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Hadrons versus leptons colliders

hadron collider => frontier of physics

– discovery machine

– quarks collisions

– not all nucleon energy available in collision

– huge background

p p

lepton collider => precision physics

– study machine

– elementary particles collisions

– well defined CM energy

– polarization possible

e+ e-
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Brief history of high energy linear colliders e+ e-

1985:   CLIC = CERN Linear Collider  => Compact Linear Collider

2004: International Technology Recommendation Panel selects the Superconducting RF 

technology versus room temperature technology

=> ILC (International Linear Collider) based on TESLA technolgy

1995:   Six linear colliders studies at high energy, in parallel:

=> TESLA  (1.3 GHz, superconducting, SC) DESY (Germany)

=> SBLC (3 GHz, normal conducting, NC) DESY (Germany)

=> NLC (11.4 GHz, normal conducting, NC) SLAC (California)

=> JLC (11.4 GHz, normal conducting, NC)  KEK (Japan)

=> VLEPP     (14 GHz, normal conducting, NC)    Novosibirsk (Russia)

=> CLIC (30 GHz, normal conducting, NC) CERN (Switzerland)

1989:   SLC = Stanford Linear Collider

Start operation with the beam

2019: CLIC (12 GHz) and ILC (1.3 GHz) studies are ongoing
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Future high energy colliders

as seen in 2000
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Recent workshops on high 

energy linear colliders
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Basic Linear Collider

Reach the highest collision energy

Reach the highest luminosity

With a reduced power 

consumption and a 

minimum cost 

BDS    = Beam Delivery System

RTML = Return To Main Linac

e+ target

e-
e- e+
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Energy center of mass for linear colliders

Ffill =  Filling factor of the Linac;        Llinac = Length of the linac;      GRF = accelerating gradient

Energy (center of mass)      Ecm = 2 Ffill Llinac GRF

MeV

MV/mm
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nb N+ N- frep

4 p sx sy

cm-2 s-1

Hz

cm

L =

nb = number of bunches;    N = number of particles per bunch;        sx, sy = rms transverse beam sizes

Basic expression for 

luminosity

Number of events = sevent x ∫ L(t) dt

sevent is the probability of producing a particular event

∫ L(t) dt is a measure of the total number of interactions

with  L the instantaneous luminosity

The unit of the cross-section (sevent) is the barn (1 barn = 10-28 m2)

=> 1fb   = 10-43 m2

Luminosity
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Re-write luminosity for linear colliders

L   =     
nb N+ N- fr

4 p sx sy

Beam Quality

(Many systems)Luminosity

spectrum

(Physics)

Beam current

(Power and RF limits, 

beam stability)

h

sy

N
HD

Pwall

Ecm

L 

Pwall = total wall-plug power;  Ecm = center mass energy; 

h = efficiency of converting wall-plug power into beam power

N = number of beamstrahlung photons emitted per e+/-

HD = enhancement of luminosity due to the pinch effect during bunch crossing 
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Luminosity performance for e+e- colliders

Note 1: Peak luminosity at SLC (92 GeV) was ~1030 cm-2s-1

Note2: Peak luminosity at LEP2 (209 GeV) was ~1032 cm-2s-1

F. Gianotti
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SLC (Stanford Linear Collider) – California - USA

The first and only Linear Collider who was running with a beam

e- (45.6 GeV) and e+ (45.6 GeV)

3.2 km (2 miles) S-band linac

Operation: 1989-1998
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SLC (Stanford Linear Collider) – California - USA

2 experiments: MARK II,  SLD

Peak Luminosity: 2x1030cm-2s-1

Final beam energy 

Ecm = 92 GeV

80% electron-beam 

polarization 
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The Linear Collider Collaboration

2012

CLIC Conceptual 

Design Report 

published in 2012

ILC Technical Design 

Report published in 

2013



CLIC detector and physics 

(CLICdp)

30 institutes from 18 countries

CLIC Collaborations

CLIC accelerator collaboration

70 institutes from 32 countries
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CLIC
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CLIC layout – 380 GeV

140 ms train length - 24 ´ 24 sub-pulses 
4.2 A - 2.4 GeV – 60 cm between bunches 

240 ns 

 24 pulses – 101 A – 2.5 cm between bunches 

240 ns 
5.8 ms 

Drive	beam	 me	structure	-	ini al	 Drive	beam	 me	structure	-	final	

Baseline electron 

polarisation ±80%
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CLIC layout – 3TeV

Baseline electron 

polarisation ±80%
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CLIC parameters

CDR 2012 Updated Staging 

Baseline 2016

Project Implementation 

Plan 2018
http://dx.doi.org/10.5170/CERN-2016-004

https://cds.cern.ch/record/1500095

https://cds.cern.ch/record/1425915

https://cds.cern.ch/record/1475225
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http://dx.doi.org/10.5170/CERN-2016-004
https://cds.cern.ch/record/1500095
https://cds.cern.ch/record/1425915
https://cds.cern.ch/record/1475225
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If the deadline 2035 is meet, the R&D time + construction time between the 

first CLIC note and the first beam will be exactly 50 years !!!

CLIC roadmap
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ILC Collaborations
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Kitakami site

ILC in Japan

Kitakami mountains
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ILC layout

8370 superconducting cavities in 930 cryo-modules 

Gradient 31.5 MV/m    RF Frequency 1.3 GHz

Beam polarization: e- 80%, e+ 30%
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ILC parameters
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Special issue
21 December 2019

What does this report 

mean to the ILC project ?

http://newsline.linearcollider.org/

http://newsline.linearcollider.org/
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Parameter Symbol [unit] SLC ILC CLIC

Centre of mass energy Ecm [GeV] 92 500 3000

luminosity L [1034cm-2s-1] 0.0003 1.8 6

Luminosity in peak L0.01 [1034cm-2s-1] 0.0003 1 2

Gradient G [MV/m] 20 31.5 100

Particles per bunch N [109] 37 20 3.72

Bunch length σz [μm] 1000 300 44

Collision beam size σx,y [nm/nm] 1700/600 474/5.9 40/1

Vertical emittance εx,y [nm] 3000 35 20

Bunches per pulse nb 1 1312 312

Distance between bunches Δz [mm] - 554 0.5

Repetition rate fr [Hz] 120 5 50

Comparison 
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Other possible future linear colliders

LWFA = Laser Wake Field Accelerator 

=> Wakefields driven in plasma by intense laser beams

PWFA = Plasma Wake Field Accelerator

=> Wakefields driven in plasma by particle beams

SWFA = Structure Wake Field Accelerator

=> Wakefields driven in structures (dielectric tubes) by particle beams

DLA = Dielectric Laser  Accelerator 

=> Wakefields driven in dielectric structures by short-pulse laser

Gamma-gamma factory:

=> e- e- collisions

=> e- ions collisions (partially stripped ions) 
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Seminars on future linear colliders

JUAS Seminar on Novel high gradient particle accelerator

30th January 2019 by R. Abmann / DESY 

JUAS Seminar on Particle accelerators (European context)

16th January 2019 by M. Vretenar / CERN 

EAAC workshop – Elba -

Italy

https://agenda.infn.it/conferenceDisplay.py?ovw=True&confId=12611
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https://indico.cern.ch/event/677640/overview

Workshop 26-29 March 2018 at University of Oxford, JAI

Workshop 25-28 April 2017 at CERN

https://indico.cern.ch/event/569406/

https://indico.cern.ch/event/732810/overview

Future workshop at CERN 26-29 March 2019

https://indico.cern.ch/event/677640/overview
https://indico.cern.ch/event/569406/
https://indico.cern.ch/event/732810/overview
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Linear Muon collider

F. Zimmermann, “Final Focus Challenges for Muon Colliders at Highest Energies,” CERN-SL-99-077-

AP.- AIP Conf. Proc.: 530 (1999) , pp. In : Colliders and Collider Physics at the Highest Energies : 

Muon Colliders at 10 TeV to 100 TeV, Montauk, NY, USA, 27 Sep - 1 Oct 1999, pp.347-367

Table 4: Parameters for Single Pass Muon collider
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Muon Collider workshop Italy

https://indico.cern.ch/event/719240/timetable/#all.detailed
https://indico.cern.ch/event/719240/timetable/#all.detailed
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Advantages

Large cross sections σ (μ+μ- → h) = 35 pb in s-channel resonance 
and 0.2 pb for µ+µ- → ZH of at ≈ ½ TeV.

Small size footprint: they may fit within the ESS site

No synchrotron radiation and beamstrahlung problems

Precise measurements of line shape and total decay width 

Exquisite measurements of all channels and tests of SM.

The cost of the facility, provided cooling will be successful, is of 
the order of a fraction of one of the LHC.

Challenges

A low cost demonstration of muon cooling must be done first

Muon 2D and 3D cooling needs to be demonstrated

Need ultimately very small c.o.m energy spread (0.003%) 

Backgrounds from constant muon decay

Significant R&D required towards end-to-end design 

Muon colliders
Carlo Rubia / INFN / CERN

Padova workshop 2018
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Questions for a future high energy 

linear collider

For electron-positron collisions, what are the goals for the energy

and the luminosity ? Probably the higher is better but for a future

project, the justifications are crucial (cost, power consumption,….)

For gamma-gamma collisions, some issues relative to positrons can

be solved and beamstrahlung limit can be avoided. Can one justify a

stand-alone project ?

For the Novel Acceleration Technologies, what are the remaining

R&D’s to make a jump between the facility and the real machine ?

For a future high energy linear colliders => which types of particles ?
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Many fundamental questions remain open 

Fabiola Gianotti / 16/01/2018 CERN

The future of high energy physic is very exciting !!!
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Try to make credible an high energy collider.

Conclusion

For an high energy collider, we cannot test and demonstrate

everything => various test facilities are essential.

The forthcoming physic results are decisive to define a precise 

roadmap for the future.   

Two crucial parameters: make high energies cheaper and 

increase the luminosity as much as possible.   

JUAS students are the future machine builders …..

…. for future high energy particle accelerators ! 
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Spares



CLIC Cost
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ILC Cost



Results obtained in CTF3
Drive beam quality 

• Produced high-current drive beam bunched at 12 GHz

28A

3 GHz

x2

x3

12 GHz

Arrival time 

stabilised to 

50 fs

Drive beam 

arrival time 

stabilised

to CLIC 

specification 

of 50fs: 28A

Drive beam quality:

Produced high-current drive beam bunched at 12GHz

Current in combiner ring

Examples of measurements from CTF3 

(CLIC Test Facility)

CTF3 modified => CLEAR (CERN Linear 

Electron Accelerator for Research)

1.5 GHz

x2

x4

12 GHz
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• Demonstrated two-beam acceleration

31 MeV = 145 MV/m

Two beam acceleration 

• Demonstrated two-beam acceleration

31 MeV = 145 MV/m

Two beam acceleration 

31MeV = 145MV/m

Demonstrated 2-beam acceleration
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Results obtained in CTF3



Accelerator challenges

35

• Achieved 100 MV/m gradient in main-beam RF cavities

X-band performance

35

• Achieved 100 MV/m gradient in main-beam RF cavities

X-band performance

Key challenges: 

High-current drive beam 

bunched at 12 GHz

Power transfer + 

main-beam acceleration

~100 MV/m gradient in 

main-beam cavities

Low emittance generation

Alignment & Stability

X-band performance: achieved 100MV/m gradient in main-beam RF cavities
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Accelerator challenges
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The CLIC strategy: 

• Align components (10μm over 200m) 

• Control/damp vibrations 
(from ground to accelerator)

• Measure beams well 
– allow to steer beam and optimize positions 

• Algorithms for measurements, beam 
and component optimization, feedbacks 

• Tests in existing accelerators of equipment 
and algorithms (FACET at Stanford,  
ATF2 at KEK, CTF3, Light-sources) 

2016

Key challenges: 

High-current drive beam 

bunched at 12 GHz

Power transfer + 

main-beam acceleration

~100 MV/m gradient in 

main-beam cavities

Low emittance generation

CLIC emittance

at damping rings

Nano-beams
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European Strategy Input
Updated Baseline for a Staged Compact Linear Collider

arXiv: 1608.07537, CERN-2016-004

Higgs Physics at the CLIC Electron-Positron Linear Collider

arXiv: 1608.07538, Eur. Phys. J. C77 (2017) 475

The optimised CLIC detector model CLICdet

CLICdp-Note-2017-001 and CLICdet detector validation note

Top-quark physics at the CLIC electron-positron linear collider

arXiv: 1807.02441, in journal review

✓

✓

✓

✓

Official short ESU submissions (~10 pages):

1) CLIC project (accelerator + detector)

2) CLIC physics

✓

The CLIC 

Potential for 

New Physics

Detector 

Technologies 

for CLIC

CLIC 2018 

Summary 

Report

CLIC Project 

Implementation 

Plan

2018 2018

2018

early 2019

Four new CERN Yellow Reports
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https://arxiv.org/abs/1608.07537
https://cds.cern.ch/record/2210892?ln=en
https://arxiv.org/abs/1608.07538
https://link.springer.com/article/10.1140/epjc/s10052-017-4968-5
https://cds.cern.ch/record/2254048/?ln=en
https://arxiv.org/abs/1807.02441
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Laser Wake Field linear collider

W.P. Leemans & E. Esarey, Physics Today, March 2009 
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Concept for a multi-stage PWFA-based Linear 

Collider (A. Seryi, T. Raubenheimer et al., 2009)

Plasma Wake Field linear collider
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Dark matter

Corbelli & Salucci (2000); 

Bergstrom (2000)
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