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Collider Physics
… Experimental Approach

• Accelerate and collide particles at high energies


• Study particle interactions, resulting products, and features


• Measure energies, directions and identity of collision products


• Higher energies allow us 


• E ~ 1/size    To look deeper into matter


• E =  kT         To probe conditions of the early universe


• E = mc2       To discover new heavier particle 


• All this in a controlled way in a laboratory
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Collider Physics
… Requirements

• Accelerator: powerful machine to accelerate 
particles to extreme high energy and collide them


• Detector: gigantic instruments to record 
collisions and resulting particles


• Computing: infrastructure to collect, distribute, 
and analyse the vast amount of data produced


• People: scientists and engineers to design, build, 
and operate the complex machines and to 
extract physics  
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People
… of CMS 
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Accelerators
… Livingston plot
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Future 
Machine



Accelerators
… LHC at the Energy Frontier
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CERN tour April 7-9



Accelerators
… LHC at the Energy Frontier
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Accelerators
… LHC at the Energy Frontier
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Accelerators
… LHC Collisions
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1 barn = 10-24 cm2

Higgs



Accelerators
… LHC Collisions
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Run I Run II



Particle Detectors 
… CMS at the LHC
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• Many synchronous 
cameras


• Order of 100 million 
channels


• 40 MHz shutter speed


• Real time filtering 
(trigger)



Particle Detectors 
… CMS at the LHC

12

3.8 T Superconducting 
Solenoid

Lead tungstate EM 
calorimeter (ECAL)

All silicon tracker (pixel 
and strips)

Redundant muon system 
(RPCs, drift tubes, cathode 

strip chambers)

Scintillator & brass hadron 
calorimeter (HCAL)



Particle Detectors
… CMS in 2004
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Particle Detectors
… CMS in 2007
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Particle Detectors
… CMS in 2009
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Particle Detectors
… CMS in 2012
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Particle Detectors
… CMS in 2022
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First combined data taking 
 run in 2022

Cosmic Run

First beam Stable beam

Intensity ramp up



Particle Detectors
… CMS in 2028
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Overview of LHC Physics
… the success story of the Standard Model
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Overview of LHC New Physics Searches
… example: CMS Exotic Searches
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Energy Frontier Today
… where is everybody else?
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… but it is not enough

Complete theory valid to 
very high energies

Neutrinos



Mass and the Universe
… the big picture
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Proton mass 
mP = 938 MeV 

Quark masses 
mu = 1.5-4.5 MeV 
md = 5.0-8.5 MeV 

Inertial mass 
mostly QCD effects



Higgs Boson Properties
… a universe with modified Higgs Yukawa couplings

• Quarks: modified quark masses 
would have profound 
consequences for nucleosynthesis; 


• Electrons: a massless electron 
would not be trapped by a protons 
to form a hydrogen atom; a 
modified electron mass would 
have profound consequences for 
chemistry
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Higgs Physics
… Production and decay at the LHC
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Higgs Physics
… Status of Higgs Coupling Measurements
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Observed in 2012

Observed

Evidence today

Getting there with the LHC

Studies with e+e- Higgs Factory



Higgs Physics
… latest results
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Higgs Physics
… how charming is the Higgs Boson?

• Several methods to explore 
light quark (charm) Higgs 
Yukawa couplings


• Indirect constraint from 
Higgs kinematics


• Search for exclusive Higgs 
decays (H →J/ᴪ ɣ)


• Study of charge asymmetry 
in WH production


• Direct search for Higgs 
decays
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Higgs Physics
… how charming is the Higgs Boson?
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• Measured VZ (Z → cc) production 


• Cross section consistent with SM expectation ~20% 
uncertainty


• First observation (5.7σ) of Z → cc at a hadrons collider

HIG-21-008



Higgs Physics
… how charming is the Higgs Boson?
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• Upper limits on VH (H → cc) 
production 


• Excluding cross section 14 
times SM expectation (7.6 
exp. limit)


• Constraints on Higgs-charm 
coupling 1.1< | 𝚱c | < 5.5              
(| 𝚱c | < 3.4 exp. limit) 

HIG-21-008



Higgs Physics
… how charming is the Higgs Boson?
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Today’s performance



Higgs Physics
… study of the Higgs potential 
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Higgs Physics
… study of the Higgs potential 
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Higgs Physics
… study of the Higgs potential 
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• HH → bb ττ

CMS-HIG-20-010



Higgs Physics
… study of the Higgs potential 
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3.3 5.2



Higgs Physics
… beyond the LHC
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LHC

Year

HL-LHC

2015 2025 2035 2045

ILC

FCC (ee, hh, eh)
CEPC

SppC

2055

CLIC
μ-collider

HE-LHC
LHeC

LHC (and HL-LHC) is the energy frontier 
for foreseeable future
• Fantastic opportunity for great physics 

Exploring / preparing the next generation 
of machines
• Lepton collider for ultimate Higgs 

measurements and much more 
• Future high energy hadron collider 

CCC



Future Circular Collider
… a roadmap for particle physics at the energy frontier
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Future Circular Collider
… a roadmap for particle physics at the energy frontier
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Michael Benedikt, FCC week 2/22



Future Circular Collider
… a roadmap for particle physics at the energy frontier
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arXiv:2203.06520



Higgs Physics
… at Lepton Collider
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➡Recoil method provides unique 
opportunity for model independent 
measurement of HZ coupling
• Higgs events are tagged Higgs decay 

mode independent
➡Total width can be extracted from a 

combination of measurements



Higgs Physics
… with the HL-LHC and Beyond
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Higgs Physics
… with the HL-LHC and Beyond
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➡First generation Higgs couplings
• Not part of baseline run plan but a few years at √s = mH with high luminosity and monochromatization 

is an interesting add-on

H
e-

e+

Results per year and interaction point



Higgs Factories
… with rich physics program beyond the Higgs boson
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Higgs Factories
… with rich physics program beyond the Higgs boson
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Summary and Outlook
… only discussed the tip of the iceberg
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➡The Higgs Boson is cornerstone of the LHC physics program

๏ Precision measurement probing SM - no significant deviation so far

๏ 2nd generation and Higgs self coupling are work in progress 

➡ (HL-) LHC datasets will start growing again this summer

๏ Extensive work, challenges & opportunities ahead to collect quality data

➡Fantastic prospects to probe the Higgs sector and much more with future lepton 
collider 

๏ Unique measurements of gHZ and total width

๏ Precision measurements of the Higgs boson and more

LHC Status Paused4%


