
Future prospect for 
particle physics

Giulia Zanderighi

Future Colliders

Giulia Zanderighi
CERN, University of Oxford & ERC 

e+e-?

pp?

linear?



Outline

• The present questions in particle physics 

• How can the LHC and future collider experiments 
address them



Where we are now

• With the discovery of the Higgs boson,                 the 
Standard Model is complete  

• SM has been tested with very high precision (wealth of 
different measurements):  
➡ it works beautifully 
➡ no significant deviation at colliders 

• However we know that the SM is not a complete theory 
as many outstanding questions remain, both theoretical 
issues and questions raised by experimental observation  



Open questions today
My top 10 questions:  

• is the Higgs mass natural or fine-tuned? (If natural, what is the new 
physics/symmetry?) 

• what is the nature of Dark Matter?  
• why are fermion masses so different?  
• what resolves the strong CP problem (CP=Charge Parity)? 
• what is the origin of matter-antimatter asymmetry?  
• what is the origin of neutrino masses?  
• how is gravity connected to other forces?  
• do forces unify at high energy?  
• what is the physics associated to the vacuum energy?  
• are these the good questions to ask …?  

Some questions driven by experimental data (have an answer), most driven 
by theoretical curiosity and ambition (might have an answer)



Approaches to  these questions
High-Energy 

Colliders
High-precision 
experiments Cosmic surveys Dedicated 

experiments

Higgs, EWSB X

Dark Matter X X X

New particles
New forces X X X

Neutrinos X X

Flavour
CP violation X X X

Dark energy X
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A combination of all approaches crucial to 
explore the large range of energy scales and 

phenomena, to interpret hints from experimental 
data and, ultimately, to build a coherent picture of 

the underlying theory 



Searches

Example: Higgs

Three main complementary ways to look for New Physics  

1.Direct production: production of (onshell) new 
particles. Typically seen through their decay products 
(peak in invariant mass distribution of decay products)  



Searches

Example: top
• Mass of the top quark from indirect 

determinations at Lep1 and SLC in 
1993: mtop = 177 ± 10 GeV 

• First direct production at the 
Tevatron in 1994: mtop = 174±16 GeV 

Three main complementary ways to look for New Physics  

2.Indirect searches: look at deviations from SM 
predictions due to quantum loop effects of virtual new 
particles circulating in a loop. 



Searches

Example: μ → e γ gamma conversion experiment

Vanishes in SM, could 
be allowed by new 
particles in the loop

Three main complementary ways to look for New Physics  

3.Rare processes: some decays are forbidden or 
extremely suppressed in the SM. New Physics can lift 
the suppression and give rise to branching ratios that 
are much larger than in the SM. Typically these searches 
involve high intensity beams and very sensitive detectors



• energy of elementary collision 
known (equal twice energy of 
the electron) 

• elementary collision, no quarks 
and gluons in the initial state 
clean environment 

• since electrons do not interact 
via strong force, mainly 
production of W, Z, photons, 
Higgs…. 

• energy limited by synchrotron 
radiation 

e+e- collider pp collider

• energy of elementary collision 
not known (quarks and gluons 
carry only a fraction of the 
momentum of the proton) 

• more complicated initial state: 
spectators, multiple interactions, 
pile-up …   

• mainly production of quarks and 
gluons (QCD jets). Electroweak 
processes smaller cross section  

• synchrotron radiation is   
(mproton/melectron)4 ∼ 1013 times 
smaller
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e+e-  colliders provide a clean 
environment that allows very 
precise measurements: 
precision machines

e+e- collider pp collider
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At pp collider higher energies 
(needed to produce new 
states) are  achieved more 
easily: discovery machines  

Because of those differences folklore says:

But this is to some extend an oversimplification.  

Many high-precision measurements performed at the LHC today  



Short and medium term future



Short and medium term future

With High-Lumi phase of the LHC (HL-LHC) 
• precision measurements of Higgs properties (in some cases to few percent) 
• direct exploration of energy scales up to few TeV
• wealth of other precision measurements (better PDF determination, 

measurements of other SM parameters)
⇒	Legacy results from the LHC physics program 



Long term future
Long terms future not decided yet. Most discussed possibilities include  

• ILC (International Linear Collider)  

• CERN CLIC (Compact Linear Collider) 

• HE-LHC (high-energy upgrade using same LHC ring) 

• Chinese CepC (e+e-) followed by SppC (pp) in same tunnel  

• CERN FCC-e+e-, (FCC-ep,) or FCC-hh (Future Circular Collider)



e+e- energy benchmarks

CM energy (GeV) Physics motivation

91.2 Z-pole precision measurements

160.8 WW precision measurements

182.4 ZZ precision measurement

216 HZ threshold

350 Top-pair production threshold

500 ttH threshold, ZHH (self-coupling)

above 500 direct searches for New Physics 



Possible e+e- colliders 

Circular Collider Linear Collider

Energy  reach limited to < 500 GeV due to 
synchrotron radiation feasible up to multi-TeV

Luminosity 
large number of bunches (large 
beam, smaller energy spread, 

cleaner environment) 

large lumi reached from 
squeezing beams, large 

bremsstrahlung

Lumi vs E Increases at low E Increases with high E (beam 
squeezed)

Interaction regions several 1

Injection continuos injection due to short 
lifetime new injection at each cycle



Possible e+e- colliders 













A possible implementation of the 80 km tunnel (dashed) that 
would host FCC-ee and FCC-hh. 100 km version under study 



33 TeV vs 100 TeV
• Another option is NOT to build a new tunnel but go for the LE-LHC 

(High Energy LHC) option, i.e. upgrade the energy from 14 TeV to 33 
TeV (100 not feasible in the LHC tunnel).  

• There is no question that 100 TeV is better than 33 TeV   

• But is it worth waiting decades to build this machine? 

• Would a 33 TeV option (which can use the same LHC tunnel) be 
instead a good plan B? 

No clear answer yet to the questions above



Slide from G. Landberg, KITP 2016



Slide from G. Landberg, KITP 2016



Physics at 100 TeV pp collider

First systematic studies of physics at 100 TeV machine. Important to understand 
requirements on detectors



Physics at future colliders
S,T,U = 0 in the SM. Sensitive 
probes of BSM

Energy scales explored by 
different colliders



Physics at future colliders
Estimated accuracy in left/right 
couplings

Estimated accuracy in coupling 
of vector bosons to the Higgs  



Physics at future colliders
Estimated accuracy in measurement of Higgs couplings to other SM 
particles 



Physics at future colliders
Estimated accuracy in measurement of Higgs couplings to other SM 
particles 



Conclusion
• The LHC owes its success to the long-term vision of the high-energy 

particle physics community in the 70s and 80s
• The discovery of the Higgs at the LHC marks a milestone in particle 

physics, but also leaves us with many open questions
• There is no doubt that a new accelerator machine will be required to 

explore those questions and extend our knowledge of fundamental 
particle physics

• There is no consensus yet on which type of machine/which energy. 
Exploit complementarity and synergy of different machines

• A variety of options are currently being explores 
• e+e- colliders: precision EW measurements, including Higgs and 

implications for BSM and naturalness 
• proton-proton colliders: direct probe if heavy new states, but also tool 

for studying deep issues (EW symmetry breaking, EW dark matter)  



Conclusion
• Regardless of details, even in the absence of an indication of what is the 

right energy scale to explore the path to the followed it very clear 
➡highest precision measurement ⇒ indirect probes of very high energy 

scales up to 100 TeV 
➡highest energy possible ⇒ explore new energy frontier    

• These projects are extremely challenging, both financially and technically
• The task of HEP is also to develop new technology to make our wishes 

affordable
• Leaps in technology will drive the future progress of the field              

(dipoles with fields of several tens of Tesla, the large-scale high-gradient cavities, validation of the CLIC 
with intensities of interest for particle physics, ability to store and collide high-energy muon beams, 
plasma-driven accelerators) acceleration concept, ability to store and collide high-energy muon beams, 
plasma-driven accelerators 


