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Overview

• The Energy Frontier: Status, Ways Forward


• Linear Colliders: Overview


• A Closer Look at Linear Collider Physics


• Perspectives & Conclusions
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Particle Physics at the Energy Frontier

• The discovery of the Higgs boson at the LHC in 2012 marks the end of an era: 
All particles predicted to exist by the Standard Model of particle physics have now 
been observed
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• The discovery of the Higgs boson at the LHC in 2012 marks the end of an era: 
All particles predicted to exist by the Standard Model of particle physics have now 
been observed
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ICHEP	2016	-- I.	Shipsey

guided research

Higgs

The	Standard		Model		Guided	Research	• We have followed an unexpectedly accurate map all the way to the end…

… and for the first time in 40 years we are left without clear guidance.
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Answering Fundamental Questions

4

?the unknown: 
new particles  
& forces

Paths to discovery: Explore the interaction of New Physics with known 
fundamental forces - Now also extending to interactions with the Higgs boson



Frank Simon (fsimon@mpp.mpg.de)Linear Colliders: ILC & CLIC 
ALPS2017, April 2017

Ways Forward at the Energy Frontier

• Two main largely complementary strategies:

5

Highest energy: Direct production of new particles

Highest precision: Detection of new phenomena 

in deviations from expectations
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Ways Forward at the Energy Frontier

• Two main largely complementary strategies:

5

Highest energy: Direct production of new particles

Highest precision: Detection of new phenomena 

in deviations from expectations

LHCb, Belle II, FCC-ee, …

LHC, (FCC-hh, HE-LHC…)

Energy frontier e+e- colliders 
ILC, CLIC  
(FCC-ee)

This talk: Linear e+e- colliders - Combining precision and direct 
discovery potential
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Physics at Linear Colliders - Overview

• Three main pillars:

6

Higgs top New Physics

Full exploration of the 
Higgs sector:


a model-independent 
measurement of all 
relevant Higgs couplings


direct study of the Higgs 
potential: Measurement 
of the self coupling

Precision measurements 
of top quark properties in 
theoretically well-defined 
schemes


Use of top quark 
observables as an 
indirect probe for New 
Physics at high mass 
scales


electroweak precision 
measurements

Direct search for new 
particles complementary 
to the LHC: additional 
light Higgs bosons, 
electroweak states, Dark 
Matter candidates, …


Indirect search for new 
force carriers at high 
mass scales
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Collider Requirements: Higgs as Example

• Energy reach and flexibility - high energy for possible direct access to new physics

7

maximum of ZH production: ~ 250 GeV

WW fusion kicks in: ~ 350 GeV 
- also top pair threshold

direct access to top  
Yukawa coupling: ~ 500 GeV - 1.5 TeV

Higgs self coupling: 500 GeV; 1+ TeV
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Collider Requirements: Higgs as Example

• Energy reach and flexibility - high energy for possible direct access to new physics

7

maximum of ZH production: ~ 250 GeV

WW fusion kicks in: ~ 350 GeV 
- also top pair threshold

direct access to top  
Yukawa coupling: ~ 500 GeV - 1.5 TeV

Higgs self coupling: 500 GeV; 1+ TeV

• Luminosity: Interesting cross sections typically ~ 1 - 100 fb: > ~1034 cm-2s-1  to get 
100 - 10k events/year or more

• Polarisation: Enables precision electroweak measurements, can be used to enhance 
signal / suppress background
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Linear e+e- Colliders: Key Features

• “Single pass” acceleration: Accelerator length & acceleration gradient directly 
determine achievable energy


• No re-use of accelerated particles: High luminosity requires very small beam spots to 
achieve good overall energy efficiency: Beamstrahlungs-tail in luminosity spectrum

8

Linear Collider avoids synchrotron radiation loss

• long linac constructed of many RF accelerating structures


• single pass machine


• typical gradients 25−100 MV/m

bang!e+ e-

5-10 km
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• No energy loss due to synchrotron radiation: Required power scales linearly with 
energy (circular colliders with constant beam current: P ~ E4) - Linear collider are 
high-energy machines!


• Longitudinal polarization for electrons and positrons straight-forward

• “Trivial” upgrade path: If higher energy is needed, the two main linacs can be 
extended - possibly with higher-gradient modules if there is technological progress


• Well-suited for staging: Can start with a short machine, extend in steps to reach 
higher energy 

Linear Collider avoids synchrotron radiation loss

• long linac constructed of many RF accelerating structures


• single pass machine


• typical gradients 25−100 MV/m

bang!e+ e-

5-10 km
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Collider Concepts: ILC

• The International Linear Collider: A 500 GeV collider based on superconducting RF


• Acceleration gradient ~ 35 MV/m


• Design luminosity @ 500 GeV: 1.8 x 1034 cm-2s-1 
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• Currently under discussion in Japan: 
Candidate site Kitakami, north of Sendai
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ILC: Technical Feasibility Demonstrated: XFEL
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Collider Concepts: CLIC

• The Compact Linear Collider: A (up to) 3 TeV collider based on two-beam acceleration


• Copper-based acceleration structures, acceleration gradient 100 MV/m


• Design luminosity @ 3 TeV: 5.9 x 1034 cm-2s-1   [@ 380 GeV: 1.5 x 1034 cm-2s-1]
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• Drive beam concept to reach high efficiency in a 
cost-effective manner


• Normal-conducting cavities impose short pulses: 
High bunch-crossing frequency of 2 GHz

• Developed as a possible future project at CERN - first decision in upcoming 
European Strategy process in 2019/20
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• Drive beam concept to reach high efficiency in a 
cost-effective manner


• Normal-conducting cavities impose short pulses: 
High bunch-crossing frequency of 2 GHz

• Developed as a possible future project at CERN - first decision in upcoming 
European Strategy process in 2019/20
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Staging: Realizing the full Physics Potential
• … and establishing a realistic funding profile


• allows to react to discoveries: Re-evaluate energy stages as results become available
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• Fully incorporated in the CLIC program


• also for technical reasons: CLIC technology does not allow to run efficiently more 
than a factor 2 - 3 below nominal energy

4 CLIC staging baseline
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Figure 21: Integrated luminosity in the considered staging scenario. Years are counted from the start of
beam commissioning. The luminosity ramp-up corresponds to what is described in Figure 20.

Figure 22: Estimated power consumption of CLIC in MW at a centre-of-mass energy of 380 GeV. The
contributions add up to a total of 252 MW. Left: breakdown of power consumption between
different domains of the accelerator complex. Right: breakdown of power consumption
between different technical systems.

30

3 CLIC post-CDR accelerator optimisation

Figure 14: Left: Cost and power consumption of the different possible designs at a centre-of-mass energy
of 380 GeV and a luminosity of L = 1.5⇥ 1034 cm�2s�1. Different safety margins for the
gradient are used. Right: Cost and power consumption with a gradient safety margin of 10%
(S = 1.1) for different luminosities (in units of 1034cm�2s�1).

Figure 15: One of the potential staging concepts. In this solution, the modules at the beginning of the
previous main linac are moved to the new beginning during the upgrade.

3.3.3 Staging strategy

The concept of the staging is illustrated in Figure 15. In the first stage, the linac consists of accelerating
structures that are optimised for this energy range, while respecting the constraints for the energy up-
grade. When upgrading to higher energy, the modules containing these structures will be moved to the
beginning of the new linac and the remaining space is filled with new structures that are optimised for
3 TeV. Alternatively the old structures could be evenly distributed along the new linac.
This scheme places additional constraints on the first energy stage. In order to minimise modifications
of the drive beam complex, the RF pulse length of the first stage is chosen to be the same as for the
subsequent energy stages. In particular the turn-arounds in the main linac can be reused. Within the
main beam pulses the bunches have the same spacing at all energy stages to minimise the impact on the
main beam production complex. To be able to accelerate the full train of the final stage, the fill time of
the first-stage structures must be shorter and the bunch charge limit higher than in the final stage.
Figure 16 illustrates the minimum cost of the first stage as a function of the luminosity. The values for
the fully optimised case and for the solution using the constraints from the 3 TeV stage are shown. As
can be seen, the cost difference is rather small, though slightly increasing towards higher luminosities.
For the target value of L = 1.5⇥1034 cm�2s�1 at 380 GeV, the cost increases from 3.45 to 3.5 in arbitrary
units.
The gradient of the structures for the first stage is 72 MV/m. Consequently four decelerator stages are
required per main linac in the first stage. The upgrade to 3 TeV requires an additional 21 decelerator
stages.

25
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Figure 15: One of the potential staging concepts. In this solution, the modules at the beginning of the
previous main linac are moved to the new beginning during the upgrade.

3.3.3 Staging strategy

The concept of the staging is illustrated in Figure 15. In the first stage, the linac consists of accelerating
structures that are optimised for this energy range, while respecting the constraints for the energy up-
grade. When upgrading to higher energy, the modules containing these structures will be moved to the
beginning of the new linac and the remaining space is filled with new structures that are optimised for
3 TeV. Alternatively the old structures could be evenly distributed along the new linac.
This scheme places additional constraints on the first energy stage. In order to minimise modifications
of the drive beam complex, the RF pulse length of the first stage is chosen to be the same as for the
subsequent energy stages. In particular the turn-arounds in the main linac can be reused. Within the
main beam pulses the bunches have the same spacing at all energy stages to minimise the impact on the
main beam production complex. To be able to accelerate the full train of the final stage, the fill time of
the first-stage structures must be shorter and the bunch charge limit higher than in the final stage.
Figure 16 illustrates the minimum cost of the first stage as a function of the luminosity. The values for
the fully optimised case and for the solution using the constraints from the 3 TeV stage are shown. As
can be seen, the cost difference is rather small, though slightly increasing towards higher luminosities.
For the target value of L = 1.5⇥1034 cm�2s�1 at 380 GeV, the cost increases from 3.45 to 3.5 in arbitrary
units.
The gradient of the structures for the first stage is 72 MV/m. Consequently four decelerator stages are
required per main linac in the first stage. The upgrade to 3 TeV requires an additional 21 decelerator
stages.
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• Also considered for ILC - instead of start-up at 500 GeV, and operation at lower 
energies after an initial high-energy run:


• Start at 250 GeV, increase length and energy in stages


• Same overall final results
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Detectors at Linear Colliders

• General-purpose collider detector systems, based on:


• highly granular calorimeter systems optimized for particle flow reconstruction


• precise vertexing to enable tagging of b, c and light flavors


• precise, low mass tracking

13

• ILD & SiD detector concepts for ILC, 
CLICdp detector model


• Different technological options exist for 
various subsystems - in particular in ILC 
concepts


• Large degree of overlap between ILC 
and CLIC concepts - with accelerator-
specific peculiarities in terms of timing, 
calorimeter depth, …
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• General-purpose collider detector systems, based on:


• highly granular calorimeter systems optimized for particle flow reconstruction


• precise vertexing to enable tagging of b, c and light flavors


• precise, low mass tracking

13

• ILD & SiD detector concepts for ILC, 
CLICdp detector model


• Different technological options exist for 
various subsystems - in particular in ILC 
concepts


• Large degree of overlap between ILC 
and CLIC concepts - with accelerator-
specific peculiarities in terms of timing, 
calorimeter depth, …

Overall: interesting detector challenges, pushes 
the limits of current technology. A prime example: 
Highly granular calorimeters, an “LC idea”, now 
widely adopted also for LHC phase 2 upgrades
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The Physics: A Closer Look
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CLIC and ILC Physics Studies

• The projections of ILC and CLIC physics capabilities are based on an extensive 
program of physics studies -  Almost entirely making use of full simulations:


• Realistic detector models implemented in GEANT4


• Full particle flow-based event reconstruction - not using MC truth or cheated 
reconstruction


• Inclusion of physics and machine backgrounds


• Event selection and analysis algorithms - often making use of multivariate 
techniques

15
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Thoroughly Exploring the Higgs Sector: Couplings

• Access to Higgs couplings to fermions and bosons by explicit reconstruction of 
final states: A broad program at CLIC & ILC

16

covered in great detail

by Junping Tian on Tuesday
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in ZH production
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• Access to Higgs couplings to fermions and bosons by explicit reconstruction of 
final states: A broad program at CLIC & ILC

16

at ~ 250 GeV: precise 
measurement of high-BR 
Higgs decays, good 
measurement of most others 
in ZH production

at ~ 350 GeV: precise 
measurement of high-BR 
Higgs decays, good 
measurement of most others 
in VBF and ZH: enables 
precise measurement of total 
width

at 500+ GeV: precise measurement also of rarer 
processes, exploits high luminosity & increasing 
cross section of VBF

covered in great detail

by Junping Tian on Tuesday

For full programs at ILC and CLIC:

• sub-percent to few percent accuracy for most couplings in  

model-independent global fit

• for fit with “LHC-like” assumptions down to permille level for κHWW; 

 κHbb, κHZZ  2, 3 ‰ (CLIC study)
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Beyond “Simple” Couplings: Top, Self-Coupling

• Energies of 500 GeV and above give access 
to the top Yukawa coupling and to the Higgs 
self-coupling

17

• ~ 10% precision with 1 
ab-1 @ 500 GeV - 
substantial improvement 
when going slightly up in 
energy 

• 1 TeV ILC / 1.4 TeV CLIC ~ 4% precision or 
better, depending on running scenario
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self-coupling
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• ~ 10% precision with 1 
ab-1 @ 500 GeV - 
substantial improvement 
when going slightly up in 
energy 

• 1 TeV ILC / 1.4 TeV CLIC ~ 4% precision or 
better, depending on running scenario

• Two processes for double Higgs production provide sensitivity to self coupling


• N.B. Connection between cross section and self-coupling non-trivial: Depends 
on production process, energy and value of λ!

• Small cross-section at 500 GeV results in low precision for SM case - interesting in 
BSM scenarios with substantially larger λ 

• ILC 1 TeV / CLIC 1.4 + 3 TeV: ~ 10% precision for near-SM values of λ
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Identifying Top Quarks

• Clean, highly efficient identification 
of top quark pair events


• Enables two classes of 
measurements:


• Precise determination of top 
quark properties: mass, width, …


• Use top quarks as a tool: high 
mass makes top potentially very 
sensitive to new physics, strong 
connection to EWSB

18
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Top: Measuring the Mass

• The best way to a theoretically clean, 
highly precise measurement of the top 
quark mass: a threshold scan
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Top: Measuring the Mass

• The best way to a theoretically clean, 
highly precise measurement of the top 
quark mass: a threshold scan
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• Theoretically relevant MSbar mass can 
be extracted with small uncertainties


• Total uncertainty including theoretical 
and experimental systematics  
~ 40 - 75 MeV
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Going Beyond the SM

• Two main paths for discovery


• Direct detection of new particles


• Observations of deviations from SM expectations, pointing to new phenomena at 
higher scales

20
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• Irrespective of LHC results, both approaches are highly relevant:


• Linear Colliders emphasize electroweak phenomena, and cover regions of phase 
space not accessible at LHC 


• Precision measurements can resolve the underlying model in case of discoveries at 
LHC, and can point to the next interesting energy scale in case there are no 
discoveries
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For ILC: illustrated in arXiv:1702:05333

Additional LHC discoveries or not: Substantial potential for discovery of New Physics 
at Linear Colliders- but note: We are venturing out into the unknown - no guarantees!

• Irrespective of LHC results, both approaches are highly relevant:


• Linear Colliders emphasize electroweak phenomena, and cover regions of phase 
space not accessible at LHC 


• Precision measurements can resolve the underlying model in case of discoveries at 
LHC, and can point to the next interesting energy scale in case there are no 
discoveries
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Dark Matter - You gotta have it…

• Direct production:

21

• Signature: A photon + nothing


• requires a “hermetic” detector to 
suppress Bhabha background

• Highly complementary to LHC and most direct detection experiments: probes 
coupling of DM to leptons, not quarks / nuclei
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Dark Matter - You gotta have it…

• Direct production:

21

• Signature: A photon + nothing


• requires a “hermetic” detector to 
suppress Bhabha background

• Highly complementary to LHC and most direct detection experiments: probes 
coupling of DM to leptons, not quarks / nuclei

its properties could be determined precisely due to the known initial state of a lepton
collider [90]. In particular, its mass could be determined with a precision of about 1%,
and the type of operator (or the angular momentum of dominant partial wave) of the
WIMP pair production process can be determined. By such detailed measurements of
WIMP properties as o↵ered at the ILC, it is often possible to constrain WIMP production
rates in the early universe along with WIMP scattering or annihilation rates and the
local WIMP abundance [93]. Such checks could verify or falsify the simple assumptions
associated with thermal DM production within the WIMP miracle scenario, thus giving
important insights into the nature of dark matter, as explained in section 2.1.

Figure 5: Left: Observational reach (3�) of the ILC for a Spin-1 WIMP in terms of
WIMP mass and e for three di↵erent chiralities of the WIMP-fermion couplings [91].
Right: Expected sensitivity for a vector operator in an EFT-based interpretation as a
function of integrated luminosity and center-of-mass energy [92].

4.2 SUSY with no loopholes

The ILC will be able to detect new particles with electroweak interactions nearly up
to the kinematic limit of

p
s/2. In particular, in SUSY (where, as discussed in sec-

tion 2.2, the couplings cannot become arbitrarily small but are given by the couplings
of the corresponding SM partners and their mixings) systematic, loophole-free searches
can be performed for production of pairs of NLSPs. In the R-parity conserving case they
have to decay into the LSP and their SM partner (either on-shell or virtual), and in the
clean environment of the ILC, these decays can be detected even for extremely small mass
di↵erence. Figure 6 shows as an example the experimentally most challenging case of a
⌧̃1-NLSP [94]; in other cases, the discovery reach approaches even closer to

p
s/2.

4.3 SUSY Dark Matter

Over a large region of SUSY parameter space, co-annihilation with the NLSP is an at-
tractive mechanism which acts to reduce the relic density of the LSP to its cosmologically
observed value [95]. Co-annihilation requires a small mass di↵erence between the NLSP
and the LSP in order to be e↵ective, and thus the expected value of the relic density

27

• Exemplary ILC study in a (well-
motivated) EFT approach for a 
vector mediator and WIMP 
masses sufficiently (a few GeV) 
below the kinematic limit
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BSM Examples: Direct Measurements

• Potential for discovery directly linked to maximum energy: Sensitivity for pair-
produced new particles up to ~ √s/2

22
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Precise reconstruction of hadronic final 
states enables separation of different 
particles - capitalizes on PFA-optimized 
detectors

A CLIC example: mass-degenerate gauginos - mass measurements at few GeV precision
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Direct Discovery Potential to the Kinematic Limit

• The clean environment and triggerless data acquisition enables discoveries also in 
scenarios with very small mass splittings


• Here: Particularly challenging example with τ + neutralino final state

23
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Indirect: Top Electroweak Couplings as BSM Probe
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• The production of top pairs provides direct 
access to electroweak couplings - axial and 
vector form factors

generated by the existence of a new strong sector, inspired by QCD, that may man-
ifest itself at energies of around 1TeV. In all realisations of the new strong sector,
as for example Randall-Sundrum models [1] or compositeness models [2], Standard
Model fields would couple to the new sector with a strength that is proportional to
their mass. For this and other reasons, the t quark is expected to be a window to any
new physics at the TeV energy scale. New physics will modify the electro-weak ttX
vertex described in the Standard Model by Vector and Axial vector couplings V and
A to the vector bosons X = �, Z0.

Generally speaking, an e+e� linear collider (LC) can measure t quark electro-
weak couplings at the % level. In contrast to the situation at hadron colliders, the
leading-order pair production process e+e� ! tt goes directly through the ttZ0 and
tt� vertices. There is no concurrent QCD production of t quark pairs, which increases
greatly the potential for a clean measurement. In the literature there a various ways
to describe the current at the ttX vertex. Ref. [3] uses:
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with k2 being the four momentum of the exchanged boson and q and q the four vectors
of the t and t quark. Further �

µ

with µ = 0, .., 3 are the Dirac matrices describing
vector currents and �5 = i�0�1�2�3 is the Dirac matrix allowing to introduce an axial
vector current into the theory

Applying the Gordon identity to the vector and axial vector currents in Eq. 1 the
parametrisation of the ttX vertex can be written as:
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.

All the expressions above are given at Born level. Throughout the article no
attempt will be made to go beyond that level. The coupling F �

2V is related via

2

X: Z, γ A: axial coupling V: vector coupling

• In total: 5 non-trivial CP-conserving  
form factors:
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Top quark electroweak couplings at the ILC

!

• The process e+e- → tt involves only ttZ0 and tt� primary vertices !

• A way to describe the current at the ttX vertex: 

• See details in:

/�

where: 
V = Vector coupling 
A = Axial coupling 
X = Z,�
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CP . Note, that all the expressions above are given at Born level. Throughout the
article no attempt will be made to go beyond that level.

Today, the most advanced proposal for a linear collider is the International Linear
Collider, ILC [2,3], which can operate at centre-of-mass energies between about
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to describe the current at the ttX vertex. Ref. [3] uses:

�ttX

µ

(k2, q, q) = ie

⇢
�
µ

⇣
eFX

1V (k
2) + �5 eFX

1A(k
2)
⌘
+

(q � q)
µ

2m
t

⇣
eFX

2V (k
2) + �5 eFX

2A(k
2)
⌘�

.

(1)
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All the expressions above are given at Born level. Throughout the article no
attempt will be made to go beyond that level. The coupling F �

2V is related via

2

X: Z, γ A: axial coupling V: vector coupling

• In total: 5 non-trivial CP-conserving  
form factors:
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Top quark electroweak couplings at the ILC

!

• The process e+e- → tt involves only ttZ0 and tt� primary vertices !

• A way to describe the current at the ttX vertex: 

• See details in:

/�

where: 
V = Vector coupling 
A = Axial coupling 
X = Z,�

arxiv.org/abs/hep-ph/0601112

and other reasons, the t quark is expected to be a window to any new physics at the
TeV energy scale. New physics will modify the electro-weak ttX vertex described
in the Standard Model by Vector and Axial vector couplings V and A to the vector
bosons X = �, Z

0,

Generally speaking, an e

+
e

� linear collider (LC) can measure t quark electroweak
couplings at the % level. In contrast to the situation at hadron colliders, the leading-
order pair production process e
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. The coupling
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(g�2)/2 to the anomalous magnetic moment (g�2) with
Q

t

being the electrical charge of the t quark. The coupling F2A is related to the dipole
moment d = (e/2mt)F2A(0) that violates the combined Charge and Parity symmetry
CP . Note, that all the expressions above are given at Born level. Throughout the
article no attempt will be made to go beyond that level.

Today, the most advanced proposal for a linear collider is the International Linear
Collider, ILC [2,3], which can operate at centre-of-mass energies between about
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Non CP violating top quark couplings

= 0 due to  
gauge invariance

Requires polarized beams!

Requires boost: Measurement precision 
improves rapidly as one goes above  
threshold - excellent sensitivity from  
380 GeV - 500+ GeV



Frank Simon (fsimon@mpp.mpg.de)Linear Colliders: ILC & CLIC 
ALPS2017, April 2017

Indirect: Top Electroweak Couplings as BSM Probe

• Mapping this onto deviations in various models using the ILC example:

25

... - �gZ
R/gZ

R-330% -20% -10% 10% 20%

6

�gZ
L/gZ

L

-20%

-10%

10%

20%

vSM

uLight top partners [35]uLight top partners
Alternative 1 [75]

uLight top partners Alternative 2 [75]

uLittle Higgs [76]uRS with Custodial SU(2) [28]uComposite Top [77]

u5D Emergent [78]

u4D Composite Higgs Models [79]

uRS with Z-Z’ Mixing [27]

ILC Precision

Figure 4: Predictions of several Randall-Sundrum (RS) models and/or compositeness or
Little Higgs models on the deviations of the left- and right-handed couplings of the t quark
to the Z0 boson. The ellipse in the frame in the upper right corner indicates the precision
that can be expected for the ILC at

p
s = 500 GeV with L = 500 fb�1 of integrated

luminosity shared equally between the beam polarisations Pe�, Pe+ = ±0.8, ⌥0.3 [80].

3.3 Electroweak Precision Measurements at the ILC

Two-fermion production: Precise measurements of e+e� ! ff̄ for all types of fermions,
making use of polarized beams, are a stringent test on the existence of possible forces be-
tween matter particles beyond those in the SM. Those comprise gauge interactions (gener-
ically labelled W 0 and Z 0), scalar resonances like the Higgs or also tensor resonances as
in gravity models or models with new strong interactions. Also compositeness or partial
compositeness of fermions could lead to deviations of two-fermion processes from their
SM values due to mixing e↵ects. In e+e� collisions (far) below the production threshold
for the extra gauge bosons, they manifest themselves as deviations from SM predictions
due to interference between the new physics and the SM �/Z contributions, see [82] for
a recent review. This is similar to indirect observations of the presence of the Z boson in
e+e� ! µ+µ� scattering at the PETRA and TRISTAN colliders well before the turn-on
of LEP.

Studies for the ILC [83] have shown that already with 500 fb�1 at 500 GeV or with 1 ab�1

at 1 TeV ILC evidence for a Z 0 with mass exceeding ⇠ 7 TeV and ⇠ 12 TeV can be ob-
tained in many models, respectively. The measurements will allow to distinguish between

25

for references: see arXiv:1702:05333



Frank Simon (fsimon@mpp.mpg.de)Linear Colliders: ILC & CLIC 
ALPS2017, April 2017

BSM Examples: Indirect Reach

• Precision measurements may enable detections of significant deviations from SM 
expectations, pointing to new particles and/or new interactions at much higher 
energy scales

26

Sensitivity ~ 15 x collider energy
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A Look Ahead, Conclusions

27



Frank Simon (fsimon@mpp.mpg.de)Linear Colliders: ILC & CLIC 
ALPS2017, April 2017

ILC: Perspectives

28

• ILC intensively discussed in Japan


• Candidate site (Kitakami) identified


• First international contacts established by MEXT 
… and a lot going on “behind closed doors”


➫ Expect concrete statements mid 2018
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• Candidate site (Kitakami) identified


• First international contacts established by MEXT 
… and a lot going on “behind closed doors”


➫ Expect concrete statements mid 2018

• Cost (obviously) a key factor - investigating staging as a means to lower project entry 
costs


• Continuing R&D, building on established technical design (TDR in 2013), profiting 
from XFEL construction experience
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ILC: Perspectives

28

• ILC intensively discussed in Japan


• Candidate site (Kitakami) identified


• First international contacts established by MEXT 
… and a lot going on “behind closed doors”


➫ Expect concrete statements mid 2018

• Cost (obviously) a key factor - investigating staging as a means to lower project entry 
costs


• Continuing R&D, building on established technical design (TDR in 2013), profiting 
from XFEL construction experience

• After positive decision:


• ~ 4 years of  “preparation phase” - incl. international negotiations


• ~ 9 years of construction

➫ Commissioning could begin 2031
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CLIC: Perspectives

• Over the next two years: Prepare for the update of the European Strategy for Particle 
Physics, to establish CLIC as a viable option for the future of CERN

29
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Summary & Conclusions

• Linear Colliders offer a broad and ambitious experimental program at the energy 
frontier, combining precision measurements and discovery potential; highly 
complementary to the capabilities of LHC


• Staged construction to maximize physics output and to match real-world funding 
profiles


• Linear Colliders provide the possibility to react to discoveries / indications: Energy 
reach can “easily” be extended if need arises


• Ongoing studies to investigate novel acceleration concepts as “afterburner” for 
CLIC


• Decisions expected in the coming years:


• Conclusions from Japanese review process of ILC in 2018


• European Strategy in 2019/2020 to decide on future direction at CERN, with CLIC 
as one of the possibilities
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Extras
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Higgs -> Jets: b,c, gluon couplings
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Higgs -> Jets: b,c, gluon couplings
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Higgs -> Jets: b,c, gluon couplings
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• … and the same for WW fusion: 
Combined extraction of 6 σxBRs, with full 
extraction of correlations (important for 
combined fits)



Frank Simon (fsimon@mpp.mpg.de)Linear Colliders: ILC & CLIC 
ALPS2017, April 2017

ILC Higgs Couplings

• Global fits of linear collider Higgs projections 


• NB: Non-trivial to compare between projects: Different assumptions on running 
scenarios

33

ILC “H-20” scenario: 
after 20 years: 

• 250 GeV: 2 ab-1


• 350 GeV: 200 fb-1


• 500 GeV: 4 ab-1


polarized beams 

• Model-independent fit: Minimal assumptions (zero-width approximation)


• model-independent measurement of HZ coupling (“recoil measurement”) serves as 
anchor: HZ coupling measurement in ZH process defines achievable precision

gHZZ ~ 0.31 %
gHbb ~ 0.7 %
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CLIC Higgs Couplings

• Global fits of linear collider Higgs projections 


• NB: Non-trivial to compare between projects: Different assumptions on running 
scenarios

34

CLIC modified CDR scenario: 
after 23 years (incl. time for energy 
upgrades): 

• 350 GeV: 500 fb-1


• 1.4 TeV: 1.5 ab-1


• 3 TeV: 2 ab-1


polarized electrons at 1.4 TeV and 3 TeV 

• Model-independent fit
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most couplings < 2% in full program


“LHC-like” assumptions bring κHWW to 
the permille level; κHbb, κHZZ  2, 3 ‰, 
respectively
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Higgs: Direct Access to Top Yukawa Coupling

• Energies of 500 GeV and above enable direct 
access to the top Yukawa coupling via nth 
production 

35

• At ILC: 10% measurement with 1 ab-1 at 500 GeV, 
6.3% in full running scenario (see later)
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Higgs: Direct Access to Top Yukawa Coupling

• Energies of 500 GeV and above enable direct 
access to the top Yukawa coupling via nth 
production 

35

• At ILC: 10% measurement with 1 ab-1 at 500 GeV, 
6.3% in full running scenario (see later)

• Slight increase of energy helps substantially

• CLIC @ 1.4 TeV (1.5 ab-1): 4.1% precision
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Higgs Self Coupling

36

• Two processes for double Higgs production 
provide sensitivity to self coupling - in different 
energy regimes
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Higgs Self Coupling
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• Two processes for double Higgs production 
provide sensitivity to self coupling - in different 
energy regimes

• Connection between cross 
section and self-coupling 
non-trivial: Depends on 
production process, energy 
and value of λ
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Higgs Self Coupling
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• Two processes for double Higgs production 
provide sensitivity to self coupling - in different 
energy regimes

• Connection between cross 
section and self-coupling 
non-trivial: Depends on 
production process, energy 
and value of λ
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Higgs Self Coupling

• From cross-sections to self coupling: “conversion factor” κ to illustrate sensitivity of 
changes in cross-section to self coupling assuming λ = λSM  [κ = 1 / (δσ/δλ) ]

• 500 GeV κSM = 1.64, 1 TeV κSM = 0.76, 1.4 TeV κSM = 1.22, 3 TeV κSM = 1.47


• NB: For a specific value of λ, sensitivity can essentially disappear:  
for λ ~ 1.5 λSM  κ → ∞ at 1 TeV, similar at higher energies
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Small cross-section at 500 GeV makes 
measurement challenging in SM case:  
~ 27% for 4 ab-1 - Interesting in BSM 
scenarios with substantially larger λ
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Small cross-section at 500 GeV makes 
measurement challenging in SM case:  
~ 27% for 4 ab-1 - Interesting in BSM 
scenarios with substantially larger λ

Sweet spot at 1 TeV for λSM:  
~ 10 % for 2.5 ab-1


At CLIC: ~ 11% measurement in full 
program, extracted in analysis directly 
fitting λ (accounts for possible process 
bias introduced by event selection)
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A Word On Cost: CLIC

• Thorough cost analysis for first stage done - CDR, and update for new energy  
of 380 GeV
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5 Alternative klystron-based scenario for the first CLIC stage
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Figure 25: Value estimates of CLIC 500 GeV A, 500 GeV B and 380 GeV, in MCHF of December 2010.
The 500 GeV numbers are taken from the CDR [5].

easily tested at full specifications in the very same configuration as in the main linac. In contrast, for the
drive-beam option a large facility is required to provide the 100 A beam that is mandatory to power the
main-linac module prototypes. An important advantage of the drive-beam scheme is that the investment
to upgrade the drive-beam complex for the second energy stage would be relatively small. In contrast,
with a klystron-based first stage one would have to invest much more into a new drive-beam complex
instead of an upgrade of an operation facility. Also the klystron scheme requires a second tunnel to house
the klystrons, modulators and pulse compressors.
The accelerating structures demand very short pulses with high power. This is not easy to achieve
directly with klystrons. Therefore it is foreseen to make use of longer RF pulses from the klystron and to
compress them in time before feeding them into the accelerating structures. The compression increases
the power, which allows one to limit the total peak klystron power. However, this leads to some losses of
power in the pulse compressors. Based on this consideration a concept for the basic RF unit of a CLIC
energy stage with klystrons has been developed. It consists of a pair of X-band klystrons, a correction
cavities chain, a SLED (SLAC Energy Doubler) pulse compression system [75], and an RF distribution
system feeding a number of accelerating structures, see Figure 26.
Compared with the current state of the art, the klystrons can profit from recent ideas to increase the
efficiency substantially [76]. The addition of the correction cavity chain cures power variations along the
pulse length. The pulse compression system is based on a novel design, allowing one to reduce the cost
with respect to previous solutions [77].
The optimisation procedure for the accelerator parameters has been applied in the same fashion as for the
drive-beam based design, see Section 3. Instead of the drive-beam parameters, the number of required
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ILC Cost
• Value estimate of TDR design (very thorough analysis!): 7.8 billion ILCU (2012 USD)


• + explicit labor estimate of 22.6 million person-hours (14 000 FTE - years)
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3.2. Accelerator Layout & Design

Figure 3.5
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Figure 3.6
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These totals represent an increase of 7% in value and a reduction of 8% in explicit labour relative
to the estimates made for the 2007 Reference Design Report (after adjustment for inflation from
2007 to 2012). The major contribution to the increase was the cryomodule cost which was based on
current industrial studies and actual European XFEL contracts extrapolated to ILC quantities, rather
than older industrial studies and engineering estimates. This increase was o�set in several areas due
in large part to the more e�cient TDR design.

Any schedule for a project such as the ILC is determined by the availability of resources and the
ability to utilise them e�ciently. Without knowledge of the chosen Governance and Project Manage-
ment structure and funding profiles, a more accurate schedule cannot be formulated. Nonetheless,
making some reasonable assumptions in these areas, it appears that the overall construction schedule
is determined by the civil construction activities in the central campus region covering the detector
halls, the damping rings, and the injectors. These elements are site dependent. The Main Linac
schedule is determined by the delivery of the SCRF cryomodules, which are the technical components
with the longest lead time. A funding profile which peaks at 15% of the total project cost in year four
is consistent with a nine-year period between ground breaking and the start of beam commissioning.
Machine installation starts in year seven. A representative schedule for a mountainous site is shown in
Fig. 3.7.

Executive Summary ILC Technical Design Report: Volume 1 21
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Collider Parameters: CLIC
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4 CLIC staging baseline

Table 9: Parameters for the CLIC energy stages. The power consumptions for the 1.5 and 3 TeV stages
are from the CDR; depending on the details of the upgrade they can change at the percent level.

Parameter Symbol Unit Stage 1 Stage 2 Stage 3

Centre-of-mass energy
p

s GeV 380 1500 3000
Repetition frequency frep Hz 50 50 50
Number of bunches per train nb 352 312 312
Bunch separation D t ns 0.5 0.5 0.5
Pulse length tRF ns 244 244 244

Accelerating gradient G MV/m 72 72/100 72/100

Total luminosity L 1034 cm�2s�1 1.5 3.7 5.9
Luminosity above 99% of

p
s L0.01 1034 cm�2s�1 0.9 1.4 2

Main tunnel length km 11.4 29.0 50.1
Number of particles per bunch N 109 5.2 3.7 3.7
Bunch length sz µm 70 44 44
IP beam size sx/sy nm 149/2.9 ⇠ 60/1.5 ⇠ 40/1
Normalised emittance (end of linac) ex/ey nm 920/20 660/20 660/20
Normalised emittance (at IP) ex/ey nm 950/30 — —
Estimated power consumption Pwall MW 252 364 589

Figure 18: Overview of the CLIC layout at
p

s = 380 GeV. Only one drive beam complex is needed for
the first (and second) stage of CLIC.

4.3 Power and energy consumption

The nominal power consumption of CLIC at 380 GeV centre-of-mass energy has been estimated using
the parametric model [70] derived from the estimates of the CDR [3]. This yields a total of 252 MW for
all accelerator systems and services, including experimental area and detectors and taking into account
network losses for transformation and distribution on site. The breakdowns of this value per domain of
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Collider Parameters: ILC (TDR Parameters)

41

3.1.
T

he
ILC

TechnicalD
esign

Table 3.1. Summary table of the 250–500 GeV baseline and luminosity and energy upgrade parameters. Also included is a possible 1st stage 250 GeV parameter set (half the original main
linac length)

.

Baseline 500 GeV Machine 1st Stage L Upgrade ECM Upgrade

A B
Centre-of-mass energy ECM GeV 250 350 500 250 500 1000 1000

Collision rate frep Hz 5 5 5 5 5 4 4
Electron linac rate flinac Hz 10 5 5 10 5 4 4
Number of bunches nb 1312 1312 1312 1312 2625 2450 2450
Bunch population N ◊1010 2.0 2.0 2.0 2.0 2.0 1.74 1.74
Bunch separation �tb ns 554 554 554 554 366 366 366
Pulse current Ibeam mA 5.8 5.8 5.8 5.8 8.8 7.6 7.6

Main linac average gradient Ga MV m≠1 14.7 21.4 31.5 31.5 31.5 38.2 39.2
Average total beam power Pbeam MW 5.9 7.3 10.5 5.9 21.0 27.2 27.2
Estimated AC power PAC MW 122 121 163 129 204 300 300

RMS bunch length ‡z mm 0.3 0.3 0.3 0.3 0.3 0.250 0.225
Electron RMS energy spread �p/p % 0.190 0.158 0.124 0.190 0.124 0.083 0.085
Positron RMS energy spread �p/p % 0.152 0.100 0.070 0.152 0.070 0.043 0.047
Electron polarisation P≠ % 80 80 80 80 80 80 80
Positron polarisation P+ % 30 30 30 30 30 20 20

Horizontal emittance “‘x µm 10 10 10 10 10 10 10
Vertical emittance “‘y nm 35 35 35 35 35 30 30

IP horizontal beta function —ú
x mm 13.0 16.0 11.0 13.0 11.0 22.6 11.0

IP vertical beta function —ú
y mm 0.41 0.34 0.48 0.41 0.48 0.25 0.23

IP RMS horizontal beam size ‡ú
x nm 729.0 683.5 474 729 474 481 335

IP RMS veritcal beam size ‡ú
y nm 7.7 5.9 5.9 7.7 5.9 2.8 2.7

Luminosity L ◊1034 cm≠2s≠1 0.75 1.0 1.8 0.75 3.6 3.6 4.9
Fraction of luminosity in top 1% L0.01/L 87.1% 77.4% 58.3% 87.1% 58.3% 59.2% 44.5%
Average energy loss ”BS 0.97% 1.9% 4.5% 0.97% 4.5% 5.6% 10.5%
Number of pairs per bunch crossing Npairs ◊103 62.4 93.6 139.0 62.4 139.0 200.5 382.6
Total pair energy per bunch crossing Epairs TeV 46.5 115.0 344.1 46.5 344.1 1338.0 3441.0
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