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Goal of the Lecture

• Current and future accelerators


• Particle detection in high energy and astroparticle physics


• The Standard Model of particle physics


• Precision measurements in particle physics


• Cosmic acceleration mechanisms


• The physics of charged and neutral cosmic particles


• Gravitational Waves


• Dark Matter and Dark Energy


• Neutrino physics


• We are open to other topics as well - just let us know!
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Organisatorial Matters

• Time: Mondays, 14:00 to 16:00 

• Place: PH 127 , TUM Physik-Departement II


• Background

• if possible: KTA (Introduction to nuclear, particle and astro physics) 

• in addition: Quantum field theory, theoretical particle physics

• does not hurt: Teilchenphysik mit höchstenergetischen Beschleunigern (Higgs & 

Co)


• Exercise classes: none

• Exams: Yes, if asked for

• Material: The slides will be posted after the lectures on the MPP web site: 

www.mpp.mpg.de  ➙ Veranstaltungen ➙ Vorlesungen
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Lecture Overview
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24.04. Introduction  & Accelerators
01.05. Holiday - No Lecture
08.05 Cosmic Accelerators 
15.05. Detectors
22.05. The Standard Model 
29.05. QCD and Jets
05.06. Holiday - No Lecture
12.06. Neutrinos I 
19.06. Neutrinos II 
26.06 most likely: No Lecture
03.07. Cosmic Rays I
10.07. Cosmic Rays II
17.07. Precision Experiments
24.07. Dark Matter, Dark Energy & Gravitational Waves



Frank Simon (fsimon@mpp.mpg.de)
Teilchenphysik mit kosmischen und erdgebundenen Beschleunigern: 
SS 2017, 01: Einführung & Beschleuniger

From the very big to the very small 

5

Size Mass

Universe 1026 m 1052 kg

Galaxy 1021 m 1041 kg

Solar system 1013 m 1030 kg

Earth 107 m 1024 kg

Man 100 m 102 kg

Atom 10-10 m 10-26 kg

Nucleus 10-14 m 10-26 kg

Nucleon 10-15 m 10-27 kg

Quarks, Leptons <10-18 m 10-30 kg

“Astroteilchenphysik in Deutschland”, http://www.astroteilchenphysik.de/, und darin angegebene Referenzen

http://www.astroteilchenphysik.de
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The Standard Model of Particle Physics

6

Interaction Range relative strength

Strong subatomic 1

Electromagnetic infinite 1/137

Weak subatomic 10-14

Gravitation infinte 10-40



Frank Simon (fsimon@mpp.mpg.de)
Teilchenphysik mit kosmischen und erdgebundenen Beschleunigern: 
SS 2017, 01: Einführung & Beschleuniger

The Standard Model of Particle Physics
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Interaction Range relative strength

Strong subatomic 1

Electromagnetic infinite 1/137

Weak subatomic 10-14

Gravitation infinte 10-40The last missing piece

discovered at LHC: July 4th, 2012
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The Standard Model: Open Questions

• Where does the mass hierarchy of particles 
come from?


• Why are there exactly 3 families of fermions?

• known from the measurement of the Z Boson 

width: Only three light neutrinos!


• Is there a unification of forces (not possible 
in the SM)?


‣ Super-Symmetry?


‣ ...

7

Questions connected to cosmology / astrophysics

• What is Dark Matter? Dark Energy

• Where does the matter / antimatter asymmetry come from?
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Questions connected to cosmology / astrophysics

• What is Dark Matter? Dark Energy

• Where does the matter / antimatter asymmetry come from?

The Standard Model cannot be the final answer!
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The Evolution of the Universe

8

matter / 

antimatter 

- asymmetrie

nucleons are 
formed

nucleo-synthesis

atoms: Universe  
gets transparent

first supernova
stars and galaxies
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The Evolution of the Universe
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matter / 

antimatter 

- asymmetrie

nucleons are 
formed

nucleo-synthesis

atoms: Universe  
gets transparent

first supernova
stars and galaxies

direct observation

particle physics  
at accelerators
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The Composition of the Universe
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Ordinary Matter
Dark Matter
Dark Energy
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How do we know the composition?

• The movement of 
galaxy clusters 
shows the matter 
densitiy
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• CMB - fluctuations show that 
the universe is “flat”:  
ΩΛ + ΩM = 1

• Supernova data 
show that the 
expansion is 
accelerating

http://physicsworld.com/cws/article/print/19419

30% Materie30% Materie, 
70% Λ

100% 
Materie

http://physicsworld.com/cws/article/print/19419
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New Instruments - Better Results

• Planck satellite (ESA) - First 
results in 2013, most precise 
picture of the Universe at  
400 000 years

11
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Messengers from the Kosmos: Particles

• Particle flux described by 
power law:

• ~ E-2.7 up to E ~ 1015 eV


• ~ E-3 from 1015 to 1018 ev


• ~ E-2.7 above E ~ 1018 eV


‣ Transition from galactic to 
extragalactic sources?


‣ Cut-off effect at highest 
energies?
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How are the particles accelerated?

Which astrophysical objects are 
responsible?
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Messengers from the Kosmos: Charged Particles

• Nuclei of active galaxies (AGN)


‣ There are first indications that the highest-energy 
particles come from AGNs

13

“Astroteilchenphysik in Deutschland”, http://www.astroteilchenphysik.de/, und darin angegebene Referenzen

Massive objects may accelerate charged particles 
to extremely high energies: 

http://www.astroteilchenphysik.de
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Giant Experiments to Study Highest Energies

• The AUGER experiment in Argentina

• Measure air showers of ultra-high energy 

cosmic rays

• Total area: 3000 km2 (~10 x Munich)

14
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Spectacular Experiments in Space - AMS

• A complete particle detector on the 
International Space Station

15

• Interesting first results: Too many 
positrons - confirms earlier 
measurements with higher precision! 


• Astrophysical phenomenon?

• New Physics - Dark Matter?
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Messengers from the Kosmos: Neutral Particles

• Photons:

• Decay of neutral pions


• Black holes, AGNs, supernova explosions


• Gamma-Ray-Bursts (GRB)


• Pulsars


• Neutrinos

• Solar neutrinos


• Supernova explosions


• pion decay

• atmospheric neutrinos from air showers

16

Photons 
originating from 
the Milky Way
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Detecting Neutrals from Space
• High-energy photons through air showers 

detected with large Cherenkov telescopes

17
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Detecting Neutrals from Space
• High-energy photons through air showers 

detected with large Cherenkov telescopes
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• Neutrinos in giant underground detectors - for 
example at the South Pole
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Gravitational Waves: Listening to the Universe

• Spectacular discovery announced early this year: Gravitational waves seen 
100 years after their prediction

18
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Ground-based Accelerators
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100 Years ago: How it started

• Uranium as natural “accelerator”  
MeV - scale particles from  
radioactive decay

20

• 1911 Rutherford discovered the atomic nucleus by experiments with α 
particles on a thin Gold foil
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Motivation for Accelerators

• Initially, accelerators were only used for basic research: 
To look into the structure of matter, you need short wavelengths, e.g. high 
energies

21

1 GeV probes the size of the proton!
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1 GeV probes the size of the proton!

• To create new, previously unknown particles, you need energy
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Motivation for Accelerators

• Initially, accelerators were only used for basic research: 
To look into the structure of matter, you need short wavelengths, e.g. high 
energies

21

1 GeV probes the size of the proton!

• To create new, previously unknown particles, you need energy

• If you are looking for something that is rare (small cross-section!), you need

 

Intensity
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Applications

• Basic research in high energy physics

• Sources of synchrotron radiation for material science, chemistry, biology


• Radiation Therapy 


• Production of radio isotopes for medical diagnostics


• Ion implantation in semiconductor industry


• ...

22
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Bill Barletta in Physics Today, 02/2010:  Estimated 26 000 accelerators world-wide

1% are research machines with energies above 1 GeV; about 44% are for 
radiotherapy, 41% for ion implanters and surface modification of materials, 9% for 
industrial processing and research, 4% for biomedical and other lower-energy 
research, and 1% for making medical radioisotopes
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Historical Overview

• 1928:  R. Wideroe reports the operation of the first linear accelerator  
         (Ka and Na-Ions)


• 1931:  Van de Graaff constructs the first high voltage generator


• 1932: Lawrence and Livingston present first proton beams from a 1.2 MeV Cyclotron


• 1939:	 Hansen, Varian and Varian invent the Klystron


• 1941:	 Kerst and Serber introduce the Betatron 
           Touschek and Wideroe invent the principle of ring accelerators


• 1947:	 Alvarez develops the first proton linear accelerator


• 1950 	 Christofilos formulates the concept of strong focusing

23

E.O. Lawrence



Frank Simon (fsimon@mpp.mpg.de)

Accelerator Basics
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The Basics of Particle Acceleration

• The underlying equations: Maxwell-Equations

25

The key: Lorentz-Force 
  
! 
F = q

! 
E + ! v ×

! 
B ( )

n.b.: The Lorentz-force is non-conservative for time-dependent fields!
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Basic Accelerator Types: Cyclotron, Linac

• Cyclotron:

• Magnetic field to bend particles


• Alternating electric field for acceleration

26



Frank Simon (fsimon@mpp.mpg.de)
Teilchenphysik mit kosmischen und erdgebundenen Beschleunigern: 
SS 2017, 01: Einführung & Beschleuniger

Basic Accelerator Types: Cyclotron, Linac

• Cyclotron:

• Magnetic field to bend particles


• Alternating electric field for acceleration
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• Linear accelerator:

• Alternating electric field for acceleration
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Basic Accelerator Types: Synchrotron

• Synchrotron:

• Magnetic bending field gets ramped up with particle energy: Particles can stay on fixed 

path


• Magnetic field only needed locally

• Same accelerating cavities get passed many times

27

credit:EPSIM 3D/JF Santarelli, Synchrotron Soleil

accelerating cavity

bending magnet

focusing magnet
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Keeping on Track: Bending Power

• Strong dipole magnets keep particles on their track in a synchrotron 
Magnetic field and radius define energy!

28

Lorentz force acts on moving charge

It forces the particle on a circular track:

Often, the term “stiffness” is used:

LHC : (Bρ)~23000 Tm
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Strong Focusing

• Strong Focusing, or Alternating Gradient Synchroton: Breakthrough that 
allowed to reach high energies of 10 GeV and more

29

€ 

1
f

=
1
f1

+
1
f2
−

d
f1 f2

• Two crossed quadrupole fields have a net focusing 
effect, if they are placed at the right distance d 
(smaller than the focal length) - Just like a lens system 
in optics!
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�E = 8.85� 10�5 E4[GeV4]
�[km]

MeV

Limits for Ring Accelerators: Synchrotron Radiation

• Energy loss of electrons per turn in a storage ring

30

• Charged particles loose energy when accelerated:

P =
1

6⇤⇥0

e2a2

c3
�4 a =

v2

�
ρ: bending radius

scales with γ4, at constant energy with 1/m4 ➫ Electrons loose 1013 times more 

energy than protons!
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�E = 7.8� 10�6 E4[TeV4]
�[km]

MeV

• Energy loss of protons

• Charged particles loose energy when accelerated:

P =
1

6⇤⇥0

e2a2

c3
�4 a =

v2

�
ρ: bending radius

scales with γ4, at constant energy with 1/m4 ➫ Electrons loose 1013 times more 

energy than protons!
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�E = 7.8� 10�6 E4[TeV4]
�[km]

MeV

• Energy loss of protons

• Example: 100 GeV electrons in LHC-tunnel (ρ ~ 4.3 km), e.g. LEP: ΔE ~ 2 GeV

• Charged particles loose energy when accelerated:

P =
1

6⇤⇥0

e2a2

c3
�4 a =

v2

�
ρ: bending radius

scales with γ4, at constant energy with 1/m4 ➫ Electrons loose 1013 times more 

energy than protons!
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�E = 7.8� 10�6 E4[TeV4]
�[km]

MeV

• Energy loss of protons

• Example: 100 GeV electrons in LHC-tunnel (ρ ~ 4.3 km), e.g. LEP: ΔE ~ 2 GeV

• Example: 7 TeV protons in LHC-tunnel (ρ ~ 4.3 km): ΔE ~ 4.4 keV

➫ Highest energies are not possible with electrons using synchrotrons!

• Charged particles loose energy when accelerated:

P =
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e2a2

c3
�4 a =

v2

�
ρ: bending radius

scales with γ4, at constant energy with 1/m4 ➫ Electrons loose 1013 times more 

energy than protons!
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High Energies: Colliders

• The first experiments with accelerators were fixed-target experiments: 
(Relatively) easy to manage: Shoot a beam at a target 

• Much higher energy can be obtained in collider mode: 
Two beams collider, the center of mass can be at rest in the laboratory

31

€ 

Ecm = 2E = 2γmpc
2

€ 

Ecm = 2 γ +1( )mpc
2

For colliding protons
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Key Collider Parameters 

• Event Rate

32

€ 

R = L ⋅σ

• Luminosity

€ 

L = f n1n2
4πσ xσ y

σy: vertical beam size

ni: Number of particles in bunch i
f: Collision frequency

σx: horizontal beam size

... assuming a gaussian beam profile and perfect overlap
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€ 

R = L ⋅σ

• Luminosity

€ 

L = f n1n2
4πσ xσ y

σy: vertical beam size

ni: Number of particles in bunch i
f: Collision frequency

σx: horizontal beam size

... assuming a gaussian beam profile and perfect overlap

• Luminosity is often expressed in terms of the “β function” at the collision 
point and in terms of “emittance”

• β* is related to the beam optics 

• ε is related to the beam quality, and gives the phase space of the beam 

particles (units length * angle)

€ 

⇒    L = f n1n2

4 εxβx
*εyβy

*
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SLAC Linear Collider SLC

33

• e- up to 50 GeV; fixed-target program (until 1980ies)

• e- und e+  for PEP-I storage ring (Ecm = 29 GeV; early 1980ies)

• e- und e+  for SLC collider (Ecm = MZ  ~ 91 GeV; 1989 - 1999)

• e- und e+  for PEP-II storage ring (Ecm ~10 GeV; 1999 - 2008)
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Powering Accelerators: Klystrons

34

SLAC Klystron Gallery

Microwave generator 
in a Microwave Oven
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Past Electron Colliders: DESY

• DESY Hamburg: Petra (e+e-), Hera (ep)

35

Petra (1976-1986)

up to 19 GeV per 
beam


discovery of the 
gluon in 1979
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Past Electron Colliders: LEP (1989 - 2000)

• Up to now the highest energy collider for leptons: Up to 209 GeV center of 
mass energy

36
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The LEP Tunnel

 

• Focusing quadrupoles


• Main dipoles

37

Foto: CERN
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• Focusing quadrupoles


• Main dipoles
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Foto: CERN

Now: Home of the LHC


Much higher energy for 
protons: Limited by dipole 
magnet strength, LEP was 
limited by accelerating cavity 
power (synchrotron radiation!)
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The Latest Addition: SuperKEKB 

38

• Asymmetric e+e- collider: 7 GeV on 4 GeV to produce boosted Y(4s) at a center of 
mass energy of 10.58 GeV, decays into entangled B mesons


• Used to study CP violation, indirect searches for New Physics
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The Latest Addition: SuperKEKB 

38

• Asymmetric e+e- collider: 7 GeV on 4 GeV to produce boosted Y(4s) at a center of 
mass energy of 10.58 GeV, decays into entangled B mesons


• Used to study CP violation, indirect searches for New Physics

The first high-energy 
collider to start running 
after LHC!

first turns of 

electrons: 
February 24 
stored beam on 
February 26

first turns of 

positrons: 
February 8 
stored beam 
on February 10
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SuperKEKB Startup: With MPP Detectors

• A small scintillator system was installed at the SuperKEKB interaction point to 
monitor background levels prior to the installation of the Belle-II detector 

• Saw the first particles from the accelerator (interactions of electrons with remaining 

gas in the beam pipe)

39
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Collider Parameters - Overview

40

Collider start – end date beam type max. beam energy
(GeV)

circumference
or length (km)

PETRA  (DESY) 1978 - 1986 e+  e– 23.4 2.304

SLC   (SLAC) 1989 – 1999 e+  e– 50 1.45 + 1.47

LEP   (CERN) 1989 – 2000 e+  e– 104 26.7

TESLA (DESY) 2010 (???) - e+  e– 400 (?) 15 + 15

KEKB  (KEK) 1999 - e+  e– 8 x 3.5 3.0

PEP-II  (SLAC) 1999 - e+  e– 9 x 3.1 2.2

HERA   (DESY) 1991 - e p 30 x 920 6.3

S

€ 

pp S  (CERN) 1981 – 1990

€ 

pp 315 6.9

TEVATRON (Fermilab) 1987 -

€ 

pp 1000 6.28

LHC  (CERN) 2005 - pp 7000 26.7

ILC (??) 2030+ (?) 250 (500)

L
(cm-2 s-1)

1034

2x1032

6x1030

8x1031

1034

2x1034

1032

3x1030

2x1034

1030

2009 - 

1987 - 2011

1999 - 2010

SuperKEKB 2016- (?) e+e- 7 x 4 8 x1035
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Current and Future Accelerator Projects in HEP

• In addition: Many non-collider 
and non-accelerator 
experiments

42

Energy Frontier Precision / Intensity Frontier

Hadron-Collider Lepton Collider high energy (> MZ) low energy (< MZ)

SppS

Tevatron

LHC

HL-LHC

SppC

LEPHERA

ILC

CLIC

Muon Collider

Fixed Target

Tau - Charm

B-Factories

Super-Flavor-
Factory

completed

In operation or in construction

In planning

SLC

CEPC

FCChh FCCee
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Proton vs. Lepton-Colliders

43
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High Energy Lepton Colliders

• Solutions for the problem of synchrotron radiation:

• No curves: Linear accelerators for electrons


• High mass: muons instead of electrons

44
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High Energy Lepton Colliders

• Solutions for the problem of synchrotron radiation:

• No curves: Linear accelerators for electrons


• High mass: muons instead of electrons

44

• Both options are being studied, both have pros and cons:


• Linear Collider: Energy has to be reached in a single shot, requires many 
accelerating cavities, no re-use of particles after collision


• Muon Collider: Muons are unstable and can only be stored for short times. 
Capturing and “cooling” of the Muons, so that they can be used in a storage ring 
is far from trivial (remember: Muons are tertiary particles: Produced from pions 
decaying in flight, the pions are produced by shooting protons at a target)
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• Solutions for the problem of synchrotron radiation:

• No curves: Linear accelerators for electrons


• High mass: muons instead of electrons
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• Both options are being studied, both have pros and cons:


• Linear Collider: Energy has to be reached in a single shot, requires many 
accelerating cavities, no re-use of particles after collision


• Muon Collider: Muons are unstable and can only be stored for short times. 
Capturing and “cooling” of the Muons, so that they can be used in a storage ring 
is far from trivial (remember: Muons are tertiary particles: Produced from pions 
decaying in flight, the pions are produced by shooting protons at a target)

The Linear Collider concept is already very mature, while many issues for 

a Muon Collider still need to be solved



Frank Simon (fsimon@mpp.mpg.de)
Teilchenphysik mit kosmischen und erdgebundenen Beschleunigern: 
SS 2017, 01: Einführung & Beschleuniger

The International Linear Collider ILC

• Planned e+e- Collider with a center of mass energy of  
500 GeV, Upgrade to 1 TeV


• High luminosity: 2 x 1034 cm-2s-1


• Total length ~ 31 km


• 2 Damping Rings,  
3.2 km circumference

45

Estimated costs (500 GeV): ~ 8 G$


Construction:

~ 9 years until commissioning
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One Physics Example: Higgs

• A flagship measurement: Model-independent coupling of Higgs to Z

46

e+e� ! ZH ! µ+µ�bb̄ ILD, 250 GeV

• Obtained from recoil 
mass measurement of 
reconstructed Z boson, 
independent of Higgs 
decay

b - jet 
from Higgs

b - jet 
from Higgs

µ from Z

µ from Z
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• A flagship measurement: Model-independent coupling of Higgs to Z
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e+e� ! ZH ! µ+µ�bb̄ ILD, 250 GeV

m2
rec = s+m2

Z � 2EZ
p
s

• Obtained from recoil 
mass measurement of 
reconstructed Z boson, 
independent of Higgs 
decay

b - jet 
from Higgs

b - jet 
from Higgs

µ from Z

µ from Z
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One Physics Example: Higgs

• A flagship measurement: Model-independent coupling of Higgs to Z
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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

Detect production of Higgs without reconstructing it:

Free of model assumptions - can constrain  
non-Standard-Model decays of the Higgs

SiD

• Obtained from recoil 
mass measurement of 
reconstructed Z boson, 
independent of Higgs 
decay

b - jet 
from Higgs

b - jet 
from Higgs

µ from Z

µ from Z
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Accelerating Structures for the ILC

• The key figure of merit: The acceleration gradient

‣ Determines the length of a linear accelerator to reach a certain energy

47

The solution for ILC: Superconducting cavities
Advantages:

• No energy losses in the resonator walls: Efficient acceleration, long pulses possible

• relatively low frequency: 1.4 GHz

• High stability because of manageable tolerances

• Simple RF (radio frequency) generation
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Accelerating Structures for the ILC

• The key figure of merit: The acceleration gradient

‣ Determines the length of a linear accelerator to reach a certain energy

47

The solution for ILC: Superconducting cavities
Advantages:

• No energy losses in the resonator walls: Efficient acceleration, long pulses possible

• relatively low frequency: 1.4 GHz

• High stability because of manageable tolerances

• Simple RF (radio frequency) generation

Alternatives: Normal-conducting (copper) cavities

• No cryogenics required

• Can achieve higher acceleration gradients (with very high frequencies)

• but: extremely small tolerances, high frequency => challenging RF generation, short 

pulses to keep losses tolerable

• NLC-Design: 11.4 GHz, to reach sufficient acceleration gradients
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Accelerating Structures for the ILC

• Gradient ~ 31.5 MV/m - 
ILC technology has 
already reached 
gradients > 40 MV/m for 
some test modules

48
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The Path to Higher Energies: 2 Beam 

• Das Issue: For energies of ~ 3 TeV the ILC technology is not practical: Length of 
the accelerator > 100 km

‣ Higher acceleration gradients are needed - achievable with normal-conducting 

structures and high frequencies (12 GHz) - CLIC: 100 MV/m

‣ To reach a satisfactory accelerator efficiency, a new way to create the RF is needed 

(standard Klystrons are good at ~ 1GHz, not 12 GHz)


‣ Create accelerating RF with low-energy electron beam!

49
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(c)FT

TA radius = 120 m

BC2

delay loop
1 km

decelerator, 24 sectors of 876 m

326 klystrons
33 MW, 139 µs

CR2

CR1

circumferences
delay loop 73.0 m
CR1 146.1 m
CR2 438.3 m

BDS
2.75 km

IP
TA r=120 m

BC2

245 m

delay loop
1 km

326 klystrons
33 MW, 139 µs

drive beam accelerator
2.38 GeV, 1.0 GHz

CR2

CR1

BDS
2.75 km

48.3 km
CR     combiner ring
TA      turnaround
DR     damping ring
PDR   predamping ring
BC     bunch compressor
BDS   beam delivery system
IP       interaction point
           dump 

drive beam accelerator
2.38 GeV, 1.0 GHz

BC1

245 m

e+ injector,
2.86 GeVe+ 

PDR 
398 m

e+ 
DR 

493 m

booster linac, 6.14 GeV

e+ main linac

e– injector,
2.86 GeV e– 

PDR 
398 m

e– 
DR 

493 m

e– main linac, 12 GHz, 100 MV/m, 21.02 km

CLIC: “Compact” Linear Collider

• 3 TeV center of mass energy, 2 beam acceleration; Luminosity up to 6 x 1034 cm-2s-1

50
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Beyond Electrons: Muon Collider

• Storage ring for muons: Synchrotron 
radiation ok


• The challenge: Getting muons into the ring 
Requires reduction of the phase space (after 
pion decay) by a factor of 105 bis 106


‣ Cooling!

51

Pion Production Target 
and Capture Solenoid

Pion Decay
Channel

Muon Ionization
Cooling Channel

Muon Accelerators
100 MeV −> 2 TeV

Muon Collider

Proton Accelerator
16 GeV/c

100 MeV/c
muons

    1.5 x 1022 
protons / year

   1.5 x 1021 
muons / year

Stopped Muon
     Physics

Intense Muon and
Neutrino Beams

2  TeV/c
muons

Higgs, t t , WW, ...
2 x 2 TeV

μ+ μ−
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muons
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Muons survive ~ 1000 revolutions in the collider

Injection: muons 
from pion decay

Extraction of 
cooled muons
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Plasma Wakefield Acceleration

• For high-energy linear colliders: Need much higher acceleration gradient to go 
significantly beyond ~ 1 TeV beams

• Conventional accelerating structures  

limited at ~ 100 MV/m or below

52

• Demonstration of high energy acceleration 
of electrons at SLAC:  E-164X


• doubling of beam energy observed: 
40 GeV energy gain over less than 1 m of 
plasma -> ~50 GV/m

Nature 445, 741 (2007)
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Plasma Wakefield Acceleration

• Need to get the energy into the plasma

• Lasers - used for extreme gradients over very short distances (~ mm)


• Beams - Much higher power - Long acceleration distances possible


‣ Idea followed at MPP: Use protons to drive plasma: Very high energy available!

53

Simulation with 1 TeV 
proton beam
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• Beams - Much higher power - Long acceleration distances possible


‣ Idea followed at MPP: Use protons to drive plasma: Very high energy available!

53

Simulation with 1 TeV 
proton beam

Key challenges (so far unsolved) for all techniques: 


How to get very sharp energy distributions, high repetition rate,  
high currents and good focusing? 


How to accelerate positrons with a comparably high gradient?


Or,  in short:

How to get high luminosity for a collider? 
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The Development of Collider Energies

• “Livingston Plot”

54

CLIC

discussed projects 
& speculation
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Possible Time Line

• Adapted from recent workshops etc, mixed with own interpretations and 
expectations

55Particle Physics Roadmap(s)                 S. Bethke               MPP Project Review, 17.12.2013 !1!1

 timeline 
update due to actual planning

2010 2015 2020 2025 2030

LHC

hl-LHC

ILC

CLIC; µC; 
VLHC; FCC;…

2035

R&D
construction
running

(HE / large projects only)

sKEKb
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Summary

• Particle physics with accelerators and astroparticle physics are 
complementary:

• Accelerator-based experiments provide detailed understanding of the most 

fundamental constituents of matter and their interactions


• Using particle messengers from the Kosmos provides information about the most 
violent processes in the Universe, and new insights into the structure of the 
Universe


• Electron-positron colliders have made substantial contributions to particle 
physics, new colliders are being developed to complement and extend the 
physics reach of the LHC - with a linear e+e- collider as the most likely option


• Accelerator technology is constantly developed further

• Current concepts: Superconducting cavities, two-beam acceleration schemes


• Possible future technology: Plasma wakefield acceleration

56



Frank Simon (fsimon@mpp.mpg.de)
Teilchenphysik mit kosmischen und erdgebundenen Beschleunigern: 
SS 2017, 01: Einführung & Beschleuniger

Summary

• Particle physics with accelerators and astroparticle physics are 
complementary:

• Accelerator-based experiments provide detailed understanding of the most 

fundamental constituents of matter and their interactions


• Using particle messengers from the Kosmos provides information about the most 
violent processes in the Universe, and new insights into the structure of the 
Universe


• Electron-positron colliders have made substantial contributions to particle 
physics, new colliders are being developed to complement and extend the 
physics reach of the LHC - with a linear e+e- collider as the most likely option


• Accelerator technology is constantly developed further

• Current concepts: Superconducting cavities, two-beam acceleration schemes


• Possible future technology: Plasma wakefield acceleration

56

Next Lecture: 08.05., “Cosmic Accelerators”, F. Simon


