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FCC – Future Circular Collider

2

 FCC project – 100 km circular tunnel infrastructure in Geneve area

 Goal: CDR and cost review by the end of 2018 

 European Strategy for Particle Physics 2020

 p‐p collider:    FCC‐hh – flagship, 100 TeV (16T magnets)

 e‐‐e+ collider:  FCC‐ee – potential first step, preceding the FCC‐pp

 e‐p collider:    FCC‐he – additional option
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FCC Collaboration

3T.Lesiak Flavour Physics@ FCCee Epiphany 2018 Jan. 2018

• 119 institutes

• 31 countries

• 25 industrial partners

• EuroCirCol project

• EASITrain ITN

• Poland @ FCC:  Institute of Nuclear Physics PAN, Kraków     

 Silesia University, Katowice 

 Wroclaw University of Technology

 Cracow University of Technology

fcc.web.cern.ch

EC
H2020



FCC‐ee Physics Programme
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Parameter FCC‐Z FCC‐WW FCC‐ZH FCC‐tt LEP2
E [GeV] 45.6 80 120 182.5 104.5

I [mA] 1390 147 29 5.4 4

No. Bunches/beam 16 640 2 000 393 39 4

Energy loss/turn [GeV] 0.036 0.34 1.72 9.21 3.34

Synchrotron power [MW] 100 100 100 100 22

RF Voltage [GV] 0.1 0.44 2.0 10.93 3.5

*x/y (mm) 150 / 0.8 200 / 1 300 / 1 1000 / 2 1500 / 50

y x at collision 0.37 0.36 0.21 0.19 0.01

L (1034 cm‐2s‐1)/IP 230 32 8 1.5 0.012

Statistics (4 expts) 1013 Z / 6yrs 3x107 WW/2yr 106 ZH/5yrs 106 tt / 5yrs

 Four working points:

 Collider:  two rings; four interaction points; flat beams; non‐zero crossing angle, crab waist

TeraZ OkuW Higgs
factory

MegaTop
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CEPC (Baseline, 2 Ips)

Proposals for New e+e‐ Colliders:
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GigaZ

TeraW

MegaTop

HiggsFactory



FCC‐ee Detector
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CLICdp inspired

IDEADETECTOR
S



 (partial reconstruction)  

b s l+ l‐ Transitions
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 Differential branching fractions

 Lepton universality tests

 Angular analyses

Anomalies:



B K* τ+ τ‐ Decays at FCC‐ee
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 The crucial role of secondary
and tertiary vertex resolution

 Concentrate on τ decays to three prongs (τ a1ν)           
– two neutrinos missing (6 d.o.f.)

 HOPEFULLY the secondary vertices of  K* Kπ
and τ provide sufficiently many constraints: 

B flight distance ‐ 2 d.o.f.
τ flight distance ‐ 4 d.o.f. 
τ masses ‐ 2 d.o.f.               (Not all independent)   

 FCC‐ee: 1000 signal events expected, 
assuming typical (ILD‐like) detector
and FCC‐ee baseline luminosity

 Belle 2: 10 events expected

  angular analysis feasible (?)

arXiv: 1705.11106 [hep‐ex]

signal

Resolutions:

Momentum: 10 MeV
PV:  3 µm
SV:  7 µm
TV: 5 µm

1013 Z decays
ILD detector



Studies of charged Lepton Flavour Violation (cLFV)
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• Evidence for neutrino oscillations:  
 at least two neutrinos are massive fermions AND  (neutral) lepton flavour is not conserved

• So far there is no experimental evidence for charged Lepton Flavour Violation (cLFV)…

SM:

1.  Search for cLFV in the decays of Z bosons

BSM: ‐ particularly for models with new sterile fermions
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Massless neutrinos: cLFV forbidden at any order of perturbation theory
Massive neutrinos: cLFV processes ll’γ present at the one‐loop level
but strongly suppressed by GIM  

Any observation of Z  l l’ would be a clear sign of New Physics
(ν are physical states, i= 3+N, N – numer of extra Majorana states)



Studies of charged Lepton Flavour Violation (cLFV)
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1.  Search for cLFV in the decays of Z bosons

Expt:

Sensitivity up to 10‐9 ‐10‐10. The stringent constraints in µτ final state
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OPAL: Z.Phys C67  (1995) 555

ATLAS: PRD 90 (2014)  0720210

DELPHI: Z.Phys C73  (1997) 243

PR D93 (2016) 093005

Backgrounds: 

JHEP 04 (2015)  051

Complementarity between FCC‐ee and low energy cLFV searches (l’ lу,  µ to e conversion…)

 Identify a clear τ decay in one hemisphere
 Look for „beam energy” e or µ in the opposite hemisphere

(two very soft neutrinos) depends strongly
on energy‐momentum resolution 
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Studies of charged Lepton Flavour Violation (cLFV)

SM:

2. Search for cLFV in the decays of τ leptons

BSM: ‐ particularly SUSY, Little Higgs, 4gen…)

Expt:

• New Physics effects can be parametrized in a general way using the Effective Field Theory
approach including beyond the Standard Model operators with different chirality structures
(as in the LHCb analysis ; see ref above).

• This approach is integrated with the TAUOLA package (IFJ PAN)
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Sensitivity up to 10‐12

PL B687 (2010)  139

PR D81 (2010)  11101

JHEP 1502 (2015)  121

Belle2: sensitivity up to 10‐10

arXiv: 1609.04617 [hep‐ph]



Heavy Neutral Leptons Searches
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- can generate Baryon Asymmetry of the Universe (BAU) 
if

Constraints:

‐ DM candidate
Search for

„sterile”, HNL – Heavy Neutral Leptons

A ”physical left‐handed neutrino” produced e.g. in the Z0 decay
is a mixture of the light and heavy state

with the mixing angle

L.Canetti, M.Drewes, T.Frosard, M.Shaposhnikov,
Phys. Rev. D87 (9) (2013)  093006
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 The masses of light neutrinos are efficiently generated via the see‐saw mechanism upon the 
inclusion of sterile right‐handed neutrinos

 Example: Neutrino Minimal Standard Model (νMSM)



HNL Production and Decay
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 The HNL production

The Charged Current The Neutral Current The HNL decay

 The background (4f)
Absent for HNLs decaying

with e.g. L ~ 1 m
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HNL Production and Decay

Decay length ~1 m}

 The average decay length of N:

For 1013 Z decays

 The sensitivity FCC‐ee up to 10‐12

 The results of LEP searches:  10‐4

A.Blondel et al., arXiv: 
1411.5230 [hep‐ex]



The Z Invisible Width
– Number of Light Neutrino Species
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2σ below 3.0• A hint of non‐unitarity of the PMNS matrix?

• Only small room for improvements: precision limited by the theoretical 
uncertainty on normalization, i.e. on small angle Bhabha cross section
(0.0046 at LEP1).

 „Direct method”: Nν  determined at LEP1 from the Z line‐shape scan: 

 Alternative „indirect method”:

• LEP1:                                      (statistics too scarse).
• Relatively small theoretical uncertainties.

• Photon selection common for both final states cancellations of systematics.
• Nν can be measured vs sqrt(s)  sensitivity to NP at high energy scales.

• Radiative return process from the  higher masses than the Z resonance
• Monophoton events (normalized to gamma‐lepton‐lepton events):  



The Z Invisible Width
– Number of Light Neutrino Species
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
 Both methods are independent and complementary: data sets, systematics, theoretical input…

 Sensitivity

indirect:

( opportunity to measure directly e+e‐ H)

direct:

( stat)

( running parasitically)



Summary
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FCC‐ee offers a vast potential for flavour physics studies,

in particular for the selected topics, discusses in this talk:

• Studies of  B  K* ll decays

• Searches for Z  l l’

• Searches for Heavy Neutral Leptons



Spare Slides
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Proposals for New e+e‐ Colliders:
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GigaZ

TeraW

MegaTop

HiggsFactory



Proposals for New e+e‐ Colliders:
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With crab‐waist crossing

GigaZ

TeraW

MegaTop

HiggsFactory





working point luminosity/IP
[1034 cm‐2s‐1]

total luminosity (2 IPs)/ 
yr

physics goal run time 
[years]

Z first 2 years 100 26 ab‐1/year 150 ab‐1 4
Z later  200 52 ab‐1/year
W 30 7.8 ab‐1/year 10 ab‐1 1
H 7.0 1.8 ab‐1/year 5 ab‐1 3
machine modification for RF installation & rearrangement: 1 year
top 1st year (350 GeV) 0.8 0.2 ab‐1/year 0.2 ab‐1 1

top later (365 GeV) 1.3 0.34 ab‐1/year 1.5 ab‐1 4

total program duration: 14 years ‐ including machine modifications
phase 1 (Z, W, H): 8 years,    phase 2 (top): 6 years  

FCC-ee operation model



FCC-ee RF staging scenario
three sets of RF cavities to cover all options for FCC-ee & booster:
• installation sequence comparable to LEP ( ≈ 30 CM/shutdown)
• high intensity (Z, FCC-hh): 400 MHz mono-cell cav, ~1 MW 

source
• higher energy (W, H, t): 400 MHz four-cell cavities 

(4/cryomodule)
• ttbar machine complement: 800 MHz five-cell cavities (4/cryom.)

• LEP record: ~ 32 
CM in one 
shutdown

• Possibly 1 year of 
long shutdown 
between ZH and 
ttbar operation.

• spread 800 MHz 
RF power & 
booster 
installation over 
the preceding 
shutdowns



CE tunnel implementation study 
Optimisation criteria:
• tunneling rock type,     
• shaft depth 

accessibility 
• surface points, etc.
Tunneling:
• Molasse 90%, 
• Limestone 5%, 
• Moraines 5%
Implementation: 
• 90‐100 km fits well 

geological situation 
in Geneva basin

• Shallow variant,        
30 m below lake‐bed

• Connected with LHC 
or SPS



Technical Schedule for each the 3 Options
20 22 24 26 28 30 32 34 38 40

Civil Engineering FCC-hh ring

Dipole short models

16 T dipole indust. 
prototypes

16 T dipoles preseries
16 T series productionSC

 M
ag

ne
ts

CE FCC-ee ring + injector

FC
C-

hh
FC

C-
ee

HE
-L

HC

Strategy Update 2026 – assumed project decision

Installation HE-LHC

LHC Modification

42

Technical Design Phase

3
6

Installation + test FCC-ee

Installation + test FCC-hh
CE TL to LHC        

LHC Removal

Dipole long models

Injector

schedule constrained by 16 T magnets & CE
→ earliest possible physics starting dates
• FCC-hh: 2043
• FCC-ee: 2039
• HE-LHC: 2040 (with HL-LHC stop LS5 / 2034)

16 T magnets

FCC‐hh

FCC‐ee

HE‐LHC



100 TeV pp 
collisions

FCC = global “Swiss army knife” of colliders
global R&D effort

PoP exp’ts



Scope:
FCC-hh collider
• Optics Design (arc and IR)
• Cryogenic beam vacuum system 

design including beam tests at 
ANKA

• 16 T dipole design, construction 
folder for demonstrator magnets

EU H2020 Design Study EuroCirCol

European Union Horizon 2020 
program
• Support for FCC-hh study 
• 3 MEURO co-funding
• Started June 2015, ends in May 

2019



• SC wires at low temperatures for magnets (Nb3Sn, MgB2, HTS)
• Superconducting thin films for RF and beam screen (Nb3Sn, Tl)
• Electrohydraulic forming for RF structures
• Turbocompressor for Nelium refrigeration
• Magnet cooling architectures

13 Beneficiaries

12 Partners

EASITrain Marie Curie Training Network

I-CUBE

European Advanced Superconductivity Innovation and Training Network
 selected for funding by EC in May 2017, started 1 October 2017

Horizon 2020 program
Funding for 15 Early Stage 
Researchers over 3 years 
& training



Outline
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parameter Z WW H (ZH) ttbar

beam energy [GeV] 45 80 120 175 182.5
beam current [mA] 1390 147 29 6.4 5.4
no. bunches/beam 16640 2000 393 48 39
bunch intensity  [1011] 1.7 1.5 1.5 2.7 2.8
SR energy loss / turn [GeV] 0.036 0.34 1.72 7.8 9.21
total RF voltage [GV] 0.1 0.44 2.0 9.5 10.9
long. damping time [turns] 1281 235 70 23 20
horizontal beta* [m] 0.15 0.2 0.3 1 1
vertical beta* [mm] 0.8 1 1 2 2
horiz. geometric emittance [nm] 0.27 0.28 0.63 1.34 1.45
vert. geom. emittance [pm] 1.0 1.0 1.3 2.7 2.7
bunch length with SR / BS [mm] 3.5 / 12.1 3.3 / 7.6 3.1 / 4.9 2.5 / 3.3 2.5 / 3.2
luminosity [1034 cm-2s-1] >200 >30 >7 >1.5 >1.3
beam lifetime rad Bhabha / BS [min] 70 / >200 500 / 20 42 / 20 39 / 24 39 / 25

FCC-ee collider parameters 



working point luminosity/IP
[1034 cm‐2s‐1]

total luminosity (2 IPs)/ 
yr

physics goal run time 
[years]

Z first 2 years 100 26 ab‐1/year 150 ab‐1 4
Z later  200 52 ab‐1/year
W 30 7.8 ab‐1/year 10 ab‐1 1
H 7.0 1.8 ab‐1/year 5 ab‐1 3
machine modification for RF installation & rearrangement: 1 year
top 1st year (350 GeV) 0.8 0.2 ab‐1/year 0.2 ab‐1 1

top later (365 GeV) 1.3 0.34 ab‐1/year 1.5 ab‐1 4

total program duration: 14 years ‐ including machine modifications
phase 1 (Z, W, H): 8 years,    phase 2 (top): 6 years  

FCC-ee operation model



parameter FCC-hh HE‐LHC (HL) LHC
collision energy cms [TeV] 100 27 14
dipole field [T] 16 16 8.3
circumference [km] 100 27 27

beam current [A] 0.5 1.12 (1.12) 0.58

bunch intensity  [1011] 1 (0.5) 2.2 (2.2) 1.15
bunch spacing  [ns] 25 (12.5) 25 (12.5) 25
norm. emittance x,y [m] 2.2 (1.1) 2.5 (1.25) (2.5) 3.75
IP *

x,y [m] 1.1 0.3 0.25 (0.15) 0.55
luminosity/IP [1034 cm-2s-1] 5 30 28 (5) 1
peak #events / bunch Xing 170 1000 (500) 800 (400) (135) 27
stored energy / beam [GJ] 8.4 1.4 (0.7) 0.36
SR power / beam [kW] 2400 100 (7.3) 3.6
transv. emit. damping time [h] 1.1 3.6 25.8
initial proton burn off time [h] 17.0 3.4 3.0 (15) 40

hadron collider parameters (pp)



b s l+ l‐ Transitions
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b s l+ l‐ Transitions
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b s l+ l‐ Transitions
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b s l+ l‐ Transitions



b s l+ l‐ Transitions
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cLFV
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cFLV
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cLFV
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cLFV
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cLFV – EFT approach
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cLFV resulting from BSM theories can de described in a model independent 
way in terms of the following dimension six operators:

The respective decay widths cab v=be presented in the form of Dalitz distributions

They were derived in the following five cases corresponding to different lepton 
chirality structures

(The following dimuon masses
are defined:



cLFV – EFT approach
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cLFV – EFT approach
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cLFV – EFT approach
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HNL
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HNL
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HNL
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HNL
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HNL
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HNL
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HNL
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HNL
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But at least 3 pieces are still missing

neutrinos have mass... 
and this very probably implies new degrees of freedom

 Right‐Handed, Almost «Sterile» (very small couplings) Neutrinos
completely unknown masses (meV to ZeV), nearly impossile to find. 

.... but could perhaps explain all: DM, BAU,‐masses

THE STANDARD MODEL IS COMPLETE .....



Find: one event 
in 4x106Z: 

e+

e‐

*
e+e‐

Z*

search e+ e‐ v N
N v(/Z)*monojet

Search for heavy neutral leptons



HNL
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HNL
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Lepton Flavour Universality Violation
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Lepton Flavour Universality Violation
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Lepton Flavour Universality Violation
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