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Energy frontier: Future Facilities

• Hadron colliders and ep machines

– Emmanuel Tsesmelis

• Electron-positron colliders• Electron-positron colliders

• ILC

– Karsten Buesser

• CLIC

• LEP3

• Muon colliders

– Far future
1



1. CLIC two- beam acceleration

Compact 
LInear Drive beam

• A drive beam and a main linear accelerator

• Gradient: ~100 MV/m. Aim: reach multi-TeV e+e- collisions

• Studied since the 90’s at CERN (and SLAC) with 

collaborating institutes -- about 20 institutes at present

LInear
Collider

Drive beam

Main LINAC



CLIC: The Machine (2004 Layout)



Studies on CLIC Physics Potential

First report
in 2004 
CERN-2004-005  
hep-ph/0412251

Many of the 

Second report
in 2011
1300 authors

I personally was directly involved 
from 2000-2008 

Many of the 
results are still 
used, eg for 
the 2012 ESG 
reports

�There was always a good collaboration 

between ILC and CLIC machine groups
�Since 2008 there is close collaboration

between the ILC and CLIC on detectors 
and physics groups
�ESG common document submitted  



CLIC Parameters and Issues (2004) 

CLIC  3 TeV e+e- collider with a luminosity ~ 1035cm-2s-1 (1 ab-1/year)  

To reach this high luminosity: CLIC
has to operate in a regime of high 

beamstrahlung

Expect large backgrounds
# of photons/beam particle
• e+e- pair production
• γ γ events
• Muon backgrounds
• Neutrons
• Synchrotron radiation
Expect distorted lumi spectrum



Luminosity Spectrum (2004)

Luminosity spectrum not as
sharply peaked as e.g. at LEP



Physics Menu at CLIC
• Higgs sector: properties of the 125 GeV particle, Higgs potential,

searches for heavy Higgs particles.

• Supersymmetry: if exists, should be discovered at the LHC. Role 

of CLIC: completing the particle spectra with precision 

measurements (masses < √s/2)

• Particle Factory: if new particles have been detected/anticipated 

at the LHC (or lower energy LC) in the range of 1-3 TeV (New 

Gauge bosons, Kaluza-Klein resonances, resonances in WW Gauge bosons, Kaluza-Klein resonances, resonances in WW 

scatteringB): CLIC can  produce them directly, provide an 

accurate determination of their couplings and establish their 

nature. Also exotic decays can be detected.

• If NO new particles are observed directly, probe scales up to the 

O(100-400) TeV indirectly via precision measurements

• QCD measurements: BFKL, photon structure, αs,B

• The unexpected???

e+e- at √s ≈ 3 TeV: Expect to break new grounds



Cross Sections at CLIC
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CLIC 2012: Staged Proposal

First phase:       up to  500 GeV
Second Phase:   up to  1400/1500 GeV

1 drive beam 



CLIC 2012: Staged Proposal

Third  phase:   up to 3 TeV 2 drive beams 



CLIC @ CERN?

It is possible can build CLIC at CERN, but CLIC is a site independent study



CLIC 2012 Parameters

�Challenging: collisions every 0.5 nano-seconds; trains of 312 bunch-X
�Read out all 312 bunch crossings without trigger



Running Scenarios

Assume 3 phases: Integrated luminosity per phase
Two scenarios: A= low energy optimized - B= cost effective for TeV CLIC 

When would be year “zero”?
Construction time ~ 7 years. Start of construction earliest by 2023



Detectors for CLIC

Extended versions of the ILD can SiD detectors of the ILC
�Interaction lengths for the hadronic calorimeter extended to 8.5 λ
use of tungsten in the barrel. 

3-5% energy 
resolution for 
jets at 1 TeV

Magnetic fields are 4 & 5 Tesla for these detectors

These detectors are used for the 2012 physics studies 

Tracking:



CLIC Detectors

Effect of using timing in the detectors
10 ns for silicon/1 ns for calorimeter

Full bunch train Time selected information

~ 20 TeV in the detector ~ 100 GeV in the detector



2. Higgs Physics

Study properties of theStudy properties of the
Higgs particles with high
precision

Reconstruct the Higgs 
potential



Higgs Production

Cross section at 3 TeV: 

• Large cross section
at low masses

• Large CLIC luminosity
→Large events statistics
• Keep large statistics also    
for highest Higgs massesfor highest Higgs masses

Higgs @ 125 GeV
>400 000 Higgs particles/ab-1



Higgs Boson Production

MH= 125 GeV At high energy VBF dominant



Higgs Studies Projections: Examples

350/500 GeV @ 500 fb-1 and 1.4 (3.0) TeV at 1.5 (2) ab-1



Rare Higgs Decays

150 GeV H-> bb
for 3 TeV 2 ab-1

120 GeV H-> µµ
60 events for 3 TeV 2 ab-1



Rare Higgs Decays: H→µµ→µµ→µµ→µµ

2004 study 

21gHµµ



Projected Relative Precision

500 GeV 500 fb-1

3 TeV 2 ab-1



Reconstruct the Higgs Potential
Reconstruct shape of the Higgs potential to complete the study of the Higgs 
profile and to obtain a direct proof of the EW symmetry breaking mechanism 

⇒ Measure the triple (quartic) couplings

process



Results: e+e- →→→→HHνννννννν (2004)

Precision on λHHH for 
5 ab-1 for Higgs masses
in the range 

• mH = 120 GeV
• mH = 140 GeV
• mH = 180 GeV• mH = 180 GeV
• mH = 240 GeV

Can improve by factor 1.7 if both
beams are polarized

3 TeV



Triple Higgs Coupling: 2012

Two Higgs events

120 GeV Higgs

CLIC can differentiate at the 
10-20% level

Not all tricks used yet…



(Very) Heavy Higgs Searches

ee-> HA and ee-> H+H- Higgs mass reconstruction
for Higgs’ around 800 GeV, decaying into di-jets



Heavy Higgs in MSSM (2004)
LHC: Plot for 5 σ discovery
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3 TeV CLIC
⇒ H, A   

detectable 
up to ~ 1.2 TeV



MA-tanβ Coverage  (2012)

300 fb-1



e+e-→eLeR
~ ~

3. Supersymmetry

Completing the SUSY
spectrum



Masses of Sparticles
Depend on SUSY parameters, SUSY breaking mechanism…

We don’t really know…
Examples: Scenarios in Constrained MSSM

TeV LC

Multi-TeV LC



SUSY Mass Measurements (2004)

Mass measurements
to O(1%)

Momentum resolution

Momentum resolution
δpt/pt2 ~ 10-4 GeV-1

adequate for this
measurement

to O(1%)

Smuon, selectron and  
and χ2 mass precision 
was studied in 2004



Smuon Mass Precision (2004)

Point E:  mµ = ~1500 GeV
Point H:  mµ =~1000 GeV

Battaglia et al. benchmarks
hep-ph/0106204

Mass measurements to O(1%) possible



Example SUSY Spectrum (2012)

Benchmark: Used for studies at CLIC

Warning: LHC is cleaning out these scenarios soon…



SUSY Benchmark Studies

Full detector simulation with 2 ab-1 each point

Fitted parameters for the chargino-neutralino sector

Four-fold sign 
ambiguity
Needs polarization



Supersymmetry: Precision

Extrapolation of the SUSY breaking parameters to the GUT scale

1σ uncertainties on the mass parameters on the GUT scale for different 1σ uncertainties on the mass parameters on the GUT scale for different 
sfermion mass precision assumption (5%, 3% and 1%)



Dark Matter Connection

Reconstructed relic density and predicted dark matter cross section
from the measurements of the sparticles

~20% precision 
(for this benchmark point)

~5% precision 
(for this benchmark point)



Different Scenarios



4. Large Extra Dimensions

Move the Planck scale closer 
to the EW scale, eg. in the 
TeV region  (ADD)



Extra Dimension Reach

Discovery reach (T. Rizzo)
TeV scale EDs

ADD

2004 Study

40

Scales in TeV

5TeV

3TeV

ADD



KK Towers

Extra Dimensions  Randall-Sundrum phenomenology (curves by T. Rizzo)

SM fields on brane
and graviton in bulk

Observe KK resonances
in e.g.  e+e- →µµ

Curves for different values for c
from 0.01 till 0.30

in e.g.  e+e- →µµ
cross sections

LC is like a KK
factory

Allows to measure 
properties of KKs
(spin, BRs…)

Can determine parameters c up to 0.2%, M to O(0.1%)

Parameters:  m1

c=k/MPl~ width

But would need to see these at the LHC first!!



Universal Extra Dimensions UED

• All particles can go into the bulk

KK-partners for all particles!

• Resulting spectrum looks very 

similar to a SUSY spectrum (there 

are subtle differences)

⇒ Did we discover SUSY or UEDs?

• Important difference: spin of the KK 

same as SM partner, while it differs 

KK partners mass spectrum

same as SM partner, while it differs 

by ½ from SUSY sparticles →
measure spin

• Not easy at the LHC but doable at 

a LC

• Compare SUSY/UED for 500 GeV

(s)muons

Production polar angle θ of the decay muons



Extra Dimensions

Cross sections for the e+e- -> photon + MET channel

ADD type 
of EDs

Discovery potential
14, 9, 6 TeV with 2 ab-1



5. New Gauge Theories

Contact Interactions etc.

• New Z’ resonances in the TeV range

• WW scattering at high energy

• Little Higgs models• Little Higgs models

• Triple Gauge couplings

• Contact interactions

• Excited lepton production

• non-commutative interactions

• Transplanckian effects 

• Lepton size measurements

Some of these being ruled out by the LHC



Z’ with mass < 3 (5) TeV

Calibrated

Resonance Production

Absolute energy calibration ~10-3, Relative energy calibration ~10-4



Precision Measurements



Contact Interactions

47



WW Scattering

In case that there is no Higgs:
WW scattering will show effects of strong dynamics in the TeV region

⇒ Study WW→WW  scattering

e+

e-

Resonances can form in the
TeV range that can be 
observed directly
These measurements are
difficult at the LHC.

Before detector After detector

e-

2 TeV resonance



Summary Table

Taken from ESG document but 
based on Ellis, Ganotti & ADR 2001



CLIC Timescale Projection



Finally: Price Estimate

Will need very broad consensus in the field for such 
a project…



LEP3: a Circular e+e- Collider?



LEP3?

What if the Higgs is 120-125 GeV?

Do we need a Linear Collider for a Higgs factory?

A. Blondel and F. Zimmerman: LEP3? arXiv:1112.2518v1 

Proposal: Reinstall an e+e- collider in the LHC tunnel

With LC RF to make up for the energy loss of 7 GeV for 

a 120 GeV/beam

Note: beam lifetime ~ 15-30 minutes. Needs top-up ringNote: beam lifetime ~ 15-30 minutes. Needs top-up ring

RF power Max 100MW

Gain lumi by having 2
or 4 experiments on 
the ring



ESG contributions this week

Initial Studies



LEP3 in the LHC Tunnel?

There are other ideas: 53 km tunnel, 80 km tunnel, SSC tunnel….?

Timeline for LEP3: 5-7 years preparation. Decision around 2018?
Installation? LEP was installed in 18 months but this is more complicated
Cost?  Likely much cheaper that other Higgs machine proposals…



Beam Energy

For LHC/LEP tunnel: 120 GeV/beam

This is within 6% of the cross section maximum



LEP3 Parameters



Number of Higgs events 

500 fb-1 Total over a period of 5 years

(Re)-using
the CMS
detector



Precision Measurements

Tera-Z factory!  With ~5.1035 cm-2s-1 one can collect 1012 Zs
Mega-W factory!  With 1035 cm-2s-1 one can collect a few times 106 Ws 

Precise W and Z measurements. Do the whole LEP program in 10 minutes!

Mass of W to O(1) MeV; EWK variables improved by factor 25-100 @ Z-pole



Comparison of Facilities

From the ESG note: slightly provocative…

Take away as indicative…



Summary

• CLIC: the path to multi-TeV e+e- collisions!

• Will be important if the LHC sees a signal for new physics

• Potential to go beyond the LHC in physics reach in a 

number of channels

• Precision measurements of the Higgs; information on the • Precision measurements of the Higgs; information on the 

the Higgs potential & rare decays, heavy Higgs’ up to a TeV

• LEP3: may be a fast and not so expensive path to a Higgs 

factory. Cohabitation with the LHC? Installation?

• Precise measurements of a number of Higgs properties

• Precise measurements at the Z and of the W mass

• But limited energy & scope of the physics program 


