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Outline
• Colliders 

• Neutrinos 

• Dark Matter  

• Precision and Intensity 

• And more?
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Colliders
• Main players will be High Luminosity LHC and Belle II. 

• HL-LHC will greatly expand the sensitivity to “non-strong” new physics. 
 
e.g. electroweak superpartners, exotic leptons (muon g-2?), new Higgses 

• More luminosity will also allow for high precision and detailed Higgs measurements. 
 
e.g. rare Higgs decay channels, Higgs width, di-Higgs?

<latexit sha1_base64="Rk9LQO66Vq1353LEvstuIHjRJgg=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNBDx4r2g9sQ9lsNu3SzSbsToRS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJXCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNEmmGW+wRCa6HVDDpVC8gQIlb6ea0ziQvBUMr6d+64lrIxL1gKOU+zHtKxEJRtFK94+9sFeuuFV3BrJMvJxUIEe9V/7qhgnLYq6QSWpMx3NT9MdUo2CST0rdzPCUsiHt846lisbc+OPZqRNyYpWQRIm2pZDM1N8TYxobM4oD2xlTHJhFbyr+53UyjK78sVBphlyx+aIokwQTMv2bhEJzhnJkCWVa2FsJG1BNGdp0SjYEb/HlZdI8q3oX1fO780rtJo+jCEdwDKfgwSXU4Bbq0AAGfXiGV3hzpPPivDsf89aCk88cwh84nz8u0I3A</latexit>

Zd

• ATLAS Run II (2110.13673) result for  

• assumes       is a “visible” dark photon 

•                                  !!!

<latexit sha1_base64="Rjup/PlTSTdmtTFd0n9uAQNPLmg=">AAAB9HicbVBNSwMxEJ31s9avqkcvwSIIQtmVoh4LevBYwX5gu5RsNtuGZpM1yRbK0t/hxYMiXv0x3vw3pu0etPXBwOO9GWbmBQln2rjut7Oyura+sVnYKm7v7O7tlw4Om1qmitAGkVyqdoA15UzQhmGG03aiKI4DTlvB8Gbqt0ZUaSbFgxkn1I9xX7CIEWys5A9Q10j02AvPbfVKZbfizoCWiZeTMuSo90pf3VCSNKbCEI617nhuYvwMK8MIp5NiN9U0wWSI+7RjqcAx1X42O3qCTq0SokgqW8Kgmfp7IsOx1uM4sJ0xNgO96E3F/7xOaqJrP2MiSQ0VZL4oSjmyj04TQCFTlBg+tgQTxeytiAywwsTYnIo2BG/x5WXSvKh4l5XqfbVcu83jKMAxnMAZeHAFNbiDOjSAwBM8wyu8OSPnxXl3PuatK04+cwR/4Hz+AIwckVM=</latexit>

h ! Zd + Zd
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BR < 3⇥ 10�5
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Colliders
• Precision HL-LHC measurements can be interpreted within SMEFT: 
 
SMEFT = SM plus all (reasonable) dimension-6+ operators 

• Captures the impact of just about any new physics effects on SM → SM processes 
provided the new physics is fairly heavy (                          ) 

• Major recent advances in the theoretical treatment of SMEFT! 

• “Valued-added” sensitivity to new long-lived particles with far detectors like FASER and MATHUSLA 

• New understanding of QCD jets using AI tools and new theoretical methods. 

• Belle-II complements HL-LHC with excellent sensitivity to lighter (                       ) new physics. 

• HL-LHC and Belle-II will also be important tools for flavour and precision electroweak physics.

<latexit sha1_base64="k5yDRlCEKCDtUTE1fhVA+cuTHBg=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvgQspMKepKCrpwI1SwD2jHkkkzbWjmQXJHKTP9FDcuFHHrl7jzb0zbWWjrgXs5nHMvuTluJLgCy/o2ciura+sb+c3C1vbO7p5Z3G+qMJaUNWgoQtl2iWKCB6wBHARrR5IR3xWs5Y6upn7rkUnFw+AexhFzfDIIuMcpAS31zOLtQwVfYnWKU0h1i9OeWbLK1gx4mdgZKaEM9Z751e2HNPZZAFQQpTq2FYGTEAmcCjYpdGPFIkJHZMA6mgbEZ8pJZqdP8LFW+tgLpa4A8Ez9vZEQX6mx7+pJn8BQLXpT8T+vE4N34SQ8iGJgAZ0/5MUCQ4inOeA+l4yCGGtCqOT6VkyHRBIKOq2CDsFe/PIyaVbK9lm5elct1a6zOPLoEB2hE2Sjc1RDN6iOGoiiJ/SMXtGbkRovxrvxMR/NGdnOAfoD4/MHFCqSnw==</latexit>

M2 > s, |t|, |u|

<latexit sha1_base64="pp42EcioxZFDe+4SADBQZAAIhOc=">AAAB+3icbVDLSgNBEJz1GeNrjUcvg0HwIGFXgnrwEFDQYwTzgGwIs5NOMmT2wUyvJCz5FS8eFPHqj3jzb5wke9DEgoaiqpvuLj+WQqPjfFsrq2vrG5u5rfz2zu7evn1QqOsoURxqPJKRavpMgxQh1FCghGasgAW+hIY/vJn6jSdQWkThI45jaAesH4qe4AyN1LELAb2mruOdeQgjTO+gPunYRafkzECXiZuRIslQ7dhfXjfiSQAhcsm0brlOjO2UKRRcwiTvJRpixoesDy1DQxaAbqez2yf0xChd2ouUqRDpTP09kbJA63Hgm86A4UAvelPxP6+VYO+qnYowThBCPl/USyTFiE6DoF2hgKMcG8K4EuZWygdMMY4mrrwJwV18eZnUz0vuRan8UC5WbrM4cuSIHJNT4pJLUiH3pEpqhJMReSav5M2aWC/Wu/Uxb12xsplD8gfW5w9HjZNX</latexit>

m < 10GeV
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Colliders
• What comes after HL-LHC? 

• Linear Collider (ILC) seems like it’s in rough shape. 

• New circular collider in China may be impacted by geopolitics… 

• Future Circular Collider at CERN seems like the most robust possibility, ee then pp stages. 

• Strong push by some for a muon collider (e.g. 2007.15684), excellent for Higgs and more.
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Neutrinos
• Understanding neutrino properties will require a broad range of energies and techniques. 
 
e.g. HyperK, DUNE, IceCube variations, P-ONE, KATRIN, nEXO, LEGEND, cosmology,… 

• HyperK and DUNE are the major players in CP angle, mass hierarchy determination. 

• They are both potentially sensitive to many other phenomena and this deserves more study. 
 
e.g. nucleon decay, dark sectors, non-standard neutrinos, … 

• Cosmology has important implications for absolute neutrino masses and can probe non-standard 
interactions but challenging systematics. 
 
Direct experimental tests in KATRIN and  are essential as well. 

• Note: if neutrinos are Dirac, won’t have anything to say about NH vs. IH! 

0νββ
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Neutrinos - CP Violation

Hyper-K 
1805.04163

DUNE 
PoS NuFact 2017, 052 (2017)
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Dark Matter
• Direct searches for DM can be classified into three broad categories: 

• WIMP-like: mass above 1 GeV, weakish interaction strength with SM 

• will be dominated by large-scale Xe (XENONnT, LZ, PandaX-4T) and Ar (DarkSide 50k) 

• progress towards the “neutrino floor” in future with DARWIN (Xe) and ARGO (Ar) 

• Light DM: mass between 1 keV — 1 GeV, weakish interaction strength with SM 

• searches rely on more complicated responses than elastic nuclear scattering, smaller scale 

• SuperCDMS, NEWS-G, SENSEI, DAMIC, lots of proposed ideas using fancy materials 

• Ultralight DM: sub-keV light bosons with very tiny interaction strengths with SM 

• detection relies on extreme precision, many new ideas but not fully implemented 

• methods are often specific to the candidate of interest
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Dark Matter - Nuclear Targets

Large Scale Xenon 
2203.02309

Light DM on Nuclei 
2203.08297
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Dark Matter - Electron Targets

DM Kinematics 
2203.08297 Light DM on Electrons 

2203.08297



11

Dark Matter and More
• Direct searches are complemented by collider and indirect searches. 

• Collider searches typically require DM with weak interactions to be heavier than                            . 

• Indirect detection (e.g. cosmic rays, gamma rays, CMB) also constrains minimal freeze-out 
production mechanism for DM with masses below this. 

• Lighter thermal DM (                            ) requires new interactions to get the right relic density. 
 
→ dark sectors connected to dark matter! 

• Dark sector searches are addressed well by LHC, Belle II, and high-intensity lower-energy 
experiments like DarkLight, NA62, SeaQuest, SHiP, …

<latexit sha1_base64="JfAnfO6f2mpRtINaJkSqmcPHMdM=">AAACC3icbVC7SgNBFJ31GeMramkzJAgWEnYlPsqAAW2ECCYRsiHMTm6SwZndZeauGJb0Nv6KjYUitv6AnX/j5FFo9MDA4ZxzuXNPEEth0HW/nLn5hcWl5cxKdnVtfWMzt7VdN1GiOdR4JCN9EzADUoRQQ4ESbmINTAUSGsHt2chv3IE2IgqvcRBDS7FeKLqCM7RSO5dXbR/hHtPK5ZD6PbRJRY9c/2CinkN92M4V3KI7Bv1LvCkpkCmq7dyn34l4oiBELpkxTc+NsZUyjYJLGGb9xEDM+C3rQdPSkCkwrXR8y5DuWaVDu5G2L0Q6Vn9OpEwZM1CBTSqGfTPrjcT/vGaC3dNWKsI4QQj5ZFE3kRQjOiqGdoQGjnJgCeNa2L9S3meacbT1ZW0J3uzJf0n9sOgdF0tXpUK5Mq0jQ3ZJnuwTj5yQMrkgVVIjnDyQJ/JCXp1H59l5c94n0TlnOrNDfsH5+AaDKJq6</latexit>

mDM & 50GeV

<latexit sha1_base64="+441uye9Tphj8VbqLPiIk+sy2dc=">AAACDHicbVDLSgMxFM34rPVVdekmWAQXUmakqMuCBd0IFewDOqVk0ts2mMwMyR2xDP0AN/6KGxeKuPUD3Pk3po+Fth4IHM45l5t7glgKg6777SwsLi2vrGbWsusbm1vbuZ3dmokSzaHKIxnpRsAMSBFCFQVKaMQamAok1IO7i5FfvwdtRBTe4iCGlmK9UHQFZ2ildi6v2j7CA6bl6yH1JRhjhKKe6x9P5EuoDW3KLbhj0HniTUmeTFFp5778TsQTBSFyyYxpem6MrZRpFFzCMOsnBmLG71gPmpaGTIFppeNjhvTQKh3ajbR9IdKx+nsiZcqYgQpsUjHsm1lvJP7nNRPsnrdSEcYJQsgni7qJpBjRUTO0IzRwlANLGNfC/pXyPtOMo+0va0vwZk+eJ7WTgndaKN4U86XytI4M2ScH5Ih45IyUyBWpkCrh5JE8k1fy5jw5L8678zGJLjjTmT3yB87nD1CFmyo=</latexit>

mDM . 10GeV



12

Precision
• High precision can detect tiny deviations from the SM from very heavy (or light) new physics. 

• Searches for new sources of CP violation may give clues to the excess of matter over antimatter. 
 
(e.g. UCN nEDM, RadM EDM, many other experiments…) 

• Charged lepton flavour violation is often correlated with explanations to muon (g-2). 

• Extreme precision is the best way to look for ultralight new physics such as wavelike DM. 

• axions in EM cavities (ADMX), LC circuits (DMRadio, ABRACADABRA,…), SRF cavities (Fermilab) 

• oscillating EDMs or fundamental constants from wavelike (oscillating) DM 

• gravitational waves?



Precision - Axion DM
13

C. O’Hare, 2022

https://cajohare.github.io/AxionLimits/
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And More…
• Major advances in many fields adjacent to “particle physics”: 

• CMB temperature, polarization, and frequency measurements 

• cosmic structure via 21cm lines and large surveys 

• gravitational waves: LIGO, LISA, DECIGO, BBObserver, … 

• new accelerator technologies 

•



Thank you 
Merci  

www.triumf.ca  
Follow us @TRIUMFLab 
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