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Introduction



Standard Model of Particle Physics

• Extremely succesful description of the microcosm
• 12 matter particles
• 4 force mediators

• and the one no longer missing
piece:

Higgs Boson

or whatever has been 
discovered at 125 GeV!



Discovery of a New Boson at 125 GeV

• Now have to establish the nature of the 
observed boson!

7.2 Mass of the observed boson 27
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Figure 16: The observed local p-value for decay modes with high mass-resolution channels, gg
and ZZ, as a function of the SM Higgs boson mass. The dashed line shows the expected local
p-values for a SM Higgs boson with a mass mH.

suggested in Ref. [111], and corresponds to 4.6 s (4.5 s). These results confirm the very low
probability for an excess as large or larger than that observed to arise from a statistical fluctu-
ation of the background. The excess constitutes the observation of a new particle with a mass
near 125 GeV, manifesting itself in decays to two photons or ZZ. These two decay modes in-
dicate that the new particle is a boson; the two-photon decay implies that its spin is different
from one [129, 130].

7.2 Mass of the observed boson

The mass mX of the observed boson is determined using the gg and ZZ decay modes, with
the former dominating the precision of the measurement. The calibration of the energy scale
in the gg decay mode is achieved with reference to the known Z boson mass, as described
in Section 5.1. There are two main sources of systematic uncertainty: (i) imperfect simulation
of the differences between electrons and photons and (ii) the need to extrapolate from mZ to
mH ⇡ 125 GeV. The systematic uncertainties are evaluated by making comparisons between
data and simulated samples of Z ! ee and H ! gg (mH = 90 GeV). The two uncertainties,
which together amount to 0.5%, are assumed to be fully correlated between all the gg event
categories in the 7 and 8 TeV data. For the ZZ ! 4` decay mode the energy scale (for electrons)
and momentum scale (for muons) are calibrated using the leptonic decays of the Z boson, with
an assigned uncertainty of 0.4%.

Figure 17 shows the two-dimensional 68% CL regions for the signal strength s/sSM versus mX
for the three channels (untagged gg, dijet-tagged gg, and ZZ ! 4`). The combined 68% CL
contour shown in Fig. 17 assumes that the relative event yields among the three channels are
those expected from the standard model, while the overall signal strength is a free parameter.

To extract the value of mX in a model-independent way, the signal yields of the three channels
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Figure 7: Combined search results: (a) The observed (solid) 95% CL
limits on the signal strength as a function of mH and the expec-
tation (dashed) under the background-only hypothesis. The dark
and light shaded bands show the ±1σ and ±2σ uncertainties on the
background-only expectation. (b) The observed (solid) local p0 as a
function of mH and the expectation (dashed) for a SM Higgs boson
signal hypothesis (µ = 1) at the given mass. (c) The best-fit signal
strength µ̂ as a function of mH . The band indicates the approximate
68% CL interval around the fitted value.

provide fully reconstructed candidates with high reso-
lution in invariant mass, as shown in Figures 8(a) and
8(b). These excesses are confirmed by the highly sen-
sitive but low-resolution H→WW (∗)→ "ν"ν channel, as
shown in Fig. 8(c).
The observed local p0 values from the combination

of channels, using the asymptotic approximation, are
shown as a function of mH in Fig. 7(b) for the full mass
range and in Fig. 9 for the low mass range.
The largest local significance for the combination of

the 7 and 8 TeV data is found for a SM Higgs boson
mass hypothesis of mH=126.5GeV, where it reaches
6.0σ, with an expected value in the presence of a SM
Higgs boson signal at that mass of 4.9σ (see also Ta-
ble 7). For the 2012 data alone, the maximum lo-
cal significance for the H→ZZ(∗)→ 4", H→ γγ and
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Figure 8: The observed local p0 as a function of the hypothesized
Higgs boson mass for the (a) H→ZZ(∗)→ 4", (b) H→ γγ and (c)
H→WW(∗)→ "ν"ν channels. The dashed curves show the expected
local p0 under the hypothesis of a SMHiggs boson signal at that mass.
Results are shown separately for the

√
s = 7TeV data (dark, blue), the√

s = 8TeV data (light, red), and their combination (black).

H→WW (∗)→ eνµν channels combined is 4.9σ, and oc-
curs at mH = 126.5GeV (3.8σ expected).

The significance of the excess is mildly sensitive to
uncertainties in the energy resolutions and energy scale
systematic uncertainties for photons and electrons; the
effect of the muon energy scale systematic uncertain-
ties is negligible. The presence of these uncertainties,
evaluated as described in Ref. [138], reduces the local
significance to 5.9σ.

The global significance of a local 5.9σ excess any-
where in the mass range 110–600GeV is estimated to
be approximately 5.1σ, increasing to 5.3σ in the range
110–150GeV, which is approximately the mass range
not excluded at the 99% CL by the LHC combined SM
Higgs boson search [139] and the indirect constraints
from the global fit to precision electroweak measure-
ments [12].
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Standard Model Tests

• The Standard Model has been 
tested by many precision 
experiments at LEP, Tevatron, LHC, 
HERA, B factories, etc.

• No significant deviation found
• Perfect theory?

• Good reasons to assume SM is only 
a low-energy approximation of a 
grand unifying theory



The Large Hadron Collider



Hadron and Lepton Colliders

• Proton (anti-) proton colliders:
• Energy range high (limited by 

bending magnets power)
• Composite particles, different 

initial state constituents and 
energies in each collision

• Difficult hadronic final states
• Discovery machines
• Precision measurement potential

• Electron positron colliders:
• Energy range limited (by RF 

power)
• Pointlike particles, well defined 

initial state quantum numbers 
and eneries

• Easier final states
• Precision machines
• Discovery potential

p p e+ e-



Hadron or Lepton Colliders

pp è H + X e+e- è HZ



Collider History



Future Lepton Collider Requirements

• The e+e- cross section drops 
~1/s; some t-channel processes 
rise logarithmically

• The key parameters for a 
competitive e+e- machine are
• the right energy window
• luminosity

SUPERSYMMETRY

backgrounds from the SM and, more importantly, from SUSY itself. At the LHC, sparticle
mass differences can be determined by measuring the endpoints or edges of invariant mass
spectra (with some assumptions on particle identification within the chains) and this results
in a strong correlation between the extracted masses; in particular, the LSP mass can be
constrained only weakly [15]. Therefore, only in specific constrained scenarios with a handful
of input parameters, that some elements of SUSY can be reconstructed in the complicated
environment of the LHC.
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FIGURE 5.1. The spectrum of SUSY and Higgs particles in the benchmark SPS1a′ cMSSM point [179]
(left) and the production cross sections for various SM and SUSY processes in e+e− collisions as a function
of the c.m. energy in this scenario (right).

On the other hand, the non–colored SUSY particles (and certainly the lightest Higgs
boson) would be accessible at the ILC with a c.m. energy of

√
s = 500 GeV, to be eventually

upgraded to 1 TeV. This is, for instance the case in a cMSSM typical scenario called SPS1a′

[179] as shown in Fig. 5.1. The cross sections for chargino, neutralino and slepton pair
production, when the states are kinematically accessible, are at the level of 10–100 fb, which
is only a few orders of magnitude below the dominant SM background processes; Fig. 5.1.
Given the expected high–luminosity and the very clean environment of the machine, large
samples of events will be available for physics analyses [7, 180]. At the ILC, it will be thus
easy to directly observe and clearly identify the new states which appeared only through
cascade decays at the LHC. Most importantly, thanks to the unique features of the ILC,
tunable energy which allows threshold scans, the availability of beam polarization to select
given physics channels and additional collider options such as e−e− which allow for new
processes, very thorough tests of SUSY can be performed: masses and cross sections can be
measured precisely and couplings, mixing angles and quantum numbers can be determined
unambiguously. Furthermore, the ILC will provide crucial information which can be used as
additional input for the LHC analyses, as would be e.g. the case with the LSP mass. The
coherent analyses of data obtained at the LHC and the ILC would allow for a better and
model independent reconstruction of the low energy SUSY parameters, connect weak–scale
SUSY with the more fundamental underlying physics at the GUT scale, and provide the
necessary input to predict the LSP relic density and the connection with cosmology.

II-60 ILC-Reference Design Report



Higgs Physics
• Model independent Higgs 

measurement
• recoil independent of branching ratios 

of Higgs particle

Is this the SM Higgs?



Higgs Mass Measurement

HZ→ bbqq HZ→ W+W-qq

• Combined mass resolutions:
• mH=120 GeV: 40 MeV



Establishing the Higgs-Mechanism

• Measuring the couplings of the Higgs to massive particles
• Check coupling-mass relation

• The key feature of the Higgs particle A Higgs at 125 GeV has 
favourable BR to several 

particles



Accelerator Issues



The Limits of Storage Rings

• Charged particles radiate on curved trajectories

• Energy loss per revolution ~1/m4

• RF power for acceleration: PRF ~E4/r



Cost Scaling for Storage Rings

• Cost for RF:

• €RF ~E4/r

• Linear cost (tunneling, beam lines, etc.):

• €lin ~ r

• Total cost optimum:

• €tot = €RF+€lin~E2

• ropt~E2

• For details: B. Richter, NIM 136 (1976) oo. 47-60



Scaling LEP

• The next high energy e+e- collider will 
be linear:

• €LC ~ E + const.



Cost Scaling

• Linear colliders are the economical choice above ~200 GeV cms energy
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The Efficiency of Circular Accelerators



The Thrill of Linear Acceleration



The Luminosity Problem

• The luminosity (cm-2s-1) for a collider with Gaussian beams is given by:

• nb = bunches per train
• N = particles per bunch
• frep = repetition frequency
• 4πσxσy = beam cross section at the interaction point
• HD = beam-beam enhancement factor
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The Luminosity Problem

• Introducing the beam power:

• yields

• η RF⟶beam : conversion efficiency RF to beam 

b rep cm beams
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RF Power

• Some numbers:
• Ecm  = 500 GeV
• N     = 1010

• nb    = 100
• frep   = 100 Hz
• ⇒ Pbeams = 8 MW

• adding efficiencies
• Wall plug ⟶ RF ⟶ beam

• yields AC power needs >100 MW just to accelerate beams
and maintain luminosity!!!

4
RF RF

D
x y cm

P NL H
E

η
πσ σ

=

2

4
b rep

D
x y

n N f
L H

πσ σ
=



Storage Ring vs Linear Collider

• LEP frep: 44 kHz
• ILC frep: few to 100 Hz (power limited)

• Factor ~1000 in Luminosity already lost!
• Recover by pushing hard on the beam spot

sizes at collision:
• LEP: 130 x 6 μm2

• ILC: 500 x 5 nm2

• Needed to achieve L=O(1034 cm-2 s-1)
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Beamstrahlung

• Strong mutual focusing of beam gives rise 
to significant luminosity enhancement 
(Hd≈2): pinch effect

• electrons/positrons pass through intense 
field of opposite beam, radiate hard 
photons: Beamstrahlung
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Chose flat beams!



Beam-Beam Interaction



Beam-Beam Interaction



ILC Baseline Design



ILC Baseline Design

cms energy range GeV 200-500
peak luminosity (at 500 GeV) cm-2s-1 1.8 x 1034

fraction of L in top 1% Ecm % 60-90
avg. beam current in pulse mA 6-9

pulse rate Hz 5 (10)
bunch distance ns 554

number of bunches # 1312
charge per bunch #(e±) 2 x 1010

accelerating gradient MV/m 31.5
RF pulse length ms 1.65

beam power per beam (at 500 GeV) MW 5.3
beam size at IP (at 500 GeV) nm x nm 474 x 5.9

total power consumption MW 163
polaristation %(e+,e-) 30,80



ILC Bunch Structure

• Superconducting RF has small dissipation losses in cavity walls
• ⇒ long pulses (~1ms) with large bunch spacing

1312 bunches

554 ns

727 μs



Sources



Electron Source

• Laser driven photo injector based on SLC 
design

• Circular polarised photons on GaAs 
cathode produce longitudinal polarised 
electrons

• very high vacuum requirements to protect 
cathode from impurities and ion backdrift

• 140-160 keV electron energy at exit
• 1ns bunch length at 3 MHz
• ~5 nC/ns peak current

120 kV

electrons

laser photons

GaAs
cathode

λ = 840 nm

20 mm



Positron Source

• Production of e± pairs from 30 MeV undulator photons hitting a thin (0.4 X0) 
target

• Thin target reduces multiple scattering, hence better emittance
• Needs >150 GeV electrons in undulator



Positron Source Design



Positron Source Prototyping



Damping Rings



Damping Rings Purpose

• Emittance of beams from the 
sources are orders of 
magnitudes too big

• Beams need to be cooled 
• Use synchrotron radiation in 

damping rings to cool beams
• Particles lose longitudinal 

and transverse 
momentum

• replenish only longitudinal 
momentum



Damping Rings

• RF system in damping rings accelerates beam particles in longitudinal direction
• Interplay between radiation and RF reduces transverse emittance!
• Typical damping times are of order 100 ms

• Linac RD pulse length is 1ms!
• Whole bunch train (200 km @ 560 ns) needs to be stored in a damping ring 

O(3 km)!
• Bunch train, i.e. bunch-bunch spacing, needs to be compressed in damping 

ring



DR Injection/Extraction



ILC Damping Ring Design
Chapter 2. General Parameters, Layout and Systems Overview

Figure 2.10: Schematic of the damping ring layout. (Ed: The Phase trombone label
should have a small ”p”)

twelve 3.5m long cryomodules. The RF section of the lattice can accommodated up
to 16 cavities, of which 12 are assumed to be installed for the baseline.

(Author: NJW: Not sure if the next part is still true. CHECK!) The mo-
mentum compaction of the lattice is relatively large, which helps to maintain single
bunch stability, but requires a relatively high RF voltage to achieve the design RMS
bunch length (6mm). The dynamic aperture of the lattice is su�cient to allow the
large emittance injected beam to be captured with minimal loss.

The electron cloud e↵ect in the positron damping ring, which can cause insta-
bility, tune spread, and emittance growth, has been seen in a number of other rings
and is relatively well understood. Extensive R&D and simulations [Part I REF(Ed:
insert ref) ] indicate that it can be controlled by proper surface treatment and design
of the vacuum chamber to suppress secondary emission, and by the use of solenoids
and clearing electrodes to suppress the buildup of the cloud. A full specification of
mitigation techniques based on the R&D results is included in the baseline and cost
estimate.

Mitigation of the the fast ion instability in the electron damping ring is achieved
by limiting the pressure in the ring to below 1 nTorr, and by the use of short gaps
in the ring fill pattern.

For the baseline parameters, the bunch spacing within trains is approximately

20 —DRAFT— Last built: August 17, 2012

• Damping time by SR from bending magnets 
too large O(400ms)

• Include damping wigglers in the beam to 
reduce damping time to ~25ms



Main Linacs



Main Linac Components

• One RF Unit:



SCRF Cavities



ILC Cavities

• Acceleration gradient goal:
• 35 MV/m in 9-cell cavities

with production yield >80%
• 50 MV/m have been reached 

with single cavities
• Mass production reliability is 

the key problem



Cavity Diagnostics

• Quality control and assurance
• Need 18.000 9 cell cavities for ILC
• Yield of 80% means to throw away 3600....
• Identifiying and reprocessing defunct cavities

might help



Cavity Production Yield



RF Field Simulation



Q Factor

• Superconducting cavity:
• surface resistance ~0
• Q0 ~ 1/δ

• Q0 > 1010

• decay times of seconds even at 
1.3 GHz

• A church bell (300 Hz) with
Q0 = 5 x 1010 would ring – once 
excited – longer than one year! 



Transverse Wakefields

• Bunch currents generate transverse deflecting modes when bunches are not 
on cavity axis:

• Fields build up resonantly and kick later bunches transversely
• Dilutes Emittance!



Wakefield Simulation



Beam Delivery System



BDS Optics



Final Focus
 

f1 f2 f2 

IP 

final  
doublet 

(FD) 

f1
f2 (=L*)

Use telescope optics to de-magnify beam by factor m = f1/f2= f1/L*
Need typically  m = 300

putting L* = 2m ⇒ f1 = 600m
In real life more complicated: correction for large chromatic and geometric 

aberrations needed " principle design challenge 



Beam-Beam Orbit Feedback
 

IP 

BPM 

θbb 

FDBK 
kicker 

Δy 

e− 

e+ 

• Beam-beam kick transforms 
nanometre offsets at the IP to large 
measurable effects downstream

• Used in feedback system to 
optimise luminosity



Long Term Stability



IP Region



Detectors and Push/Pull

• Integrated luminosity at linear colliders 
does not scale with the number of 
interaction regions

• ILC has just one interaction beam line 
(cost issue) but should have two 
detectors

• Two detectors share one interaction 
region

à Push/Pull System

57



Beam Dumps

• Beam dumps designed for 1 TeV machine: 18 MW (!)
• 10 bar pressurised water (avoid boiling) plus copper sandwich
• Beam sweeped over entry window
• Heat exchange system (8500 l/min) removes power
• Significant challenges:

• Tritium production

• H2O radiolysis

58



Typical Main Linac Cross Section for Klycluster Scheme on the CERN Site 

Beam to floor = 1100m 

11
53

m
m

 



ILC Project general view 

ILC Experimental Caverns 

Complexity of tunnel works 

Now five 
shafts at the 
IR 



FLASH@DESY



FLASH/TTF

• Complete System Test
• 1 GeV e- Linac
• 9 mA beams have 

been accelerated
• ILC-like pulse structure
• 0.5% prototype for the 

ILC....

• User facility:
• UV Free Electron 

Laser



The European XFEL

X-Ray Free Electron Laser
• ILC technology
• Length: 3,4 km
• Beam energy: 17,5 GeV
• Laser wavelength: 0,085 - 6 nm
• Laser pulse length: < 100 fs
• Construction start: 2009
• First beam: 2014
• Applied material research
• Linac: 10% prototype for 

ILC.....



Detector Issues



Why not copy LHC detectors?



Tracking Options: Pixelated or Gaseous?



Tracking System Option: Time Projection Chamber

• Genuine 3d trajectory measurement
• Spacepoint resolution ~100μm
• Minimal amount of material in front of calorimeters 
• Rather slow: 150 bunch crossings per picture



TPC Readout

• Electron signal amplification
• example:

GEM - gas electron multiplier



Combine Silicon and TPC Tracking?

• Readout TPC with pixel chip with integrated 
amplification structure
• Example: electrons from 90Sr in small (5 cm3) 

test setup (B=0.2T)



Calorimetry

• Typical jet:
• 65% visible jet energy from 

charged hadrons
• 25% photons (from π0→γγ)
• 10% neutral hadrons

• Traditional approach:
• measure total visible jet 

energy in ECAL and HCAL
• Problem: large fluctuations



The Particle Flow Concept

• Idea: use the sub-detector with the best 
resolution for the energy measurement!

• Charged particles: tracking system
• Photons: ECAL
• Neutral Hadrons: HCAL

• Avoid double counting!
• Trace every single particle through the 

detector
• Ejet = Echarged + Ephotons + Eneutral hadr.

• σ2(Ejet)= σ2(Echarged) + σ2(Ephotons )+ σ2(Eneutral hadr.)
+σ2confusion

ILD Detector Performance

3.2 ILD DETECTOR PERFORMANCE

3.2.1 ILD Tracking Performance

The tracking system envisaged for ILD consists of three subsystems each capable of standalone
tracking VTX, FTD and the TPC. These are augmented by three auxiliary tracking systems
the SIT, SET and ETD, which provide additional high resolution measurement points. The
momentum resolution goal [26] is

�1/pT
⇡ 2⇥ 10�5 GeV�1,

and that for impact parameter resolution is

�
r�

= 5µm� 10
p(GeV) sin3/2 ✓

µm.

3.2.1.1 Coverage and Material Budget

Figure 3.2-2a shows, as a function of polar angle, ✓, the average number of reconstructed
hits associated with simulated 100 GeV muons. The TPC provides full coverage down to
✓ = 37�. Beyond this the number of measurement points decreases. The last measurement
point provided by the TPC corresponds to ✓ ⇡ 10�. The central inner tracking system,
consisting of the six layer VTX and the two layer SIT, provides eight precise measurements
down to ✓ = 26�. The innermost and middle double layer of the VTX extend the coverage
down to ✓ ⇠ 16�. The FTD provides up to a maximum of five measurement points for tracks
at small polar angles. The SET and ETD provide a single high precision measurement point
with large lever arm outside of the TPC volume down to a ✓ ⇠ 10�. The di↵erent tracking
system contributions to the detector material budget, including support structures, is shown
in Figure 3.2-2b.
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Particle Flow Challenge



Calorimetry: Integrated Testbeam Experiments



Testbeam Experiments: Imaging Calorimetry



Imaging Detector



Imaging Detector

btw: no trigger!



ILD Detector



The Global Context



Timeline

• Physics will decide the way forward!
• LHC will tell us which energy reach will be needed

• Years 2012+ provide the basis for decision:
• ILC, CLIC, LHC-Upgrades, something completely different?
• European Strategy Process 2012 (and similar in Asia and Americas)

ILC Timeline LHC Results
CLIC 

Feasibility 
Study



The Staged Linear Collider
• In principle, the ILC can run on any energy between ~90 GeV and several TeV

• linear colliders are scalable, it is only a question of cost....
• Why not develop a staged approach

• start where interesting physics is guaranteed, extend to higher energies later

• ILC250: Higgs measurements (mass, spin, couplings), EW physics, (...)
• ILC350: Top physics, (...)
• ILC500: Higgs self coupling, Top-Higgs Yukawa coupling, (...)
• ILC1000+: SUSY, whatever comes, (...)

ILC250 ILC350 ILC500 ILC1000 ILC1+++
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• linear colliders are scalable, it is only a question of cost....
• Why not develop a staged approach

• start where interesting physics is guaranteed, extend to higher energies later

• ILC250: Higgs measurements (mass, spin, couplings), EW physics, (...)
• ILC350: Top physics, (...)
• ILC500: Higgs self coupling, Top-Higgs Yukawa coupling, (...)
• ILC1000+: SUSY, whatever comes, (...)

ILC250 ILC350 ILC500 ILC1000 ILC1+++

100%70% 150%
Cost scale



Where will it be built?

• Site decision will be a political 
decision...

• Different sample sites under 
study
• Americas (Fermilab)
• Europe (CERN)
• Asia (Japan, 2 sites)

• All very different in topology, 
geology, culture



Japanese candidate sites�

��

•  Two candidate sites 
under investigation 
– Kitakami  
– Sefuri 

•  Both sites have very 
good geology of granite�



Sefuri Mountain



ILC Technical Design Report (in preparation)

Reference Design Report
                                           Accelerator

August 2007
ILC-REPORT-2007-001

international linear collider

Reference Design Report 

ILC Technical Progress Report  
(“interim report”) 

Technical Design Report 

~250 pages 

~300 pages 

* end of 2012 – formal publication early 2013 

AD&I 

The two parts are 
inherently linked 

TDR Part I: 
R&D 

TDR Part II: 
Baseline 
Reference 
Report 

Executive 
Summary 

~50 pages 

Outreach 
Document 

~25 pages 

www.linearcollider.org

http://www.linearcollider.org
http://www.linearcollider.org


The Cost

• Costing is a very complicated exercise in a global project....
• Reference Design Report (2007) cost estimate:

• 6.62 BILCUs (1 ILCU = 1 US$ in 2007)
• 24 Mh person labour

• Cost will be updated for Technical Design Report (2013):
• much better knowledge about industrialisation issues
• lessons from XFEL realisation
• better understanding of site dependent cost
• use of purchase power parity approaches
• will not be higher than the RDR cost....



The Linear Collider Project

• The ILC is the most advanced future project for research at the energy frontier
• CLIC is a possible high-energy option

• International project teams: ILC Global Design Effort and CLIC collaboration
• Joint effort of all leading accelerator labs

• New organisation under the supervision of ICFA: the Linear Collider
• director: Lyn Evans

Integrated Linear Collider 
Organization 

Pier Oddone; 23 April 2012 ICFA Report to KILC12 10 



Conclusion

• LHC will need to be complemented by 
an e+e-- collider for precision 
measurements

• LHC has established the energy scale of 
the Higgs; this requires a √s~240 GeV 
e+e--collider, minimum 

• ILC is the most advanced collider 
design and ready for construction
• 20 year history of system R&D

• CLIC could be a high-energy option
• on a longer timescale though...

• Machine and experiments demand 
high-tech solutions on yet untested 
scales



International Linear Collider - Artist‘s View



International Linear Collider - Artist‘s View
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The Cosmological Connection

• Could SUSY particles be the Cold Dark Matter?
• Astrophysics experiments measure just densities
• ILC could close the loop



SUSY Spectrometry

• If SUSY exists, it has to be a broken symmetry
• Symmetry breaking mechanisms predict different SUSY particle spectra



Shortcomings of the Standard Model

• The Standard Model leaves open questions:
• Do the forces unite?
• Why are there three generation of particles?
• Why are there 19 free parameters?
• Why do the electric charges of electrons and protons cancel exactly?
• What is the origin of Dark Matter and Dark Energy?
• (...)

• We are looking for an underlying unifying theory of everything!



Dark Matter and Dark Energy



Higgs Self-Coupling

• Measure e+e- → ZHH



SUSY Mass Measurements

• SUSY particles would be produced in pairs at the ILC,
e.g. e+e- → μ̃+μ̃̃-  → μ+Χ10 μ-Χ10

• Detector Signature: two muons, lots of missing energy
• Masses of the smuons and neutralinos can be accessed by using kinematics



SUSY Mass Parameters

• Precision measurements at LHC and ILC make predictions up to GUT scale:



Large Extra Dimensions

• Why is gravity so weak?
• If extra-dimensions would exist, gravitons could escape into other dimensions
• Real graviton emission should be measurable

• single photon plus missing energy in the detector



Luminosity Scaling Law

• Chose flat beam (σy<<σx):

• Luminosity law:

• yields:
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Maximising Luminosity

• high RF beam-power conversion efficiency ηRF

• high RF power PRF

• small vertical beam size σy

• large bunch length σz

• high beamstrahlung δBS, if compatible with physics goals
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ILC Klystrons

• 10 MW multibeam klystron 



How does a Klystron work?

• DC beam at high voltage (<500 kV, < 500 A) is emitted from the gun
• A low-power signal at the design frequency excites the input cavity
• Particles are accelerated or decelerated in the input cavity, depending on phase/arrival time
• Velocity modulation turned into density modulation in the long drift tube (beam is bunched 

at drive frequency)
• Bunched beam excites output cavity at design frequency (beam loading) 
• Spent beam is stopped in the collector.



Klystron Animation



Collimation System

• Collimators scrape away halo outside 
~8-10 σx and ~60-80 σy

• Removes potential background at the IP but is a source of muon background 
itself

5m thick magnetised 
muon shield



Stability

• Requirements:
• Cavity alignment (RMS):  ~µm

• Linac magnets: 	 	 100 nm
• FF magnets:	 	 10-100 nm
• Final lens:	 	 ~nm (!)	



Beamstrahlung Revisited
• Beam-beam effect leads to the production 

of beamstrahlung
• Beamstrahlung dilutes luminosity spectrum 

of the collider
• Beamstrahlung photons can produce e± 

pairs which generate detector background

TESLA
 parameters



Vertex Detector
• Requirements:

• excellent point resolution <4μm
• small pixel sizes: 20 x 20 μm2

• ~109 channels
• low material budget: ~0.1% X0

• fast read-out to minimise pile-up
• immune against EMI effects

• Flavour tagging is crucial
• b-tagging easier than c-tagging

• Many technologies under study



Tracking System Option: Silicon Tracker

• Axial strips, no z information



The Calorimetry Challenge

• WW and ZZ di-jet mass separation
• Jet energy resolution of 30%/√E (GeV) needed!
• Very challenging with traditional calorimetry
• Particle flow concept is promising



ILC Test Facilities (Examples)

ATF/ATF2@KEK

ILCTA@FNALFLASH/TTF@DESY



Circular e+e- collider for Higgs study?

• Synchrotron radiation
• Energy loss for E>100 GeV is 

a considerable fraction of the 
beam energy

• Momentum acceptance of 
the rings!

• for E>350 GeV the entire 
energy is radiated in one turn

• At 240 GeV cms it may still be 
possible…
• Luminosity?
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LEP3 to study a light Higgs?

• If a light Higgs were established at LHC 
could it be produced in the LEP/LHC 
tunnel?

• Higgs of 125 GeV requires an e+e--collision 
energy of 240-250 GeV (peak of cross 
section in Higgsstrahlung process: e+e- → 
ZH)

• for heavy quarks an additional boost in 
helpful, i.e. √s>250 GeV

• σHiggs ~200 fb
• 10-100 fb-1/a required

(1033 - 1034 cm-2s-1)

 

Figure 1 Higgs boson cross section in e+e- annihilation [6] 

Ring properties 
We take the LHeC design as a convenient reference to estimate the achievable peak 
luminosity of LEP3. The parameters of LEP, the LHeC e- ring design, and LEP3 are compared 
in Table 1. 

Table 1: Parameters of LEP, the LHeC ring design, and LEP3 - a new electron-positron collider 
in the LHC tunnel, extrapolated from the LHeC design.  

 LEP [8] [9] LHeC ring design [7] LEP3 
Eb beam energy 104.5 GeV 60 GeV 120 GeV 
beam current 4 mA (4 bunches) 100 mA (2808 bunches) 7.2 mA (3 bunches) 
total #e- / beam 2.3e12 5.6e13 4.0e12 
horizontal emittance 48 nm 5 nm 20 nm 
vertical emittance 0.25 nm 2.5 nm 0.15 nm 
b dipole bending radius 3096 m 2620 m  2620 m 
partition number J 1.1 1.5 1.5 
momentum compaction 1.85x10-4 8.1x10-5 8.1x10-5 
SR power / beam 11 MW 44 MW 50 MW 
x,y* 1.5, 0.05 m 0.18, 0.10 m 0.15 0.0012 m 
rms IP beam size 270, 3.5 micron 30, 16 micron 55, 0.4 micron 
hourglass loss factor 0.98 0.99 0.65 
energy loss per turn 3.408 GeV 0.44 GeV 6.99 GeV 
total RF voltage 3641 MV 500 MV 9000 MV 
beam-beam tune shift (/IP) 0.025, 0.065 N/A 0.126, 0.130 
synchrotron frequency 1.6 kHz 0.65 kHz 2.98 kHz 
average acc.field 7.5 MV/m 11.9 MV/m 18 MV/m 
effective RF length 485 m 42 m 505 m 
RF frequency 352 MHz 721 MHz 1300 MHz 
rms energy spread 0.22% 0.116% 0.232% 
rms bunch length 1.61 cm 0.688 cm 0.30 cm 
peak luminosity / IP 1.25x1032 cm-2s-1 N/A 1.33x1034 cm-2s-1 
number of IPs 4 1 2 
beam lifetime 6.0 h N/A 12 minutes 

from A.Blondel et al., arXiv:1112.2518

Luminosity is the challenge



LEP3 Study Proposal

• Collider ring
• 2 x 120 GeV
• 7 GeV SR-loss per turn
• 4 bunches of 4×1012 e-

50 MW loss per beam
• τbeam = 16 min

determined by Bhabha scattering 
• Top-up ring
• fast ramping synchrotron chain; 

SPS and accelerator ring 
44-120 GeV

similar to the maximum beam-beam tune shift reached at KEKB. For comparison, in LEP the 
threshold bunch population for TMCI was about 5x1011 at the injection energy of 22 GeV. 
For LEP3, at 120 GeV (with top up injection, see below), we gain a factor 5.5 in the 
threshold, which almost cancels a factor (1.3/0.7)3 increase in the magnitude of the 
transverse wake field (of the SC RF cavities) arising from the change in wake-field strength 
due to the different RF frequency. We note that only about half of the transverse kick factor 
in LEP came from the SC RF cavities, so that the actual scaling of the threshold may be more 
favourable. The TMCI threshold also depends – roughly linearly - on the synchrotron tune. 
The LEP3 synchrotron tune is about 0.3, while in LEP at injection it was below 0.15. The 
higher synchrotron tune would bring a further factor of 2 in the TMCI threshold, thus raising 
the threshold bunch intensity to about 1012 particles. Finally, the beta functions in LEP3 at 
the location of the RF cavities could be designed to be smaller than those in LEP (this is 
already true for the beta functions in the arcs), which would further push up the instability 
threshold. However the bunch length at 120 GeV in LEP3 is larger than it had been at 
injection in LEP, so that the scaling of the TMCI threshold may be more complicated and 
require further investigations. 

The value of 1.2 mm considered fory* could be realized by using new higher-gradient 
larger aperture quadrupoles based on Nb3Sn (as for HL-LHC), by a judicious choice of the 
free length from the IP, and possibly by a semilocal chromatic correction scheme. It is close 
to the value giving the maximum geometric luminosity for a bunch length of 3 mm, taking 
into account the hourglass effect. With a free length between the IP and the entrance face 
of the first quadrupole of 4 m, plus a quadrupole length of 4 m, the quadrupole field 
gradient should be about 17 T/m and an aperture (radius) of 5 cm would correspond to 
more than 20y. 

 

Figure 2 Possible two ring sketch for LEP3: a first ring (accelerator ring)  accelerates 
electrons and positrons up to operating energy (120 eV) and injects them at a few minutes 
interval into the low emittance collider ring in which the high luminosity 1034/cm2/s  
interaction points are situated.   

A.Blondel et al., arXiv:1112.2518 and 
IPAC12, TUPPR078 and references therein

Parameters at the limit
– no energy margin

– concept of storage doubtful



Table 1 : Example parameters of LEP3 and DLEP 
compared with LEP [5, 6] and LHeC ring design [2]. 
Beamstrahlung (BS) effects were estimated from 
analytical formulae [7, 8]. 

 LEP2  LHeC LEP3 DLEP 
b. energy Eb [GeV]  
circumf. [km]  
beam current [mA]  
#bunches/beam  
#eí/beam [1012]  
horiz. emit. [nm]  
vert. emit. [nm]  
bending rad. [km]  
part. number Jİ  
mom. c. Įc [10í5]  
SR p./beam [MW]  
ȕכx [m]  
ȕכy [cm]  
ıכx [ȝm]  
ıכy [ȝm]  
hourglass Fhg  
ESR

loss/turn [GeV]  
VRF,tot [GV]  
Gmax,RF [%] 
ȟx/IP  
ȟy/IP 
fs [kHz]  
Eacc [MV/m]  
eff. RF length [m]  
fRF [MHz]  
įSR

rms [%]  
ıSR

z,rms [cm]  
L/IP[1032cmí2sí1]  
number of IPs  
beam lifetime [min]  
  BS [10í4]ࢢ
nȖ/collision  
ǻEBS/col. [MeV]  
ǻEBS

rms/col. [MeV]  

104.5 
26.7 
4 
4 
2.3 
48 
0.25 
3.1 
1.1 
18.5 
11 
1.5 
5 
270 
3.5 
0.98 
3.41 
3.64 
0.77 
0.025 
0.065  
1.6 
7.5 
485 
352 
0.22 
1.61 
1.25 
4 
360 
0.2 
0.08 
0.1 
0.3 

60 
26.7 
100 
2808 
56 
5 
2.5 
2.6 
1.5 
8.1 
44 
0.18 
10 
30 
16 
0.99 
0.44 
0.5 
0.66 
N/A 
N/A 
0.65 
11.9 
42 
721 
0.12 
0.69 
N/A 
1 
N/A 
0.05 
0.16 
0.02 
0.07 

120 
26.7 
7.2 
4 
4.0 
25 
0.10 
2.6 
1.5 
8.1 
50 
0.2 
0.1 
71 
0.32 
0.67 
6.99 
12.0 
4.2 
0.09 
0.08 
3.91 
20 
606 
1300 
0.23 
0.23 
107 
2 
16 
10 
0.60 
33 
48 

120 
53.4 
14.4 
60 
16.0 
10 
0.05 
5.2 
1.5 
2.0 
50 
0.2 
0.1 
45 
0.22 
0.75 
3.5 
4.6 
5.0 
0.05 
0.05 
0.91 
418 
376 
1300 
0.16 
0.17 
142 
2 
22 
8 
0.25 
12 
26 

and beta ratios) to minimize energy spread and particle 
losses resulting from beamstrahlung [9, 10]. The bunch 
length of LEP3 is smaller than for LEP despite the higher 
beam energy, due to the smaller momentum compaction 
factor, the larger RF voltage, and the higher synchrotron 
frequency. Similar to the LHeC design, the total RF wall 
plug power per beam is taken to be limited to 200 MW. 
The wall-to-beam energy conversion efficiency is 
assumed to be 50%. The energy loss per turn then 
determines the maximum beam current. At 120 GeV 
beam energy it is 7.2 mA or 4×1012 particles per beam. 
Additional power will be needed for the cryoplants (a 
total of 10-30 MW depending on the Q0 value of the 
cavities [2]) and for the injector/accelerator rings. The 
total wall plug power of the LEP3 complex would then be 
between 200 and 300 MW. If we distribute the total 
charge over 4 bunches per beam each bunch contains 
about 1012 electrons (or positrons), and the value of the 
beam-beam tune shift of ~0.09 is much less than the 
maximum beam-beam tune shift reached at KEKB. For 

comparison, in LEP the threshold bunch population for 
TMCI was about 5×1011 at the injection energy of 22 
GeV. For LEP3, at 120 GeV (with top up injection, see 
below), we gain a factor 5.5 in the threshold, which more 
than cancels a factor (1.0/0.7)3 increase in the magnitude 
of the transverse wake field (of the SC RF cavities) 
arising from the change in wake-field strength due to the 
different RF frequency. We note that only about half of 
the transverse kick factor in LEP came from the SC RF 
cavities, so that the actual scaling of the threshold may be 
more favourable. The TMCI threshold also depends – 
roughly linearly – on the synchrotron tune. The LEP3 
synchrotron tune is about 0.35, while in LEP at injection 
it was below 0.15. The higher synchrotron tune would 
bring a further factor of 2 in the TMCI threshold, thus 
raising the threshold bunch intensity to above 1012 
particles. Finally, the beta functions in LEP3 at the 
location of the RF cavities could be designed to be 
smaller than those in LEP (this is already true for the beta 
functions in the arcs), which would further push up the 
instability threshold. The value of 1 mm considered for 
ȕ*

y could be realized by using new higher-gradient larger 
aperture quadrupoles based on Nb3Sn (as for HL-LHC), 
by a judicious choice of the free length from the IP, and 
possibly by a semilocal chromatic correction scheme. It is 
close to the value giving the maximum geometric 
luminosity for a bunch length of 3 mm, taking into 
account the hourglass effect. With a free length between 
the IP and the entrance face of the first quadrupole of 4 m, 
plus a quadrupole length of 4 m, the quadrupole field 
gradient should be about 17 T/m and an aperture (radius) 
of 5 cm would correspond to more than 20ıy. 

At top energy in LEP2, the beam lifetime was 
dominated by the loss of particles in collisions [5] due to 
radiative Bhahba scattering with a cross section of 0.215 
barn [11]. For a luminosity of 1034 cmí2sí1 at each of two 
IPs, we find a LEP3 beam lifetime of 16 minutes — LEP3 
would be ‘burning’ the beams to produce physics very 
efficiently. With a LEP3 energy acceptance, Gmax,RF, of 
4%, the additional beam lifetime limit due to 
beamstrahlung [10] can be larger than 30 minutes, even 
with beams colliding at two IPs; see Fig. 2.  

 
Figure 2: LEP3 beam lifetime due to beamstrahlung at 
two IPs in units of seconds (color) simulated by Guinea-
Pig versus bunch population and Ex

* at Hx=20 nm, for a 
momentum acceptance of 2% (left) and 4% (right). Beam 
lifetimes above 1000 s cannot be resolved due to the finite 
number of macro-particles used in the simulation. 

 
In addition to the collider ring operating at constant 

energy, a second ring (or a recirculating linear 
accelerator) could be used to ‘top-up’ the collider; see 
Fig. 1. If the top-up interval is short compared with the 

• beam dynamics studies and optics; HOM heating with large 
bunch currents and very small bunch lengths (<0.3cm), 
vertical emittance tuning, single-bunch charge limits, 
longitudinal effects associated with a Qs of 0.35, low beta 
insertion with large momentum acceptance, parameter 
optimization, beam-beam effects, including beamstrahlung, 
and the top-up scheme;

• optics design and beam dynamics for the accelerator ring, 
and its ramping speed;

• the design and prototyping of a collider-ring dipole magnet, 
an accelerator-ring dipole magnet, and a low-beta 
quadrupole;

• 100 MW synchrotron radiation effects: damage 
considerations, energy consumption, irradiation effects on 
LHC and LEP3 equipment, associated shielding and 
cooling;

• SRF and cryogenics design and prototyping
• determining the optimum RF gradient as a compromise 

between cryo power and space, and the optimum RF 
frequency with regard to impedance, RF efficiency and 
bunch length;

• machine-detector interface, e.g. the integration of warm 
low-beta quadrupoles inside the ATLAS and CMS detectors



But most importantly

• It will require dismantling major parts of LHC
• dead-end from the point of view of energy reach

• which spurs proponents to propose an 80 km ring…


