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A. What is Higgs physics about and why are we interested in it?


B. More details on the physics programme of the ILC at 250 GeV 
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Concept of the talk: 
Sections 2 and 3 start with a summary that avoids as much as possible 
technical details and specific jargon. More details are given on the following 
slides. Appendix A addresses the relevance of Higgs physics in a wider context, 
while Appendix B contains further details on Section 2.
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• The ILC running at 250 GeV will be a ``Higgs factory’’


• 250 GeV is the ideal energy to mass-produce the recently 
discovered Higgs boson together with the Z boson


• The large number of produced Higgs bosons (~500 000) will allow 
the determination of the Higgs properties with high precision


• This will lead to an enormous progress in the understanding of the 
fundamental laws of nature and of the evolution of our Universe


• The Higgs boson may provide access to the dark matter of the 
Universe


• The ILC at 250 GeV also has a discovery potential for dark matter 
and other new particles

3

1. Introduction: the ILC at 250 GeV is a ``Higgs factory’’
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The Higgs boson and the origin of mass of 
elementary particles
The Higgs-boson discovery at the LHC in 2012                                   
was a major scientific breakthrough that has                                 
started a new era in our understanding of the                                     
fundamental laws of nature. 


The discovery establishes a non-trivial structure of                                 
the vacuum, i.e. of the lowest-energy state in our                            
Universe. This structure is caused by the Higgs field                         
(``Higgs potential’’).


The origin of mass of elementary particles is related to the structure of 
the vacuum: mass arises from the interaction with the Higgs field.


Studying the properties of the discovered particle allows us to explore 
the foundation upon which the Universe has been shaped during its 
phase transition and from which it continues to evolve.
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Higgs physics at Linear Colliders 

Higgs physics at ILC K. Desch - Higgs physics at ILC 2 

Nobel Prize 2013
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Higgs physics: present understanding
We do not know where the ``Higgs potential’’ that causes the structure of 
the vacuum actually comes from and which form of the potential nature 
has chosen. Experiments are needed to clarify this!

The Standard Model of particle physics uses a ``minimal’’ form of the 
Higgs potential with a single Higgs boson that is an elementary particle.

The LHC results on the Higgs boson within the current uncertainties are 
compatible with the predictions of the Standard Model, but also with a 
wide variety of other possibilities, corresponding to very different 
underlying physics.

Thus, we have discovered a new particle, but we do not know yet the 
physics that is associated with it. We have a description of the known 
particles and their interactions, but we do not know the underlying 
dynamics.

This is similar to the case of superconductivity, where first a 
phenomenological description was obtained (Ginzburg-Landau theory). 
The actual understanding was achieved with the microscopic BCS theory.

5
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Present understanding:                                           
Historical comparison with superconductivity
Discovered 1911                           Nobel Prize 1913 (Kamerlingh Onnes)


Ginzburg-Landau theory, 1950: phenomenological theory of 
superconductivity, successful description of macroscopic properties                         
x                                                 Nobel Prize 2003 (Abrikosov, Ginzburg)


Bardeen-Cooper-Schrieffer (BCS) theory, 1957: microscopic theory of 
the underlying physics in terms of ``Cooper pairs’’ of two electrons, 
explains macroscopic parameters                                Nobel Prize 1972 

Our current understanding of the origin of mass of elementary particles 
is at the level of the Ginzburg-Landau theory of superconductivity. We 
are lacking an understanding of the underlying physics at the level of 
the BCS theory. Achieving this understanding would be a huge 
progress in the quest to reveal the fundamental laws of nature. 

6
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Implications of Higgs physics 

Identifying the physics associated with the Higgs boson will have 
profound implications. Possible outcomes could be:


• Additional Higgs bosons ⟷ a new space-time symmetry, more 
than 100 years after Einstein?


• Substructure of the Higgs boson ⟷ a new interaction of nature    
(a ``fifth force’’)?


• Properties of the Higgs sector ⟷ evidence for additional 
dimensions of space?


• Higgs and dark energy ⟷ could our Universe be just one of many 
parallel Universes? 

7



Physics potential of the ILC at 250 GeV, Georg Weiglein, ILC Advisory Panel Meeting, MEXT, Tokyo, 02 / 2018

2. Physics programme of the ILC at 250 GeV:    
brief overview
The quest to identify the origin of mass of elementary particles is 
among the most important challenges of modern science. A Higgs 
factory is an ideal facility to address this. 


The ``golden channel’’, e+e- ⟶ ZH, can best be exploited at 250 GeV.


With this channel it is possible to detect the Higgs boson 
independently from the way it decays.


This leads to absolute and model-independent measurements of the 
Higgs production process and of the Higgs decay branching ratios. 


These measurements will be crucial for discovering the physics that 
is responsible for generating the masses of elementary particles.


The ILC at 250 GeV furthermore has a large discovery potential for 
new particles and new physics.

8
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``Golden channel’’ at the ILC: e+e� ! ZH,Z ! e+e�, µ+µ�

Recoil method: detecting the Higgs boson without using its decay!

Since the Z ⟶ l+l- decay branching fraction is known from the e+e- 
collider LEP, this method yields an absolute measurement of the ZH 
cross section and the Higgs branching ratios! 1% level reachable!

Higgs physics: what do we need to know?, Georg Weiglein, 121st ILC@DESY Project Meeting, DESY, Hamburg, 04 / 2015

``Golden channel’’ at the ILC: 

Recoil method: absolute measurement of ZH cross section and branching ratios

41

e+e� ! ZH,Z ! e+e�, µ+µ�

2013-10-14 Higgs Couplings 2013 “Prospects for measuring Higgs boson couplings at the ILC" (T. Tanabe)�
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FIG. 13. For the case of the µ+µ�H channel and e�L e
+
R at

p
s

= 250 GeV, in the region 110-155 GeV: (top) The Mrec spec-
tra of the signal MC events used in analysis plotted together
with the kernel function. (center) The Mrec spectrum of toy
MC events corresponding to the top plot. (bottom) Toy MC
events used for extracting �ZH and MH and their statistical
uncertainties, which are generated using the function which
fitted the top plot as input. The legend is the same as in
Figure 10.

TABLE V. The statistical uncertainties on �ZH and �MH,
assuming for each beam polarization a total integrated lumi-
nosity of 250 fb�1, 333 fb�1, and 500 fb�1 for

p
s = 250, 350,

and 500 GeV, respectively. The results are given in the form
of separate and combined results of the µ+µ�X and e+e�X
channels. p

s 250 GeV 350 GeV 500 GeV
��ZH/�ZH ��ZH/�ZH ��ZH/�ZH

e�L e
+
R µ

+
µ

�H 3.2% 3.9% 6.9%
e+e�H 4.0% 5.3% 7.2%

combined 2.5% 3.1% 5.0%
e�Re

+
L µ

+
µ

�H 3.6% 4.5% 8.1%
e+e�H 4.7% 6.1% 7.5%

combined 2.9% 3.6% 5.5%
p
s 250 GeV 350 GeV 500 GeV

�MH (MeV) �MH (MeV) �MH (MeV)
e�L e

+
R µ

+
µ

�H 39 103 592
e+e�H 121 450 1160

combined 37 100 527
e�Re

+
L µ

+
µ

�H 43 120 660
e+e�H 149 502 1190

combined 41 117 577

TABLE VI. The model independent statistical uncertainties
on �ZH obtained by combining the results of ��ZH/�ZH in
Table V with those of the invisible Higgs decay analysis, as-
suming for each beam polarization a total integrated luminos-
ity of 250 fb�1, 333 fb�1, and 500 fb�1 for

p
s = 250, 350,

and 500 GeV, respectively.

Pol.
p
s 250 GeV 350 GeV 500 GeV

e�L e
+
R ��ZH/�ZH 2.5% 3.2% 5.1%

e�Re
+
L ��ZH/�ZH 2.9% 3.6% 5.6%
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i

B

i

"

i

is the expected efficiency for all decay
modes. In this case, the bias on �ZH depends on the de-
termination of ". This is discussed as follows in terms of
three possible scenarios of our knowledge of Higgs decay
at the time of �ZH measurement.

• scenario A: all Higgs decay modes and the corre-
sponding B

i

for each mode are known. In this
rather unlikely case, " can be determined simply
by summing up over all modes, leaving no question
of model independence.

• scenario B: B

i

is completely unknown for every
mode. We would examine the discrepancy in ✏

i

by

ILC 250: large quantitative + qualitative improvements over HL-LHC                                                                                                                
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Coupling deviations for different models vs. ILC 
precision

10

heavy SUSY 2 Higgs doublet

Higgs-Radion mixingcomposite Higgs

[T. Barklow et 
al. ’17]

ILC precision at 1% level provides large sensitivity for 
discriminating between different realisations of underlying physics

⇒

Note:         
the displayed 
models are 
outside of the 
reach of the 
HL-LHC!
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Discovery potential of ILC 250 for the production of 
new particles
• Higgs decays to dark matter and other new particles: ILC 250 has 

sensitivity down to branching ratios of 0.3% for decays into dark 
matter (invisible decays); complementary information from 
precision measurements of the other branching ratios.


• Dark matter production                                                                             


   + Higgs as mediator                                  


• Production of additional light Higgs boson(s): Higgs at 125 GeV 
with SM-like couplings + additional Higgs states with strongly 
suppressed couplings to gauge bosons (squared couplings of all 
Higgs bosons add up to SM value). Hardly constrained from 
searches at LEP, the Tevatron and the LHC.                     


Large discovery potential for ILC 250!
11

⇒

The case for an ILC in view of recent LHC results, Georg Weiglein, Partikeldagarna 2013, Lund, 10 / 2013

Dark matter production at the ILC

49

New physics: dark matter

ILC: model-independent reconstruction of weakly interacting
massive particle (WIMP) ⇔ dark matter candidate

Use WIMP production process where a photon is emitted in
the initial state:

?
χ

χ

+e

-e

γ

⇒ Reconstruct WIMP signal from the recoil mass distribution:
M2

recoil = s− 2
√
sEγ

– p. 7

yields complementary                                                                                                             
sensitivity to the LHC 
and to direct detection 
experiments
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Sensitivity of ILC 250 with 500 fb-1 to a new light Higgs

12

measured, LEP (mH)
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LHC limit

20 40 60 80 100 120 140 160

0.001

0.010

0.100

1

mH/GeV

S
9
5

Figure 2: combined limits at 95% CL, 500 fb≠1 @ 250 GeV

10

[P. Drechsel et al. ’17]

ILC 250 will explore a large untested region!⇒

Indirect LHC 
sensitivity from 
measurements of the 
Higgs at 125 GeV

Excluded 
from

LEP 
searches

ILC 250 sensitivity:

h ⟶ bb search

ILC 250 sensitivity:

Recoil method

✓
ghZZ

gHSMZZ

◆2

Mh/GeV



Physics potential of the ILC at 250 GeV, Georg Weiglein, ILC Advisory Panel Meeting, MEXT, Tokyo, 02 / 2018

3. How does the physics programme of the ILC at 
250 GeV compare with the one up to 500 GeV?
The core of the physics programme of the ILC with energies up to      
500 GeV can be carried out at the 250 GeV energy stage.


The results from the ILC running at 250 GeV will be crucial for a 
possible programme at higher energies!

13

Higgs physics:  


ILC 500 yields quantitative improvements of the determination of the 
Higgs couplings. 


At ILC 500 the weak boson fusion channel, where the Higgs is 
produced together with two neutrinos (missing energy), can be 
exploited as additional Higgs production channel. This leads in 
particular to an improved determination of the total Higgs width.    
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The case for an ILC in view of recent LHC results, Georg Weiglein, Partikeldagarna 2013, Lund, 10 / 2013

Total width

43
2013-10-14 Higgs Couplings 2013 “Prospects for measuring Higgs boson couplings at the ILC" (T. Tanabe)� �
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∆ΓH/ΓH ≃ 5%

Standard method at the ILC for the determination 
of the total Higgs width
ILC: absolute measurements of the                                         ZH 
cross section and Higgs branching ratios                                                            
x


Determination of the total Higgs width 


                     ILC 250                                ILC 350


Increased precision of total width determination at 350 GeV
14

⇒

Higgs physics: what do we need to know?, Georg Weiglein, 121st ILC@DESY Project Meeting, DESY, Hamburg, 04 / 2015

``Golden channel’’ at the ILC: 

Recoil method: absolute measurement of ZH cross section and branching ratios

41

e+e� ! ZH,Z ! e+e�, µ+µ�
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ILC physics programme beyond 250 GeV

Further Higgs physics: 


The ttH production channel at ILC 500 (or ILC 550) will provide a 
direct measurement of the ttH coupling with higher precision than at 
the HL-LHC.  


At ILC 500 also processes with two Higgs bosons in the final state will 
be accessible. They will allow a measurement of the Higgs self-
coupling HHH, which is important for determining the Higgs potential.

15

Top physics:  


At ILC 350 the measurement of the top-quark mass will significantly 
be improved both quantitatively and qualitatively compared to the 
HL-LHC. The top physics programme at ILC energies up to 500 GeV 
will have a large potential for revealing effects of new physics.
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Top-quark mass measurement at the ILC

The top-quark mass is a crucial input parameter entering 
comparisons between experiment and theory either directly or via 
quantum effects. 


At the LHC top quarks are produced with high statistics. The 
measurement of the top-quark mass, however, is affected by a rather 
large systematic uncertainty in relating the measured quantity (which 
is a ``Monte Carlo mass’’) to a theoretically well-defined top-quark 
mass. Large efforts are currently made at the LHC with the goal to 
improve on this situation.

1622

The Higgs program is already available at 250 GeV.  
Additional physics becomes available at higher energies. 

The threshold for                   is very sharp, allowing a 
measurement of the top quark mass to 40 MeV (limited by 
theory uncertainties). 
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The “1S top mass” is a 
short-distance quantity, 
directly useful as input 
to grand unification, 
weak interactions, 
vacuum stability.

At the ILC a ``threshold mass’’ will be 
measured with an unprecedented precision 
of about 50 MeV. It is theoretically well-
defined and can be translated into the top-
quark mass value used in theoretical 
predictions at the same level of accuracy.
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ILC physics programme beyond 250 GeV
Searches for new particles:                                                                
ILC 500 will have an improved sensitivity in particular in the searches 
for dark matter and new weakly interacting particles, which is 
complementary to the sensitivity of the HL-LHC.


Electroweak physics:                                                                           
The higher collider energy of ILC 500 will increase the sensitivity to 
effects from new physics.

17

The case for an ILC in view of recent LHC results, Georg Weiglein, Partikeldagarna 2013, Lund, 10 / 2013

Dark matter production at the ILC

49

New physics: dark matter

ILC: model-independent reconstruction of weakly interacting
massive particle (WIMP) ⇔ dark matter candidate

Use WIMP production process where a photon is emitted in
the initial state:

?
χ

χ

+e

-e

γ

⇒ Reconstruct WIMP signal from the recoil mass distribution:
M2

recoil = s− 2
√
sEγ

– p. 7
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J. Brau/ILC Parameters    -    August 4, 2015 5

ILC Physics Goals
500 

GeV
350 

GeV
250 

GeV
• precision Higgs couplings ✔ ✔ ✔
• gHWW and overall normalization of Higgs couplings ✔ ✔
• search for invisible and exotic Higgs decay modes ✔ ✔ ✔
• Higgs couplings to top ✔
• Higgs self-coupling ✔
• search for extended Higgs states ✔
• precision electroweak couplings of the top quark ✔
• precision W couplings ✔ ✔
• precision search for Z! ✔
• search for supersymmetry ✔
• search for Dark Matter ✔
• top quark mass from threshold scan ✔
• precision Higgs mass ✔

Figure 1: ILC Physics Goals.

• A full calendar year is assumed to be 8 months at a 75% e�ciency (the RDR [5]
assumption). This corresponds to Y = 1.6⇥ 107 seconds of integrated running,
significantly higher than a Snowmass year of 107 seconds.

• A ramp-up of luminosity performance is assumed where expected.

– For the initial physics run after construction and year 0 commissioning,
the RDR ramp of 10%, 30%, 60% and 100% is assumed over the first four
years.

– The ramp after the shutdowns for installation of the luminosity upgrade
is assumed to be slightly shorter (10%, 50%, 100%) with no year 0.

– Going down in center-of-mass energy from 500 GeV to 350 GeV or 250
GeV is assumed to have no ramp, since there is no machine modification.

– Going to 10-Hz operation at 50% gradient does assume a ramp (25%, 75%,
100%), since 10-Hz a↵ects the entire machine.

• A major 18-month shutdown is assumed for the luminosity upgrade.

• Unlike TDR, 10-Hz and 7-Hz operation is assumed at 250 GeV and 350 GeV.

2

How should one interpret this table in this context?

18

[J. Brau ’17]
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2

How should one interpret this table in this context?

19

[J. Brau ’17]

A quote from J. Brau: ``The number of ticks on that table by no means can 
be used as a measure of the significance of the program at each energy!’’



Physics potential of the ILC at 250 GeV, Georg Weiglein, ILC Advisory Panel Meeting, MEXT, Tokyo, 02 / 2018

Some comments on the interpretation of the table

• A summary in form of such a table is necessarily over-simplified.


• There would be many other possibilities for how to group the 
physics topics in the rows of the table and for which rows to put.


• The table does not provide information about the relative weights of 
the different ticks.


• For those reasons it would not be appropriate to do a simple 
counting of ticks.


• Even sticking to the format of the table and to the way it is 
organised, according to my assessment the ILC running at 250 GeV 
does tick most of the boxes that have been left empty in the table, 
either on its own or in combination with the LHC.

20
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• A full calendar year is assumed to be 8 months at a 75% e�ciency (the RDR [5]
assumption). This corresponds to Y = 1.6⇥ 107 seconds of integrated running,
significantly higher than a Snowmass year of 107 seconds.

• A ramp-up of luminosity performance is assumed where expected.

– For the initial physics run after construction and year 0 commissioning,
the RDR ramp of 10%, 30%, 60% and 100% is assumed over the first four
years.

– The ramp after the shutdowns for installation of the luminosity upgrade
is assumed to be slightly shorter (10%, 50%, 100%) with no year 0.

– Going down in center-of-mass energy from 500 GeV to 350 GeV or 250
GeV is assumed to have no ramp, since there is no machine modification.

– Going to 10-Hz operation at 50% gradient does assume a ramp (25%, 75%,
100%), since 10-Hz a↵ects the entire machine.

• A major 18-month shutdown is assumed for the luminosity upgrade.

• Unlike TDR, 10-Hz and 7-Hz operation is assumed at 250 GeV and 350 GeV.
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• The Higgs precision measurements are the core of the physics 
programme of the ILC.


• What appears as a single tick in the table is in fact a very rich 
programme, which gives this tick a very large weight.


• The capabilities of the ILC running at 250 GeV are unique for those 
measurements.
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• The HWW coupling is accessible at ILC 250 via the Higgs decay 
into WW.


• The determination of the total width, which is needed to extract 
couplings from branching ratios, can be done at 250 GeV using the 
ZH cross section and BR(H ⟶ ZZ). The accuracy of this 
determination is limited by the statistics of BR(H ⟶ ZZ).


• This accuracy can be improved by inserting the ZH cross section 
measurements into the LHC analyses and using the resulting   
BR(H ⟶ ZZ) from the LHC. Another way of improving it is to make 
use of BR(H ⟶ WW) via the measurement of the ratio of the two 
branching ratios or via the application of an effective Lagrangian 
formalism respecting gauge invariance and custodial symmetry. 
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is assumed to be slightly shorter (10%, 50%, 100%) with no year 0.
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GeV is assumed to have no ramp, since there is no machine modification.
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• Higgs couplings to the top quark will be accessible at the LHC, 
making use of the input from the ILC


• Higgs self-coupling: limited information from the LHC making use 
of its total accumulated luminosity 


Important synergies: ILC 250 ⊕ LHC
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• See slides 11, 12 above for examples that tick the boxes


• The ILC running at 250 GeV will have a large discovery potential for 
light new particles compared to the e+e- collider LEP2 (higher 
energy, much higher luminosity, polarised beams, much better 
detectors) and to the hadron colliders Tevatron and LHC (much 
better signal-to-background rates, much better sensitivity for 
signals with small cross sections and for new states with 
compressed spectra). 
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– The ramp after the shutdowns for installation of the luminosity upgrade
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ILC 250 ⊕ LHC will have significant sensitivity
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4. Conclusions
The physics case of the ILC at 250 GeV is extremely strong.

The physics programme at 250 GeV with polarised beams will 
tremendously advance the understanding of the fundamental laws of 
nature and complement the measurements at the LHC. The interplay of 
the results from the LHC and the ILC will allow one to go far beyond the 
results that could be achieved at each of the two machines individually.

A timely realisation of the ILC at 250 GeV will be crucial for exploiting 
those synergies.

I fully support the statements of ICFA ``… will provide excellent science 
from precision studies of the Higgs boson … a key science project 
complementary to the LHC and its upgrade’’ and the Japanese HEP 
community ``a compelling physics case for constructing an ILC at 250 
GeV centre of mass energy as a Higgs factory’’.

The extendibility of the ILC to reach higher energies is a uniquely 
important advantage compared to circular machines. The results from  
ILC 250 will shape a possible programme at higher energies.
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Preparations for the update of the European 
Strategy for Particle Physics: Germany

28

 

 

 

Conclusions of the 

KET Workshop on Future e+e- Collidersa 
Max-Planck-Institut für Physik Munich, May 2-3, 2016 

 

1. The physics case for a future e+e- collider, covering energies from Mz up to 
the TeV regime, is regarded to be very strong, justifying (and in  fact 
requiring) the timely construction and operation of such a machine.i 
 

2. The ILC meets all the requirements discussed at this workshop.ii It is 
currently the only project in a mature technical state. Therefore this 
project, as proposed by the international community and discussed to be 
hosted in Japan, should be realised with urgency. As the result of this 
workshop, this project receives our strongest support.iii 
 

3. FCC-ee, as a possible first stage of FCC-hh, and CEPC could well cover the 
low-energy part of the e+e- physics case, and would thus be 
complementary to the ILC.iv 
 

4. CLIC has the potential to reach significantly higher energies than the ILC. 
CLIC R&D should be continued until a decision on future CERN projects, 
based on further LHC results and in the context of the 2019/2020 
European Strategy, will be made. 

 

 

 

 

                                                        
a KET contact:   Christian Zeitnitz (zeitnitz@uni-wupertal.de),   www.ketweb.de 
  Workshop:      indico.mpp.mpg.de/conferenceDisplay.py?confId=4223 
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