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1.) Where are we ? 
 

 * Standard Model of HEP 
 * Higgs discovery 



... and why all that  ??   
 High Light of the HEP-Year 2012 / 13 naturally the HIGGS   

ATLAS event display: Higgs => two electrons & two muons 
 

 E = m0c2  = me1+ me2+ m𝝁1+ m𝝁2 = 125.4 GeV 
 



2.) Where do we go ? 
 

 * Physics beyond the Standard Model 
 * Dark Matter / Dark Energy 



Physics Beyond the Standard Model 
(BSM) 
Example: Dark Matter 

The outer region of galaxies rotate faster than expected from  
visible matter 

Corbelli	&	Salucci	(2000);	
Bergstrom	(2000)	

Dark matter would explain this 
 

Other observations exist … (grav. lens effects) 
    but all through gravity 

What is it? 
 
( One explanation is super-symmetry ) 

mv
r
=
m*M *G

r2

vcirc =
M (r)*G

r



  Future Projects  
Recommendations from European Strategy Group 

 #1 

 #2 

à Proton –Proton Colliders  => e+/e- colliders 
         LHC / HL-LHC, HE-LHC                       TLEP, CLIC 



Considered Future High Energy Frontier 
Colliders 

Circular colliders: 
FCC (Future Circular Collider … Euro-Circol) 

 FCC-hh: 100 TeV proton-proton cm energy 
 FCC-ee: Potential intermediate step 90-350 GeV lepton collider 

 
Linear colliders 

 ILC (International Linear Collider):  e+e-, 500 GeV cms energy,  
 Japan considers hosting project 
 CLIC (Compact Linear Collider): e+e-, 380GeV - 3TeV cms energy, 
 CERN hosts collaboration 
 

Others 
Plasma acceleration  
Muon collider, has been supported in the US but effort has stopped 
Photon-photon collider 



Hadron Collisions or Lepton Collisions? 

Hadron collisions: compound particles 
Proton = u+u+d + gluons + sea-quarks 
Mix of quarks, anti-quarks and gluons 

 à variety of processes 
Parton energy spread 
Hadron collisions  ⇒  large discovery range 
 

 

Lepton collisions: elementary particles / Ani-particles 
Collision process known 
Well defined energy 
Other physics background limited  
Lepton collisions  ⇒  precision measurements  
in e+ e- collisions quantum numbers disappear 

LHC Pb-Pb collision (Atlas) 

PETRA: gluon discovery 



3.) The HL-LHC 
 

 * increasing the luminosity of LHC 
 * higher bunch intensities 
 * smaller β* 
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Condition for an ideal circular orbit:   

Lorentz force 

centrifugal force 

BveFL =

ρ
γ 2

0 vmFcentr = ρB
e
p
=

B ρ =  "beam rigidity" 

A charged particle in a magnetic dipole field feels a transverse deflecting force, 
The „Lorentz force“  

E =mc2 E 2 = (pc)2 +m2c4

Geometry of a Storage Ring:  

The overall integral of all dipole fields around the ring has to give  
2𝝅 bending angle 

We have to calculate relativistically, which is 
not so difficult  and leads to E         p 



classical mechanics: 
pendulum 

there is a restoring force, proportional  
to the elongation x:  

2

2* *d xm c x
dt

= −

general solution: free harmonic oszillation 
 

  this is how grandma‘s Kuckuck‘s clock is working!!! 

( ) *cos( )x t A tω ϕ= +

Focusing Properties and Quadrupole Magnets 

( ) * * ( )F x q v B x=

Storage Rings:    linear increasing Lorentz force to keep trajectories in vicinity of  
 the ideal orbit  
  linear increasing magnetic field  ygBxgB xy ==

LHC main quadrupole magnet mTg /220...25≈



Does this mean that the protons in a accelerator behave like the 
 pendulum of Grandma‘s clock ??? 
 

1
/
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      normalise magnet fields to momentum  
      (remember: B*ρ = p / q ) 

Dipole Magnet Quadrupole Magnet 

:
/
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... YES !!! 
 



Particle trajectories in a storage ring: 

x(s) 

s 

                          0 
 
typical values  
in a strong  
foc. machine: 
x ≈ mm, x´  ≤ mrad 

„in each accelerator element the particle  
trajectory corresponds to the movement of  
a harmonic oscillator ...  
 

... And we store 1012 of these oscillators in  
the machine 

TSR storage ring, MPI Heidelberg LHC storage ring, CERN 



Question: what will happen, if the particle performs a second turn ?  

x 

... or a third one or ... 1010 turns 

0 

s 

σ = εβ



Beta-Function describing the size of the Particle Ensemble: 

single particle trajectories, N ≈ 10 11  per bunch 
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particle at distance 1 σ from centre  
                                ↔ 68.3 % of all beam particles 
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aperture requirements:  r 0 =  17 * σ 

LHC:  

mmmm 3.0180*10*5* 10 === −βεσ



production rate of events is determined by the cross section Σreact 
and a parameter L that is given by the design of the accelerator: 
… the luminosity  

€ 

Σreact ≈1pb

Once more: The Higgs Discovery: 

€ 

1b =10−24cm2 = 1/mio*1/mio*1/mio* 1
100

mm2 The particles are “very small” 

“typical particle size” 
i.e. cross section for  
particle production 

During collider run we had in Run 1  … 
   1400 bunches circulating,  
   with 800 Mio proton collisions per second in the experiments 
 and collected only 450 Higgs particles in three years.  

€ 

R = L *Σreact ≈10−12b ⋅ 25 1
10−15b

= some1000H

€ 

L∫ dt ≈25 fb−1
accumulated  
collision rate 
in LHC run 1 



Overall cross section of the  Higgs: 

Problem: Our particles are VERY small !! 

€ 

Σreact ≈1pb

1b =10−24cm2

1pb = 10−12 *10−24cm2 =1/mio*1/mio*1/mio*1/mio*1/mio*1/10000 mm2

The particles are “very small” The only chance we have: 
compress the transverse beam size … at the IP 

LHC typical:  
 

σ = 0.1 mm   à  16 µm   



Luminosity of a particle collider 
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R = L *Σreact

Make the beam size at the IP as small as possible  à mini beta insertions 



The LHC Mini-Beta-Insertions 
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ATLAS detector in LHC 



* We need a (much) stronger focusing of the beam  
New super cond. Quadrupoles in the IR (Nb3 Sn) 
 

* The LHC Lattice & Optics is not strong enough for such a scheme 
 à start focusing in the neighboring sectors 

 

* And there is another little problem… 
 
 
where F is the geometrical loss 
factor in case we do not collide 
head on. 
 
 

IP2 IP8 IP1 

The LHC Upgrade ... what we have to do 

L = Lideal *F

L = 2.2*1035 1
cm2sIncrease the performance by a factor of 10 !! 



Challenge: High Field Nb3 Sn Quad 

court. L. Rossi 
22 

G= 200 T/m 

160 T/m Gequiv 
LHC 

reminder: LHC standard inner triplet NbTi: G=215 T/m, Φ=66 mm 

Stronger focusing needs stronger magnets 
 We need a material that can withstand this higher field in its  
 super conducting phase !!!      Nb3Sn

 
 

   
                  



Transverse deflecting cavity at 800 MHz 
 
Prototype test in SPS … at the moment 
technical challenge: 

 fast, precise, compact,  
 Fail SAFE !! 

 
 
 
 

€ 
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σ1x
2 +σ 2x
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Φ 
ρ1(x,y,s,-s0) ρ2(x,y,s,-s0) 

s 
x Challenge: HL-LHC Crab Cavities 

L = Lideal *F



4.) Push for higher energy: FCC 
 

 * increasing the ring size 
 * stronger magnets 



FCC-pp - Collider 
The Next Generation Ring Collider 
      

PS 

SPS 

LHC 

FCC 



Bvevm
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ρ
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Condition for an ideal circular orbit:   

Lorentz force 

centrifugal force 

BveFL =

ρ
γ 2

0 vmFcentr =
ρB

e
p
=

B ρ =  "beam rigidity" 

For a given magnet technology it is the size of the machine that defines  
the maximum particle momentum   ... and so the energy 

E =mc2 E 2 = (pc)2 +m2c4

Maximum Beam Energy in a Storage Ring:  

The maximum particle momentum is given by the field strength B  
and the storage ring size 2𝛑𝜌 



critical field in NbTi and Nb3Sn 

Highest B-field technology:  
Two key players in sc magnet technology: NbTi and Nb3Sn 
  

T(K) 

B(T) 

… and we do NOT talk about  
    YBa2Cu3O7  and friends 
(jc⊥ = 100A/mm2  , jc|| = 800A/mm2 ) 



The Push for Higher Beam Energy  

FCC energy reach:  
 
it is a simple scaling wrt LHC: 

 circumference 100km /27km  
 à  Factor 3.7 

 
 dipole field: 16 T / 8.3 T          
 à  Factor 1.93 

 
 LHC: Ecm = 2* 7 TeV =14 TeV   
 

 FCC: Ecm =  100 TeV  centre of mass 

Factor 7.1 

NbTi LHC standard dipoles, 
8.3 T 

Nb3Sn FCC type dipole coils, 
11 T – 16 T 



Scaling for FCCpp: Dipole Fill Factor for present Version V3: 

 12 dipoles per cell, ldipole=14.2m 
 34 cells per arc 
 12 arcs 
 dipole field = 15T <-->  50TeV      
      or 16T    

 

FCC:  5016 dipoles 
 drifts a la LHC: dipole-quad=3.6m 
 dipole-dipole=1.3m 
 Double cell length = 200m 

FCC-hh 
Baseline 

FCC-hh 
Ultimate 

Luminosity L [1034cm-2s-1] 5 20-30 

Background events/bx 170 (34) <1020 (204) 

Bunch distance Δt [ns] 25 (5) 

Bunch charge N [1011] 1 (0.2) 

Fract. of ring filled ηfill [%] 80 

Norm. emitt. [µm] 2.2(0.44) 

Max ξ for 2 IPs 0.01 
(0.02) 

0.03 

IP beta-function β [m] 1.1 0.3 

IP beam size σ [µm] 6.8 (3) 3.5 (1.6) 

RMS bunch length σz [cm] 8 

Crossing angle [σ’] 12 Crab. Cav. 

Turn-around time [h] 5 4 

LHC example 



30   

Latest News: Geographical / Geological Considerations 
      J. Osborne and Family 

Beside the beam dynamics problems (that are moderate) there is a  
Considerable technological & logistical & geological problem 

      

parameter FCC-hh (HL) 
LHC 

collision energy 
cms [TeV] 

100 14 

dipole field [T] 16 8.3 

circumference [km] 100 27 

peak events/bunch 
crossing 

1020   27 

stored energy/beam 8.4 GJ 362 MJ 



5.) High Energy Lepton Colliders 
 

 * Limited by Synchrotron Radiation 
 * and RF Power 

 



FCC-ee  Collider 

The next Generation e+/e- Ring Collider 
      



Beam Acceleration  
    example LHC 

Install an RF accelerating structure in the ring:  
It creates longitudinal electric fields and so  
turn by turn the particles will receive a kick and “speed up”  

Nb on Cu cavities @4.5 K (=LEP2) 
Beam pipe diam.=300mm 

Bunch	length	(4σ) ns 1.06 
Energy	spread	(2σ) 10-3 0.22 
Synchr.	rad.	loss/turn keV	 7 

RF	frequency MHz 400 

RF	voltage/beam MV 16 
Energy	gain/turn	 keV 485 

It takes 14 Mio turns to get to full LHC energies  
Tacc ≈ 30 min … but we HAVE time 

�
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ρ

s
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ŷ



Synchrotron	RadiaRon	

  

€ 

Ps =
2
3
α!c 2 γ

4

ρ2

ΔE =
4
3
πα!c γ

4

ρ

ωc =
3
2
cγ 3

ρ
1946 observed for the first time in the  
General Electric Synchrotron  

  

€ 

α ≈
1
137

!c ≈197MeV fm

In a circular accelerator charged particles loose energy 
via emission of intense light. 

radiation power 
 
 
energy loss 
 
 
critical frequency 

radiation field in electron  
rest frame 

radiation field in  
lab system 

bending radius bending radius 

particle trajectory 

court. K. Wille 



FCC-ee: a collider that is dominanted  
    by synchrotron light losses.  

 

à  Planning the next generation e+ / e- Ring Colliders  means build it LARGE. 

€ 

ΔU0(keV ) ≈
89* E 4 (GeV )

ρ

ΔU0 ≈ 8.62GeV

€ 

ΔPsy ≈
ΔU0

T0
*Np =

10.4 *106eV *1.6*10−19Cb
263*10−6 s

*9*1012

Design Parameters FCC-ee 
 

 E = 175 GeV / beam 
 L = 100 km 

Circular e+ / e- colliders are severely limited by synchrotron radiation losses  
and have to be replaced for higher energies by linear accelerators € 

ΔPsy ≈ 47 MW ... per beam 



FCC-ee	
	

M.	Aiba,	S.	Aumon,	E.	Belli,	M.	Benedikt,	A.	Blondel,	A.	Bogomyagkov,	M.	Boscolo,	H.	Burkhardt,		
D.	El-Khechen,	B.	Harer,	B.	Holzer,	P.	Janot,	M.	Koratzinos,	E.	Levichev,	A.	Milanese,		

A.	Novokhatski,	S.	Ogur,	K.	Ohmi,	K.	Oide,	D.	ShaFlov,	J.	Seeman,		S.	Sinyatkin,	H.	Sugimoto,	M.	Sullivan,	
T.	Tydecks,		

J.	Wenninger,	D.	Zhou,	F.	Zimmermann	
	

Work	supported	by	the	European	Commission	under	7th	Framework	Programme		
project	EuCARD--2,	and	under	the	Horizon	2020	Programme.	

“Middle straight”
�1.4 km

The separation of 3(4) rings is about 12 m: 
wide tunnel and two tunnels are necessary around 

the IR, for ±1.2 km. 
A more compact layout/optics around the IP is also 

possible(A. Bogomyagkov).

Beams must cross over through the common RF (@ 
tt) to enter the IP from inside.

Only a half of each ring is filled with bunches.

12.7 m

30 mrad

9.8 m
FCC-hh/
Booster

RF

IP (A)

IP (G)

0.6 m

L B

H F

J DRF

Twin Aperture Magnets 

0	

0.8	T	 1.6	T	

500	mm	

500	mm	

9.9	T/m	

220	A	×	64	turns	
2.2	A/mm2	on	Cu	

0	 0.5	T	 1.0	T	

300	mm	

450	mm	



FCC-ee Parameters 2017 

Z	

W
±	

Zh	

T	

For a given particle energy the beam  
Intensity will be limited by the maximum 
tolerable Synchrotron radiation power loss 

The RF Voltage applied depends  
on the beam energy as U ∝γ 4 

𝛥𝑈(𝑘𝑒𝑉)=89 ∗𝐸↑4 /( 𝑚𝑐↑2 )↑4 /𝜌 	



6.) Push for higher lepton energy 
 

 * go linear 
 * higher acceleration gradients 

 



Linear	

F.	GianoY	

Circular vs. Linear Colliders 
    … the light problem 



CLIC ... a future Linear e+/ e- Accelerator  
„C“-LIC ... = CERN ... or „compact“  

50 km 

CLIC parameter list 



CLIC: Normal conducting RF system 
  challenge:   running at the break down limit 

 
 
Accereration Gradient 100MV/m studied & optimised since years  
 
“ how far can we go and how much can we optimise such a future accelerator  
before  we reach technical limits and how can we push these limits ? ”   
 
they have impact on  
 

 => the accelerator performance (luminosity) 
 => beam quality 
 => and the accelerating structure itself 

 
 
 
 
 
 
 
 
 
 
 



7.) Push for higher energy 
 

 * higher acceleration gradients 
 * new acceleration techniques 



Plasma Wake Acceleration 



Study of High Gradient Acceleration Techniques 

Plasma Wake Acceleration 
 particle beam driven / LASER driven 

Incoming laser pulse (or pulse of particles) creates a travelling plasma wave  
in a low-pressure gas 
Plasma wake field gradient accelerates electrons that ‘surf’ on the plasma wave  

Field Gradients up to 100 GeV /m observed 

€ 

ΔE /Δs = 200MeV /4mm
= 50GeV /m

S. Corde et al 

Plasma cell Univ. Texas, Austin 
Ee =2 GeV 



AWAKE:  
 Proton driven Wake Acceleration  Experiment at CERN 

Prototype: 1m long Rb Plasma Cell 



“The European PWA-Landscape” 

UK 
Oxford     Andrei Seryi, Simon Hooker  
Strathclyde    S. Cipiccia, D. Jaroszynski, R. Bingham   
Manchester    Andy Wolski 
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It 
INFN (Sparc)     Massimo Ferrario 
Pisa Uni     A. Giulietti 
Conseglio Naz. Delle Rech. INO  L. Gizzi 
La Sapienza 
 
 
Czech / Romania / Hungary 
ELI      Gerad Mourou, Kazuo Tanaka 
Wigner Inst.     Daniel Barna 
 
 
S 
Lund     C. Wahlstroem, O Lundh     
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Uni Duesseldorf   A. Pukhov  
LMU Muenchen   T. Tajima, Karsch 
DESY     Brinkmann, Assmann, Gruener, Osterhoff 
Darmstadt    M. Roth, M. Schollmeier 
Juelich     Paul Gibbon 
MPI Quant Optik   S. Karsch 
MPI Phys.    Alan Caldwell, P. Muggli 
MPI Plasma Phys, Greifswald Buttenschoen 
Erlangen `   Peter Hommelhoff 
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CERN, AWAKE   Edda, Freddy, Eckardt 
Plasma Center Lausanne  Plyushchev 
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CERN Accelerator School 
on plasma wake acceleration 

PWA key-players in Europe 

PWA 
 
A “new” field which  
is extremly promising 



Open questions in particle physics 
 

 Dark matter & Energy  
    … on which energy scale to look for it ? 
  
 Physics beyond the standard model  
    ... Lepton or Proton colliders ? 

 
 Beam dynamics aspects 
     ... Circular or linear ? 
  
 Technical aspects  
     ... Traditional, sc / nc or PWA ? 


