5FfewCpWBTe6UEMTUG6IQsYJdpI7bztXQHXBIt2r+ViTzEB99gLJKEpHabOqRezljv0jrwb82aHtNx2vmAX7THwPHGmpICmKLfzn14noomAUFNOlGo4dqybKZGaUQ7DnJcoiAntky40DA2JANVMx5cN8YFROjiIpKlQ47H6eyIlQqmB8E2nILqnZr2R+J/XSHRw3kxZGCcaQjr5KEg41hEexYQ7TALVfGAIoZKZXTHtEROLNmHmTAjO7MnzpOoWneOie3tSKF1M48iiPbSPDpGDzlAJXaMyqiCKHtEzekVv1pP1Yr1bH5PWjDWd2UV/YH39AO15n6A=</latexit>

⇒

However, if heavy states  of mass       couple to the Higgs with coupling M
<latexit sha1_base64="b87ZGYxUWV3m1QB/ix1JZUjcICg=">AAAB6HicdVBNSwMxEM3Wr1q/qh69BIvgqWyq2PZW9OJFaMF+QLuUbDrbxmazS5IVSukv8OJBEa/+JG/+G7NtBRV9MPB4b4aZeX4suDau++FkVlbX1jeym7mt7Z3dvfz+QUtHiWLQZJGIVMenGgSX0DTcCOjECmjoC2j746vUb9+D0jySt2YSgxfSoeQBZ9RYqXHTzxfcouu6hBCcElK+cC2pVislUsEktSwKaIl6P//eG0QsCUEaJqjWXeLGxptSZTgTMMv1Eg0xZWM6hK6lkoagven80Bk+scoAB5GyJQ2eq98npjTUehL6tjOkZqR/e6n4l9dNTFDxplzGiQHJFouCRGAT4fRrPOAKmBETSyhT3N6K2YgqyozNJmdD+PoU/09apSI5K5Ya54Xa5TKOLDpCx+gUEVRGNXSN6qiJGAL0gJ7Qs3PnPDovzuuiNeMsZw7RDzhvn/NRjQs=</latexit> y

<latexit sha1_base64="wqvfyGQ+cfmon8+DAkNTj7Tu2No=">AAAB6HicdVDLSgNBEOz1GeMr6tHLYBA8hZkoJrkFvXhMwDwgWcLsZDYZM/tgZlZYQr7AiwdFvPpJ3vwbZ5MIKlrQUFR1093lxVJog/GHs7K6tr6xmdvKb+/s7u0XDg7bOkoU4y0WyUh1Paq5FCFvGWEk78aK08CTvONNrjO/c8+VFlF4a9KYuwEdhcIXjBorNdNBoYhLGGNCCMoIqVxiS2q1aplUEcksiyIs0RgU3vvDiCUBDw2TVOsewbFxp1QZwSSf5fuJ5jFlEzriPUtDGnDtTueHztCpVYbIj5St0KC5+n1iSgOt08CznQE1Y/3by8S/vF5i/Ko7FWGcGB6yxSI/kchEKPsaDYXizMjUEsqUsLciNqaKMmOzydsQvj5F/5N2uUTOS+XmRbF+tYwjB8dwAmdAoAJ1uIEGtIABhwd4gmfnznl0XpzXReuKs5w5gh9w3j4BNhCNNw==</latexit>

They result in large threshold corrections �m2
h ' y2

16⇡2
M2

<latexit sha1_base64="+kuDoopU3iFproQzMQUBJUBe6Sw="></latexit>

we recover the hierarchy problem

Motivation to have new physics either at       or          scales not too far above  the electroweak scale      ⇤
<latexit sha1_base64="D+OZDWJI/IM7c1bwuzMRJaab2ww=">AAAB7nicdVBNSwMxFHxbv2r9qnr0EiyCp5ItUttb0YsHDxWsLbRLyWazbWg2uyRZoSz9EV48KOLV3+PNf2O2raCiA4FhZh55b/xEcG0w/nAKK6tr6xvFzdLW9s7uXnn/4E7HqaKsQ2MRq55PNBNcso7hRrBeohiJfMG6/uQy97v3TGkey1szTZgXkZHkIafEWKk7uLbRgAzLFVzFFvU6yonbwK4lzWajVmsid25hXIEl2sPy+yCIaRoxaaggWvddnBgvI8pwKtisNEg1SwidkBHrWypJxLSXzdedoROrBCiMlX3SoLn6fSIjkdbTyLfJiJix/u3l4l9ePzVhw8u4TFLDJF18FKYCmRjlt6OAK0aNmFpCqOJ2V0THRBFqbEMlW8LXpeh/clerurjq3pxVWhfLOopwBMdwCi6cQwuuoA0doDCBB3iCZydxHp0X53URLTjLmUP4AeftE2Lqj5o=</latexit><latexit sha1_base64="D+OZDWJI/IM7c1bwuzMRJaab2ww=">AAAB7nicdVBNSwMxFHxbv2r9qnr0EiyCp5ItUttb0YsHDxWsLbRLyWazbWg2uyRZoSz9EV48KOLV3+PNf2O2raCiA4FhZh55b/xEcG0w/nAKK6tr6xvFzdLW9s7uXnn/4E7HqaKsQ2MRq55PNBNcso7hRrBeohiJfMG6/uQy97v3TGkey1szTZgXkZHkIafEWKk7uLbRgAzLFVzFFvU6yonbwK4lzWajVmsid25hXIEl2sPy+yCIaRoxaaggWvddnBgvI8pwKtisNEg1SwidkBHrWypJxLSXzdedoROrBCiMlX3SoLn6fSIjkdbTyLfJiJix/u3l4l9ePzVhw8u4TFLDJF18FKYCmRjlt6OAK0aNmFpCqOJ2V0THRBFqbEMlW8LXpeh/clerurjq3pxVWhfLOopwBMdwCi6cQwuuoA0doDCBB3iCZydxHp0X53URLTjLmUP4AeftE2Lqj5o=</latexit><latexit sha1_base64="D+OZDWJI/IM7c1bwuzMRJaab2ww=">AAAB7nicdVBNSwMxFHxbv2r9qnr0EiyCp5ItUttb0YsHDxWsLbRLyWazbWg2uyRZoSz9EV48KOLV3+PNf2O2raCiA4FhZh55b/xEcG0w/nAKK6tr6xvFzdLW9s7uXnn/4E7HqaKsQ2MRq55PNBNcso7hRrBeohiJfMG6/uQy97v3TGkey1szTZgXkZHkIafEWKk7uLbRgAzLFVzFFvU6yonbwK4lzWajVmsid25hXIEl2sPy+yCIaRoxaaggWvddnBgvI8pwKtisNEg1SwidkBHrWypJxLSXzdedoROrBCiMlX3SoLn6fSIjkdbTyLfJiJix/u3l4l9ePzVhw8u4TFLDJF18FKYCmRjlt6OAK0aNmFpCqOJ2V0THRBFqbEMlW8LXpeh/clerurjq3pxVWhfLOopwBMdwCi6cQwuuoA0doDCBB3iCZydxHp0X53URLTjLmUP4AeftE2Lqj5o=</latexit><latexit sha1_base64="D+OZDWJI/IM7c1bwuzMRJaab2ww=">AAAB7nicdVBNSwMxFHxbv2r9qnr0EiyCp5ItUttb0YsHDxWsLbRLyWazbWg2uyRZoSz9EV48KOLV3+PNf2O2raCiA4FhZh55b/xEcG0w/nAKK6tr6xvFzdLW9s7uXnn/4E7HqaKsQ2MRq55PNBNcso7hRrBeohiJfMG6/uQy97v3TGkey1szTZgXkZHkIafEWKk7uLbRgAzLFVzFFvU6yonbwK4lzWajVmsid25hXIEl2sPy+yCIaRoxaaggWvddnBgvI8pwKtisNEg1SwidkBHrWypJxLSXzdedoROrBCiMlX3SoLn6fSIjkdbTyLfJiJix/u3l4l9ePzVhw8u4TFLDJF18FKYCmRjlt6OAK0aNmFpCqOJ2V0THRBFqbEMlW8LXpeh/clerurjq3pxVWhfLOopwBMdwCi6cQwuuoA0doDCBB3iCZydxHp0X53URLTjLmUP4AeftE2Lqj5o=</latexit>

M
<latexit sha1_base64="+Gh5hOlI5/2I2TqWaz5MjoeFWcg=">AAAB6HicdVBNSwMxEM36WetX1aOXYBE8lWyR2t6KXrwILdgPaJeSTWfb2Gx2SbJCWfoLvHhQxKs/yZv/xmxbQUUfDDzem2Fmnh8Lrg0hH87K6tr6xmZuK7+9s7u3Xzg4bOsoUQxaLBKR6vpUg+ASWoYbAd1YAQ19AR1/cpX5nXtQmkfy1kxj8EI6kjzgjBorNW8GhSIpEYtKBWfErRLXklqtWi7XsDu3CCmiJRqDwnt/GLEkBGmYoFr3XBIbL6XKcCZglu8nGmLKJnQEPUslDUF76fzQGT61yhAHkbIlDZ6r3ydSGmo9DX3bGVIz1r+9TPzL6yUmqHopl3FiQLLFoiAR2EQ4+xoPuQJmxNQSyhS3t2I2pooyY7PJ2xC+PsX/k3a55JKS2zwv1i+XceTQMTpBZ8hFF6iOrlEDtRBDgB7QE3p27pxH58V5XbSuOMuZI/QDztsn/FKNDg==</latexit><latexit sha1_base64="+Gh5hOlI5/2I2TqWaz5MjoeFWcg=">AAAB6HicdVBNSwMxEM36WetX1aOXYBE8lWyR2t6KXrwILdgPaJeSTWfb2Gx2SbJCWfoLvHhQxKs/yZv/xmxbQUUfDDzem2Fmnh8Lrg0hH87K6tr6xmZuK7+9s7u3Xzg4bOsoUQxaLBKR6vpUg+ASWoYbAd1YAQ19AR1/cpX5nXtQmkfy1kxj8EI6kjzgjBorNW8GhSIpEYtKBWfErRLXklqtWi7XsDu3CCmiJRqDwnt/GLEkBGmYoFr3XBIbL6XKcCZglu8nGmLKJnQEPUslDUF76fzQGT61yhAHkbIlDZ6r3ydSGmo9DX3bGVIz1r+9TPzL6yUmqHopl3FiQLLFoiAR2EQ4+xoPuQJmxNQSyhS3t2I2pooyY7PJ2xC+PsX/k3a55JKS2zwv1i+XceTQMTpBZ8hFF6iOrlEDtRBDgB7QE3p27pxH58V5XbSuOMuZI/QDztsn/FKNDg==</latexit><latexit sha1_base64="+Gh5hOlI5/2I2TqWaz5MjoeFWcg=">AAAB6HicdVBNSwMxEM36WetX1aOXYBE8lWyR2t6KXrwILdgPaJeSTWfb2Gx2SbJCWfoLvHhQxKs/yZv/xmxbQUUfDDzem2Fmnh8Lrg0hH87K6tr6xmZuK7+9s7u3Xzg4bOsoUQxaLBKR6vpUg+ASWoYbAd1YAQ19AR1/cpX5nXtQmkfy1kxj8EI6kjzgjBorNW8GhSIpEYtKBWfErRLXklqtWi7XsDu3CCmiJRqDwnt/GLEkBGmYoFr3XBIbL6XKcCZglu8nGmLKJnQEPUslDUF76fzQGT61yhAHkbIlDZ6r3ydSGmo9DX3bGVIz1r+9TPzL6yUmqHopl3FiQLLFoiAR2EQ4+xoPuQJmxNQSyhS3t2I2pooyY7PJ2xC+PsX/k3a55JKS2zwv1i+XceTQMTpBZ8hFF6iOrlEDtRBDgB7QE3p27pxH58V5XbSuOMuZI/QDztsn/FKNDg==</latexit><latexit sha1_base64="+Gh5hOlI5/2I2TqWaz5MjoeFWcg=">AAAB6HicdVBNSwMxEM36WetX1aOXYBE8lWyR2t6KXrwILdgPaJeSTWfb2Gx2SbJCWfoLvHhQxKs/yZv/xmxbQUUfDDzem2Fmnh8Lrg0hH87K6tr6xmZuK7+9s7u3Xzg4bOsoUQxaLBKR6vpUg+ASWoYbAd1YAQ19AR1/cpX5nXtQmkfy1kxj8EI6kjzgjBorNW8GhSIpEYtKBWfErRLXklqtWi7XsDu3CCmiJRqDwnt/GLEkBGmYoFr3XBIbL6XKcCZglu8nGmLKJnQEPUslDUF76fzQGT61yhAHkbIlDZ6r3ydSGmo9DX3bGVIz1r+9TPzL6yUmqHopl3FiQLLFoiAR2EQ4+xoPuQJmxNQSyhS3t2I2pooyY7PJ2xC+PsX/k3a55JKS2zwv1i+XceTQMTpBZ8hFF6iOrlEDtRBDgB7QE3p27pxH58V5XbSuOMuZI/QDztsn/FKNDg==</latexit>



Searches for Physics Beyond the SM

New Particles enter in the quantum corrections so as to diminish the UV sensitivity of m2
h

SUSY



SUSY Searches 

Difficult to avoid bounds on
stops and sbottoms from reaching
600-700 GeV

This makes the SUSY solution to
the UV sensitivity of , mh fine tuned 

However, this is what SUSY needs
to get  GeV correctly mh ≃ 125

typically %.≪ 1



Searches for Physics Beyond the SM
Composite Higgs Models
•Long history of non-elementary Higgs boson

- Technicolor. Many problems. Plus: no Higgs! 

- Topcolor. Main problem: heavier Higgs.

mh ⌧ ⇤BSM ' TeV
<latexit sha1_base64="VDelAfH68KDXPHaR0ThfKDEqSyM="></latexit>

m⇡ ⌧ ⇤hadronic ' GeV
<latexit sha1_base64="wQG9uEzI/UrNEZeICxU3ktYvHYw="></latexit>

analogous to

- Modern CHMs: Higgs is a (pseudo) Nambu-Goldstone boson ✓

✕

✕

G is a global symmetry spontaneously broken at    massless Higgs  f ⇒

GSM

SM interactions explicitly break G ⇒ Generate  and V(H) mh

G

Minimal model: just enough pNGBs to make a H doublet

MCHM: SO(5)/SO(4)

K. Agashe, R. Contino, A. Pomarol, 2005



In CHMs vector and fermion resonances responsible for taming the UV sensitivity in mh

Searches in CHMs

Resonance bounds are typically above 1 TeV.

Fermion resonances: 

Similarly for vector resonances.

Still not as fined tuned as SUSY since H is a pNGB. 



BSM without New Particles

•The energy frontier will stay at the LHC for some time. HL-LHC  up to 2030s. 

•Test the SM with precision, low(er) energies: Flavor Physics, Electroweak tests 

•Look for hidden/dark sectors: dark sector/DM searches at various energies

•Precision Tests of the Higgs Sector: Higgs Couplings to everything 

Energy Frontier: at 
p
s ' 14 TeV

<latexit sha1_base64="lKhQXK+8TO7dhG2//v0y/sVwmpU=">AAACBXicbVA9SwNBEN3zM8avU0stFoNgFe5iQMugjWWEfEHuCHubSbJk9+6yuyeEIxY2/hUbC0Vs/Q92/hs3yRWa+GDg8d4MM/OCmDOlHefbWlldW9/YzG3lt3d29/btg8OGihJJoU4jHslWQBRwFkJdM82hFUsgIuDQDIY3U795D1KxKKzpcQy+IP2Q9Rgl2kgd+8RTI6lTNfEUEzDCbhmnnhT4oQaNSccuOEVnBrxM3IwUUIZqx/7yuhFNBISacqJU23Vi7adEakY5TPJeoiAmdEj60DY0JAKUn86+mOAzo3RxL5KmQo1n6u+JlAilxiIwnYLogVr0puJ/XjvRvSs/ZWGcaAjpfFEv4VhHeBoJ7jIJVPOxIYRKZm7FdEAkodoElzchuIsvL5NGqeheFEt35ULlOosjh47RKTpHLrpEFXSLqqiOKHpEz+gVvVlP1ov1bn3MW1esbOYI/YH1+QMry5hY</latexit>

for a while

Higgs as a window to new dynamics BSM
+ }

<latexit sha1_base64="z9I03uDaA3bS8qEriCB/zLQ+3nM=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh960X664VXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzSKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjM3iYDoTlDObGEMi3srYSNqKYMbTglG4K3/PIqadWq3kW1dn9Zqd/kcRThBE7hHDy4gjrcQQOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD5/ajWs=</latexit>

Understand Higgs couplings

at the LHC/HL-LHC
)

<latexit sha1_base64="aa+RtvqzfdVoDKVWFQEMlw9hXxM=">AAAB8nicbVBNS8NAEJ34WetX1aOXYBE8laQKeix68VjFfkAayma7aZdudsPuRCmlP8OLB0W8+mu8+W/ctjlo64OBx3szzMyLUsENet63s7K6tr6xWdgqbu/s7u2XDg6bRmWasgZVQul2RAwTXLIGchSsnWpGkkiwVjS8mfqtR6YNV/IBRykLE9KXPOaUoJWCzj3vD5BorZ66pbJX8WZwl4mfkzLkqHdLX52eolnCJFJBjAl8L8VwTDRyKtik2MkMSwkdkj4LLJUkYSYcz06euKdW6bmx0rYkujP198SYJMaMksh2JgQHZtGbiv95QYbxVTjmMs2QSTpfFGfCReVO/3d7XDOKYmQJoZrbW106IJpQtCkVbQj+4svLpFmt+OeV6t1FuXadx1GAYziBM/DhEmpwC3VoAAUFz/AKbw46L8678zFvXXHymSP4A+fzB5JpkXE=</latexit>



Effective Field Theory Approach
•New physics encoded in expansion in local HDOs suppressed by a cutoff Λ

•Model Independent requires 59 operators up to dimension 6. 
•Correlated constraints from EW and Higgs data. 

LSM +
X

i,n>4

c(n)i

⇤n�4
O

(n)
i

<latexit sha1_base64="+s/TRVNQ4WRydrshNQtIp54fbUw="></latexit>

SMEFT Brivio and Trott (2019)

vEW

}
Λ

No BSM found really means 

⇤ � vEW
<latexit sha1_base64="zSTlNP1AE0NE2wjpFjEMZ+v1cpo=">AAAB/3icdVDLSgMxFM34rPU1KrhxEyyCqzKpYttdUQQXLirYB3SGIZPJtKGZB0mmUMYu/BU3LhRx62+482/MtBVU9EDgcM653JvjJZxJZVkfxsLi0vLKamGtuL6xubVt7uy2ZZwKQlsk5rHoelhSziLaUkxx2k0ExaHHaccbXuR+Z0SFZHF0q8YJdULcj1jACFZacs19+1qHfQztfh+O3MwWIbzsTFyzZJUty0IIwZyg6pmlSb1eq6AaRLmlUQJzNF3z3fZjkoY0UoRjKXvISpSTYaEY4XRStFNJE0yGuE97mkY4pNLJpvdP4JFWfBjEQr9Iwan6fSLDoZTj0NPJEKuB/O3l4l9eL1VBzclYlKSKRmS2KEg5VDHMy4A+E5QoPtYEE8H0rZAMsMBE6cqKuoSvn8L/SbtSRiflys1pqXE+r6MADsAhOAYIVEEDXIEmaAEC7sADeALPxr3xaLwYr7PogjGf2QM/YLx9AiGolYw=</latexit>

•Contradicts expectation from  UV sensitivity.mh



The Higgs Potential
In the SM we have 

<latexit sha1_base64="WyHnPW+NV15fzYqRYtO932iNNoo=">AAACL3icbVBbS8MwGE3nbc5b1UdfgkOYiKMdgr4IQ0F8nOAusHYjTdMtLE1Lkgqj7B/54l/Zi4givvovTLc+6OaBwOGc7yT5jhczKpVlvRmFldW19Y3iZmlre2d3z9w/aMkoEZg0ccQi0fGQJIxy0lRUMdKJBUGhx0jbG91mfvuJCEkj/qjGMXFDNOA0oBgpLfXNu1bFaQxpz/HRYEBExk/h9XnYqy3K8Mxh+l4fLQd6tb5ZtqrWDHCZ2DkpgxyNvjl1/AgnIeEKMyRl17Zi5aZIKIoZmZScRJIY4REakK6mHIVEuuls3wk80YoPg0jowxWcqb8TKQqlHIeengyRGspFLxP/87qJCq7clPI4UYTj+UNBwqCKYFYe9KkgWLGxJggLqv8K8RAJhJWuuKRLsBdXXiatWtW2qvbDRbl+k9dRBEfgGFSADS5BHdyDBmgCDJ7BFLyDD+PFeDU+ja/5aMHIM4fgD4zvHwcFp9g=</latexit>

and using 
<latexit sha1_base64="LRH+cHe+KypcOjhy9kmZuTH9HXk=">AAACBXicbVDLSgMxFM34rPU16lIXwSK4KjNF0I1QdOOygn1AZyyZTKYNTTJjkimUYTZu/BU3LhRx6z+4829M21lo64HA4Zx7uLknSBhV2nG+raXlldW19dJGeXNre2fX3ttvqTiVmDRxzGLZCZAijArS1FQz0kkkQTxgpB0Mryd+e0SkorG40+OE+Bz1BY0oRtpIPftodOmpB6kzL5IIZ/y+lmceM/kQ5XnPrjhVZwq4SNyCVECBRs/+8sIYp5wIjRlSqus6ifYzJDXFjORlL1UkQXiI+qRrqECcKD+bXpHDE6OEMIqleULDqfo7kSGu1JgHZpIjPVDz3kT8z+umOrrwMyqSVBOBZ4uilEEdw0klMKSSYM3GhiAsqfkrxANk6tCmuLIpwZ0/eZG0alXXqbq3Z5X6VVFHCRyCY3AKXHAO6uAGNEATYPAInsEreLOerBfr3fqYjS5ZReYA/IH1+QOFH5k2</latexit>

from minimization

Lh = �1

2
m2

h h
2 � gh3

3!
h3 � gh4

4!
<latexit sha1_base64="rJQwQ6QOEbcxB4RyLwilfprBAoQ=">AAACc3ichZFNa </latexit>

with 

<latexit sha1_base64="RG03HEwJX1WBjc+2nWlsTV1XmgQ=">AAAB6XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8cq9gPaUDbbSbt0swm7G6GE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvTAXXxvO+ndLa+sbmVnm7srO7t3/gHh61dJIphk2WiER1QqpRcIlNw43ATqqQxqHAdji+nfntJ1SaJ/LRTFIMYjqUPOKMGis99PK+W/Vq3hxklfgFqUKBRt/96g0SlsUoDRNU667vpSbIqTKcCZxWepnGlLIxHWLXUklj1EE+v3RKzqwyIFGibElD5urviZzGWk/i0HbG1Iz0sjcT//O6mYmug5zLNDMo2WJRlAliEjJ7mwy4QmbExBLKFLe3EjaiijJjw6nYEPzll1dJ66LmezX//rJavyniKMMJnMI5+HAFdbiDBjSBQQTP8Apvzth5cd6dj0VrySlmjuEPnM8fm4SNZQ==</latexit>

<latexit sha1_base64="M1XGB7TzQ0PkejKwIfBZkB0uCBI=">AAACFnicbVDLSgNBEJz1GeMr6tHLYBC8GHaNoBch6MVjBKNCHsvspDcZnH0w0xsMw36FF3/FiwdFvIo3/8ZJzEGNBQ1FVfdMdwWpFBpd99OZmZ2bX1gsLBWXV1bX1ksbm1c6yRSHBk9kom4CpkGKGBooUMJNqoBFgYTr4PZs5F8PQGmRxJc4TKEdsV4sQsEZWskv7bcQ7nD8jglkBrnp+abfqeY5PaGtUDFuqjTy+52D3Axyv1R2K+4YdJp4E1ImE9T90kerm/Asghi5ZFo3PTfFtmEKBZeQF1uZhpTxW9aDpqUxi0C3zXidnO5apUvDRNmKkY7VnxOGRVoPo8B2Rgz7+q83Ev/zmhmGx20j4jRDiPn3R2EmKSZ0lBHtCgUc5dASxpWwu1LeZzYLtEkWbQje35OnydVBxXMr3sVhuXY6iaNAtskO2SMeOSI1ck7qpEE4uSeP5Jm8OA/Ok/PqvH23zjiTmS3yC877FyFHn+4=</latexit>

<latexit sha1_base64="Vm/fM/kta/iq+v39Im3hPAuJZZQ=">AAACGHicbVDLSgMxFM34rPVVdekmWARXdUYLuhGKblxWsFpo65BJ77ShmQfJnWIJ8xlu/BU3LhRx251/Y1q78HUg4XDOvTc3J0il0Oi6H87c/MLi0nJhpbi6tr6xWdravtFJpjg0eCIT1QyYBiliaKBACc1UAYsCCbfB4GLi3w5BaZHE1zhKoROxXixCwRlayS8dthHucTrHBDKD3PR807+r5jk9o+1QMW6OaeT3745yM7SXXyq7FXcK+pd4M1ImM9T90rjdTXgWQYxcMq1bnptixzCFgkvIi+1MQ8r4gPWgZWnMItAdM10op/tW6dIwUfbESKfq9w7DIq1HUWArI4Z9/dubiP95rQzD044RcZohxPzroTCTFBM6SYl2hQKOcmQJ40rYXSnvM5sG2iyLNgTv95f/kpujiudWvKtquXY+i6NAdskeOSAeOSE1cknqpEE4eSBP5IW8Oo/Os/PmvH+Vzjmznh3yA874E2rgoJM=</latexit>

mh =
p
2� v

<latexit sha1_base64="XcqZLIL617XglEBJqSlr/GOUBas=">AAACJXicbVDJSgNBFOxxjXGLevTSGAQPEmaioAeFoBePEcwCmRB6Oi9Jk57F7jfBMMzPePFXvHgwiODJX7GzHDSxoKGoeluXF0mh0ba/rKXlldW19cxGdnNre2c3t7df1WGsOFR4KENV95gGKQKooEAJ9UgB8z0JNa9/O/ZrA1BahMEDDiNo+qwbiI7gDI3Uyl25CE84mZN4MoY08Vu9lF5TVz8qTIoLtivN8DZLU/d00Mrl7YI9AV0kzozkyQzlVm7ktkMe+xAgl0zrhmNH2EyYQsElpFk31hAx3mddaBgaMB90M5msT+mxUdq0EyrzAqQT9XdHwnyth75nKn2GPT3vjcX/vEaMnctmIoIoRgj4dFEnlhRDOo6MtoUCjnJoCONKmFsp7zHFOJpgsyYEZ/7Li6RaLDhnheL9eb50M4sjQw7JETkhDrkgJXJHyqRCOHkmr+SdjKwX6836sD6npUvWrOeA/IH1/QMWtqdz</latexit>

But HDOs could be present 

V (�†�) = �m2
�
�†�

�
+ �

�
�†�

�2
+

c

⇤2

�
�†�

�3
+

d

⇤4

�
�†�

�4
+ · · ·

<latexit sha1_base64="PCtN/VGscOJyiOpe86RyAy730+4="></latexit>

Test the “shape”of the Higgs potential. 



Require experimental access to (at least) double Higgs production

Fundamental question: is the coupling extracted from the measurement of mh
really the Higgs self-coupling ? We will begin attacking this question at the HL-LHC.

The Higgs Potential

v ' 246GeV
<latexit sha1_base64="krfDPT6PbQbLfvewOuzAL133ebA=">AAAB/3icbVDLSgNBEJyNrxhfq4IXL4NB8CBhNwb1GPSgxwjmAdklzE46yZCZ3XVmNhDWHPwVLx4U8epvePNvnDwOmljQUFR1090VxJwp7TjfVmZpeWV1Lbue29jc2t6xd/dqKkokhSqNeCQbAVHAWQhVzTSHRiyBiIBDPehfj/36AKRiUXivhzH4gnRD1mGUaCO17IOBp5iAB1wsnXunqScFvoHaqGXnnYIzAV4k7ozk0QyVlv3ltSOaCAg15USppuvE2k+J1IxyGOW8REFMaJ90oWloSAQoP53cP8LHRmnjTiRNhRpP1N8TKRFKDUVgOgXRPTXvjcX/vGaiO5d+ysI40RDS6aJOwrGO8DgM3GYSqOZDQwiVzNyKaY9IQrWJLGdCcOdfXiS1YsE9KxTvSvny1SyOLDpER+gEuegCldEtqqAqougRPaNX9GY9WS/Wu/Uxbc1Ys5l99AfW5w9xWZUV</latexit>

From mh ' 125GeV
<latexit sha1_base64="MzsK7SHwyZmeAwnnsh19f3KxyW0=">AAACFHicbVDJSgNBEO1xN25Rj14agyAoYSYqehQ96DGCWSATQk+nkjTpnhm7a8QwzEd48Ve8eFDEqwdv/o2d5eD2oODxXlV31QtiKQy67qczNT0zOze/sJhbWl5ZXcuvb1RNlGgOFR7JSNcDZkCKECooUEI91sBUIKEW9M+Hfu0WtBFReI2DGJqKdUPREZyhlVr5PR/hDkfvpIFMIEtVq5f5Rii4oV7pyN+nqa8VvYBq1soX3KI7Av1LvAkpkAnKrfyH3454oiBELpkxDc+NsZkyjYJLyHJ+YiBmvM+60LA0ZApMMx0tk9Edq7RpJ9K2QqQj9ftEypQxAxXYTsWwZ357Q/E/r5Fg56SZijBOEEI+/qiTSIoRHSZE20IDRzmwhHEt7K6U95hmHG2OORuC9/vkv6RaKnoHxdLVYeH0bBLHAtki22SXeOSYnJJLUiYVwsk9eSTP5MV5cJ6cV+dt3DrlTGY2yQ8471/KCJ6Z</latexit>

using                    mh =
p
2� v

<latexit sha1_base64="XcqZLIL617XglEBJqSlr/GOUBas=">AAACJXicbVDJSgNBFOxxjXGLevTSGAQPEmaioAeFoBePEcwCmRB6Oi9Jk57F7jfBMMzPePFXvHgwiODJX7GzHDSxoKGoeluXF0mh0ba/rKXlldW19cxGdnNre2c3t7df1WGsOFR4KENV95gGKQKooEAJ9UgB8z0JNa9/O/ZrA1BahMEDDiNo+qwbiI7gDI3Uyl25CE84mZN4MoY08Vu9lF5TVz8qTIoLtivN8DZLU/d00Mrl7YI9AV0kzozkyQzlVm7ktkMe+xAgl0zrhmNH2EyYQsElpFk31hAx3mddaBgaMB90M5msT+mxUdq0EyrzAqQT9XdHwnyth75nKn2GPT3vjcX/vEaMnctmIoIoRgj4dFEnlhRDOo6MtoUCjnJoCONKmFsp7zHFOJpgsyYEZ/7Li6RaLDhnheL9eb50M4sjQw7JETkhDrkgJXJHyqRCOHkmr+SdjKwX6836sD6npUvWrOeA/IH1/QMWtqdz</latexit>

and 

We arrive at � ' 0.13
<latexit sha1_base64="P/vQl9HKV1gEoe9ciK1wwgysfU4=">AAACDXicbVC7SgNBFJ2Nrxhfq5Y2g1GwCrtR0DJoYxnBPCAbwuzkJhky+3DmrhiW/ICNv2JjoYitvZ1/4yTZQhMPDBzOuWfmzvFjKTQ6zreVW1peWV3Lrxc2Nre2d+zdvbqOEsWhxiMZqabPNEgRQg0FSmjGCljgS2j4w6uJ37gHpUUU3uIohnbA+qHoCc7QSB37yEN4wOk9qS8TGKeeNOkuG3taBHBHnZJ72rGLTsmZgi4SNyNFkqHasb+8bsSTAELkkmndcp0Y2ylTKLiEccFLNMSMD1kfWoaGLADdTqdbjOmxUbq0FylzQqRT9XciZYHWo8A3kwHDgZ73JuJ/XivB3kU7FWGcIIR89lAvkRQjOqmGdoUCjnJkCONKmF0pHzDFOJoCC6YEd/7Li6ReNn2VyjdnxcplVkeeHJBDckJcck4q5JpUSY1w8kieySt5s56sF+vd+piN5qwss0/+wPr8AegUnAk=</latexit>

Measurements of        �
<latexit sha1_base64="JKz3/yeJfF6Xey8lZ9M5Cj1fdEs=">AAACAnicbVDLSgMxFM34rPVVdSVugkVwVWaqoMuiG5cV7APaoWQyd9rQzIPkjliG4sZfceNCEbd+hTv/xrSdhbYeCBzOuSc3OV4ihUbb/raWlldW19YLG8XNre2d3dLeflPHqeLQ4LGMVdtjGqSIoIECJbQTBSz0JLS84fXEb92D0iKO7nCUgBuyfiQCwRkaqVc67CI84PSezJMpjLOuNGmfjXulsl2xp6CLxMlJmeSo90pfXT/maQgRcsm07jh2gm7GFAouYVzsphoSxoesDx1DIxaCdrPp6jE9MYpPg1iZEyGdqr8TGQu1HoWemQwZDvS8NxH/8zopBpduJqIkRYj4bFGQSooxnfRBfaGAoxwZwrgS5q2UD5hiHE1rRVOCM//lRdKsVpyzSvX2vFy7yusokCNyTE6JQy5IjdyQOmkQTh7JM3klb9aT9WK9Wx+z0SUrzxyQP7A+fwCsm5g+</latexit>

in multi-Higgs production directly test the shape of the Higgs potential



Higgs Self-Coupling from Di-Higgs Production

A long way to go for the HL-LHC 
and beyond

5% measurement of  only at the FCC-eeλ



Searching for BSM through the Higgs
Higgs Couplings as a window to BSM physics

New physics can generate momentum dependence in couplings 

Requires off shell momentum 

)
<latexit sha1_base64="aa+RtvqzfdVoDKVWFQEMlw9hXxM=">AAAB8nicbVBNS8NAEJ34WetX1aOXYBE8laQKeix68VjFfkAayma7aZdudsPuRCmlP8OLB0W8+mu8+W/ctjlo64OBx3szzMyLUsENet63s7K6tr6xWdgqbu/s7u2XDg6bRmWasgZVQul2RAwTXLIGchSsnWpGkkiwVjS8mfqtR6YNV/IBRykLE9KXPOaUoJWCzj3vD5BorZ66pbJX8WZwl4mfkzLkqHdLX52eolnCJFJBjAl8L8VwTDRyKtik2MkMSwkdkj4LLJUkYSYcz06euKdW6bmx0rYkujP198SYJMaMksh2JgQHZtGbiv95QYbxVTjmMs2QSTpfFGfCReVO/3d7XDOKYmQJoZrbW106IJpQtCkVbQj+4svLpFmt+OeV6t1FuXadx1GAYziBM/DhEmpwC3VoAAUFz/AKbw46L8678zFvXXHymSP4A+fzB5JpkXE=</latexit>

Form factor in Higgs couplings

Isidori, Trott (2014)

Bellazzini, Csaki, et al. (2016)

Gonçalves, Han, Mukhopadhyay (2018)
{
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Model dependent approach

Compute the Higgs form factors in a specific model               full momentum dependence 

Matching with EFT may require operators of dim > 6 to capture full non-local features

Loose generality, Gain in power of data to constrain specific BSM not directly accessible  

“Scan" over models so as to cover all signals : where is the momentum dependence coming from ? 

•Higgs line
• Gauge boson line
•Fermion line

Off-Shell Higgs and BSM Effects

Pedro Bittar, GB, 2022



Example: Mixing with an Unparticle Scalar Sector

Scalar unparticle operator of dimension d
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1 < d < 2
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2-point function with IR cutoff µ
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Fox, Rajaraman, Shirman (2007)
Cacciapaglia, Marandella, Terning (2008)



Form Factor from an Unparticle Scalar Sector

µ = 1 TeV
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Results for fhV V (q
2)
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with off shell Higgs, on shell gauge bosons

pp ! h⇤ ! 4`
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P. Bittar, G.B. 2022



Another Example: the Twin Higgs

•The Higgs is a pNGB, just as in CHMs

•New states controlling the UV sensitivity in  are in an invisible (twin) sector mh

• In the Mirror Twin Higgs, two copies of the SM are related by a  symmetryZ2

•Exact  means . Excluded by Higgs phenomenology (invisible decays, couplings)Z2 f = v

•Need soft  breaking so that Z2
f

v
& 3
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Twin particles somewhat heavier than SMs⇒

All Higgs couplings to SM are suppressed by a factor of cos ( v

2f )

Z. Chacko, H. Goh and R. Harnik, 2005



Future Bounds on the Twin Higgs Prediction
It is hard to constraint the MTH at the LHC

mT = �t f cos ✓
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Here

 MTH to remain natural well into the HL-LHC⇒

G.B., Z.Chacko, R.Harnik, L. Lima, C. Verhaaren, 2014



Other aspects of  the  Mirror Twin Higgs 

Cosmology:

Dark Matter:

•Potentially large contribution to  from twin neutrinos and photonΔNeff.

•Many possible solutions: give twin ’s large masses, asymmetric reheating, … ν

•Mirror standard model playground for DM model building

•Thermal relic, asymmetric DM, …

•Details depend on twin matter content (e.g. Mirror vs. Fraternal), on  breaking, …Z2



Asymmetric Dark Matter in the Mirror Twin Higgs 

ADM in the MTH naturally just around  GeVO(1)

Twin quarks heavier  ⇒ Λ̃QCD ≳ ΛQCD ⇒ mDM ≃ 1.4 mN

Pedro Bittar, G.B, Larissa Pastrello, 2023



Summary and Outlook
•No evidence for BSM in direct searches at the LHC, or in flavor physics.

•Next BSM frontier: precision measurements involving the Higgs boson

- Energy frontier closing for sometime. HL-HLC  2030s-2040→

- Higgs factory. FCC-ee great reach in precision, including 5% in . (Would start 2048!?)λ
•Future accelerators:

- FCC-hh 100 TeV (same tunnel as FCC-ee at CERN 2070s !) ⇒
- Muon Collider: 3 TeV, 10 TeV ?   (Off real axis right now, but …)

•A lot of interesting  correlations between DM searches and accelerator physics still happening 
This will continue throughout  the HL-LHC lifetime.
These include new experiments coming on line for highly displaced vertices: Dark Sectors, BAU, …


