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Particle	physics:	probe	shortest	distances,	produce	heavy	particles
λ =	h/p m=E/c2

Particle	accelerators	are
- the	driving	tool	for	particle	physics

Particle	physics	has	been	(and	is)
- a	driving	application	for	accelerator	physics

symmetrymagazine.org

The Standard Model of Particle Physics

The Standard Model is a kind of periodic table of the elements for
particle physics. But instead of listing the chemical elements, it
lists the fundamental particles that make up the atoms that make
up the chemical elements, along with any other particles that
cannot be broken down into any smaller pieces.

The complete Standard Model took a long time to build. Physicist
J.J. Thomson discovered the electron in 1897, and scientists at the
Large Hadron Collider found the final piece of the puzzle, the Higgs
boson, in 2012.

Use this interactive graphic to explore the different particles that
make up the building blocks of our universe.

Return to symmetry article

Discovery	at

hadron	accelerator
hadron	collider

e+e- collider



The	scene:	where do	we stand?
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Higgs	discovery at LHC:	breakthrough in	our understanding of SM	

Higgs	discovery is part of the LHC	„no-lose“	theorem:
• if no Higgs	->	breakdown	of SM	in	VLVL à VLVL
• LHC	sensitive	to either (although at different	time	scales and precision)

That was	a	luxury situation.	In	spite of many fundamental	open	questions
and puzzles: there is no next-no-lose	theorem (NNLT)	(to my knowledge...)

à we have to rely on	experimental	exploration!
(T.Hänsch:	„look where noone looked before“)

This	„experimental	exploration“	has started with LHC	run1/2
We should be prepared for break-through discoveries every day....



Experimental	exploration at work
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à look for deviations from SM	predictions in	as many signatures as possible

à measure the degree of agreement of SM	and data to
exclude theoretical models (and make room in	the heads of theorists...)

à characterize the „known stuff“	to best possible precision (H,t,W)s
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Figure 28: The measured value of mW is compared to other published results, including measurements from the
LEP experiments ALEPH, DELPHI, L3 and OPAL [25–28], and from the Tevatron collider experiments CDF and
D0 [22, 23]. The vertical bands show the statistical and total uncertainties of the ATLAS measurement, and the
horizontal bands and lines show the statistical and total uncertainties of the other published results. Measured
values of mW for positively and negatively charged W bosons are also shown.
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Figure 29: The present measurement of mW is compared
to the SM prediction from the global electroweak fit [16]
updated using recent measurements of the top-quark and
Higgs-boson masses, mt = 172.84± 0.70 GeV [117] and
mH = 125.09 ± 0.24 GeV [118], and to the combined
values of mW measured at LEP [119] and at the Tevatron
collider [24].
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Figure 30: The 68% and 95% confidence-level contours
of the mW and mt indirect determination from the global
electroweak fit [16] are compared to the 68% and 95%
confidence-level contours of the ATLAS measurements
of the top-quark and W-boson masses. The determin-
ation from the electroweak fit uses as input the LHC
measurement of the Higgs-boson mass, mH = 125.09 ±
0.24 GeV [118].

The determination of the W-boson mass from the global fit of the electroweak parameters has an uncer-
tainty of 8 MeV, which sets a natural target for the precision of the experimental measurement of the mass
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precision	measurements model	exclusions anomalies?



The	driving fundamental	questions (KD	selection)
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What	is	the	Higgs	boson?	 Fundamental	or	composite?
Only	one	Higgs?

What	makes	it	so	light? Fine	tuning/Hierarchy?

What	particles	are	carrying	the	 WIMPs?	WISPs?	or	BHs???
Dark	Matter?

How	did	anti-matter	disappear?	 CP	violation	(Higgs,	Neutrinos, BSM	?)

Can	all	forces	be	unified? SUSY?	
Proton	decay?

Are	there	more	than	3	generations?

Why	is	there	no	dipole	moment	of	n/p? Absence	of	CPV	– symmetry?

(Add	your	favourite	puzzle	here) Accelerators	play	a	vital	role
for	all	these	questions



Where to go from here?
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European	strategy	update	2013
prepared	by	the	
European	Strategy	Group	for
Particle	Physics	
and	was	adopted	by	CERN	council

Update	foreseen	~2019/20
Preparatory	process	beginning	soon

The European strategy for particle physics20

The European Strategy for Particle Physics
Update 2013

Preamble
Since the adoption of the European Strategy for Particle Physics 
in 2006, the field has made impressive progress in the pursuit 
of its core mission, elucidating the laws of nature at the most 
fundamental level. A giant leap, the discovery of the Higgs boson, 
has been accompanied by many experimental results confirming 
the Standard Model beyond the previously explored energy scales. 
These results raise further questions on the origin of elementary 
particle masses and on the role of the Higgs boson in the more 
fundamental theory underlying the Standard Model, which may 
involve additional particles to be discovered around the TeV scale. 
Significant progress is being made towards solving long-standing 
puzzles such as the matter-antimatter asymmetry of the Universe 
and the nature of the mysterious dark matter. The observation of 
a new type of neutrino oscillation has opened the way for future 
investigations of matter-antimatter asymmetry in the neutrino 
sector. Intriguing prospects are emerging for experiments at the 
overlap with astroparticle physics and cosmology. Against the 
backdrop of dramatic developments in our understanding of the 
science landscape, Europe is updating its Strategy for Particle Physics 
in order to define the community’s direction for the coming years 
and to prepare for the long-term future of the field.

General issues

a. The success of the LHC is proof of the effectiveness 
of the European organizational model for particle 
physics, founded on the sustained long-term 
commitment of the CERN Member States and of 
the national institutes, laboratories and universities 
closely collaborating with CERN. Europe should 
preserve this model in order to keep its leading 
role, sustaining the success of particle physics 
and the benefits it brings to the wider society.  

b. The scale of the facilities required by particle physics 
is resulting in the globalisation of the field. The 
European Strategy takes into account the worldwide 
particle physics landscape and developments in 
related fields and should continue to do so. 

High priority large-scale 
scientific activities

After careful analysis of many possible large-
scale scientific activities requiring significant 
resources, sizeable collaborations and sustained 
commitment, the following four activities have 
been identified as carrying the highest priority. 

c. The discovery of the Higgs boson is the start of a 
major programme of work to measure this particle’s 
properties with the highest possible precision 
for testing the validity of the Standard Model and 
to search for further new physics at the energy 
frontier. The LHC is in a unique position to pursue 
this programme. Europe’s top priority should be 
the exploitation of the full potential of the LHC, 

Prepared by the European 
Strategy Group for Particle 
Physics for the special 
European Strategy Session of 
Council in Brussels on 30 May 
2013.



European	strategy in	brief
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1. LHC	+	HL-LHC

2. Prepare	ambitious	post-LHC	accelerator	project	at	CERN

3. Look	forward	to	proposal	from	Japan	on	ILC

4. Develop	a	neutrino	program	to	enable	European	participation

5. Theory…

6. Quark+Lepton flavour physics

7. Detector &	Computing	R&D

8. Non-accelerator particle physics (coordingate with astro-particle ph.)

9. Coordinate at	boundary between particle and nuclear physics

implementation	fully	underway



German	landscape
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German	Particle	Physics	strategy	documented

in	KET	brochure	(2014)

largely	in-line	with	European	Strategy

KET-workshops	to	prepare	German	input	

next	European	strategy	update:

1. e+e- (2.-3.5.2016,	MPP	Munich)	�

2. Neutrinos	(23.-24.2.2017,	MPK	Heidelberg)

3. Beyond	colliders	(27.-28.4.,	Mainz)

4. Hadron	machines	(t.b.d.)

5. Summary	workshop	(t.b.d.)

TEILCHEN 
PHYSIK IN 
DEUTSCHLAND  
Status und Perspektiven 2014



(Major)	Projects
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ILC
CLIC

CepS+
SppC

FCC	ee/hh

μC

Will	comment	mainly	on	physics	case	– technical	implementation:	O	Brüning´s talk



Lepton	and Hadron	collisions
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p pe+ e-

discovery through precision
study known particles

discovery through
broadband +	highest energies

too simple
also:
discover new particles
not	visible in	hadron collider
environment

also:
impressive performance of
modern	detectors allows for
remarkable precision also	in	pp
(however limitations remain)

e-pWhat	about ?	



e+e- collisions
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For e+e- collisions (90-1000	GeV)	there is a	very strong	physics case
already now (i.e.	without waiting for new LHC	results):

• Precision	Higgs	physics beyond LHC	precision and quality

• Precision	Top	physics

• Precision	EW	measurements

• Complementary searches (where LHC	is less/not	sensitive)

• Polarized beams are a	big asset!

à This	programme	justifies timely implementation

à ILC



e+e- Higgs	processes
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• Many processes at different	√s	needed &	accessible

30 CHAPTER 2. ENERGY FRONTIER

study this boson in the clean environment of e+e� collisions. Since the boson has been
seen in its ZZ-decay and given the indications that it also decays to WW , the main
LC production modes, Higgs-strahlung and WW -fusion can be exploited, allowing for
a model-independent reconstruction of the profile of this Higgs-like particle (hereafter
called “Higgs boson” for simplicity).

For a LC, there are qualitative di↵erences to the LHC which in turn lead to quanti-
tative improvements for the determination of the parameters of the Higgs sector. The
precise measurements of these parameters allows for the identification of the nature of
underlying physics. The experimental anchor of LC Higgs physics is the possibility to
observe the Higgs boson in Higgs-strahlung, e+e� ! HZ as a resonance in the mass
recoiling against a leptonically decaying Z-boson independent of a specific Higgs decay,
see Fig. 2.13 (right). This allows for the direct reconstruction of gHZ , the Higgs-Z cou-
pling. Thus, inherently any Higgs branching ratios and couplings can be determined
absolutely and without correlations. This includes potential beyond-SM decays such as
e.g. invisible decays, decays into light quarks etc.
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Fig. 9: Left: Production cross-sections of the SM Higgs boson in e+e� collisions as a function of
p

s for
mH = 125 GeV. Right: SUSY production cross-sections of model III as a function of

p
s. Every line of

a given colour corresponds to the production cross section of one particle in the legend.

Table 5: Summary of results obtained in the Higgs studies for mH =120 GeV. All analyses at centre-of-
mass energies of 350 GeV and 500 GeV assume an integrated luminosity of 500 fb�1, while the analyses
at 1.4 TeV (3 TeV) assume 1.5 ab�1(2 ab�1).

Higgs studies for mH =120 GeV
p

s Process Decay Measured Unit Generator Stat. Comment(GeV) mode quantity value error

350 ZH ! µ+µ�X
� fb 4.9 4.9% Model

Mass GeV 120 0.131 independent,
using Z-recoil

500
SM Higgs

ZH ! qq̄qq̄
�⇥ BR fb 34.4 1.6% ZH ! qq̄qq̄

production Mass GeV 120 0.100 mass
reconstruction

500 ZH,H��̄ �⇥ BR fb 80.7 1.0% Inclusive

! ��̄qq̄ Mass GeV 120 0.100 sample

1400 H ! �+��

�⇥ BR fb

19.8 <3.7%

3000
WW H ! bb̄ 285 0.22%
fusion H ! cc̄ 13 3.2%

H ! µ+µ� 0.12 15.7%

Higgs
1400 WW tri-linear ⇠20%
3000 fusion coupling ⇠20%

gHHH

10

Figure 2: The recoil mass distribution for e+e� � ZH � µ+µ�H events with mH = 120 GeV in the ILD
detector concept at the ILC [6]. The numbers of events correspond to 250 fb�1 at

�
s = 250 GeV, and the

error bars show the expected statistical uncertainties on the individual points.

�
s 250 GeV 350 GeV

Int. L 250 fb�1 350 fb�1

�(�)/� 3 % 4 %
�(gHZZ)/gHZZ 1.5 % 2 %

Table 2: Precision measurements of the Higgs coupling to the Z at
�

s = 250 GeVand
�

s = 350 GeV based
on full simulation studies with mH = 120 GeV. Results from [6] and follow-up studies.

even near threshold at 500 GeV with 1 ab�1, thanks to the factor of two enhancement of the QCD-induced
bound-state e�ect. The measurement, which is made di�cult by a very large tt̄ background, relies on the
foreseen performances of the LC detectors. Furthermore, �gH��/gH�� can be measured at � 5% precision
at a 500 GeV LC with 500 fb�1 of integrated luminosity.

2.3 Higgs Coupling Measurements at
�

s � 500 GeV

The large samples of events from both WW and ZZ fusion processes would lead to a measurement of the
relative couplings of the Higgs boson to the W and Z at the 1 % level. This would provide a strong test of
the SM prediction gHWW/gHZZ = cos2 �W .

The ability for clean flavour tagging combined with the large samples of WW fusion events allows the
production rate of e+e� � H�e�e � bb�e�e to be determined with a precision of better than 1 %. Further-
more, the couplings to the fermions can be measured more precisely at high energies, even when accounting
for the uncertainties on the production process. For example, Table 3 shows the precision on the branching
ratio obtained from full simulation studies as presented in [4]. The uncertainties of the Higgs couplings
can be obtained by combining the high-energy results with those from the Higgs-strahlung process. The
high statistics Higgs samples would allow for very precise measurements of relative branching ratios. For
example, a LC operating at 3 TeV would give a statistical precision of 1.5 % on gHcc/gHbb.

2.4 Higgs Self-Coupling

In the SM, the Higgs boson originates from a doublet of complex scalar fields described by the potential

V(�) = µ2�†� + �(�†�)2 .

5

Figure 2.13: (Left) Cross sections for various Higgs boson production processes in e+e� col-
lisions. (Right) Recoil mass distribution for e+e� ! ZH ! µ+µ�H events at the ILC for
mH = 120 GeV and 250 fb�1 at

p
s = 250 GeV.

The reconstruction of the Higgs boson profile requires di↵erent steps in centre-of-mass
energy. The recoil mass spectrum as well as branching ratios (b, c, ⌧ , g, W , Z, �) can
be measured in Higgs-strahlung where the maximum of the cross section for a 125 GeV
Higgs boson is around 250 GeV. Given the inherent, approximately linear, increase of
instantaneous luminosity with

p
s, comparable accuracies can be achieved at 250 GeV

and 350 GeV. The most precise method to reconstruct the total decay width involves the
precise measurement of the WW -fusion cross-section which rises logarithmically with

p
s

and requires at least 350 GeV.
Since the H ! tt̄ decay is kinematically forbidden, the top Yukawa coupling needs to

be measured in e+e� ! tt̄H. The cross section has a broad maximum around 700 GeV.
The top Yukawa coupling can be measured with ⇠ 15% precision at

p
s = 500 GeV for

500 fb�1[10].
The measurement of a non-zero trilinear Higgs coupling �HHH signals a non-trivial

structure of the Higgs potential and thus spontaneous symmetry breaking. At the LC
it can be accessed mainly through two di↵erent production mechanisms, e+e� ! HHZ

ILC
CLIC
CEPC

FCC-ee



LHC	vs ILC:	model-dep.	couplings (κ)
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typically
factor 5-10
improvement
w.r.t.	HL-LHC

important:
in	e+e-,	model-independent
coupling can also	be
derived (not	possible at	
hadron collider)

[LCC	Physics Group
arxiv:1506.05992]
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 (CMS-1, Ref. arXiv:1307.7135)-1 14 TeV, 3000 fbHL-LHC
 (CMS-2, Ref. arXiv:1307.7135)-1 14 TeV, 3000 fbHL-LHC
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Figure 4: Relative precisions for the various Higgs couplings extracted using the model-
dependent fit used in the Snowmass 2013 study [18], applied to expected data from the
High-Luminosity LHC and from the ILC. Here, 

A

is the ratio of the AAh coupling to
the Standard Model expectation. The red bands show the expected errors from the initial
phase of ILC running. The yellow bands show the errors expected from the full data set.
The blue bands for 

�

show the e↵ect of a joint analysis of High-Luminosity LHC and ILC
data.

9



Impact	of	BSM	on	Higgs	Sector

14

Supersymmetry
(MSSM)

Composite Higgs
(MCHM5)
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[LCC	Physics Group]

H
ig

gs
 c

ou
pl

in
g 

de
vi

at
io

n 
fro

m
 S

M

-15

-10

-5

0

5

10

15

H
ig

gs
 c

ou
pl

in
g 

de
vi

at
io

n 
fro

m
 S

M

-15

-10

-5

0

5

10

15
 = 700 GeV)A = 5, MβMSSM (tan

%

%

%

%

%
Z W b τ c t

 Projected Higgs coupling precision (model-independent)ILC
-1 250 GeV, 2000 fb⊕-1 350 GeV, 200 fb⊕-1500 GeV, 4000 fb

Model prediction

H
ig

gs
 c

ou
pl

in
g 

de
vi

at
io

n 
fro

m
 S

M

-15

-10

-5

0

5

10

15

H
ig

gs
 c

ou
pl

in
g 

de
vi

at
io

n 
fro

m
 S

M

-15

-10

-5

0

5

10

15
= 1.5 TeV)fMCHM5 (

%

%

%

%

%
Z W b τ c t

 Projected Higgs coupling precision (model-independent)ILC
-1 250 GeV, 2000 fb⊕-1 350 GeV, 200 fb⊕-1500 GeV, 4000 fb

Model prediction

Figure 6: Two examples of models of new physics and their predicted e↵ects on the pattern
of Higgs boson couplings. Left: a supersymmetric model. Right: a model with Higgs boson
compositeness. The error bars indicate the 1� uncertainties expected from the model-
independent fit to the full ILC data set.

the Higgs field. The value of this coupling gives evidence on the nature of the phase
transition in the early universe from the symmetric state of the weak interaction
theory to the state of broken symmetry with a nonzero value of the Higgs field.

In the Standard Model, this transition is predicted to be continuous [21]. However,
if the transition were first-order, it would put the universe out of thermal equilibrium
and, through possible CP violating interactions in the Higgs sector, it would allow the
generation of a nonzero baryon-antibaryon asymmetry. This is not the only theory
for the baryon-antibaryon asymmetry, but it is the only theory in which all relevant
parameters can potentially be measured at accelerators, setting up a quantitative
experimental test.

The first step would be to test the nature of the phase transition. Models in
which the phase transition is first-order typically require the Higgs self-coupling to
di↵er from the value predicted by the Standard Model [22]. The Higgs self-coupling
can be a factor of 2 larger in some models [23].

At the High-Luminosity LHC, double Higgs production can be detected in well-
chosen final states, for example, the state in which one Higgs boson decays to ��, pro-
viding a clean signal, while the other decays to bb, providing the maximum rate. This
process should eventually be observed at the LHC, though current fast-simulation
studies are rather pessimistic [24].

At the ILC at 500 GeV, pairs of Higgs bosons are produced through e+e� ! Zhh.
All Higgs decay modes are observable and will contribute to the measurement. The
modes hh ! bbbb and hh ! bbWW have been studied in full simulation at the center

12

ILC	(or better)	precision required to discriminate models



The	Higgs	self coupling
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two choices:

e+e- à ZHH	
(maximum of σ around √s	≈	600	GeV)
à ILC500	(~75	events in	500	fb-1)

e+e- à HHνν
(log.	rise of σ,	need at least	1	TeV)	

challenges:
- huge number of different	final	states
- „dilution“	due	to interference with

non-HHH	diagrams (not	sensitive	to λHHH)
(can be mitigated by phase space
weighting)

[Dürig,	EPS	2015]

Higgs Self-Coupling Measurement at the ILC

‰ precise measurement of SM Higgs potential via Higgs self-coupling

V(⌘H) =
1

2
m2

H⌘
2
H + �v⌘3

H +
1

4
�⌘

4
H

‰ existence of HHH coupling ! direct evidence of vacuum condensation

‰ one must observe double Higgs production

‰ very challenging measurement

! small production cross section, i.e. �(ZHH) ⇡ 0.2fb at 500GeV

! many jets in final state

! interference terms due to irreducible diagrams
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P(e+,e-)=(0.3,-0.8):

P(e+,e-)=(0.6,-0.8):

Claude Fabienne Dürig | Higgs program at the ILC | EPS-HEP Vienna, July 22-29 2015 | 10/13

Higgs Self-Coupling Measurement at the ILC
ILC Parameters Joint Working Group, arXiv:1506.07830v1 [hep-ex]

Existing full simulation analyses
for mH = 125 GeV

@ 500 GeV

‰ ZHH!Z(bb)(bb)

‰ ZHH!Z(bb)(WW)

@ 1 TeV

‰ ⌫⌫HH !⌫⌫(bb)(bb)

‰ ⌫⌫HH !⌫⌫(bb)(WW)

studies are ongoing
potential improvement in analyses

‰ kinematic fitting

‰ jet-clustering

‰ matrix element method

‰ etc...

relative improvement of 20% expected
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possible energy upgrade to 1 TeV could
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Top	Quark	mass from cross section at tt production threshold

• theoretically well-defined,	recent progress NNNLO,	yt dependence
• – precision 50	MeV on	mt from threshold scan
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0.8  threshold - 1S mass 174.0 GeVtt
TOPPIK NNLO + ILC350 LS + ISR

/point-1simulated data: 10 fb
 200 MeV±top mass 

ILC

Figure 7: Top quark pair production threshold, including the luminosity spectrum of the
ILC, and simulated data points, corresponding in total to one year at design luminosity,
from Ref. [33].

The real part of the pole corresponding to the 1S bound state is a precisely de-
fined quantity that can be extracted from the threshold measurements. This mass
parameter can be determined to about 50 MeV in the ILC program. The accuracy
of this measurement is limited by the precision of the theoretical prediction of the
threshold shape, now known at N3LO [31,32]. For the 200 fb�1 data set expected
near 350 GeV [7], the expected statistical errors in a 3-parameter fit to the threshold
shape are 17 MeV for m

t

, 26 MeV for �
t

, and 4.2% for the top quark Yukawa cou-
pling [33,34]. Uncertainties from knowledge of the ILC beam parameters are expected
to be still smaller.

The 1S top quark mass is connected to other theoretically precise definitions of
the top quark mass, such as the MS mass, to an accuracy of about 10MeV [35]. The
error in converting an on-shell top quark mass to the MS mass is more than an order
of magnitude greater. Further, the mass usually quoted from Tevatron and LHC
data is simply the input value used in a popular Monte Carlo event generator; its
connection to theoretically precise values is not understood. At the High-Luminosity
LHC, it is estimated that the MS top quark mass can be extracted to an accuracy of

15

lots	of theory progress!
[Hoang	et	al	2014]
[Bach	et	al	2014]
[Beneke et	al	2015]
[Marquard	et	al	2015]
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Figure 11: Impact of electroweak searches (as listed in Table 1) (a) on the �̃0
2–�̃0

1 plane and (b) on the �̃±1 –�̃0
1 plane.

The 95% CL observed exclusion limit from Ref. [53] is for a simplified model that assumes pure-wino �̃±1 + �̃
0
2

production, followed by the decays �̃±1 �̃
0
2 ! W⇤�̃0

1Z⇤�̃0
1. The colour scale is as described in Figure 3.

mixing, leading to a larger �m�, and a shorter �̃±1 lifetime, hence the Disappearing Track analysis loses
sensitivity. The Figure 11(a) row in which m(�̃0

1) ⇠ 50 GeV has lower sensitivity for the Disappearing
Track analysis. This region is dominated by models for which the relic density is controlled by the Z and
h boson funnels, so has bino-like LSPs with a Higgsino admixture. Such models do not typically feature
long-lived charginos.

For m(�̃0
2) <⇠ 400 GeV and m(�̃0

1) <⇠ 200 GeV, direct production of �̃0
2 (and/or �̃±1 ) states provides sens-

itivity via the 2-leptons, 3-leptons and 4-leptons analyses. The sensitive region for these multi-lepton
analyses is similar to that shown from the simplified model of Ref. [53]. Nevertheless there remain many
viable pMSSM points within the region excluded in the simplified-model scenario. For example, many
points in the Z and h boson funnel regions (m(�̃0

1) ⇠ 50 GeV) have little sensitivity in the multi-lepton
analyses as the �̃0

2 is predominantly Higgsino-like, leading to a lower production cross-section.

The equivalent plot for the projection onto the plane of the lightest chargino and the LSP is shown in
Figure 11(b), again showing the fraction excluded by the electroweak ATLAS searches. In this figure
the Disappearing Track analysis has sensitivity to models with wino-like LSPs which lie close to the
leading diagonal where m(�̃±1 ) is only a little larger than m(�̃0

1). Models with Higgsino-like LSPs also
lie close to that diagonal, but have larger mass splittings and so little sensitivity from the Disappearing
Track analysis. Away from that diagonal only bino-dominated LSPs are found. Here the best sensitivity
is from the multi-lepton electroweak search analyses (2-leptons, 3-leptons and 4-leptons), particularly
for m(�̃±1 ) <⇠ 400 GeV and m(�̃0

1) <⇠ 200 GeV. The region with sensitivity to the multi-lepton searches
again shows some similarity with the simplified-model limit from Ref. [53], but again no region is totally
excluded.

28

ATLAS,	pMSSM scan arxiv:1508.06608
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• Two-beam	acceleration scheme
• Normal	conducting cavities

(power:	600	MW@3	TeV)

Significant R&D	ongoing
Technical	readiness in	some years?

Parameter Unit 380	GeV 3	TeV

Centre-of-mass	energy TeV 0.38 3

Total	luminosity 1034cm-2s-1 1.5 5.9

Luminosity	above	99%	of	√s 1034cm-2s-1 0.9 2.0

Physics:

380	GeV stage:	
(late)	alternative	to ILC	(if not	built)

3	TeV stage:	
energy frontier machine

2 CLIC physics

Table 6: Results of the model-dependent global Higgs fit. Values marked “�” cannot be measured with
sufficient precision at the given energy. The uncertainty of the total width is calculated from the
fit results, taking the parameter correlations into account.

Parameter Relative precision

350GeV + 1.4TeV + 3TeV
500fb�1 + 1.5ab�1 + 2ab�1

kHZZ 0.57% 0.37% 0.34%
kHWW 1.1% 0.21% 0.14%
kHbb 2.0% 0.41% 0.24%
kHcc 5.9% 2.2% 1.7%
kHtt 3.9% 1.5% 1.1%
kHµµ � 14.1% 7.8%
kHtt � 4.3% 4.3%
kHgg 3.2% 1.6% 1.2%
kHgg � 5.6% 3.1%
kHZg � 15.6% 9.1%

GH,md,derived 1.6% 0.41% 0.28%

co
up

lin
g 

re
la

tiv
e 

to
 S

M

0.9

1

1.1

0.5%

2.5%

HΓ

µ

c τ b

t

W Z g

γ

γZ

H

CLICdp
model dependent

350 GeV
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Figure 6: Illustration of the precision of the Higgs couplings determined in a model-dependent fit in the
studied three-stage CLIC programme. Note the reduced y-axis range with respect to Figure 5.

model-independent “anchor” of the coupling to the Z boson as well as a first measurement of the total
width and coupling measurements to most fermions and bosons. The higher-energy stages add direct
measurements of the coupling to top quarks, to muons and photons as well as overall improvements
of the branching ratio measurements. Hence, they improve the uncertainties of the total widths and all
couplings except the one to the Z boson already measured with best precision in the first stage. They
also provide a measurement of the self-coupling of the Higgs boson. In a model-dependent analysis, the
improvement with increasing energy is even more significant than in the model-independent fit, since the
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2 CLIC physics
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Figure 10: a: Z0 mass discovery limit at 5s from the measurement of e+e� ! µ+µ� as a function of the
integrated luminosity and for different coupling values in the minimal anomaly-free Z0 model.
For more details see [11, 62]. b: Summary plot of the current constraints (orange curves and
brown region) and prospects for direct and indirect probes at LHC and CLIC (horizontal
regions) of the strong interactions triggering electroweak symmetry breaking. m

r

is the mass
of the vector resonances and x = (v/ f )2 measures the strengths of the Higgs interactions. For
more details see [11, 58].

samples provide the potential for a measurement of the W boson mass from its hadronic decays with
a few-MeV statistical accuracy. A full simulation study is foreseen to study the impact of systematic
effects, such as the uncertainty of the jet energy scale, on this measurement [11].

2.6 Summary of physics requirements for the CLIC energy stages

With the above assessment of the CLIC physics potential for Higgs, top-quark and BSM physics, one
has the ingredients to reflect on the optimal choice for the future CLIC energy stages.
A choice of 350 GeV for the first energy stage turns out to be close to optimal for initial precision Higgs
studies. As explained in Section 2.3 it gives access to the Higgs boson in the HZ production process,
thereby providing a model-independent measurement of the gHZZ coupling of the Higgs to the Z boson.
This measurement forms the cornerstone of all other Higgs coupling measurements and determines the
ultimate accuracy with which Higgs couplings can be measured in a model-independent way at CLIC. As
discussed in Section 2.3 the gHZZ coupling is best measured in events where the Z decays to qq at centre-
of-mass energies near 350 GeV. This centre-of-mass energy is also favourable for the high-accuracy
measurement of the top-quark mass through a threshold scan, as shown in Section 2.4. However, a

p
s

choice above the tt threshold, e.g. near 400 GeV, offers clear advantages for the measurement of top-
quark kinematic variables and forward-backward asymmetry due to the additional boost of the produced
top quarks. Taking all these arguments together, a centre-of-mass energy of 380 GeV appears to be a
more optimal choice for the first CLIC energy stage, as it combines favourable conditions for both Higgs
and top-quark physics. At this energy CLIC would collect 500 fb�1 of data, complemented with 100 fb�1

for a tt threshold scan near 350 GeV.
At the higher energies, above 1 TeV, Higgs and top-quark physics continue to provide guaranteed preci-
sion physics cases. Profiting from the increased cross sections at higher centre-of-mass energies, com-
bined with larger instantaneous luminosities, Higgs production through WW and ZZ fusion yields sig-

17
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• 54	km	ring
• CepC:	√s=240	GeV e+e- ;	L=2x1034;	2	IP
• possibly followed by SppC:	√s	=	70	TeV	pp	collider;	L=1.2x1035;	2	IP
• if more funding:	100	km	ring	and/or separate	pipes for e+/e- beams)

pre-CDR	published in	03/15	

http://cepc.ihep.ac.cn/preCDR/volume.html

CEPC-SPPC Timeline (preliminary) 

11CEPC-SPPC Meeting, May 17-18, 2015W. Chou
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R&D
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(2016-2020)
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(2021-2027)

Data taking
(2028-2035)

Pre-studies
(2013-2015)

1st Milestone: Pre-CDR (by the end of 2014)

CEPC

20
20

20
30
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40

R&D
(2014-2030)

Engineering Design
(2030-2035)

Construction
(2035-2042)

Data taking
(2042-2055)

SPPC

2nd Milestone: R&D funding in the government’s new 5-year plan (2016-2020)

240	GeV energy reach
limits physics potential:

- mainly HZ	programme
- no tth,	HH,	
- no ttbar
- almost no discovery

potential	for NP
(only 30	GeV more than LEP2)
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• Proposed as precursor to FCC-hh study for 100km/100TeV	pp	collider
• Huge luminosity at low energies promised (tempting),	multiple	IPs
• Limited	√s	(<=	500	GeV)	due	to SR	– power	consumption?
• Timeline?	If at CERN,	probably not	before (end	HL-LHC+n years ~2040?)
• Delay	of FCC-hh energy frontier machine
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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 
 



Hadron	Collider:	FCC-hh
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CERN	launched international	
conceptual design	study
for 100	km	ring	in	Geneva region

pp:	√s	=	100	TeV L=5-30x1034 2+2	IPs

Goal:	CDR	in	2017?	Input	to next
European	Strategy update



FCC-hh Cross	Sections
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Frank Simon (fsimon@mpp.mpg.de)Future Colliders at the Energy Frontier 
Irsee Symposium, June 2015

Proton-Proton Colliders: Guaranteed Physics

• The full range of 
processes known from 
the LHC will be 
accessible at higher 
energies as well - details 
of analysis possibilities 
will strongly depend on 
experimental conditions

23

20 Working group report: QCD
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Figure 1-6. Cross section predictions at proton-proton colliders as a function of center-of-mass operating
energy,

p
s.

can be estimated by,

�DPS
XY ⇡ �X�Y

15 mb
. (1.5)

In this equation the DPS contribution for the final state XY is related to the usual cross sections for
individually producing final states X and Y dividing by an e↵ective DPS cross section. This cross section
appears to be approximately independent of energy up to 8 TeV and is approximately 15 mb (for example,
see Ref. [82] for a recent measurement at 7 TeV). Of course the uncertainty on the e↵ective cross section,
and indeed on the accuracy of Eq. (1.5) itself, is such that this should be considered an order-of-magnitude
estimate only. A particularly simple application of this is the estimation of the fraction of events for a given
final state in which there is an additional DPS contribution containing a pair of b-quarks. This fraction is
clearly given by the ratio, �bb̄/(15 mb). From the figure this fraction ranges from a manageably-small 2%
e↵ect at 8 TeV to a much more significant 20% at 100 TeV. More study would clearly be required in order to
obtain a true estimate of the impact of such events on the physics that could be studied at higher energies,
but these simplified arguments can at least give some idea of the potentially troublesome issues.

As an example of the behavior of less-inclusive cross sections at higher energies, Fig. 1-7 shows predictions
for H + n jets +X cross sections at various values of

p
s and as a function of the minimum jet transverse

momentum. The cross sections are all normalized to the inclusive Higgs production cross section, so that

Community Planning Study: Snowmass 2013

Double Higgs production 
up by x40 at 100 TeV: 
Crucial for a measurement 
of the self-coupling  

New	territory,
all	we know:

SM	cross sections
at 100	TeV

w.r.t.	LHC:

W,Z x7
H x15
HH: x40

X	(1	TeV)		x103
X	(14	TeV)	x∞
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• if new heavy	particle(s)	discovered at	LHC/HL-LHC	(possibly beyond
CLIC	reach)	they can be produced with much higher rate	than at	LHC
(e.g.	1	TeV	stop:	factor 103,	even larger	factor for higher masses)

• potentially complete the spectrum (if the new particle is not	alone)

• study VLVL à VLVL with large	statistics (ultimate EWSB	closure test)

• Higgs	self-coupling (HH	cross section 40xLHC	– enough?)

• THE	UNKNOWN...

FCC	week	Berlin	29/05-02/0617



Muon collider
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• physics case for a	muon collider at	sqrt(s)	is identical to the one
at	e+e- at	same	energy and luminosity (but	no beamstrahlung)

à if it would be easier and/or more cost efficient to build an	x	TeV
muon collider than x	TeV e+e- machine we should do	it!

• add-on	of muon collider:	s-channel Higgs production
• àmeasure decay width directly

(KD:	this add-on	might be a	bit over-stated,	indirect methods in	e+e-
work well)



Electron proton collider (LHeC)
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The	LHeC	Physics	Programme	

		Ultra	high	precision	(detector,	e-h	redundancy)				-		new	insight	
		Maximum	luminosity	and	much	extended	range		-		rare,	new	effects	
		Deep	rela3on	to	(HL-)	LHC	(precision+range)									-		complementarity	

arXiv:1206.2913	(CDR)	1211.4831	and	5102	
	

[M.Klein,Nov16]
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Recent	progress	in	neutrino	physics	was	mainly	driven	by	natural	neutrinos	
sources	+	reactors	but	accelerators	catching	up	(T2K,	MINOS,	NO!A)

Next	steps	(hierarchy,	CP	phase)	likely	need	high-intensity	neutrinos	beams	
from	accelerators	(but	competition	from	reactors/atm.	on	hierarchy)

CENF:	CERN	Neutrino	facility	à enable	EU	groups	to	participate	(detectors)

Projects:
US:	DUNE	(L=1300km,	2.3	MW,	

40	kt LAr detector)
JP:	T2HK	(L=295	km,	1.3	MW,	

500	kt H2O-Č	detector)	

So	far,	limited	engagement	on	accelerator-based	neutrinos	in	Germany
à KET	workshop	next	week

Mayly Sanchez - ISU

T H E  F U T U R E :  
D U N E  I N  T H E  U S

• The US program plans to build:   

• 40 kton liquid argon underground 
detector in four 10-kton (fiducial) 
modules. Far Site construction begins 
next year.  

• A wide-band beam from Fermilab 
(1300km baseline) at 2.3 MW by 2026. 

• The mass hierarchy can be determined 
above  5σ  for all values of δCP.  

• CPV at 5σ (δCP = -π/2 or 3π/2 ) where 
the uncertainty in the νe appearance 
sample normalization has an impact on 
reach.

2017: Far Site 
Construction 

Begins

2018: 
protoDUNEs 

at CERN

2021: Far 
Detector 

Installation 
Begins

2024: Physics 
Data Begins 

(20 kt)

2026: Neutrino 
Beam Available

Systematic Uncertainty 

ICHEP 2016: DUNE Physics Program 13 

DUNE CDR: 

•  CPV measurement statistically 
limited for ~100 kt-MW-years 

•  Sensitivities in DUNE CDR are 
based on GLoBES calculations in 
which the effect of systematic 
uncertainty is approximated using 
uncorrelated signal normalization 
uncertainties. 

•  νµ = νµ = 5% 
•  νe = νe = 2% 

•  Uncertainty in νe appearance sample 
normalization must be ~5% � 2% to 
discover CPV in a timely manner. Exposure (kt-MW-years)
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SuperKEKB – Belle	II
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B-factories:	e+e- collider	at	√s	=	m(Υ(4S))	=	10.6	GeV,	asymmetric	beams
Complementary	to	B-physics	with	LHCb (+CMS,	ATLAS)
Ultimate	luminosity	8x1035 cm-2s-1,	50	ab-1
Study	(also)	hadronic	final	states
Ultra-rare	dacays (<10-9)	à BSM	sensitvity in	loops,	CPV,	(heavy)	hadron	physics
Examples:

Strong	German	involvement	in	Belle	II
=	Belle	II	sens. with	50	ab-1

B->D(*)τ!
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Fixed	target	/	high	intensities:

Physics	of	“small	couplings”	– no	law	of	nature	that	αem is	the	smallest	coupling
in	nature	à look	for	new	light	fundamental	particles	
(dark	photons,	heavy	leptons,	…)					(e.g.	SHIP	proposal)

Muons (PSI,	Japan,	Fermilab)

- Look	for Lepton Flavour Violation	in	muon decays/μ→e conversion
- (g-2)μ

Antiprotons (CPT	tests etc.)

proton EDM	

note:	also	non-accelerator particle physics experiments (WIMPs,	Axions,	...)



Saturation	of Livingston	Plot
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Table 1: Parameters of the Proposed FCC-hh, FCC-ee/TLEP and CepC, Compared with LEP2 and the LHC Design

parameter LHC (pp) FCC-hh LEP2 FCC-ee (TLEP) CepC
design achieved Z Z (cr. w.) W H tt̄

species pp pp e+e− e+e− e+e− e+e− e+e− e+e− e+e−

Ebeam [GeV] 7,000 50,000 104 45.5 45 80 120 175 120
circumf. [km] 26.7 100 26.7 100 100 100 100 100 54
current [mA] 584 500 3.0 1450 1431 152 30 6.6 16.6
no. of bunches, nb 2808 10600 4 16700 29791 4490 1360 98 50
Nb [1011] 1.15 1.0 4.2 1.8 1.0 0.7 0.46 1.4 3.7
ϵx [nm] 0.5 0.04 22 29 0.14 3.3 0.94 2 6.8
ϵy [pm] 500 41 250 60 1 7 2 2 20
β∗
x [m] 0.55 1.1 1.2 0.5 0.5 0.5 0.5 1.0 0.8

β∗
y [mm] 550 1100 50 1 1 1 1 1 1.2

σ∗
x [µm] 16.7 6.8 162 121 8 26 22 45 74

σ∗
y [µm] 16.7 6.8 3.5 0.25 0.032 0.13 0.044 0.045 0.16

θc [mrad] 0.285 0.074 0 0 30 0 0 0 0
frf [MHz] 400 400 352 800 300 800 800 800 700
Vrf [GV] 0.016 >0.020 3.5 2.5 0.54 4 5.5 11 6.87
αc [10−5] 32 11 14 18 2 2 0.5 0.5 4.15
δSRrms [%] — — 0.16 0.04 0.04 0.07 0.10 0.14 0.13
σSR
z,rms [mm] — — 11.5 1.64 1.9 1.01 0.81 1.16 2.3

δtotrms [%] 0.003 0.004 0.16 0.06 0.12 0.09 0.14 0.19 0.16
σtot
z,rms [mm] 75.5 80 11.5 2.56 6.4 1.49 1.17 1.49 2.7

Fhg 1.0 1.0 0.99 0.64 0.94 0.79 0.80 0.73 0.61
τ|| [turns] 109 107 31 1320 1338 243 72 23 40
ξx/IP 0.0033 0.005 0.04 0.031 0.032 0.060 0.093 0.092 0.103
ξy/IP 0.0033 0.005 0.06 0.030 0.175 0.059 0.093 0.092 0.074
no. of IPs, nIP 3 (4) 2 (4) 4 4 4 4 4 4 2
L/IP [1034/cm2/s] 1 5 0.01 28 219 12 6 1.7 1.8
τbeam [min] 2760 1146 300 287 38 72 30 23 57
PSR/beam [MW] 0.0036 2.4 11 50 50 50 50 50 50
energy / beam [MJ] 392 8400 0.03 22 22 4 1 0.4 0.3

Figure 2: Collider energy vs. year [10] [V. Shiltsev].

HADRON COLLIDER

Major challenges include the development of economi-
cal high-field magnets; the arc beam pipe, which will be ex-
posed to synchrotron-radiation (SR) levels unprecedented
in a cold machine; the design of the interaction region for

minimum β∗; and overall parameter optimization including
constraints from the detectors.

The magnets of the present LHC are made from Nb-Ti
superconductor, which supports a maximum field of about
10 T. Nb3Sn superconductor can reach a practical mag-
netic field up to 16 T. The production of Nb3Sn cables is
well advanced, and the installation of a few Nb3Sn dipole
and quadrupole magnets is planned for the HL-LHC around
2023, which will represent an important milestone towards
the FCC. High temperature superconductor (HTS) materi-
als like the bismuth copper oxide BSCCO, in the form of
Bi-2212, or yttrium copper oxide YBCO, in the form of Y-
123, may withstand even much higher fields of up to 45 T;
other materials of interest for constructing future affordable
SC magnets are the conventional SC MgB2, discovered in
2001, and iron-based SCs, discovered in 2006. The devel-
opment of high-field SC magnets, especially ones based
on Nb3Sn, was pushed forward by earlier studies for a
Very Large Hadron Collider (VLHC) [11] and by the ITER
project. An EC-funded effort is directed at building and
testing an HTS dipole insert coil for a 13-T Nb3Sn dipole
background magnet, targeting a total field of 19 T [12].

The particle-physics detector technology sets important
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Beating scaling laws
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Need	to	beat					E	~	length									(limited	by	B	for	circular	hadron	colliders
limited	by	SR	for	circular	e+e-
limited	Vacc/m	for	linear	accelerators)

Need	to	beat					E	~	$$$														(limited	by	public	acceptance)

Need	to	beat					∫�dt ~	GWy (running	cost	becomes	a	limiting	factor)

Any	R&D	addressing	these	challenges	is	worth	the	effort!
We	(particle	physicists)	strongly	support	such	R&D!

- high-field	low-power	(SC)	cavities
- high-field	magnets
- plasma	wakefield acceleration
- …

be	courageous!



Vision	or non-sense?
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Conclusions
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• Particle physics relies and will	rely on	high-energy accelerators

• Mid-term:	1-2	more big machines worldwide (ILC@JP,	postLHC@CERN,	China??)
- many side-effects,	spin-offs	(SCRF,	high-field magnets,	...)

• The	(long-term)	future has to start now – particle physics supports R&D	towards
fundamentally new and/or cost-saving technologies

• Exploit synergies with other fields (light	sources,	NP	facilities,	
medical +	mat.	science applications,	...)

• The	physics case for „particle physics“	will	remain fascinating
for us and for societyà technological driver for accelerator physics


