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Search for Physics Beyond the SM (BSM)

Résultat le plus marquant du LHC (après le Higgs)  
☛ so far searches for new particles have not 

succeeded  at unraveling new physics at the LHC

50% of the 900+ and 8 out of the last 10 CMS 
publications have title starting with “Search for” !

search for new 
resonances

search for 
Supersymmetry 
(here : stops) 

4 TeV

8 TeV

1 TeV

no evidence for SUSY at the TeV scale at the LHC
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The Big Questions 

☛ Is the Higgs boson a portal to new physics? 
• deviations from SM predictions (couplings, properties) 
• Higgs potential and baryon asymmetry 
• rare decay modes 

☛ Is the Higgs boson fundamental or composite? 
• composite Higgs 
• new particles associated with EWK symmetry breaking 
• heavy gauge bosons 

☛ Are there new particles or interactions around at the TeV scale? 
• supersymmetry (SUSY) 
• extended Higgs sectors 

☛ Can we close the search for thermal relic WIMPs at future colliders? 
• Dark Matter (DM) 

☛ Can we probe the feebly-interacting sector? 
• feebly-interacting particles (axions, ALPs, dark photons) 
• right-handed neutrinos

For most physicists, search for New Physics (NP) is the most compelling 
motivation for future high-energy colliders, with the goal of providing 
elements of response to the big questions:

for these lectures, only a 
few chosen examples of 
searches at colliders, for 

illustration
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Models with 1st Order Phase Transition

Below, an example of minimal extension from the SM potential

☛  the Real Scalar Singlet class of models 
• add a single real singlet S (1 ddl) with coupling to the Higgs field (4 ddl)

V
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<latexit sha1_base64="exBa8ZBgpEqQJBca3X4iOOaQbcI="></latexit>
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<latexit sha1_base64="WVHtTFHAHFsFORKwgF05OVfKsz4="></latexit>

B(� ! hh) = B(� ! ZZ) = 25%
<latexit sha1_base64="rTs11Q0yIUug/q94KKHOhbxQXDs=">AAACJXicbVDLSsNAFJ34rPUVdelmsBTqpiRVsQuFohuXFeyDNqFMptNm6EwSZiZCCf0ZN/6KGxcWEVz5K07aLLTtgYHDOfcy9xwvYlQqy/o21tY3Nre2czv53b39g0Pz6Lgpw1hg0sAhC0XbQ5IwGpCGooqRdiQI4h4jLW90n/qtZyIkDYMnNY6Iy9EwoAOKkdJSz7y5K0En8il0VAgdjpQveOL7E3gOb+Eqr9OZe5Urp9gzC1bZmgEuEzsjBZCh3jOnTj/EMSeBwgxJ2bWtSLkJEopiRiZ5J5YkQniEhqSraYA4kW4ySzmBRa304SAU+gUKztS/GwniUo65pyfTW+Wil4qrvG6sBlU3oUEUKxLg+UeDmEGdOq0M9qkgWLGxJggLqm+F2EcCYaWLzesS7MXIy6RZKdsX5crjZaFWzerIgVNwBkrABtegBh5AHTQABi/gDXyAqfFqvBufxtd8dM3Idk7APxg/v0Y/ofs=</latexit>

Equivalence theorem:

Question: is there BSM physics coupled to the Higgs capable of modifying the Higgs 
potential and allow for a 1st order EW phase transition as required for BAU?

☛ the SM Higgs potential 

h = h0 cos � + S sin �
<latexit sha1_base64="uZHEpodOBfoNrqlg5T9I7vYKHJQ=">AAACGnicbVDLSgNBEJz1GeMr6tHLYBAEMexGwVyEgBePEc0DsiH0TibZIfNYZmaFsOQ7vPgrXjwo4k28+Ddukj1oYkFDTVU3011BxJmxrvvtLC2vrK6t5zbym1vbO7uFvf2GUbEmtE4UV7oVgKGcSVq3zHLaijQFEXDaDIbXE7/5QLVhSt7bUUQ7AgaS9RkBm0rdghfiK+xHIUirRHI2DruJO8Y+UQb7AxAC8Cm+w75hMnvnu4WiW3KnwIvEy0gRZah1C59+T5FYUGkJB2PanhvZTgLaMsLpOO/HhkZAhjCg7ZRKENR0kulpY3ycKj3cVzotafFU/T2RgDBmJIK0U4ANzbw3Ef/z2rHtVzoJk1FsqSSzj/oxx1bhSU64xzQllo9SAkSzdFdMQtBAbJrmJARv/uRF0iiXvPNS+faiWK1kceTQITpCJ8hDl6iKblAN1RFBj+gZvaI358l5cd6dj1nrkpPNHKA/cL5+AF61nyg=</latexit>

� = �h0 sin � + S cos �
<latexit sha1_base64="m5l0SFxBV3VEQeqbp/3hEBqCRxM=">AAACE3icbVDLSsNAFJ3UV62vqEs3g0UQxZJUwW6EghuXFe0DmhAm00kzdGYSZiZCCf0HN/6KGxeKuHXjzr8xabPQ1gMXzpxzL3Pv8WNGlbasb6O0tLyyulZer2xsbm3vmLt7HRUlEpM2jlgkez5ShFFB2ppqRnqxJIj7jHT90XXudx+IVDQS93ocE5ejoaABxUhnkmeeOHFI4RU8C73UmkBHUQGdIeIcwVN4Bx0cqeJd8cyqVbOmgIvELkgVFGh55pcziHDCidCYIaX6thVrN0VSU8zIpOIkisQIj9CQ9DMqECfKTac3TeBRpgxgEMmshIZT9fdEirhSY+5nnRzpUM17ufif10900HBTKuJEE4FnHwUJgzqCeUBwQCXBmo0zgrCk2a4Qh0girLMY8xDs+ZMXSades89r9duLarNRxFEGB+AQHAMbXIImuAEt0AYYPIJn8ArejCfjxXg3PmatJaOY2Qd/YHz+ACq7m8w=</latexit>

with

(simplified)



Real Scalar Singlet Model 

Parameter space scan: the points 
indicate a first order phase 

transition



Real Scalar Singlet Model 

HL-LHC 
➠  gHZZ to 0.02 and λ to 50% 
probe a good portion of 
parameter space, but not all

Parameter space scan: the points 
indicate a first order phase 

transition



Real Scalar Singlet Model 

FCC-ee 
➠  gHZZ to 1.5×10−3 allows to 
probe most of the 
parameter space 

Parameter space scan: the points 
indicate a first order phase 

transition



Real Scalar Singlet Model 

Combined constraints from precision Higgs 
measurements at FCC-ee and FCC-hh

FCC-ee/hh 
➠  gHZZ to 1×10−3 and λ to 6% 
leaves only a very small portion 
of the parameter space 



Real Scalar Singlet Model 

Combined constraints from precision Higgs 
measurements at FCC-ee and FCC-hh

Direct detection of extra heavy scalar states 
at FCC-hh

� ! hh ! bb̄��/⌧+⌧�
<latexit sha1_base64="8tbXQth2j9lZdIPjAlFCuLKKsIA="></latexit>

mϕ (GeV)

Operators that lead to visible 
deviations in the Higgs self 
coupling are likely to first 

manifest themselves through 
deviations of single-Higgs 
couplings to gauge bosons

Self-coupling measurements 
remain important to interpret 

any SM departure in single-Higgs 
couplings to understand the 
origin of these deviations

M.L. Mangano @ HH 2019
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Higgs Compositness

Basic idea of Composite Higgs (CH) models 
• all the degrees of freedom of the SM apart from the Higgs are elementary 
• the Higgs instead arises as a bound state from a strong dynamics 
• such dynamics is roughly described by two parameters:  

       the overall mass scale m✻ and its overall coupling strength g✻

this physics is encoded in  
Strongly-Interacting Light 

Higgs (SILH) 
dimension-6 operators

Question: is the Higgs point-like? If not, how big is it? 
• can compositeness explain the smallness of the electroweak scale  

and solve the Naturalness problem?

L
d=6

U
= cH

g2?
m2

?

OH

<latexit sha1_base64="f7VH07l02nHqzojwJzZ+tTdK//c="></latexit>
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<latexit sha1_base64="uhoMZTk10EdUANAn1B0DGjoOq/Q="></latexit>
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<latexit sha1_base64="ECJbLa0iDD1NofpeK6RMfba0m/I="></latexit>
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<latexit sha1_base64="mEfcqdN5N+t7OcDQ7y9zlGtCjAY="></latexit>

+ ...
<latexit sha1_base64="Vyh9On60VvgQHwpbxJ6NhtznP3U=">AAAB7XicbVA9SwNBEJ1L/IjxK2ppsxgEQTjuYqGFRUAEywjmEkiOsLfZS9bs7R27e0I48h9sLBSx9W/Y2loI/hB7Nx+FJj4YeLw3w8y8IOFMacf5snL5peWV1cJacX1jc2u7tLPrqTiVhNZJzGPZDLCinAla10xz2kwkxVHAaSMYXIz9xh2VisXiRg8T6ke4J1jICNZG8o7byLbtTqns2M4EaJG4M1Ku5t+9t8/vy1qn9NHuxiSNqNCEY6VarpNoP8NSM8LpqNhOFU0wGeAebRkqcESVn02uHaFDo3RRGEtTQqOJ+nsiw5FSwygwnRHWfTXvjcX/vFaqwzM/YyJJNRVkuihMOdIxGr+OukxSovnQEEwkM7ci0scSE20CKpoQ3PmXF4lXsd0Tu3Jt0jiHKQqwDwdwBC6cQhWuoAZ1IHAL9/AIT1ZsPVjP1su0NWfNZvbgD6zXH1ugkhM=</latexit>

Scaling of Higgs couplings by 
a common factor 

4-fermion contact interactions 
W’, Z’ resonances

2-fermion 2-boson contact interactions

Modified top and bottom 
Yukawa couplings

and more
see backup
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Bounds on SILH Lagrangian Interactions

result of the SILH 
fit on Higgs and EW 

precision 
observables 
for various 
machines

OH
OytOW

O2W

m∗

g∗

TeV
m∗

g∗

TeV

Bottom line: 
important BSM 
information from 
precision 
measurements

constraints on 
compositeness 
scale
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Higgs Compositness

Maximum sensitivities from 
CLIC and FCC (ee+hh)
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Compared SILH Reach at Future Colliders

Bottom line: 
FCC-hh and CLIC 

always win…

What about muon colliders?
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A Very High-Energy Muon Collider?

… Imagine a muon collider  
at √s = 14 TeV running for 5 years  

at 𝓛 = 2×1035 cm−2s−1  

A. Wulzer @ Granada EPPSU symposium 2019

J.P. Delahaye, DPhP seminar

• muon colliders are the only reasonable 
way to imagine high-energy high-
luminosity lepton colliders 

• in terms of BSM physics reach, a 14 TeV 
muon collider compares with a 100 TeV 
pp collider… but much cleaner!

like CLIC… just ten times better!

Let’s have a dream…
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Higgs Compositness at Muon Collider

CLIC muon collider 14 TeV

A. Wulzer @ Granada EPPSU symposium 2019
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New  Resonances, Particles or Forces

Seeking a peak  
• M < √s for lepton colliders 
• M < 0.3-0.5 √s for hadron colliders, 

assuming “weak” couplings

Deviation in high-mass tails 
• lepton colliders: sensitive to ratio  

[mass/coupling] ≫ √s 

• hadron colliders: only relevant if gZ’ > gSM 
➠ [mass/coupling] ≫ 0.5√s

Z’ resonance seen  
in the dilepton spectrum

no resonance seen  
but deviations wrt SM

Direct Indirect

J. de Blas @ EPPSU symposium, Granada 2019

Question: is there a new very-short distance force on top of the electroweak and 
strong forces?

J. Alcaraz @ EPPSU symposium, Granada 2019

https://indico.cern.ch/event/808335/contributions/3365152/attachments/1844117/3029021/EFT_deBlas.pdf
https://indico.cern.ch/event/808335/contributions/3365188/attachments/1843613/3023844/Alcaraz_BSM1.pdf
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High-Energy Probes

V0
<latexit sha1_base64="2D2tA0Ola4KyCOKv8ZMW4m5fgyY=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK6GmamQ1vBRcGNywr2AdOhZNK0DU0yQ5IRytDPcONCEbd+jTv/xkxbQUUPBA7n3EvOPVHCqNKO82EV1tY3NreK26Wd3b39g/LhUUfFqcSkjWMWy16EFGFUkLammpFeIgniESPdaHqd+917IhWNxZ2eJSTkaCzoiGKkjRT0OdITybPO/HxQrjj2ZaPm+TXo2I5Tdz03J17dr/rQNUqOClihNSi/94cxTjkRGjOkVOA6iQ4zJDXFjMxL/VSRBOEpGpPAUIE4UWG2iDyHZ0YZwlEszRMaLtTvGxniSs14ZCbziOq3l4t/eUGqR40woyJJNRF4+dEoZVDHML8fDqkkWLOZIQhLarJCPEESYW1aKpkSvi6F/5OOZ7tV27v1K82rVR1FcAJOwQVwQR00wQ1ogTbAIAYP4Ak8W9p6tF6s1+VowVrtHIMfsN4+AbCjkYI=</latexit>

f
<latexit sha1_base64="XS+fJ+7YcSDOSi3zlSXdLqjwhCA=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQRcuCm5cVrAPbIeSSTNtaJIZkoxQhv6FGxeKuPVv3Pk3Zqaz0NYDgcM595JzTxBzpo3rfjultfWNza3ydmVnd2//oHp41NFRoghtk4hHqhdgTTmTtG2Y4bQXK4pFwGk3mN5mfveJKs0i+WBmMfUFHksWMoKNlR4HApuJEmk4H1Zrbt3NgVaJV5AaFGgNq1+DUUQSQaUhHGvd99zY+ClWhhFO55VBommMyRSPad9SiQXVfponnqMzq4xQGCn7pEG5+nsjxULrmQjsZJZQL3uZ+J/XT0x47adMxomhkiw+ChOOTISy89GIKUoMn1mCiWI2KyITrDAxtqSKLcFbPnmVdBp176LeuL+sNW+KOspwAqdwDh5cQRPuoAVtICDhGV7hzdHOi/PufCxGS06xcwx/4Hz+AASfkR8=</latexit>

f̄
<latexit sha1_base64="VZh0c5pCXBxH8mp6jsUwerV7T50=">AAAB+XicbVDLSsNAFL2pr1pfUZdugkVwVZIq6MJFwY3LCvYBTSiT6aQdOjMJM5NCCfkTNy4UceufuPNvnLRZaOuBgcM593LPnDBhVGnX/bYqG5tb2zvV3dre/sHhkX180lVxKjHp4JjFsh8iRRgVpKOpZqSfSIJ4yEgvnN4Xfm9GpKKxeNLzhAQcjQWNKEbaSEPb9kMkM58jPZE8i/J8aNfdhruAs068ktShRHtof/mjGKecCI0ZUmrguYkOMiQ1xYzkNT9VJEF4isZkYKhAnKggWyTPnQujjJwoluYJ7SzU3xsZ4krNeWgmi4hq1SvE/7xBqqPbIKMiSTUReHkoSpmjY6eowRlRSbBmc0MQltRkdfAESYS1KatmSvBWv7xOus2Gd9VoPl7XW3dlHVU4g3O4BA9uoAUP0IYOYJjBM7zCm5VZL9a79bEcrVjlzin8gfX5A1DVlBU=</latexit>

f
<latexit sha1_base64="XS+fJ+7YcSDOSi3zlSXdLqjwhCA=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQRcuCm5cVrAPbIeSSTNtaJIZkoxQhv6FGxeKuPVv3Pk3Zqaz0NYDgcM595JzTxBzpo3rfjultfWNza3ydmVnd2//oHp41NFRoghtk4hHqhdgTTmTtG2Y4bQXK4pFwGk3mN5mfveJKs0i+WBmMfUFHksWMoKNlR4HApuJEmk4H1Zrbt3NgVaJV5AaFGgNq1+DUUQSQaUhHGvd99zY+ClWhhFO55VBommMyRSPad9SiQXVfponnqMzq4xQGCn7pEG5+nsjxULrmQjsZJZQL3uZ+J/XT0x47adMxomhkiw+ChOOTISy89GIKUoMn1mCiWI2KyITrDAxtqSKLcFbPnmVdBp176LeuL+sNW+KOspwAqdwDh5cQRPuoAVtICDhGV7hzdHOi/PufCxGS06xcwx/4Hz+AASfkR8=</latexit>

f̄
<latexit sha1_base64="VZh0c5pCXBxH8mp6jsUwerV7T50=">AAAB+XicbVDLSsNAFL2pr1pfUZdugkVwVZIq6MJFwY3LCvYBTSiT6aQdOjMJM5NCCfkTNy4UceufuPNvnLRZaOuBgcM593LPnDBhVGnX/bYqG5tb2zvV3dre/sHhkX180lVxKjHp4JjFsh8iRRgVpKOpZqSfSIJ4yEgvnN4Xfm9GpKKxeNLzhAQcjQWNKEbaSEPb9kMkM58jPZE8i/J8aNfdhruAs068ktShRHtof/mjGKecCI0ZUmrguYkOMiQ1xYzkNT9VJEF4isZkYKhAnKggWyTPnQujjJwoluYJ7SzU3xsZ4krNeWgmi4hq1SvE/7xBqqPbIKMiSTUReHkoSpmjY6eowRlRSbBmc0MQltRkdfAESYS1KatmSvBWv7xOus2Gd9VoPl7XW3dlHVU4g3O4BA9uoAUP0IYOYJjBM7zCm5VZL9a79bEcrVjlzin8gfX5A1DVlBU=</latexit>

f
<latexit sha1_base64="XS+fJ+7YcSDOSi3zlSXdLqjwhCA=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQRcuCm5cVrAPbIeSSTNtaJIZkoxQhv6FGxeKuPVv3Pk3Zqaz0NYDgcM595JzTxBzpo3rfjultfWNza3ydmVnd2//oHp41NFRoghtk4hHqhdgTTmTtG2Y4bQXK4pFwGk3mN5mfveJKs0i+WBmMfUFHksWMoKNlR4HApuJEmk4H1Zrbt3NgVaJV5AaFGgNq1+DUUQSQaUhHGvd99zY+ClWhhFO55VBommMyRSPad9SiQXVfponnqMzq4xQGCn7pEG5+nsjxULrmQjsZJZQL3uZ+J/XT0x47adMxomhkiw+ChOOTISy89GIKUoMn1mCiWI2KyITrDAxtqSKLcFbPnmVdBp176LeuL+sNW+KOspwAqdwDh5cQRPuoAVtICDhGV7hzdHOi/PufCxGS06xcwx/4Hz+AASfkR8=</latexit>

f̄
<latexit sha1_base64="VZh0c5pCXBxH8mp6jsUwerV7T50=">AAAB+XicbVDLSsNAFL2pr1pfUZdugkVwVZIq6MJFwY3LCvYBTSiT6aQdOjMJM5NCCfkTNy4UceufuPNvnLRZaOuBgcM593LPnDBhVGnX/bYqG5tb2zvV3dre/sHhkX180lVxKjHp4JjFsh8iRRgVpKOpZqSfSIJ4yEgvnN4Xfm9GpKKxeNLzhAQcjQWNKEbaSEPb9kMkM58jPZE8i/J8aNfdhruAs068ktShRHtof/mjGKecCI0ZUmrguYkOMiQ1xYzkNT9VJEF4isZkYKhAnKggWyTPnQujjJwoluYJ7SzU3xsZ4krNeWgmi4hq1SvE/7xBqqPbIKMiSTUReHkoSpmjY6eowRlRSbBmc0MQltRkdfAESYS1KatmSvBWv7xOus2Gd9VoPl7XW3dlHVU4g3O4BA9uoAUP0IYOYJjBM7zCm5VZL9a79bEcrVjlzin8gfX5A1DVlBU=</latexit> f

<latexit sha1_base64="XS+fJ+7YcSDOSi3zlSXdLqjwhCA=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQRcuCm5cVrAPbIeSSTNtaJIZkoxQhv6FGxeKuPVv3Pk3Zqaz0NYDgcM595JzTxBzpo3rfjultfWNza3ydmVnd2//oHp41NFRoghtk4hHqhdgTTmTtG2Y4bQXK4pFwGk3mN5mfveJKs0i+WBmMfUFHksWMoKNlR4HApuJEmk4H1Zrbt3NgVaJV5AaFGgNq1+DUUQSQaUhHGvd99zY+ClWhhFO55VBommMyRSPad9SiQXVfponnqMzq4xQGCn7pEG5+nsjxULrmQjsZJZQL3uZ+J/XT0x47adMxomhkiw+ChOOTISy89GIKUoMn1mCiWI2KyITrDAxtqSKLcFbPnmVdBp176LeuL+sNW+KOspwAqdwDh5cQRPuoAVtICDhGV7hzdHOi/PufCxGS06xcwx/4Hz+AASfkR8=</latexit>

f̄
<latexit sha1_base64="VZh0c5pCXBxH8mp6jsUwerV7T50=">AAAB+XicbVDLSsNAFL2pr1pfUZdugkVwVZIq6MJFwY3LCvYBTSiT6aQdOjMJM5NCCfkTNy4UceufuPNvnLRZaOuBgcM593LPnDBhVGnX/bYqG5tb2zvV3dre/sHhkX180lVxKjHp4JjFsh8iRRgVpKOpZqSfSIJ4yEgvnN4Xfm9GpKKxeNLzhAQcjQWNKEbaSEPb9kMkM58jPZE8i/J8aNfdhruAs068ktShRHtof/mjGKecCI0ZUmrguYkOMiQ1xYzkNT9VJEF4isZkYKhAnKggWyTPnQujjJwoluYJ7SzU3xsZ4krNeWgmi4hq1SvE/7xBqqPbIKMiSTUReHkoSpmjY6eowRlRSbBmc0MQltRkdfAESYS1KatmSvBWv7xOus2Gd9VoPl7XW3dlHVU4g3O4BA9uoAUP0IYOYJjBM7zCm5VZL9a79bEcrVjlzin8gfX5A1DVlBU=</latexit>

VL
<latexit sha1_base64="aDzqen7GGKmKkiHOBohqxGKTneE=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQRcuCm5cuKhgH9COJZNm2tAkMyQZpQzzH25cKOLWf3Hn35i2s9DWA4HDOfdyT04Qc6aN6347hZXVtfWN4mZpa3tnd6+8f9DSUaIIbZKIR6oTYE05k7RpmOG0EyuKRcBpOxhfT/32I1WaRfLeTGLqCzyULGQEGys99AQ2IyXSVj+9zbJ+ueJW3RnQMvFyUoEcjX75qzeISCKoNIRjrbueGxs/xcowwmlW6iWaxpiM8ZB2LZVYUO2ns9QZOrHKAIWRsk8aNFN/b6RYaD0RgZ2cptSL3lT8z+smJrz0UybjxFBJ5ofChCMToWkFaMAUJYZPLMFEMZsVkRFWmBhbVMmW4C1+eZm0alXvrFq7O6/Ur/I6inAEx3AKHlxAHW6gAU0goOAZXuHNeXJenHfnYz5acPKdQ/gD5/MHDkaS2g==</latexit>

f
<latexit sha1_base64="XS+fJ+7YcSDOSi3zlSXdLqjwhCA=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQRcuCm5cVrAPbIeSSTNtaJIZkoxQhv6FGxeKuPVv3Pk3Zqaz0NYDgcM595JzTxBzpo3rfjultfWNza3ydmVnd2//oHp41NFRoghtk4hHqhdgTTmTtG2Y4bQXK4pFwGk3mN5mfveJKs0i+WBmMfUFHksWMoKNlR4HApuJEmk4H1Zrbt3NgVaJV5AaFGgNq1+DUUQSQaUhHGvd99zY+ClWhhFO55VBommMyRSPad9SiQXVfponnqMzq4xQGCn7pEG5+nsjxULrmQjsZJZQL3uZ+J/XT0x47adMxomhkiw+ChOOTISy89GIKUoMn1mCiWI2KyITrDAxtqSKLcFbPnmVdBp176LeuL+sNW+KOspwAqdwDh5cQRPuoAVtICDhGV7hzdHOi/PufCxGS06xcwx/4Hz+AASfkR8=</latexit>

f̄
<latexit sha1_base64="VZh0c5pCXBxH8mp6jsUwerV7T50=">AAAB+XicbVDLSsNAFL2pr1pfUZdugkVwVZIq6MJFwY3LCvYBTSiT6aQdOjMJM5NCCfkTNy4UceufuPNvnLRZaOuBgcM593LPnDBhVGnX/bYqG5tb2zvV3dre/sHhkX180lVxKjHp4JjFsh8iRRgVpKOpZqSfSIJ4yEgvnN4Xfm9GpKKxeNLzhAQcjQWNKEbaSEPb9kMkM58jPZE8i/J8aNfdhruAs068ktShRHtof/mjGKecCI0ZUmrguYkOMiQ1xYzkNT9VJEF4isZkYKhAnKggWyTPnQujjJwoluYJ7SzU3xsZ4krNeWgmi4hq1SvE/7xBqqPbIKMiSTUReHkoSpmjY6eowRlRSbBmc0MQltRkdfAESYS1KatmSvBWv7xOus2Gd9VoPl7XW3dlHVU4g3O4BA9uoAUP0IYOYJjBM7zCm5VZL9a79bEcrVjlzin8gfX5A1DVlBU=</latexit>

VL
<latexit sha1_base64="aDzqen7GGKmKkiHOBohqxGKTneE=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQRcuCm5cuKhgH9COJZNm2tAkMyQZpQzzH25cKOLWf3Hn35i2s9DWA4HDOfdyT04Qc6aN6347hZXVtfWN4mZpa3tnd6+8f9DSUaIIbZKIR6oTYE05k7RpmOG0EyuKRcBpOxhfT/32I1WaRfLeTGLqCzyULGQEGys99AQ2IyXSVj+9zbJ+ueJW3RnQMvFyUoEcjX75qzeISCKoNIRjrbueGxs/xcowwmlW6iWaxpiM8ZB2LZVYUO2ns9QZOrHKAIWRsk8aNFN/b6RYaD0RgZ2cptSL3lT8z+smJrz0UybjxFBJ5ofChCMToWkFaMAUJYZPLMFEMZsVkRFWmBhbVMmW4C1+eZm0alXvrFq7O6/Ur/I6inAEx3AKHlxAHW6gAU0goOAZXuHNeXJenHfnYz5acPKdQ/gD5/MHDkaS2g==</latexit>

H
<latexit sha1_base64="W0sJLo6dwshk5jRO8BmPFliME0E=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqszUgi5cFNx0WcE+sB1KJs20oUlmSDJCGfoXblwo4ta/ceffmGlnoa0HAodz7iXnniDmTBvX/XYKG5tb2zvF3dLe/sHhUfn4pKOjRBHaJhGPVC/AmnImadsww2kvVhSLgNNuML3L/O4TVZpF8sHMYuoLPJYsZAQbKz0OBDYTJdLmfFiuuFV3AbROvJxUIEdrWP4ajCKSCCoN4VjrvufGxk+xMoxwOi8NEk1jTKZ4TPuWSiyo9tNF4jm6sMoIhZGyTxq0UH9vpFhoPROBncwS6lUvE//z+okJb/yUyTgxVJLlR2HCkYlQdj4aMUWJ4TNLMFHMZkVkghUmxpZUsiV4qyevk06t6l1Va/f1SuM2r6MIZ3AOl+DBNTSgCS1oAwEJz/AKb452Xpx352M5WnDynVP4A+fzB9b6kQE=</latexit>

f
<latexit sha1_base64="XS+fJ+7YcSDOSi3zlSXdLqjwhCA=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQRcuCm5cVrAPbIeSSTNtaJIZkoxQhv6FGxeKuPVv3Pk3Zqaz0NYDgcM595JzTxBzpo3rfjultfWNza3ydmVnd2//oHp41NFRoghtk4hHqhdgTTmTtG2Y4bQXK4pFwGk3mN5mfveJKs0i+WBmMfUFHksWMoKNlR4HApuJEmk4H1Zrbt3NgVaJV5AaFGgNq1+DUUQSQaUhHGvd99zY+ClWhhFO55VBommMyRSPad9SiQXVfponnqMzq4xQGCn7pEG5+nsjxULrmQjsZJZQL3uZ+J/XT0x47adMxomhkiw+ChOOTISy89GIKUoMn1mCiWI2KyITrDAxtqSKLcFbPnmVdBp176LeuL+sNW+KOspwAqdwDh5cQRPuoAVtICDhGV7hzdHOi/PufCxGS06xcwx/4Hz+AASfkR8=</latexit>

f̄
<latexit sha1_base64="VZh0c5pCXBxH8mp6jsUwerV7T50=">AAAB+XicbVDLSsNAFL2pr1pfUZdugkVwVZIq6MJFwY3LCvYBTSiT6aQdOjMJM5NCCfkTNy4UceufuPNvnLRZaOuBgcM593LPnDBhVGnX/bYqG5tb2zvV3dre/sHhkX180lVxKjHp4JjFsh8iRRgVpKOpZqSfSIJ4yEgvnN4Xfm9GpKKxeNLzhAQcjQWNKEbaSEPb9kMkM58jPZE8i/J8aNfdhruAs068ktShRHtof/mjGKecCI0ZUmrguYkOMiQ1xYzkNT9VJEF4isZkYKhAnKggWyTPnQujjJwoluYJ7SzU3xsZ4krNeWgmi4hq1SvE/7xBqqPbIKMiSTUReHkoSpmjY6eowRlRSbBmc0MQltRkdfAESYS1KatmSvBWv7xOus2Gd9VoPl7XW3dlHVU4g3O4BA9uoAUP0IYOYJjBM7zCm5VZL9a79bEcrVjlzin8gfX5A1DVlBU=</latexit>

VL
<latexit sha1_base64="aDzqen7GGKmKkiHOBohqxGKTneE=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQRcuCm5cuKhgH9COJZNm2tAkMyQZpQzzH25cKOLWf3Hn35i2s9DWA4HDOfdyT04Qc6aN6347hZXVtfWN4mZpa3tnd6+8f9DSUaIIbZKIR6oTYE05k7RpmOG0EyuKRcBpOxhfT/32I1WaRfLeTGLqCzyULGQEGys99AQ2IyXSVj+9zbJ+ueJW3RnQMvFyUoEcjX75qzeISCKoNIRjrbueGxs/xcowwmlW6iWaxpiM8ZB2LZVYUO2ns9QZOrHKAIWRsk8aNFN/b6RYaD0RgZ2cptSL3lT8z+smJrz0UybjxFBJ5ofChCMToWkFaMAUJYZPLMFEMZsVkRFWmBhbVMmW4C1+eZm0alXvrFq7O6/Ur/I6inAEx3AKHlxAHW6gAU0goOAZXuHNeXJenHfnYz5acPKdQ/gD5/MHDkaS2g==</latexit>

f̄
<latexit sha1_base64="VZh0c5pCXBxH8mp6jsUwerV7T50=">AAAB+XicbVDLSsNAFL2pr1pfUZdugkVwVZIq6MJFwY3LCvYBTSiT6aQdOjMJM5NCCfkTNy4UceufuPNvnLRZaOuBgcM593LPnDBhVGnX/bYqG5tb2zvV3dre/sHhkX180lVxKjHp4JjFsh8iRRgVpKOpZqSfSIJ4yEgvnN4Xfm9GpKKxeNLzhAQcjQWNKEbaSEPb9kMkM58jPZE8i/J8aNfdhruAs068ktShRHtof/mjGKecCI0ZUmrguYkOMiQ1xYzkNT9VJEF4isZkYKhAnKggWyTPnQujjJwoluYJ7SzU3xsZ4krNeWgmi4hq1SvE/7xBqqPbIKMiSTUReHkoSpmjY6eowRlRSbBmc0MQltRkdfAESYS1KatmSvBWv7xOus2Gd9VoPl7XW3dlHVU4g3O4BA9uoAUP0IYOYJjBM7zCm5VZL9a79bEcrVjlzin8gfX5A1DVlBU=</latexit>

V0
<latexit sha1_base64="2D2tA0Ola4KyCOKv8ZMW4m5fgyY=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK6GmamQ1vBRcGNywr2AdOhZNK0DU0yQ5IRytDPcONCEbd+jTv/xkxbQUUPBA7n3EvOPVHCqNKO82EV1tY3NreK26Wd3b39g/LhUUfFqcSkjWMWy16EFGFUkLammpFeIgniESPdaHqd+917IhWNxZ2eJSTkaCzoiGKkjRT0OdITybPO/HxQrjj2ZaPm+TXo2I5Tdz03J17dr/rQNUqOClihNSi/94cxTjkRGjOkVOA6iQ4zJDXFjMxL/VSRBOEpGpPAUIE4UWG2iDyHZ0YZwlEszRMaLtTvGxniSs14ZCbziOq3l4t/eUGqR40woyJJNRF4+dEoZVDHML8fDqkkWLOZIQhLarJCPEESYW1aKpkSvi6F/5OOZ7tV27v1K82rVR1FcAJOwQVwQR00wQ1ogTbAIAYP4Ak8W9p6tF6s1+VowVrtHIMfsN4+AbCjkYI=</latexit>

f
<latexit sha1_base64="XS+fJ+7YcSDOSi3zlSXdLqjwhCA=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQRcuCm5cVrAPbIeSSTNtaJIZkoxQhv6FGxeKuPVv3Pk3Zqaz0NYDgcM595JzTxBzpo3rfjultfWNza3ydmVnd2//oHp41NFRoghtk4hHqhdgTTmTtG2Y4bQXK4pFwGk3mN5mfveJKs0i+WBmMfUFHksWMoKNlR4HApuJEmk4H1Zrbt3NgVaJV5AaFGgNq1+DUUQSQaUhHGvd99zY+ClWhhFO55VBommMyRSPad9SiQXVfponnqMzq4xQGCn7pEG5+nsjxULrmQjsZJZQL3uZ+J/XT0x47adMxomhkiw+ChOOTISy89GIKUoMn1mCiWI2KyITrDAxtqSKLcFbPnmVdBp176LeuL+sNW+KOspwAqdwDh5cQRPuoAVtICDhGV7hzdHOi/PufCxGS06xcwx/4Hz+AASfkR8=</latexit>

VL
<latexit sha1_base64="aDzqen7GGKmKkiHOBohqxGKTneE=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQRcuCm5cuKhgH9COJZNm2tAkMyQZpQzzH25cKOLWf3Hn35i2s9DWA4HDOfdyT04Qc6aN6347hZXVtfWN4mZpa3tnd6+8f9DSUaIIbZKIR6oTYE05k7RpmOG0EyuKRcBpOxhfT/32I1WaRfLeTGLqCzyULGQEGys99AQ2IyXSVj+9zbJ+ueJW3RnQMvFyUoEcjX75qzeISCKoNIRjrbueGxs/xcowwmlW6iWaxpiM8ZB2LZVYUO2ns9QZOrHKAIWRsk8aNFN/b6RYaD0RgZ2cptSL3lT8z+smJrz0UybjxFBJ5ofChCMToWkFaMAUJYZPLMFEMZsVkRFWmBhbVMmW4C1+eZm0alXvrFq7O6/Ur/I6inAEx3AKHlxAHW6gAU0goOAZXuHNeXJenHfnYz5acPKdQ/gD5/MHDkaS2g==</latexit>

VL
<latexit sha1_base64="aDzqen7GGKmKkiHOBohqxGKTneE=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQRcuCm5cuKhgH9COJZNm2tAkMyQZpQzzH25cKOLWf3Hn35i2s9DWA4HDOfdyT04Qc6aN6347hZXVtfWN4mZpa3tnd6+8f9DSUaIIbZKIR6oTYE05k7RpmOG0EyuKRcBpOxhfT/32I1WaRfLeTGLqCzyULGQEGys99AQ2IyXSVj+9zbJ+ueJW3RnQMvFyUoEcjX75qzeISCKoNIRjrbueGxs/xcowwmlW6iWaxpiM8ZB2LZVYUO2ns9QZOrHKAIWRsk8aNFN/b6RYaD0RgZ2cptSL3lT8z+smJrz0UybjxFBJ5ofChCMToWkFaMAUJYZPLMFEMZsVkRFWmBhbVMmW4C1+eZm0alXvrFq7O6/Ur/I6inAEx3AKHlxAHW6gAU0goOAZXuHNeXJenHfnYz5acPKdQ/gD5/MHDkaS2g==</latexit>

V0
<latexit sha1_base64="2D2tA0Ola4KyCOKv8ZMW4m5fgyY=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK6GmamQ1vBRcGNywr2AdOhZNK0DU0yQ5IRytDPcONCEbd+jTv/xkxbQUUPBA7n3EvOPVHCqNKO82EV1tY3NreK26Wd3b39g/LhUUfFqcSkjWMWy16EFGFUkLammpFeIgniESPdaHqd+917IhWNxZ2eJSTkaCzoiGKkjRT0OdITybPO/HxQrjj2ZaPm+TXo2I5Tdz03J17dr/rQNUqOClihNSi/94cxTjkRGjOkVOA6iQ4zJDXFjMxL/VSRBOEpGpPAUIE4UWG2iDyHZ0YZwlEszRMaLtTvGxniSs14ZCbziOq3l4t/eUGqR40woyJJNRF4+dEoZVDHML8fDqkkWLOZIQhLarJCPEESYW1aKpkSvi6F/5OOZ7tV27v1K82rVR1FcAJOwQVwQR00wQ1ogTbAIAYP4Ak8W9p6tF6s1+VowVrtHIMfsN4+AbCjkYI=</latexit>

f
<latexit sha1_base64="XS+fJ+7YcSDOSi3zlSXdLqjwhCA=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQRcuCm5cVrAPbIeSSTNtaJIZkoxQhv6FGxeKuPVv3Pk3Zqaz0NYDgcM595JzTxBzpo3rfjultfWNza3ydmVnd2//oHp41NFRoghtk4hHqhdgTTmTtG2Y4bQXK4pFwGk3mN5mfveJKs0i+WBmMfUFHksWMoKNlR4HApuJEmk4H1Zrbt3NgVaJV5AaFGgNq1+DUUQSQaUhHGvd99zY+ClWhhFO55VBommMyRSPad9SiQXVfponnqMzq4xQGCn7pEG5+nsjxULrmQjsZJZQL3uZ+J/XT0x47adMxomhkiw+ChOOTISy89GIKUoMn1mCiWI2KyITrDAxtqSKLcFbPnmVdBp176LeuL+sNW+KOspwAqdwDh5cQRPuoAVtICDhGV7hzdHOi/PufCxGS06xcwx/4Hz+AASfkR8=</latexit>

f̄
<latexit sha1_base64="VZh0c5pCXBxH8mp6jsUwerV7T50=">AAAB+XicbVDLSsNAFL2pr1pfUZdugkVwVZIq6MJFwY3LCvYBTSiT6aQdOjMJM5NCCfkTNy4UceufuPNvnLRZaOuBgcM593LPnDBhVGnX/bYqG5tb2zvV3dre/sHhkX180lVxKjHp4JjFsh8iRRgVpKOpZqSfSIJ4yEgvnN4Xfm9GpKKxeNLzhAQcjQWNKEbaSEPb9kMkM58jPZE8i/J8aNfdhruAs068ktShRHtof/mjGKecCI0ZUmrguYkOMiQ1xYzkNT9VJEF4isZkYKhAnKggWyTPnQujjJwoluYJ7SzU3xsZ4krNeWgmi4hq1SvE/7xBqqPbIKMiSTUReHkoSpmjY6eowRlRSbBmc0MQltRkdfAESYS1KatmSvBWv7xOus2Gd9VoPl7XW3dlHVU4g3O4BA9uoAUP0IYOYJjBM7zCm5VZL9a79bEcrVjlzin8gfX5A1DVlBU=</latexit>

VL
<latexit sha1_base64="aDzqen7GGKmKkiHOBohqxGKTneE=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQRcuCm5cuKhgH9COJZNm2tAkMyQZpQzzH25cKOLWf3Hn35i2s9DWA4HDOfdyT04Qc6aN6347hZXVtfWN4mZpa3tnd6+8f9DSUaIIbZKIR6oTYE05k7RpmOG0EyuKRcBpOxhfT/32I1WaRfLeTGLqCzyULGQEGys99AQ2IyXSVj+9zbJ+ueJW3RnQMvFyUoEcjX75qzeISCKoNIRjrbueGxs/xcowwmlW6iWaxpiM8ZB2LZVYUO2ns9QZOrHKAIWRsk8aNFN/b6RYaD0RgZ2cptSL3lT8z+smJrz0UybjxFBJ5ofChCMToWkFaMAUJYZPLMFEMZsVkRFWmBhbVMmW4C1+eZm0alXvrFq7O6/Ur/I6inAEx3AKHlxAHW6gAU0goOAZXuHNeXJenHfnYz5acPKdQ/gD5/MHDkaS2g==</latexit>

H
<latexit sha1_base64="W0sJLo6dwshk5jRO8BmPFliME0E=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqszUgi5cFNx0WcE+sB1KJs20oUlmSDJCGfoXblwo4ta/ceffmGlnoa0HAodz7iXnniDmTBvX/XYKG5tb2zvF3dLe/sHhUfn4pKOjRBHaJhGPVC/AmnImadsww2kvVhSLgNNuML3L/O4TVZpF8sHMYuoLPJYsZAQbKz0OBDYTJdLmfFiuuFV3AbROvJxUIEdrWP4ajCKSCCoN4VjrvufGxk+xMoxwOi8NEk1jTKZ4TPuWSiyo9tNF4jm6sMoIhZGyTxq0UH9vpFhoPROBncwS6lUvE//z+okJb/yUyTgxVJLlR2HCkYlQdj4aMUWJ4TNLMFHMZkVkghUmxpZUsiV4qyevk06t6l1Va/f1SuM2r6MIZ3AOl+DBNTSgCS1oAwEJz/AKb452Xpx352M5WnDynVP4A+fzB9b6kQE=</latexit>

☛ effects grow like 
center-of-mass 
energy squared of 
the collision

/ s

⇤2
<latexit sha1_base64="yw2NaP62w/fkmB1qbmFAHwHdxVs=">AAACBnicbVDLSgMxFM3UV62vUZciDBbBVZmpgi5cFNy4cFHBPqAzlkwm04ZmkpBkhDLMyo2/4saFIm79Bnf+jWk7C209EDiccw8394SCEqVd99sqLS2vrK6V1ysbm1vbO/buXlvxVCLcQpxy2Q2hwpQw3NJEU9wVEsMkpLgTjq4mfucBS0U4u9NjgYMEDhiJCYLaSH370BeSC80dP5YQZSrP/BuTjuB9Vs/zvl11a+4UziLxClIFBZp9+8uPOEoTzDSiUKme5wodZFBqgijOK36qsIBoBAe4ZyiDCVZBNj0jd46NEjkxl+Yx7UzV34kMJkqNk9BMJlAP1bw3Ef/zeqmOL4KMMJFqzNBsUZxSx5w96cSJiMRI07EhEEli/uqgITR9aNNcxZTgzZ+8SNr1mndaq9+eVRuXRR1lcACOwAnwwDlogGvQBC2AwCN4Bq/gzXqyXqx362M2WrKKzD74A+vzB/fEmWs=</latexit>

☛ example:  
new W’, Z’ vector 
bosons

q2 ≪ MV’

J. Alcaraz @ EPPSU symposium, Granada 2019

☛ at low-energy 
typically 
accounted for by 
dimension-6 
operators 
interfering with SM 
processes

➠ new resonance in the 
corresponding spectra

➠ excites the corresponding 
contact interaction operators 

in EFT fit

https://indico.cern.ch/event/808335/contributions/3365188/attachments/1843613/3023844/Alcaraz_BSM1.pdf


!18

High-Energy Probes

VL
<latexit sha1_base64="aDzqen7GGKmKkiHOBohqxGKTneE=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQRcuCm5cuKhgH9COJZNm2tAkMyQZpQzzH25cKOLWf3Hn35i2s9DWA4HDOfdyT04Qc6aN6347hZXVtfWN4mZpa3tnd6+8f9DSUaIIbZKIR6oTYE05k7RpmOG0EyuKRcBpOxhfT/32I1WaRfLeTGLqCzyULGQEGys99AQ2IyXSVj+9zbJ+ueJW3RnQMvFyUoEcjX75qzeISCKoNIRjrbueGxs/xcowwmlW6iWaxpiM8ZB2LZVYUO2ns9QZOrHKAIWRsk8aNFN/b6RYaD0RgZ2cptSL3lT8z+smJrz0UybjxFBJ5ofChCMToWkFaMAUJYZPLMFEMZsVkRFWmBhbVMmW4C1+eZm0alXvrFq7O6/Ur/I6inAEx3AKHlxAHW6gAU0goOAZXuHNeXJenHfnYz5acPKdQ/gD5/MHDkaS2g==</latexit>

f
<latexit sha1_base64="XS+fJ+7YcSDOSi3zlSXdLqjwhCA=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQRcuCm5cVrAPbIeSSTNtaJIZkoxQhv6FGxeKuPVv3Pk3Zqaz0NYDgcM595JzTxBzpo3rfjultfWNza3ydmVnd2//oHp41NFRoghtk4hHqhdgTTmTtG2Y4bQXK4pFwGk3mN5mfveJKs0i+WBmMfUFHksWMoKNlR4HApuJEmk4H1Zrbt3NgVaJV5AaFGgNq1+DUUQSQaUhHGvd99zY+ClWhhFO55VBommMyRSPad9SiQXVfponnqMzq4xQGCn7pEG5+nsjxULrmQjsZJZQL3uZ+J/XT0x47adMxomhkiw+ChOOTISy89GIKUoMn1mCiWI2KyITrDAxtqSKLcFbPnmVdBp176LeuL+sNW+KOspwAqdwDh5cQRPuoAVtICDhGV7hzdHOi/PufCxGS06xcwx/4Hz+AASfkR8=</latexit>

f̄
<latexit sha1_base64="VZh0c5pCXBxH8mp6jsUwerV7T50=">AAAB+XicbVDLSsNAFL2pr1pfUZdugkVwVZIq6MJFwY3LCvYBTSiT6aQdOjMJM5NCCfkTNy4UceufuPNvnLRZaOuBgcM593LPnDBhVGnX/bYqG5tb2zvV3dre/sHhkX180lVxKjHp4JjFsh8iRRgVpKOpZqSfSIJ4yEgvnN4Xfm9GpKKxeNLzhAQcjQWNKEbaSEPb9kMkM58jPZE8i/J8aNfdhruAs068ktShRHtof/mjGKecCI0ZUmrguYkOMiQ1xYzkNT9VJEF4isZkYKhAnKggWyTPnQujjJwoluYJ7SzU3xsZ4krNeWgmi4hq1SvE/7xBqqPbIKMiSTUReHkoSpmjY6eowRlRSbBmc0MQltRkdfAESYS1KatmSvBWv7xOus2Gd9VoPl7XW3dlHVU4g3O4BA9uoAUP0IYOYJjBM7zCm5VZL9a79bEcrVjlzin8gfX5A1DVlBU=</latexit>

VL
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☛ another example:  
spin-2 graviton

☛ grow with  
center-of-mass 
energy as

/ s2

⇤4
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can show up at high-energy 
colliders even in the absence of 

deviations at low energy

q2 ≪ MV’

J. Alcaraz @ EPPSU symposium, Granada 2019

☛ at low-energy: 
dimension-8 
operators

https://indico.cern.ch/event/808335/contributions/3365188/attachments/1843613/3023844/Alcaraz_BSM1.pdf
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Heavy Bosons Benchmark Models

☛ Y-Universal Z’ model  
• another “simple” model with a new Heavy Dark Photon Z’  
• massive U(1) gauge symmetry 
• charges equal to SM hypercharge

B field: 
generator of 

U(1)Y SM 
symmetry 

(coupling = g’)

Indirect searches at low energy: 
• one single (“universal”) operator, known as Y-Universal 

Direct searches at high-energy 
• most sensitive: dilepton spectra

A. Wulzer @ EPPSU symposium, Granada 2019

☛ Sequential Standard Model (SSM) 
• simple model as benchmark to compare sensitivities of experiments 
• massive W’ and Z’ bosons with couplings to fermions identical to SM W and Z bosons

many other 
models with 

flavour 
dependence, 

etc.

also known as c2B

https://indico.cern.ch/event/808335/contributions/3365187/attachments/1843567/3023754/talk_wulzer.pdf
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Direct Search for Resonances at LHC

JHEP 06 (2018) 120

Typical 
Run-2 limits  
on Z’ : 5 TeV

CMS 2016 
13 TeV 

L = 36 fb−1 

Phys. Lett. B 796 (2019) 68

µ+µ− e+e−

ATLAS Run-2  
13 TeV  

 L = 139 fb−1 

ℓ+ℓ− ℓ+ℓ−

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-16-047/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-08/
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Direct Search for Resonances LHC → FCC

HL/HE-LHC (2018) BSM 
arxiv:1812.07831

C. Helsens et al. (2019) 
arxiv:1902.11217

ATL-PHYS-PUB-2018-044

HL-LHC HE-LHC FCC-hh

e+e−

6 TeV
13 TeV 42 TeV

challenge: 
high pT 
leptons

https://arxiv.org/abs/1812.07831
https://arxiv.org/abs/1812.07831
https://arxiv.org/abs/1902.11217
https://arxiv.org/abs/1902.11217
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-044
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Z’ Constraints at Future Colliders

 Z’ SSM discovery reach 

ILC (500)

HL-LHC

HE-LHC

CLIC (3 TeV)

FCC-hh

(indirect)

(direct)

(direct)

(direct)

(indirect)

0 10 20 30 40 50
Mass (TeV)

Best reach 
• direct: FCC-hh 
• indirect: CLIC 3-TeV

This is an example where high-
energy makes a difference even 
for indirect constraints 
• certain operators vary like v2/Λ2, 

precision probes large Λ (e.g. 
anomalous Higgs couplings) 

• other operators vary like Q2/Λ2, 
those probe large Λ even with 
moderate precision
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Supersymmetry
Supersymmetry: a family of weakly-coupled theoretical models that give solutions to 
the Naturalness problem, realise unification at the GUT scale, and, in certain 
realisations, provide a candidate of Dark Matter (R-parity conserving SUSY) 

SUSY is a fundamental space-time symmetry 
between fermions and bosons that regularises 

the Higgs boson mass

• each SM particle has a SUSY partner 
• at which scale is SUSY broken?

SUSY has an extended Higgs 
sector, for instance  2HDM as 
in MSSM 
• CP even: h and H 
• CP odd: A 
• charged: H+ and H-

SUSY is one of the main focuses 
of ATLAS and CMS physics 

programmes

most variants of SUSY are in 
trouble after LHC Run-1 and-2 
• MSSM, NMSSM, … 
• Gauge Mediation 
• SUGRA 
• Stealth SUSY,  
• etc.
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SUSY Production 

Strong production 
• gluinos 
• squarks of 1st and 2d 

generations  
• top and bottom squarks

Electroweak production 
• neutralinos 
• charginos 
• sleptons

SUSY signatures 
• R-parity conserving 

• large transverse missing energy 
• R-parity violating 

• feebly interacting or non-prompt

arXiv:1407.5066

If you believe in SUSY: 
• direct searches are more powerful than 

precision constraints because SUSY is weakly 
coupled 

• lepton colliders will provide limited 
improvement 

• high-energy proton colliders bring significant 
improvement in direct coverage

https://arxiv.org/abs/1407.5066
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Gluino Searches

arXiv:1812.07831

arXiv:1606.00947

max reach for gluinos: 15-20 TeVvalid for low 𝟀0 mass

FCC-hh max reach: 15-20 TeV

https://arxiv.org/abs/1812.07831
https://arxiv.org/abs/1606.00947
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Example of  Stop Exclusion Plot
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→ increasing efficiency

Rapid falloff of cross section
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Stop Searches

discovery potential

HL/HE-LHC 
up to 1.4/3.2 TeV

ILC/CLIC 
up to √s/2

FCC-hh 
up to 8 TeV

SUSY can/will never die… but if no stop is found at future 
colliders, SUSY cannot serve its main purpose, which is to 

solve the Naturalness problem
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Disappearing Tracks
Example: Wino-like DM

M. Cirelli et al. 
arXiv:1407.7058
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Figure 1: Diagrams depicting (left) �̃±1 �̃
0
1 production and (right) �̃±1 �̃

0
2 production.

Figure 2: Schematic illustration of a pp ! �̃±1 �̃
0
1 + jet event in the HL-LHC ATLAS detector, with a long-lived

chargino. Particles produced in pile-up pp interactions are not shown. The �̃+1 decays into a low-momentum pion
and a �̃0

1 after leaving hits in the five pixel layers (indicated by red makers).

mass splittings down to 2.5 GeV for m( �̃0
1 ) = 100 GeV. Scenarios with direct �̃±1 pair production are also

considered.

2 ATLAS Detector

The proposal for the upgraded ATLAS detector [18] which will operate at the HL-LHC includes a new all-
silicon inner tracking detector, the Inner Tracker (ITk) [19, 20], composed of five layers of pixel detectors
and four layers of double-sided silicon strip sensors, allowing for the reconstruction of the trajectory of
charged particles within a pseudorapidity range |⌘ | < 4. The inner tracker is immersed in a 2 T axial
magnetic field, enabling the momentum measurement of the charged particles travelling through the inner
tracker. The electromagnetic and hadronic calorimeters [21, 22] are located outside of the solenoid and
provide high granularity energy measurements within |⌘ | < 4.9. Beyond the calorimeters lies the muon
spectrometer [23], consisting of a set of superconducting torodial magnets and three layers of gaseous
chambers, allowing for the trajectories of muons to be measured up to |⌘ | < 2.7. In addition to this fast
detectors are also installed in the muon spectrometer for triggering purposes, with a range up to |⌘ | < 2.4.
The on-line trigger system will also be replaced by a new system, which will be capable of processing
the rate increase anticipated at the HL-LHC. Both searches plan to use an E

miss
T requirement to accepting
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2 ATLAS Detector

The proposal for the upgraded ATLAS detector [18] which will operate at the HL-LHC includes a new all-
silicon inner tracking detector, the Inner Tracker (ITk) [19, 20], composed of five layers of pixel detectors
and four layers of double-sided silicon strip sensors, allowing for the reconstruction of the trajectory of
charged particles within a pseudorapidity range |⌘ | < 4. The inner tracker is immersed in a 2 T axial
magnetic field, enabling the momentum measurement of the charged particles travelling through the inner
tracker. The electromagnetic and hadronic calorimeters [21, 22] are located outside of the solenoid and
provide high granularity energy measurements within |⌘ | < 4.9. Beyond the calorimeters lies the muon
spectrometer [23], consisting of a set of superconducting torodial magnets and three layers of gaseous
chambers, allowing for the trajectories of muons to be measured up to |⌘ | < 2.7. In addition to this fast
detectors are also installed in the muon spectrometer for triggering purposes, with a range up to |⌘ | < 2.4.
The on-line trigger system will also be replaced by a new system, which will be capable of processing
the rate increase anticipated at the HL-LHC. Both searches plan to use an E

miss
T requirement to accepting

3

discovery potential of the analysis would allow for the discovery of wino-like (higgsino-like) charginos of
mass 100 GeV with lifetimes between 20 ps and 700 ns (30 ps and 250 ns), or for a lifetime of 1 ns would
allow the discovery of wino-like (higgsino-like) charginos of mass up to 800 GeV (600 GeV). Comparing
the results to the theoretical prediction from Ref.[30], would allow for the exclusion at 95% CL of the
theory with masses up to 850 GeV for the pure wino scenario and 250 GeV for the pure higgsino scenario.
The discovery potential would be up to 450 GeV for the pure wino scenario and 150 GeV for the pure
higgsino scenario.
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Figure 5: Expected exclusion limits at 95% CL from the disappearing track search using 3000 fb�1of 14 TeV proton-
proton collision data as a function of the �̃±1 mass and lifetime. Simplified models including both �̃± �̃⌥ and �̃± �̃0

are considered assuming pure-wino scenarios (left) and pure-higgsino scenarios (right). The yellow band shows the
1� region of the distribution of the expected limits. The median of the expected limits is shown by a dashed line.
The red line presents the current limits from the Run 2 analysis and the hashed region is used to show the direction
of the exclusion. The expected limits with the upgraded ATLAS detector would extend these limits significantly. In
the pure-wino scenario, the chargino lifetime as a function of the chargino mass calculated at the two loop level [48]
is shown by the dashed grey line. In the pure-higgsino scenario the mass-lifetime relation is shown by the dashed
grey line and is calculated at the one loop level [30]. The relationship between the masses of the chargino and the
two lightest neutralinos in this scenario is m( �̃±1 ) = 1

2 (m( �̃0
1 ) + m( �̃0

2 )).

The background yields for the dilepton SRs (split into the respective m`` intervals) are presented in Table
4. The main background in each SR is dependent upon the m`` interval under consideration, with tt̄ the
main background for the lowest m`` interval, the intermediate m`` selections dominated by Z+jets events,
and the larger m`` intervals dominated by diboson production. The tt̄ and diboson yields include the
component from misidentified leptons. For the lowest m`` bin the component of tt̄ from misidentified
leptons is 40%, while it is 15% in the highest m`` bin.

Figure 6 shows the 95% CL expected exclusion limits in the m( �̃0
2 ), �m( �̃0

2, �̃
0
1 ) plane. With 3000 fb�1,

�̃0
2 masses up to 350 GeV could be excluded, as well as �m( �̃0

2, �̃
0
1 ) between 2 and 20 GeV for m( �̃0

2 ) =
150 GeV. In the figure the blue curve presents the 5� discovery potential of the search. To calculate the
discovery potential a single-bin discovery test is performed by integrating over all of the m`` bins from 1
to the chosen m`` upper limit for a given SR selection (aside from 3 < m`` < 3.2 GeV).

Figure 7 presents the 95% expected exclusion limits in the �̃0
1,�m( �̃±1 , �̃0

1 ) mass plane, from both the
disappearing track and dilepton searches. The yellow contour shows the expected exclusion limit from the
disappearing track search, with the possibility to exclude m( �̃±1 ) up to 600 GeV for �m( �̃±1 , �̃0

1 ) < 0.2 GeV,

10

CMS 2016 
13 TeV 

L = 36 fb−1 

ATLAS HL-LHC  
 3 ab−1 

https://arxiv.org/abs/1407.7058


!29

Dark Matter: The Log Crisis

Mass ranges for dark matter and mediator particle candidates, 
experimental anomalies, and search techniquesarXiv:1707.04591

 Our ignorance of Dark Matter is logarithmic! 

colliders

https://arxiv.org/abs/1707.04591
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Thermal WIMPs

�
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SM

SM

co-annihilation ?
From cosmology: thermal freeze-out

⌦DMh2 ⇠ 0.12⇥
✓
MDM

2TeV

◆2 ✓ 0.3

ge↵

◆4
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WIMP = weakly-interacting massive particle

arXiv:1606.00947

WIMP scenario: the relic density of Dark Matter is set by non-relativistic annihilation 
(freeze-out) to SM particles, either through 
• a SM portal (e.g., the Higgs boson) 
• a new mediator (consider scalar, pseudoscalar, vector or axialvector mediators)

geff = effective coupling strength
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WIMPs can account for relic abundance for masses in the few GeV to few TeV range

the WIMP miracle?

EFT 
approach

Simplified 
Model
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At colliders: the 
recoil method 
• the DM particle are 

pair-produced with 
a radiated SM 
particle 

• main background:  
Z →νν̅

and 2 approaches

https://arxiv.org/abs/1606.00947
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A Simplified Dark Matter Model
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di-jet 
resonance

mono-jet with 
large ETmiss 

relic density

Consider a simple model where Dark Matter interacts 
via a new Z’ boson 
• the WIMP is a Majorana fermion 
• the mediator Z’ has only vector couplings to the SM 

quarks

arXiv:1606.00947
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<latexit sha1_base64="ag4F4b13+8chKJKm4+0kBcfoh2M=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqYI8FLx4r2A9sQtlst+3SzSbsToQS+i+8eFDEq//Gm//GbZuDtj4YeLw3w8y8MJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1LDpVC8hQIl7yaa0yiUvBNObud+54lrI2L1gNOEBxEdKTEUjKKVHv2Q6sxnYzHrlytu1V2ArBMvJxXI0eyXv/xBzNKIK2SSGtPz3ASDjGoUTPJZyU8NTyib0BHvWapoxE2QLS6ekQurDMgw1rYUkoX6eyKjkTHTKLSdEcWxWfXm4n9eL8VhPciESlLkii0XDVNJMCbz98lAaM5QTi2hTAt7K2FjqilDG1LJhuCtvrxO2rWqd1Wt3V9XGvU8jiKcwTlcggc30IA7aEILGCh4hld4c4zz4rw7H8vWgpPPnMIfOJ8/wxaQ8Q==</latexit>

q
<latexit sha1_base64="ikeXU7R4q0q+cgYRyR5kJBB3XQo=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxUwS4LblxWsA9sh5JJM21okpkmGaEM/Qs3LhRx69+482/MtLPQ1gOBwzn3knNPEHOmjet+O4WNza3tneJuaW//4PCofHzS1lGiCG2RiEeqG2BNOZO0ZZjhtBsrikXAaSeY3GZ+54kqzSL5YGYx9QUeSRYygo2VHvsCm7ES6XQ+KFfcqrsAWideTiqQozkof/WHEUkElYZwrHXPc2Pjp1gZRjidl/qJpjEmEzyiPUslFlT76SLxHF1YZYjCSNknDVqovzdSLLSeicBOZgn1qpeJ/3m9xIR1P2UyTgyVZPlRmHBkIpSdj4ZMUWL4zBJMFLNZERljhYmxJZVsCd7qyeukXat6V9Xa/XWlUc/rKMIZnMMleHADDbiDJrSAgIRneIU3RzsvzrvzsRwtOPnOKfyB8/kDFCKRJg==</latexit>

q̄
<latexit sha1_base64="JH4GYQyGGkCiLrg9byNkVGZ/cc8=">AAAB+XicbVDLSsNAFL3xWesr6tJNsAiuSlIFuyy4cVnBPqAJZTKdtENnJnFmUighf+LGhSJu/RN3/o2TNgttPTBwOOde7pkTJowq7brf1sbm1vbObmWvun9weHRsn5x2VZxKTDo4ZrHsh0gRRgXpaKoZ6SeSIB4y0gund4XfmxGpaCwe9TwhAUdjQSOKkTbS0Lb9EMnM50hPJM+e8nxo19y6u4CzTryS1KBEe2h/+aMYp5wIjRlSauC5iQ4yJDXFjORVP1UkQXiKxmRgqECcqCBbJM+dS6OMnCiW5gntLNTfGxniSs15aCaLiGrVK8T/vEGqo2aQUZGkmgi8PBSlzNGxU9TgjKgkWLO5IQhLarI6eIIkwtqUVTUleKtfXifdRt27rjcebmqtZllHBc7hAq7Ag1towT20oQMYZvAMr/BmZdaL9W59LEc3rHLnDP7A+vwBYGOUHA==</latexit>

g
<latexit sha1_base64="B3VKfFUcIo1GapvuDNlYu3nvO9o=">AAAB8XicbVDLSgMxFL1TX7W+Rl26CRbBVZmpgl0W3LisYB/YDiWTZtrQJDMkGaEM/Qs3LhRx69+482/MtLPQ1gOBwzn3knNPmHCmjed9O6WNza3tnfJuZW//4PDIPT7p6DhVhLZJzGPVC7GmnEnaNsxw2ksUxSLktBtOb3O/+0SVZrF8MLOEBgKPJYsYwcZKjwOBzUSJbDwfulWv5i2A1olfkCoUaA3dr8EoJqmg0hCOte77XmKCDCvDCKfzyiDVNMFkise0b6nEguogWySeowurjFAUK/ukQQv190aGhdYzEdrJPKFe9XLxP6+fmqgRZEwmqaGSLD+KUo5MjPLz0YgpSgyfWYKJYjYrIhOsMDG2pIotwV89eZ106jX/qla/v642G0UdZTiDc7gEH26gCXfQgjYQkPAMr/DmaOfFeXc+lqMlp9g5hT9wPn8ABPCRHA==</latexit>

Z0(⇤)
<latexit sha1_base64="GEFUhUIe0xip4CrqEoLj4yQwHNg=">AAAB+nicbVDLTgIxFO3gC/E16NJNIzGiCzKDJrIkceMSE3lEGEmnFGhoO5O2oyHjfIobFxrj1i9x59/YgVkoeJImJ+fcm3t6/JBRpR3n28qtrK6tb+Q3C1vbO7t7dnG/pYJIYtLEAQtkx0eKMCpIU1PNSCeUBHGfkbY/uUr99gORigbiVk9D4nE0EnRIMdJG6tvFHkd6LHl8l5zcx+Wz06Rvl5yKMwNcJm5GSiBDo29/9QYBjjgRGjOkVNd1Qu3FSGqKGUkKvUiREOEJGpGuoQJxorx4Fj2Bx0YZwGEgzRMaztTfGzHiSk25bybToGrRS8X/vG6khzUvpiKMNBF4fmgYMagDmPYAB1QSrNnUEIQlNVkhHiOJsDZtFUwJ7uKXl0mrWnHPK9Wbi1K9ltWRB4fgCJSBCy5BHVyDBmgCDB7BM3gFb9aT9WK9Wx/z0ZyV7RyAP7A+fwCLRJN+</latexit>gq

<latexit sha1_base64="vh5NGeIO9O/o31FO158LN4e8Xr8=">AAAB9XicdVDLSgMxFM34rPVVdekmWARXw8x0aOuu4MZlBfuAdiyZNNOGJpkxyShl6H+4caGIW//FnX9jpq2gogcCh3Pu5Z6cMGFUacf5sFZW19Y3Ngtbxe2d3b390sFhW8WpxKSFYxbLbogUYVSQlqaakW4iCeIhI51wcpH7nTsiFY3FtZ4mJOBoJGhEMdJGuhkNsj5Heix5djubDUplxz6vVz2/Ch3bcWqu5+bEq/kVH7pGyVEGSzQHpff+MMYpJ0JjhpTquU6igwxJTTEjs2I/VSRBeIJGpGeoQJyoIJunnsFTowxhFEvzhIZz9ftGhrhSUx6ayTyi+u3l4l9eL9VRPcioSFJNBF4cilIGdQzzCuCQSoI1mxqCsKQmK8RjJBHWpqiiKeHrp/B/0vZst2J7V365UV/WUQDH4AScARfUQANcgiZoAQwkeABP4Nm6tx6tF+t1MbpiLXeOwA9Yb5+/gJNO</latexit>

gDM
<latexit sha1_base64="zGRi1rC34evqHtaNK42wvYayML0=">AAAB9HicdVDLSgNBEJyNrxhfUY9eBoPgKexEMZtbQA9ehAjGBJIlzE4myZDZhzO9wbDsd3jxoIhXP8abf+NsEkFFCxqKqm66u7xICg22/WHllpZXVtfy64WNza3tneLu3q0OY8V4k4UyVG2Pai5FwJsgQPJ2pDj1Pclb3vg881sTrrQIgxuYRtz16TAQA8EoGMkd9pIu8HtILq7StFcs2WXbtgkhOCOkemYbUqs5FeJgklkGJbRAo1d87/ZDFvs8ACap1h1iR+AmVIFgkqeFbqx5RNmYDnnH0ID6XLvJ7OgUHxmljwehMhUAnqnfJxLqaz31PdPpUxjp314m/uV1Yhg4biKCKAYesPmiQSwxhDhLAPeF4gzk1BDKlDC3YjaiijIwORVMCF+f4v/JbaVMTsqV69NS3VnEkUcH6BAdI4KqqI4uUQM1EUN36AE9oWdrYj1aL9brvDVnLWb20Q9Yb5+JPpKU</latexit>

�
<latexit sha1_base64="J8j5PfGY1Uc1lvXmQ/l7riBRTyk=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lqwR4LXjxWsB/QhrLZbpqlu5uwuxFK6F/w4kERr/4hb/4bN20O2vpg4PHeDDPzgoQzbVz32yltbe/s7pX3KweHR8cn1dOzno5TRWiXxDxWgwBrypmkXcMMp4NEUSwCTvvB7C73+09UaRbLRzNPqC/wVLKQEWxyaUQiNq7W3Lq7BNokXkFqUKAzrn6NJjFJBZWGcKz10HMT42dYGUY4XVRGqaYJJjM8pUNLJRZU+9ny1gW6ssoEhbGyJQ1aqr8nMiy0novAdgpsIr3u5eJ/3jA1YcvPmExSQyVZLQpTjkyM8sfRhClKDJ9bgoli9lZEIqwwMTaeig3BW395k/Qade+m3nho1tqtIo4yXMAlXIMHt9CGe+hAFwhE8Ayv8OYI58V5dz5WrSWnmDmHP3A+fwD9944s</latexit>

�̄
<latexit sha1_base64="ag4F4b13+8chKJKm4+0kBcfoh2M=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqYI8FLx4r2A9sQtlst+3SzSbsToQS+i+8eFDEq//Gm//GbZuDtj4YeLw3w8y8MJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1LDpVC8hQIl7yaa0yiUvBNObud+54lrI2L1gNOEBxEdKTEUjKKVHv2Q6sxnYzHrlytu1V2ArBMvJxXI0eyXv/xBzNKIK2SSGtPz3ASDjGoUTPJZyU8NTyib0BHvWapoxE2QLS6ekQurDMgw1rYUkoX6eyKjkTHTKLSdEcWxWfXm4n9eL8VhPciESlLkii0XDVNJMCbz98lAaM5QTi2hTAt7K2FjqilDG1LJhuCtvrxO2rWqd1Wt3V9XGvU8jiKcwTlcggc30IA7aEILGCh4hld4c4zz4rw7H8vWgpPPnMIfOJ8/wxaQ8Q==</latexit>

q
<latexit sha1_base64="ikeXU7R4q0q+cgYRyR5kJBB3XQo=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxUwS4LblxWsA9sh5JJM21okpkmGaEM/Qs3LhRx69+482/MtLPQ1gOBwzn3knNPEHOmjet+O4WNza3tneJuaW//4PCofHzS1lGiCG2RiEeqG2BNOZO0ZZjhtBsrikXAaSeY3GZ+54kqzSL5YGYx9QUeSRYygo2VHvsCm7ES6XQ+KFfcqrsAWideTiqQozkof/WHEUkElYZwrHXPc2Pjp1gZRjidl/qJpjEmEzyiPUslFlT76SLxHF1YZYjCSNknDVqovzdSLLSeicBOZgn1qpeJ/3m9xIR1P2UyTgyVZPlRmHBkIpSdj4ZMUWL4zBJMFLNZERljhYmxJZVsCd7qyeukXat6V9Xa/XWlUc/rKMIZnMMleHADDbiDJrSAgIRneIU3RzsvzrvzsRwtOPnOKfyB8/kDFCKRJg==</latexit>

q̄
<latexit sha1_base64="JH4GYQyGGkCiLrg9byNkVGZ/cc8=">AAAB+XicbVDLSsNAFL3xWesr6tJNsAiuSlIFuyy4cVnBPqAJZTKdtENnJnFmUighf+LGhSJu/RN3/o2TNgttPTBwOOde7pkTJowq7brf1sbm1vbObmWvun9weHRsn5x2VZxKTDo4ZrHsh0gRRgXpaKoZ6SeSIB4y0gund4XfmxGpaCwe9TwhAUdjQSOKkTbS0Lb9EMnM50hPJM+e8nxo19y6u4CzTryS1KBEe2h/+aMYp5wIjRlSauC5iQ4yJDXFjORVP1UkQXiKxmRgqECcqCBbJM+dS6OMnCiW5gntLNTfGxniSs15aCaLiGrVK8T/vEGqo2aQUZGkmgi8PBSlzNGxU9TgjKgkWLO5IQhLarI6eIIkwtqUVTUleKtfXifdRt27rjcebmqtZllHBc7hAq7Ag1towT20oQMYZvAMr/BmZdaL9W59LEc3rHLnDP7A+vwBYGOUHA==</latexit>

Z0⇤
<latexit sha1_base64="eX8eah9wNh3zgF0W33RgdC79DlA=">AAAB+HicbVDLSsNAFL3xWeujUZdugkUUFyWpgl0W3LisYB/YxjKZTtqhM5MwMxFqyJe4caGIWz/FnX/jpO1CWw8MHM65l3vmBDGjSrvut7Wyura+sVnYKm7v7O6V7P2DlooSiUkTRyySnQApwqggTU01I51YEsQDRtrB+Dr3249EKhqJOz2Jic/RUNCQYqSN1LdLPY70SPL0Pjt9SM+zvl12K+4UzjLx5qQMczT69ldvEOGEE6ExQ0p1PTfWfoqkppiRrNhLFIkRHqMh6RoqECfKT6fBM+fEKAMnjKR5QjtT9fdGirhSEx6YyTymWvRy8T+vm+iw5qdUxIkmAs8OhQlzdOTkLTgDKgnWbGIIwpKarA4eIYmwNl0VTQne4peXSata8S4q1dvLcr02r6MAR3AMZ+DBFdThBhrQBAwJPMMrvFlP1ov1bn3MRles+c4h/IH1+QO6+JMZ</latexit> gq

<latexit sha1_base64="vh5NGeIO9O/o31FO158LN4e8Xr8=">AAAB9XicdVDLSgMxFM34rPVVdekmWARXw8x0aOuu4MZlBfuAdiyZNNOGJpkxyShl6H+4caGIW//FnX9jpq2gogcCh3Pu5Z6cMGFUacf5sFZW19Y3Ngtbxe2d3b390sFhW8WpxKSFYxbLbogUYVSQlqaakW4iCeIhI51wcpH7nTsiFY3FtZ4mJOBoJGhEMdJGuhkNsj5Heix5djubDUplxz6vVz2/Ch3bcWqu5+bEq/kVH7pGyVEGSzQHpff+MMYpJ0JjhpTquU6igwxJTTEjs2I/VSRBeIJGpGeoQJyoIJunnsFTowxhFEvzhIZz9ftGhrhSUx6ayTyi+u3l4l9eL9VRPcioSFJNBF4cilIGdQzzCuCQSoI1mxqCsKQmK8RjJBHWpqiiKeHrp/B/0vZst2J7V365UV/WUQDH4AScARfUQANcgiZoAQwkeABP4Nm6tx6tF+t1MbpiLXeOwA9Yb5+/gJNO</latexit>

gDM
<latexit sha1_base64="zGRi1rC34evqHtaNK42wvYayML0=">AAAB9HicdVDLSgNBEJyNrxhfUY9eBoPgKexEMZtbQA9ehAjGBJIlzE4myZDZhzO9wbDsd3jxoIhXP8abf+NsEkFFCxqKqm66u7xICg22/WHllpZXVtfy64WNza3tneLu3q0OY8V4k4UyVG2Pai5FwJsgQPJ2pDj1Pclb3vg881sTrrQIgxuYRtz16TAQA8EoGMkd9pIu8HtILq7StFcs2WXbtgkhOCOkemYbUqs5FeJgklkGJbRAo1d87/ZDFvs8ACap1h1iR+AmVIFgkqeFbqx5RNmYDnnH0ID6XLvJ7OgUHxmljwehMhUAnqnfJxLqaz31PdPpUxjp314m/uV1Yhg4biKCKAYesPmiQSwxhDhLAPeF4gzk1BDKlDC3YjaiijIwORVMCF+f4v/JbaVMTsqV69NS3VnEkUcH6BAdI4KqqI4uUQM1EUN36AE9oWdrYj1aL9brvDVnLWb20Q9Yb5+JPpKU</latexit>

FCC-hh covers a much 
larger parameter 

space with reasonable 
couplings

➠ no constraints from EWPO & 
dilepton resonance searches 

➠ only relevant if no direct DM 
detection

for illustration, fix the 
ratio between DM and 

mediator mass and pick 
mass that gives the right 

relic density
monojet

dijet

https://arxiv.org/abs/1606.00947
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New Physics at the Z-Pole

Z → γa, a → γγ

Search axion-like particles (ALP)

FCC-ee

A weekly coupled window on the Dark Sector

• very light: Z → γ + missing energy 
• light:        Z → γγ  
• heavier:    Z → γγγ 

FCC-ee
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New Physics at the Z-Pole

Search for heavy neutrinos

HL-LHC

EWPO

FCC-hh

FCC-ee

Huge production of neutrinos: 2×nZ×20% !

pp

☛ complementary with FCC-hh
Search for Z→νN, N→Wℓ/Zν
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