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Important: Exams

2

If you want to take an exam in this course remember to register!


The time & date for the exam is flexible  
(the one given in TUMOnline is a dummy date) - Send me an email to fix one!
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Prelude: Particle Physics Today
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The Role of Colliders

4

• To explore the smallest constituents of matter, and the particles and interactions that 
governed the earliest phases of the Universe, one needs high energies

• In a controlled laboratory setting, such energies can only be reached with 
accelerators - and the highest energies are reached in colliding beam configurations

• Progress in particle physics has been closely linked with progress in accelerator (and 
detector) technologies - Advances in energy have brought the discovery of new 
particles 
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The Role of Colliders

4

• To explore the smallest constituents of matter, and the particles and interactions that 
governed the earliest phases of the Universe, one needs high energies

• In a controlled laboratory setting, such energies can only be reached with 
accelerators - and the highest energies are reached in colliding beam configurations

• Progress in particle physics has been closely linked with progress in accelerator (and 
detector) technologies - Advances in energy have brought the discovery of new 
particles 

The current state of the art marks the “Energy Frontier”
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The Standard Model - A Collider Success Story

5

• The “Standard Model” is a result of generations of accelerators, and the interplay of 
experiment and theory - it provides testable predictions

W, Z: SppS 1983  ✔

c: SPEAR/AGS 1974  ✔

b: Fermilab 1977  ✔

t: Tevatron 1995  ✔

(ντ: Fermilab 2000  ✔)

τ: SPEAR 1975  ✔

g: PETRA 1979  ✔

H: LHC 2012  ✔
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The Standard Model - A Collider Success Story
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• The “Standard Model” is a result of generations of accelerators, and the interplay of 
experiment and theory - it provides testable predictions

W, Z: SppS 1983  ✔

c: SPEAR/AGS 1974  ✔

b: Fermilab 1977  ✔

t: Tevatron 1995  ✔

(ντ: Fermilab 2000  ✔)

τ: SPEAR 1975  ✔

g: PETRA 1979  ✔

H: LHC 2012  ✔

… the Standard Model was established with results from lepton and hadron colliders.



then, following the demands of  high energy physics, the paths of the colliders diverged to reach 

record high energies in the particle reaction.  The Large Hadron Colider (LHC) was built at 

CERN,  while new e+e- colliders called “particle factories” were focused on detail exploration 

of phenomena at much lower energies. 

 
Figure 2: Colliders over the decades.   

 

 The exploration of rare particle physics events require appropriately high energy but also 

sufficiently high number of them. The event rate dNexp/dt in a collider is proportional to the 

interactions cross-section σint and the factor of proportionality is called the luminosity:  

int
exp V� L
dt

dN
 ,       (2) 

If two bunches containing N1 and N2 particles collide with frequency f, the luminosity is: 

A
NNfL 21    ,        (3) 

where A is an effective overlap area of the beams. In the simplest case of two bunches with 

identical Gaussian transverse beam profiles characterized by rms widths of σx and σy,  the overlap 

area is approximately equal to A=4πσxσy (we omit here any corrections due to non-uniform 

longitudinal profile of the luminous region.) The beam size can in turn be expressed in terms of 
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The World of Colliders
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The World of Colliders
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Colliders: Glorious Past

V.Shiltsev | IAS-HKUST-2015: Future of HEP
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V.Shiltsev | IAS-HKUST-2015: Future of HEP

29 Colliders Built… 7 Work “Now”

VEPP-2000
VEPP-4M

LHC

DAFNE

BEPC-II

KEK-B

RHIC
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Currently Operating or Approved Colliders

• In total 29 colliders, 7 run “now”
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Vladimir Shiltsev, FHEP Hong Kong, Jan. 2015
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The “Magic” of the Terascale

8

• Within the Standard Model, there were compelling arguments for discoveries at the 
“Terascale”:


• Scattering of W bosons violate unitarity without the Higgs or new physics

needs in addition the exchange of a scalar particle:
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The “Magic” of the Terascale

8

• Within the Standard Model, there were compelling arguments for discoveries at the 
“Terascale”:


• Scattering of W bosons violate unitarity without the Higgs or new physics

needs in addition the exchange of a scalar particle:

A guarantee that something has to turn up in the TeV region -  
either the Higgs, or some new dynamics in WW scattering 
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So: What Now?

9

• With the Higgs, the last particle of the SM has now been observed - and now?

It is obvious that the SM cannot be the final answer, but there is no clear 
indication where things will break and what should be the next relevant energy 
scale - unlike the “no-loose” situation for the LHC and the Terascale

Two options to move forward:
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• With the Higgs, the last particle of the SM has now been observed - and now?

It is obvious that the SM cannot be the final answer, but there is no clear 
indication where things will break and what should be the next relevant energy 
scale - unlike the “no-loose” situation for the LHC and the Terascale

➫ Maximise our knowledge based on things we already know

‣ The Higgs: Fully understand electroweak symmetry breaking and the nature of 

the Higgs potential

‣ The Top: Measure its properties as precisely as possible - use it as a potential 

window for New Physics

‣ Other electroweak precision measurements to look for cracks in the SM

Two options to move forward:
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So: What Now?
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• With the Higgs, the last particle of the SM has now been observed - and now?

It is obvious that the SM cannot be the final answer, but there is no clear 
indication where things will break and what should be the next relevant energy 
scale - unlike the “no-loose” situation for the LHC and the Terascale

➫ Maximise our knowledge based on things we already know

‣ The Higgs: Fully understand electroweak symmetry breaking and the nature of 

the Higgs potential

‣ The Top: Measure its properties as precisely as possible - use it as a potential 

window for New Physics

‣ Other electroweak precision measurements to look for cracks in the SM

➫ Direct searches for New Physics - Explore higher energy scales, and regions of 
phase space not yet accessible to find new particles and / or evidence for new 
fundamental interactions and phenomena

Two options to move forward:
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What will we find at the Energy Frontier?

• Many ideas - some have been discussed in this series:

• Supersymmetry


• New gauge bosons


• “Exotic” phenomena - black holes, extra dimensions


• Dark matter


• ….

10

All of those ideas might be wrong - and nothing is guaranteed.

The tools in particle physics: high-energy colliders - LHC, and future machines.

Remember: Fundamental research is about open exploration - with uncertain outcome.
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Interlude: No Sign for BSM - Give up?

11

stolen from John Ellis
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• “The more important fundamental laws and facts of physical science have all been 
discovered” – Albert Michelson, 1894

stolen from John Ellis
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• “The more important fundamental laws and facts of physical science have all been 
discovered” – Albert Michelson, 1894

stolen from John Ellis

• “There is nothing new to be discovered in physics now. All that remains is more and 
more precise measurement” – Lord Kelvin, 1900
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• “The more important fundamental laws and facts of physical science have all been 
discovered” – Albert Michelson, 1894

stolen from John Ellis

• “There is nothing new to be discovered in physics now. All that remains is more and 
more precise measurement” – Lord Kelvin, 1900

• “Is the End in Sight for Theoretical Physics?” – Stephen Hawking, 1980
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Interlude: No Sign for BSM - Give up?

11

• “The more important fundamental laws and facts of physical science have all been 
discovered” – Albert Michelson, 1894

stolen from John Ellis

• “There is nothing new to be discovered in physics now. All that remains is more and 
more precise measurement” – Lord Kelvin, 1900

• “Is the End in Sight for Theoretical Physics?” – Stephen Hawking, 1980

• “So many centuries after the Creation, it is unlikely that anyone could find hitherto 
unknown lands of any value” – Spanish Royal Commission, rejecting Christopher 
Columbus proposal to sail west, < 1492
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Possible Future Facilities  
at the Energy Frontier
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Future Facilities at the Energy Frontier - Options

13

• Two different (complementary) approaches:


• proton-proton colliders:

dominant production via strong interaction (gluons, quarks): 
largest cross-sections and highest sensitivity to strongly interacting particles

wide variation of energy in reaction - most at low energy, but with some up to very high energies

composite particles: 
initial state unknown, 
different processes contribute
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Future Facilities at the Energy Frontier - Options

13

• Two different (complementary) approaches:


• proton-proton colliders:

dominant production via strong interaction (gluons, quarks): 
largest cross-sections and highest sensitivity to strongly interacting particles

wide variation of energy in reaction - most at low energy, but with some up to very high energies

composite particles: 
initial state unknown, 
different processes contribute

• electron-positron colliders:

electroweak production: 
all particles produced with ~ equal probability - particularly sensitive 
to electroweak particles, which are suppressed at hadron colliders

~ full energy available in reaction - can explore thresholds
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Hadrons vs Leptons

14

• Colliding elementary particles, electroweak “universal” production

• Much more favorable ratio of signal to background

p+p e+e-
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• Colliding elementary particles, electroweak “universal” production

• Much more favorable ratio of signal to background

x 1010

x 100

p+p e+e-
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Hadrons vs Leptons

15

• At hadron colliders: Triggering is crucial - Need to pick out events based on 
“interesting” signatures out of 109 times higher background


• In e+e- collisions: All reactions are equally probable - overall low event rates, but most are 
interesting - no trigger needed, all collisions are analyzed offline

Higgs production in 
e+e-: (almost) every particle in the 
event originates from the Higgs or 
the Z produced with it

Higgs production in pp: (almost) 
every particle in the event 
originates from other reactions, 
only four leptons are from the 
Higgs decay
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Challenges: Leptons

16

• Main challenge for circular colliders: Energy loss through synchrotron radiation


• Power proportional to E4/R2  - Loss per turn ~ E4/R


‣ Very hard to compensate increasing energy by increasing radius: Linear colliders 
get more attractive with increasing electron energy
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Challenges: Leptons
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• Main challenge for circular colliders: Energy loss through synchrotron radiation


• Power proportional to E4/R2  - Loss per turn ~ E4/R


‣ Very hard to compensate increasing energy by increasing radius: Linear colliders 
get more attractive with increasing electron energy

B. Foster - Oxford - 02/13 

Circular e+e- machines 

Very approximate cost LC vs 
circular based on minimum of 
cost model 
Cost = aE4/R + bR   
where a,b “fixed” from LEP – 
two curves are most optimistic 
and pessimistic LEP cost.  
 

3 

200 400 600 800 1000
0

5

10

15

20

25

30

ECM HGeVL

C
os
tHA

U
L

N.Walker & BF 

BUT – luminosity of  circular  
machine in this picture  
dropping steeply with E.  
 

Response to basic laws of 
physics: charged particle in 
circular orbit radiates photons 
with a power ~ E4/R2 

 

N. Walker, B. Foster

co
st

 [a
.u

.]

circular

linear



Frank Simon (fsimon@mpp.mpg.de)Teilchenphysik mit höchstenergetischen Beschleunigern: 
WS 14/15, 14: Future Colliders

Challenges: Leptons

16

• Main challenge for circular colliders: Energy loss through synchrotron radiation
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B. Foster - Oxford - 02/13 

Circular e+e- machines 

At Beamstrahlung &  
tune-shift limit, assuming 
100 MW beam power:  

(Telnov via Yokoya) 

4 

Telnov / Yokoya

assuming 100 MW beam power
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Challenges: Linear Colliders

17

• Need high energy and high luminosity

• High energy requires high acceleration gradients


• High luminosity requires low emittance and very small beam size at interaction point 
(“nano-beams”)

detector

e- source e+ source

main linac main linac



Frank Simon (fsimon@mpp.mpg.de)Teilchenphysik mit höchstenergetischen Beschleunigern: 
WS 14/15, 14: Future Colliders

Challenges: Linear Colliders

17

• Need high energy and high luminosity

• High energy requires high acceleration gradients


• High luminosity requires low emittance and very small beam size at interaction point 
(“nano-beams”)
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e- source e+ source
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e- source e+ source

main linac main linacdamping
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Challenges: Linear Colliders
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• Need high energy and high luminosity

• High energy requires high acceleration gradients


• High luminosity requires low emittance and very small beam size at interaction point 
(“nano-beams”)

detector

e- source e+ source

main linac main linacdetector

e- source e+ source

main linac main linacdamping
ring

damping
ring

RTML RTML

detector

e- source e+ source

main linac main linacdamping
ring

damping
ring

RTML RTMLBDS BDS
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Challenges: Hadron Colliders

• Main Dipole field (and radius) determines maximum energy: E ~ B x R

18

‣ 100 TeV requires 16 T main dipoles for a circumference of 100 km (20 T for 80 km) 


• 16 T seem achievable with Nb3Sn


• 20 T require HTS magnets - substantial additional challenge

December 29, 2012 17:30 WSPC/253-RAST : SPI-J100 1230003

60 L. Rossi & L. Bottura

Fig. 10. Picture of the LHC dipole cross section showing details of the coil around one of the two beam pipes (see drawing in
Fig. 3 and Fig. 5 for a better understanding). The highly packed coil demonstrates the concepts discussed in the text. An LHC
cable with partially etched strand is shown in the inset.

Fig. 11. Engineering current density of high field superconductors (courtesy of P. Lee, Applied Superconductivity Center of
FSU, Florida).

fully mature for accelerators; see Sec. 6. MgB2 is
a niche material: bound to the 4–15 K temperature
range and good only for relatively low fields, 1–5 T, it
may in the future compete with Nb–Ti since poten-
tially it has a very low cost. However, the current
performance is still short of that for standard Nb–
Ti, while the mechanical properties, quality (filament
diameter) and uniformity are much worse. The only
advantage is its critical temperature, which entails a

large stability margin: for this reason it may be use-
ful for fast synchrotron magnets, where steady heat
release is an issue.

HTSs (high temperature superconductors), with
which we indicate Bi-2212 or YBCO, are interesting
only for fields above 15–16 T, a range that is hardly
achievable by Nb3Sn for accelerators, even at 1.9 K.
To date, only preliminary R&D studies using these
materials for this type of magnets are underway.
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• Field quality. Coil geometry reproducibility, which
is related to the random component of the field
harmonics, although encouraging and improving,
suffers still from poor statistics. A cored cable is
almost certainly needed to avoid ramp rate effects
due to the potential of low interstrand resistance,
which can result from sintering. The next genera-
tion of LARP coils will make use of a cored cable,
to gain experience on this issue, which is also rel-
evant to the 11 T dipole project.

• Radiation resistance. All materials have to with-
stand an extremely high radiation load — to reach
the final target of 3000 fb−1, one has an accumu-
lated dose that, in present estimates, could reach
∼ 10–100 MGy. A systematic program has been
launched by CERN in collaboration with a few
European institutes, as well as KEK and J-PARC
in Japan.

• Length. With 150-mm-aperture magnets provid-
ing a 140 T/m operational gradient, the machine
optics needs magnets of 7 m and 9 m length. So
far, Nb3Sn dipoles and quadrupoles exist as 1-m-
long models, and a few 3.6-m-long quadrupoles.
Replacing 9 m by two 4.5-m-long units is becoming
the baseline, with moderate impact on luminosity
performance.

6.2. The high energy LHC and the
HTS frontier

The possibility of increasing the beam energy
of the LHC has been considered at CERN in
2010 [56]. The project appears feasible; the most
critical issue is the maximum field attainable by the
main dipoles, which determines the final performance
of the machine, according to (1).

The minimum goal of the high energy machine,
the HE-LHC, is to double the present LHC design
energy, but a more ambitious target has actu-
ally been set at 33 TeV of center-of-mass (collision)
energy. A proton beam energy of 16.5 TeV requires
operation of the main dipoles at 20 T, with a huge
jump beyond the state of the art, as can be seen from
the plot of the historical evolution of the dipole field
for hadron colliders shown in Fig. 34, where the range
of interest for the HL-LHC and HE-LHC is indicated,
together with the domain accessible by various super-
conductors; see also Fig. 11.

Fig. 34. Dipole field versus time for the main past projects
and the region of interest for the LHC upgrades.

6.2.1. Generic high field dipoles: R&D

For high field magnets, the stresses are such that the
shell–bladder concept previously mentioned looks
very attractive. It can be applied to quadrupoles and
dipoles, to cosϑ and to block coil layouts, i.e. to coils
rectangular in shape, like the one in Fig. 31. The fact
that Nb3Sn coils have a very high modulus, more
than 20 GPa rather than the 5–10 GPa common for
NbTi, makes controlling stress via collars more diffi-
cult and favors the shell–bladder structure.

The quest for a high field dipole is at present
underway via four main programs: (i) LBNL, with
a long historical record, is pushing the limit of the
rectangular block coil with the shell–bladder struc-
ture, with a series of magnets called HDs. HD2,
which is the first to feature a free bore obtained with
flare coil ends, (see Fig. 35), reached 13.8 T, which
is about 78% of Jc [57], while HD3, with a larger
bore, has experienced some electrical problems that
are temporarily delaying the project; (2) the LD1
program — Large Dipole 1 — is a 13 T dipole with
a large bore (> 100 mm) for a high field US cable
test facility on the horizon of 2015; (3) the EU pro-
gram EuCARD is aiming at producing first a large
bore (> 100 mm) 13 T dipole, for the CERN cable
test facility called Fresca2, by 2013, and then at
reaching a total field of 19 T by adding a small HTS
racetrack without a free bore; (4) the EU program
EuCARD2 — just approved to start in 2013 — aims
at developing a 10 kA class HTS cable and at design-
ing and manufacturing a 5 T, 40 mm bore dipole of
accelerator quality, wound with the cable mentioned
above. The scope is to eventually insert the 5 T HTS
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The Landscape - Past, Present and Future Colliders
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e+e- Linear Colliders

Linear Colliders: 
30 - 50 km in length
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e+e- Linear Colliders
HE e+e- Storage Rings

Linear Colliders: 
30 - 50 km in length

Synchrotrons: 
50 km - 100 km tunnels,  
main drivers typically pp, 
also come with e+e-  
option
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e+e- Linear Colliders
HE e+e- Storage Rings
HE pp Colliders

Linear Colliders: 
30 - 50 km in length

Synchrotrons: 
50 km - 100 km tunnels,  
main drivers typically pp, 
also come with e+e-  
option
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• The International Linear Collider:  
a 30 - 50 km long linear tunnel


• e+e- collisions up to 500 GeV / 1 TeV for 
Higgs, Top, BSM


• Superconducting acceleration structures, 
~ 30 MV/m


• Technologically far advanced: Technical 
design report completed in 2012, ILC 
technology is being used for XFEL 
construction at DESY


• Japan as potential host - Site north of 
Sendai (Kitakami)


Current time line 

• Construction starting in 2018, physics 2027



Frank Simon (fsimon@mpp.mpg.de)Teilchenphysik mit höchstenergetischen Beschleunigern: 
WS 14/15, 14: Future Colliders

New Colliders - The Line-Up: Linear Colliders

21

• The Compact Linear Collider:  
A 50 km long linear tunnel as one of  
CERNs future options


• e+e- collisions up to 3 TeV for 
Higgs, Top, BSM


• Two-Beam acceleration, 100 MV/m


• Main technological issues 
demonstrated, Conceptual Design 
report published in 2012


Current time line 

• Technical Design by 2018 


• Construction could start in 2025, 
physics by 2035
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• Concepts for the Experiments (“Detectors”) at ILC and CLIC exist, the physics 
capabilities have been studied in detailed simulations

Detectors

Experimental hall 

 SiD (Silicon Detector)

ILD (International Large Detector)

Detector (SiD/ILD) specif ications

25 m x 142 m x 42 m (height)Hall size 
The ILD detector in detail

Height
Length
Weight
Superconducting solenoid
Vertex detector spatial resolution
Central tracker (TPC) spatial resolution

The SiD detector in detail
Height
Length
Weight 
Superconducting solenoid
Vertex detector spatial resolution
Central semiconductor tracker spatial resolution

~ 16 m

~ 14 m

60	
�    μm	
�    (220	
�    layers)
3	
�    μm
3.5 teslas
~ 14,000 tonnes
~ 14 m

~ 11 m
~ 10,100 tonnes
5 teslas
<	
�    5	
�    μm
8	
�    μm	
�    (5	
�    layers)
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• A ~ 50 km (maybe 70 - 100 km) 
circumference ring in China (compare: 
LHC 27 km)


• “Dual-use”:


• CEPC - e+e- collider with 240 GeV - 
just enough for Higgs production


• SppC - pp collider with ~ 60 TeV - 
relies in 20 T dipole magnets


Current time line 

• First stage: e+e- - R&D until 2020, 
could run by 2030


• Second stage: pp - R&D until 2030, 
technical design until 2035, could run 
by 2042

Qinhuangdao (  !

50#km##

70#km##

easy access 
300 km from Beijing 
3 h by car 
1 h by train 

J. Gao – Introduction to CEPS-SppC Design Status 

50km 
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• A ~ 100 km circumference ring at 
CERN as one of CERNs future 
options (compare: LHC 27 km)


• “Dual-use”:


• FCCee - e+e- collider with ~ 400 
GeV - Higgs and Top


• FCChh - pp collider with ~ 100 TeV 
-  ~16 T dipole magnets


Current time line 

• Conceptual Design by 2018 


• R&D, Prototyping until ~2027


• Could run by ~ 2038

100km 
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- with a slight emphasis on Linear Colliders - 
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• The main focus of present studies: 
Higgs and Top physics


• In addition: Interest in high precision 
measurements at the Z pole and at 
the WW threshold
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• Several different Higgs production mechanisms

• Access to various Higgs properties


• Different energy to access different processes - from 250 GeV to 1 TeV and beyond

ILC energy range CLIC energy range
CEPC / FCCee energy range
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• A flagship measurement: Model-independent Higgs couplings 
What it means: Measure the coupling of the Higgs to bosons and fermions free from 
model assumptions (e.g. how it decays) 


• Requires: The “tagging” of Higgs production without observing the particle directly


‣ Not possible at hadron colliders
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Precision Measurements of the Higgs

28

• A flagship measurement: Model-independent Higgs couplings 
What it means: Measure the coupling of the Higgs to bosons and fermions free from 
model assumptions (e.g. how it decays) 


• Requires: The “tagging” of Higgs production without observing the particle directly


‣ Not possible at hadron colliders

The strategy in e+e- collisions:
measure only the Z boson 

from the known e+e- center-of-mass energy, calculate 
the “recoil mass”: 

m2
rec = s+m2

Z � 2EZ
p
s

Exploits: known initial state in e+e-


Requires: Identification of Z independent of decay mode of H (or any other particle) 
➫ Best results for Z -> µµ, but (almost) model-independent measurements also possible 
    in Z -> qq
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e+e� ! ZH ! µ+µ�bb̄ ILD, 250 GeV

m2
rec = s+m2

Z � 2EZ
p
s

Chapter 11. SiD Benchmarking

Figure II-11.1
Recoil mass distribu-
tions following selection
cuts for e

+

e

≠
h (left)

and µ+µ≠
h (right)

assuming 250 fb

≠1

luminosity with 80eR
initial state polarisation
at

Ô
s = 250 GeV. The

signal in red is added
to the background in
white.

The distributions for the recoil measurements in both the e+e≠h and µ+µ≠h channels are shown
in Figure II-11.1. Main background sources include mainly di-boson production (W+W≠, ZZ).
The amount of W+W≠ background can be greatly reduced by running exclusively with the 80eR
configuration. A summary of the results of both leptonic Z modes and using both 80eR and 80eL
is given in Table II-11.1.

Table II-11.1
Summary of Higgs mass and hZ cross-section
results for di�erent channels and the di�erent
luminosity assumptions at

Ô
s = 250 GeV.

The error includes the measurement statisti-
cal error and the systematic error due to the
finite statistics of the Monte Carlo training
sample.

80eR 80eL Channel �M
h

�‡
hZ

/‡
hZ

(fb≠1) (fb≠1) (GeV)

250 0 e

+

e

≠
h 0.078 0.041

250 0 µ+µ≠
h 0.046 0.037

250 0 e

+

e

≠
h + µ+µ≠

h 0.040 0.027

0 250 e

+

e

≠
h 0.066 0.067

0 250 µ+µ≠
h 0.037 0.057

0 250 e

+

e

≠
h + µ+µ≠

h 0.032 0.043

Measuring the branching ratios of the Higgs boson is of vital importance to distinguish the SM
Higgs boson from possible alternative scenarios. For the LOI the decays of the Higgs into cc and
µ+µ≠ have been studied at

Ô
s = 250 GeV using the Higgsstrahlung process, where the Z decayed

either in qq or nn. The identification of the h æ cc decay mode took advantage of the excellent
c-tagging capabilities of SiD (see [63]) and employed neural networks to separate the cc signal from
the overwhelming h æ bb background. For the cc branching ratio, the finally achieved accuracies
are 11% (Z æ nn) and 6% (Z æ qq), respectively.

For the rare Higgs decay into µ+µ≠ the challenge is to extract the signal out of an overwhelming
Standard Model background of mainly four-fermion events. While for the Z æ nn decay mode, it
has been proven quite di�cult to extract the signal, the LOI analysis has demonstrated sensitivity
in the hadronic channel, selecting 7.6 signal events over a background event of 39.3 events with a
signal selection e�ciency of 62%. This yields a measurement of the cross-section for the process
e+e≠ æ hZ, h æ µ+µ≠ with a precision of 89%.

For the analyses at
Ô

s = 500 GeV a dataset of 500 fb≠1 was used with 80eR polarisation unless
explicitly stated otherwise.

The first analysis using the 500 GeV dataset studies the process e+e≠ æ t+t≠ and aims to
measure the t polarisation with high precision. The measurement of the t polarisation allows a search
for multi-TeV ZÕ resonances. Tightly collimated jets with only a few tracks must be reconstructed
to identify the underlying charged hadron and p0 constituents. Therefore additional reconstruction
algorithms were applied in a second pass of the reconstruction, which were dedicated for identifying t
decays. This leads to t samples with purities of 85% or larger. To measure the mean t polarisation
over all t production angles, < Pt >, the optimal observable technique [178, 179] is used. For
this study two datasets with an integrated luminosity of 250 fb≠1 each were used, one with 80eR

152 ILC Technical Design Report: Volume 4, Part II

µ from Z

µ from Z
SiD 

full Simulations

What this provides: Total ZH cross section, and with coupling of H to Z



Frank Simon (fsimon@mpp.mpg.de)Teilchenphysik mit höchstenergetischen Beschleunigern: 
WS 14/15, 14: Future Colliders

Model-Independent Measurement of H Production

29

e+e� ! ZH ! µ+µ�bb̄ ILD, 250 GeV

m2
rec = s+m2

Z � 2EZ
p
s

Chapter 11. SiD Benchmarking

Figure II-11.1
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h (right)

assuming 250 fb
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at
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The distributions for the recoil measurements in both the e+e≠h and µ+µ≠h channels are shown
in Figure II-11.1. Main background sources include mainly di-boson production (W+W≠, ZZ).
The amount of W+W≠ background can be greatly reduced by running exclusively with the 80eR
configuration. A summary of the results of both leptonic Z modes and using both 80eR and 80eL
is given in Table II-11.1.

Table II-11.1
Summary of Higgs mass and hZ cross-section
results for di�erent channels and the di�erent
luminosity assumptions at

Ô
s = 250 GeV.

The error includes the measurement statisti-
cal error and the systematic error due to the
finite statistics of the Monte Carlo training
sample.

80eR 80eL Channel �M
h

�‡
hZ

/‡
hZ

(fb≠1) (fb≠1) (GeV)

250 0 e

+

e

≠
h 0.078 0.041

250 0 µ+µ≠
h 0.046 0.037

250 0 e

+

e

≠
h + µ+µ≠

h 0.040 0.027

0 250 e

+

e

≠
h 0.066 0.067

0 250 µ+µ≠
h 0.037 0.057

0 250 e

+

e

≠
h + µ+µ≠

h 0.032 0.043

Measuring the branching ratios of the Higgs boson is of vital importance to distinguish the SM
Higgs boson from possible alternative scenarios. For the LOI the decays of the Higgs into cc and
µ+µ≠ have been studied at

Ô
s = 250 GeV using the Higgsstrahlung process, where the Z decayed

either in qq or nn. The identification of the h æ cc decay mode took advantage of the excellent
c-tagging capabilities of SiD (see [63]) and employed neural networks to separate the cc signal from
the overwhelming h æ bb background. For the cc branching ratio, the finally achieved accuracies
are 11% (Z æ nn) and 6% (Z æ qq), respectively.

For the rare Higgs decay into µ+µ≠ the challenge is to extract the signal out of an overwhelming
Standard Model background of mainly four-fermion events. While for the Z æ nn decay mode, it
has been proven quite di�cult to extract the signal, the LOI analysis has demonstrated sensitivity
in the hadronic channel, selecting 7.6 signal events over a background event of 39.3 events with a
signal selection e�ciency of 62%. This yields a measurement of the cross-section for the process
e+e≠ æ hZ, h æ µ+µ≠ with a precision of 89%.

For the analyses at
Ô

s = 500 GeV a dataset of 500 fb≠1 was used with 80eR polarisation unless
explicitly stated otherwise.

The first analysis using the 500 GeV dataset studies the process e+e≠ æ t+t≠ and aims to
measure the t polarisation with high precision. The measurement of the t polarisation allows a search
for multi-TeV ZÕ resonances. Tightly collimated jets with only a few tracks must be reconstructed
to identify the underlying charged hadron and p0 constituents. Therefore additional reconstruction
algorithms were applied in a second pass of the reconstruction, which were dedicated for identifying t
decays. This leads to t samples with purities of 85% or larger. To measure the mean t polarisation
over all t production angles, < Pt >, the optimal observable technique [178, 179] is used. For
this study two datasets with an integrated luminosity of 250 fb≠1 each were used, one with 80eR
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What this provides: Total ZH cross section, and with coupling of H to Z

b - jet 
from Higgs

b - jet 
from Higgs

• In addition: Reconstruction of specific final states provides access to couplings to 
fermions and bosons via Higgs decay


‣ Makes use of “clean” e+e- environment - also allows the reconstruction of final states 
which are not accessible at hadron colliders: cc, gg
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Higgs Processes at Higher Energy

• Direct measurement of the coupling to the top quark 
(requires at least 500 GeV)

30
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• Direct measurement of the coupling to the top quark 
(requires at least 500 GeV)

30

• The ultimate challenge: The Higgs self-coupling


• Directly study the Higgs potential - prove (or disprove) the Higgs mechanism

• First measurements possible at 500 GeV - significant results require 1+ TeV 
and high luminosity
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• A key goal: Studying dark matter at colliders

Example: Light Higgsinos

Natural SUSY: Light, degenerate higgsinos

Natural SUSY:
m2

Z = 2
m2

Hu tan2 ��m2
Hd

1�tan2 �
� 2 |µ|2

) Low fine-tuning ) µ = O(weak scale).
If multi-TeV gaugino masses:

�̃0
1, �̃0

2 and �̃±
1 pure higgsino. Rest of SUSY at multi-TeV.

M�̃0
1,2
,M�̃±

1
⇡ µ

Degenerate (�M is 1 GeV or less)
To detect: Tag using ISR photon, then look at rest of event:

SUSY signal and �� background ... and with an ISR photon in addition

Mikael Berggren (DESY) Discovering SUSY and DM at ILC ICHEP14 8 / 15

√s = 500 GeV
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• LHC has already covered quite a large phase space for new particles


• Particularly powerful for strongly produced particles


• Universal electroweak coupling: EW particles not penalized in e+e- 

The main strength of e+e-: 
Small background -  
no (or very modest) trigger 
requirements, also in analysis

SUSY with no loop-holes

No loop-holes

Compare with LHC, here
Atlas (arXiv:1403.5294v1):

Di- and tri-lepton
searches, M�̃0

2
= M�̃±

1
,

Br(� ! W (⇤)/Z (⇤)�̃0
1)=1.

Note cut x-axis! Here is LEP,
�̃±

1 only, any decay-mode!
Below thick line: Can’t fulfil
gaugino-mass GUT-relation.
Discovery projections to 14
TeV 300/3000 fb�1

(arXiv:1307.7292v2).
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All limits at 95% CL

... and now the ILC
at 500 GeV...and 1 TeV) Lots of plain vanilla SUSY to explore at ILC!

Mikael Berggren (DESY) Discovering SUSY and DM at ILC ICHEP14 7 / 15

As illustration:  
ATLAS EW SUSY search 
(di- / tri-lepton final states) 
(JHEP 1405 (2014) 071),  
e+e- study: M. Berggren
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... and now the ILC
at 500 GeV...and 1 TeV) Lots of plain vanilla SUSY to explore at ILC!

Mikael Berggren (DESY) Discovering SUSY and DM at ILC ICHEP14 7 / 15

LEP (χ± only)

below thick line:

gaugino-mass GUT relation 
not fulfilled 
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In general: (almost) any type of new particle up to √s/2 
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• 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

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  
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• As for LHC: Highest sensitivity to strongly interacting particles cern.ch/collider-reach

• Generic study to assess sensitivity as a 
function of energy:


• Assumptions: 


• signal and background scale in 
the same way


• Reconstruction efficiencies, 
background rejection etc. stay 
constant


• Cross sections are proportional 
to partonic luminosity / m2


• Given as system mass: mass of a 
single particle (Z’ etc), or 2 x 
mass of pair-produced particles 
(SUSY-particles etc)
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2 New Particles Working Group Report

• The ILC new physics program has been studied in great detail, and has excellent capabilities to
discover and measure the properties of new physics, including dark matter, with almost no loopholes.
A necessary requirement is that the new physics must be accessible. Essentially this means particles at
su�ciently low mass missed by LHC due to blind spots, or heavy physics indirectly accessible through
precision measurement. Discovery of physics beyond the standard model at LHC that is accessible at
ILC would make the case even more compelling.

• A 100 TeV pp collider has unprecedented and robust reach for new physics that is evident even with
the preliminary level of studies performed so far. It can probe an additional two orders of magnitude
in fine-tuning in supersymmetry compared to LHC14, and can discover WIMP dark matter up to the
TeV mass scale. Any discovery at the LHC would be accessible at this machine and could be better
studied there, making the case for these options even more compelling.

• High energy e+e� colliders such as CLIC and muon colliders o↵er a long-term program that can extend
precision and reach of a wide range of physics.

A summary of the energy reach for a range of physics beyond the SM at various proposed facilities is shown
in Fig. 1-1. This is a highly simplified plot. In particular, although the mass reach of hadron colliders is
generally very impressive, hadron colliders searches often have blind spots, for example due to compressed
spectra or suppressed couplings. Searches at e+e� colliders are much more model independent, but generally
have more limited mass reach. Many examples of this complementarity are discussed in the body of this
report.
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Figure 1-1. 95% confidence level upper limits for masses of new particles beyond the standard model
expected from pp and e+e� colliders at di↵erent energies. Although upper mass reach is generally higher at
pp colliders, these searches often have low-mass loopholes, while e+e� collider searches are remarkably free
of such loopholes.

Community Planning Study: Snowmass 2013

Snowmass 2013 - arXiv:1311.0299

direct indirect
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2 New Particles Working Group Report

• The ILC new physics program has been studied in great detail, and has excellent capabilities to
discover and measure the properties of new physics, including dark matter, with almost no loopholes.
A necessary requirement is that the new physics must be accessible. Essentially this means particles at
su�ciently low mass missed by LHC due to blind spots, or heavy physics indirectly accessible through
precision measurement. Discovery of physics beyond the standard model at LHC that is accessible at
ILC would make the case even more compelling.

• A 100 TeV pp collider has unprecedented and robust reach for new physics that is evident even with
the preliminary level of studies performed so far. It can probe an additional two orders of magnitude
in fine-tuning in supersymmetry compared to LHC14, and can discover WIMP dark matter up to the
TeV mass scale. Any discovery at the LHC would be accessible at this machine and could be better
studied there, making the case for these options even more compelling.

• High energy e+e� colliders such as CLIC and muon colliders o↵er a long-term program that can extend
precision and reach of a wide range of physics.

A summary of the energy reach for a range of physics beyond the SM at various proposed facilities is shown
in Fig. 1-1. This is a highly simplified plot. In particular, although the mass reach of hadron colliders is
generally very impressive, hadron colliders searches often have blind spots, for example due to compressed
spectra or suppressed couplings. Searches at e+e� colliders are much more model independent, but generally
have more limited mass reach. Many examples of this complementarity are discussed in the body of this
report.
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Figure 1-1. 95% confidence level upper limits for masses of new particles beyond the standard model
expected from pp and e+e� colliders at di↵erent energies. Although upper mass reach is generally higher at
pp colliders, these searches often have low-mass loopholes, while e+e� collider searches are remarkably free
of such loopholes.

Community Planning Study: Snowmass 2013

Snowmass 2013 - arXiv:1311.0299

direct indirect

NB: high energy p+p colliders in general have the most impressive limits - but often 
come with “loopholes” such as requirements on minimum mass differences between 
states enforced by triggering requirements or particular decay modes
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• New energy-frontier collider projects take a very long time - ILC (under various labels) 
has been developed for over 20 years


• Technologically challenging


• Expensive


• Requires world-wide collaboration, not just for financial reasons, but also 
manpower: Experimental collaborations with (several) 1000 members, large 
numbers of accelerator and other specialists


‣ Typically means complicated set-up procedures and international negotiations - 
far beyond the control of scientists

So far: Projects typically have been “local” with international participation


CERN is unique as an international organisation (still Europe-centric) - Similar things  
do not exist in other regions for particle physics
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• Not surprising: An energy frontier collider is 
expensive

• Rather solid cost estimate for the  

500 GeV machine: ~ 8 Billion USD  
(500 GeV version of CLIC similar)


• Biggest component: Main linac, acceleration 
structures

Chapter 15. ILC TDR Value Estimate

superconducting RF components, including their cryogenic systems and RF-power systems, represent
about 76% of the estimate for all non-CFS components.

Figure 15.7. TDR Value estimate by technical system. Also shown for comparison is the escalated RDR. The num-
bers give the TDR estimate for each system in MILCU.

The Value estimates broken down by Area (Accelerator) System are shown separately for
both the conventional facilities and the components in Fig. 15.8. The system labeled “Common”
refers to infrastructure elements such as computing infrastructure, high-voltage transmission lines
and main substation, common control system, general installation equipment, site-wide alignment
monuments, temporary construction utilities, soil borings and site characterisation, safety systems
and communications.
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Figure 15.8. Distribution of the ILC value estimate by system and common infrastructure, in ILC Units. The num-
bers give the TDR estimate for each system in MILCU.

The component value estimates for each of the Accelerator Systems include their respective RF
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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.
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• The construction cost will 
be spread over ~ 10 years, 
and shared across the globe 
- details to be worked out!


• Many contributions 
expected “in kind”: 
production of components 
“at home”, installation in ILC 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• Japan has expressed interest to host ILC - with the goal of a global project with 
substantial financial contributions from outside, and the establishment of an 
“international city”


• A site recommendation has been made:  
Kitakami in Northern Japan
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• Japan has expressed interest to host ILC - with the goal of a global project with 
substantial financial contributions from outside, and the establishment of an 
“international city”


• A site recommendation has been made:  
Kitakami in Northern Japan

• Strong support by local government and 
population

• Over the next ~ year, a review process 
with committees by the Japanese 
science ministry MEXT will take place - 
physics case and technical issues


• First contacts on government level about 
international participation have started
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• Community-driven strategy processes in Europe and the US have been completed 
recently


• Update of the European Strategy for Particle Physics 2012/2013

1. Full exploitation of LHC, including high luminosity upgrade - a program until 2035

2. Design studies for future CERN projects after LHC, focus on p+p and e+e-  energy 

frontier colliders (CLIC, HE-LHC, FCC-hh with FCC-ee as possible precursor) - Prepare 
for first decision in ~ 2018


3. Support for ILC in Japan, discuss possible participation

4. Neutrino programme at CERN to enable strong participation in US projects


• US Snowmass and P5 (Particle Physics Projects Prioritization Panel) 2013/2014

1. Continue LHC involvement, including HL-LHC detector upgrades

2. Support ILC development, increased involvement if ILC proceeds

3. Develop a coherent short- and long baseline neutrino program hosted at Fermilab

4. Increase international collaborations for long-baseline neutrino program, highest priority 

near- and mid-term large project

5. Long-term R&D on CLIC, Muon Collider and high-field magnets for p+p colliders
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• Community-driven strategy processes in Europe and the US have been completed 
recently


• Update of the European Strategy for Particle Physics 2012/2013

1. Full exploitation of LHC, including high luminosity upgrade - a program until 2035

2. Design studies for future CERN projects after LHC, focus on p+p and e+e-  energy 

frontier colliders (CLIC, HE-LHC, FCC-hh with FCC-ee as possible precursor) - Prepare 
for first decision in ~ 2018


3. Support for ILC in Japan, discuss possible participation

4. Neutrino programme at CERN to enable strong participation in US projects


• US Snowmass and P5 (Particle Physics Projects Prioritization Panel) 2013/2014

1. Continue LHC involvement, including HL-LHC detector upgrades

2. Support ILC development, increased involvement if ILC proceeds

3. Develop a coherent short- and long baseline neutrino program hosted at Fermilab

4. Increase international collaborations for long-baseline neutrino program, highest priority 

near- and mid-term large project

5. Long-term R&D on CLIC, Muon Collider and high-field magnets for p+p colliders

Global consensus: 

Fully exploit LHC, including detector and accelerator upgrades

Support ILC as a possible medium-term energy frontier collider


Continue long-term R&D for future projects at (much) higher energy
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• The landscape of future projects is evolving at the moment: The discussions of a 
project in China have started in earnest only after the completion of strategies
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• ILC - closest to the “real axis” at the moment. Technical design completed, evaluation 
in Japan, conclusion expected Spring 2016

• After positive decision: (At least) 2 years of preparation, ~ 10 years construction 

earliest start 2028
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• The landscape of future projects is evolving at the moment: The discussions of a 
project in China have started in earnest only after the completion of strategies

• CEPC - the “newcomer” - on a fast track. Currently pre-concept phase, if selected as 
a possible project in China technical design for 5 years starting 2016, then decision

• Could be completed on a similar timescale as ILC


• SppC - the extension of CEPC to proton-proton collisions - on a substantially longer 
time-scale, after > 10 years of operation of CEPC
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• CLIC - for a long time CERNs only long-term future R&D project - conceptual design 
completed, technical design phase until ~ 2018, then in principle ready for a first 
decision - construction could start ~ 6 years after that
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• The landscape of future projects is evolving at the moment: The discussions of a 
project in China have started in earnest only after the completion of strategies

• FCC - a new addition to CERN’s future possibilities - in response to the European 
Strategy for Particle Physics - conceptual design until 2018, then, after a first decision 
to go ahead, technical design until ~ 2024 


• Would likely start first with e+e-, then, as a second stage, p+p
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• The landscape of future projects is evolving at the moment: The discussions of a 
project in China have started in earnest only after the completion of strategies

• FCC - a new addition to CERN’s future possibilities - in response to the European 
Strategy for Particle Physics - conceptual design until 2018, then, after a first decision 
to go ahead, technical design until ~ 2024 


• Would likely start first with e+e-, then, as a second stage, p+p

Updates of the European Strategy for Particle Physics planned for ~ 2018 and ~ 2024

In 2024 there will be 300 fb-1 of LHC 14 TeV data

➫ The basis for an informed decision  
    (N.B.: Discoveries at the LHC could also show the way earlier…)
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The possible 
ILC site

北上市
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A Final Word

• Collider physics will stay exciting over the next years - I hope you enjoyed this 
course!


• Next semester: A lecture series in the same style, focusing on astro-particle 
physics and particle physics precision measurements

• Cosmic particles & accelerators


• Precision experiments


• Dark Matter & Dark Energy


• Neutrinos

45

Same time, same place.

“Teilchenphysik mit kosmischen und erdgebundenen Beschleunigern”


