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Outline of the talk
 

• Scientific context  

• Introduction to the Future Circular Colliders project 

• The Physics reach of FCC-hh  

• Few words about the e+e- machine and 

• FCC-ee Physics case at large. 

• The Flavour Physics in the FCC landscape.  

Seminar @ Firenze - November 29th, 2016 
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Scientific context
 

• The Standard Model is a theory: gauge, flavour, scalar field.   

• Timelines of LHC and other medium / large experiments.  

• Anticipation scenarii for Physics after LHC Run III.  

• The European FCC Design Study.  

Seminar @ Firenze - November 29th, 2016 
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Scientific context: SM became a theory  

The free parameters of the SM:

• SU(2)L⊗U(1)Y unification:
 

• the weak and electromagnetic coupling constants GF /gW and αEM.

• After the spontaneous breaking of the symmetry:

• The nine masses of the fermions: mf . 
 

• The masses of the electroweak gauge bosons: mZ and mW .

• The scalar sector parameters:   

! v (the v.e.v) and mH .



S. Monteil FCC Design Study
5

Scientific context: SM became a theory  

The free parameters of the SM 

• The CKM matrix elements : itʼs a 3X3 complex and unitary matrix and 
hence can be described by means of only  4 independent parameters. 
As the masses of the fermions (except for the top quark), these 4 
parameters  are decoupled from the rest of the theory.         

  
• If you like QCD in (and you do), just add αS  (and θS

CP ). 

• Neutrino oscillations are implying neutrinos to be massive and to mix → 7  
parameters to minimally describe them.  

• The number of parameters amounts to 20 (28 w/ neutrinos and strong 
CP). Not all of them are independent though. 
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Scientific context: SM became a theory  

Reorganisation:  

• QCD and αS : LEP and others did great already. Limitation of the consistency 
test is not yet fully on the theory side for most of the determinations.  

9. Quantum chromodynamics 39

reasonably stable world average value of αs(M2
Z), as well as a clear signature and proof of

the energy dependence of αs, in full agreement with the QCD prediction of Asymptotic
Freedom. This is demonstrated in Fig. 9.3, where results of αs(Q2) obtained at discrete
energy scales Q, now also including those based just on NLO QCD, are summarized.
Thanks to the results from the Tevatron and from the LHC, the energy scales at which
αs is determined now extend up to more than 1 TeV♦.

QCD αs(Mz) = 0.1181 ± 0.0013

pp –> jets
e.w. precision fits (NNLO)  
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Figure 9.3: Summary of measurements of αs as a function of the energy scale Q.
The respective degree of QCD perturbation theory used in the extraction of αs is
indicated in brackets (NLO: next-to-leading order; NNLO: next-to-next-to leading
order; res. NNLO: NNLO matched with resummed next-to-leading logs; N3LO:
next-to-NNLO).

9.5. Acknowledgments

We are grateful to J.-F. Arguin, G. Altarelli, J. Butterworth, M. Cacciari, L. del
Debbio, D. d’Enterria, P. Gambino, C. Glasman Kuguel, N. Glover, M. Grazzini, A.
Kronfeld, K. Kousouris, M. Lüscher, M. d’Onofrio, S. Sharpe, G. Sterman, D. Treille,
N. Varelas, M. Wobisch, W.M. Yao, C.P. Yuan, and G. Zanderighi for discussions,
suggestions and comments on this and earlier versions of this Review.

♦ We note, however, that in many such studies, like those based on exclusive states of
jet multiplicities, the relevant energy scale of the measurement is not uniquely defined.
For instance, in studies of the ratio of 3- to 2-jet cross sections at the LHC, the relevant
scale was taken to be the average of the transverse momenta of the two leading jets [379],
but could alternatively have been chosen to be the transverse momentum of the 3rd jet.
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Figure 9.2: Summary of determinations of αs(M2
Z) from the six sub-fields

discussed in the text. The yellow (light shaded) bands and dashed lines indicate the
pre-average values of each sub-field. The dotted line and grey (dark shaded) band
represent the final world average value of αs(M2

Z).

whereby the dominating contributions to the overall error are experimental (+0.0017
−0.0018), from

parton density functions (+0.0013
−0.0011) and the value of the top quark pole mass (±0.0013).
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Scientific context: SM became a theory  

Reorganisation:  

• The nine masses of the fermions: mf . 

• They are for 8 of them decoupled from the rest of the SM parameters. 

• Nothing much to do here as well till the moment a theory comes with a prediction.   

• The top quark has a specific status because it enters dominantly in the radiative 
corrections of the intermediate bosons mass propagators (in particular), e.g.   

Top dominates. Mostly 
sensitive to m2

t

Non abelian structure of 
the EW theory. TGC. 

Scalar sector. Contains 
Higgs mass info. 
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Scientific context: SM became a theory  

Reorganisation:  

• The (4) CKM matrix elements (decoupled from the rest of the theory). The 
consistency check of the SM hypothesis in that sector is a pillar of the SM:  

0.0 0.1 0.2 0.3 0.4 0.5
0.0

0.1
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excluded area has CL > 0.95

By Stephane
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EPS15

© A. Claude et al. 
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Scientific context: SM became a theory  

Reorganisation:  

• The rest of the free parameters are part of the so-called electroweak precision 
observables consistency check. This is the other pillar of the SM.  Fix  GF ,  
αEM  and mZ  at their measured value and produce a prediction of  mtop , mW  
and mH. A tremendous success ! 
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Scientific context: SM became an invincible theory  

Recap:  

• Two pillars: EWPT and Flavours.  



S. Monteil FCC Design Study
10

Scientific context: SM became an invincible theory  

Recap:  

• Two pillars: EWPT and Flavours.  



S. Monteil FCC Design Study
10

Scientific context: SM became an invincible theory  

Recap:  

• Two pillars: EWPT and Flavours.  
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Scientific context: SM became an invincible theory  

Lessons   

• The SM has cleared so far the attacks from LEP, TeVatron, B-factories, LHC 
and single-observables experiments. 

• There are compelling beauty arguments for Beyond Standard Model (BSM) 
Physics. I will overlook them. 

• Instead, three indisputable measurements/observations are crying for BSM: 

• The neutrinos have a mass.  Though several ways exist theoretically, itʼs 
tempting / natural to enhance the neutral particle content with right-
handed states.    

• Dark matter: the last evidence for cosmological dark matter is the 
observation of a low surface brightness galaxy [ArXiv:1606.06291]. 

• Baryonic asymmetry in the Universe.       
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Scientific context: 

A selection of experiment timelines for 
running projects, on track projects and 

foreseeable projects   
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Scientific context:  LHC timeline (GPD-wise)

LHC Run II

2015 - 20 /fb 2021 - 50 /fb 2025 - 300 /fb 2035 - 3000 /fb

Legend and disclaimer: 

• on track or running
• foreseen projects 
• timeline, lumi, omissions are mine. 

LHC Run I LHC Run III HL-LHC
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Scientific context:  landscape of future flavour factories 

LHC(b) LHC(b) 
upgrade(s) Beyond LHCb FCC injectors   &           FCC-pp

2019 - 8 /fb ~2025 - 50 /fb 2035 - 500 /fb 5000 /fb

Belle II FCC-ee 

2025 - 50 /ab 2035 - 150 /ab

Comet - Meg & friends. 

KOTO  - NA62 ... 

Legend and disclaimer: 

• on track or running
• foreseen projects 
• timeline, lumi, omissions are mine. 
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Scientific context:  theoretical / historical timelines 

1964  Electroweak 
unification

Neutral current 
discovery in 1973 
by Gargamelle 
(CERN).  

1979  Glashow, 
Salam and 
Weinberg get the 
Nobel.          

1971   EW loops 
and RN

Top quark mass 
predicted by LEP, 
CERN (from MZ 
and other EWPO). 

Top quark 
discovered by 
CDF, FNAL.  

 
1999  tʼHooft and 
Veltman get the  
Nobel.         

1964   Fundamental 
Scalar 

Higgs boson mass 
cornered by LEP 
(EWPO) and 
Tevatron (top and 
W mass).   

An alike Higgs 
boson discovered 
where said at LHC.   
 

2013  Englert and 
Higgs get the  
Nobel.               

1973   CP violation

The B-factories 
establish that the 
KM paradigm is 
the dominant 
source of CP 
violation in K and B 
particle systems. 

  
2008  Kobayashi 
and Maskawa get 
the  Nobel.         
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Scientific context: 

[B]SM Scenarii 
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Scientific context: scenarii

1) Find a new heavy particle at the Run II of LHC:  
• HL-LHC can study it to a certain extent. 
• If mass is small enough (and couples to electrons), CLIC can be the way. 
• Larger energies are needed to study (find) the whole spectrum. 
• The underlying quantum structure must be studied.  

2) Find no new particle, but non-standard H properties
• HL-LHC can study it to a certain extent.
• Higgs factory. 
• Z, W, top factories for the quantum structure. 
• Energy frontier (also for precision measurements)  

3) Find no new particle, standard H properties but flavour observables departing from SM: 
• Z, W, top factories for the quantum and flavour structure. 
• Energy frontier to find the corresponding spectrum. 

4) Find no new particle, standard H properties and flavour observables in SM: 
• Asymptotic Z, W, H, top factories for asymptotic precision. 
• Push the energy frontier to the best of our knowledge. 
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By anticipation of the conclusion of the seminar 

1) Find a new heavy particle at the Run II of LHC:  
• HL-LHC can study it to a certain extent. 
• If mass is small enough (and couples to electrons), CLIC can be the way. 
• Larger energies are needed to study (find) the whole spectrum [FCC-hh].
• The underlying quantum structure must be studied [FCC-ee].

2) Find no new particle, but non-standard H properties
• HL-LHC can study it to a certain extent.
• Higgs factory [ILC,FCC-ee].
• Z, W, top factories for the quantum structure [FCC-ee].
• Energy frontier (also for precision measurements) [FCC-hh]. 

3) Find no new particle, standard H properties but flavour observables departing from SM: 
• Asymptotic Z, W, top factories to fix the energy scale [FCC-ee]. 
• Energy frontier to find the corresponding spectrum [FCC-hh]. 

4) Find no new particle, standard H properties and flavour observables in SM: 
• Asymptotic Z, W, H, top factories for asymptotic precision [FCC-ee]. 
• Push the energy frontier to the best of our knowledge [FCC-hh]. 
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Scientific context: 

Introduction to the FCC project 
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1. Introduction to FCC project: 

• Starting from the former European HEP strategy 2013

• At the time the LHC Run II will have delivered its results, have an 
educated vision of the reach of future machines for the next round of the 
European Strategy in 2019.    

3 
Future Circular Collider Study 
Michael Benedikt 
FCC Kick-Off 2014 

with emphasis on proton-proton and electron-positron 
high-energy frontier machines.  
These design studies should be coupled to a vigorous 
accelerator R&D programme, including high-field 
magnets and high-gradient accelerating structures,  
in collaboration with national institutes, laboratories 
and universities worldwide. 
 

http://cds.cern.ch/record/1567258/files/esc-e-106.pdf 

propose an ambitious post-LHC accelerator project 
at CERN by the time of the next Strategy  
d) CERN should undertake design studies for     

accelerator projects in a global context,  

Summary: European Strategy Update 2013 
Design studies and R&D at the energy frontier 
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1. Introduction to FCC: the scope of the project 

Forming an international coll.
(hosted by Cern) to study:

• 100 TeV pp-collider (FCC-hh) 
        as long term goal, defining
        infrastructure requirements.
 

• e+e- collider (FCC-ee) as
        potential first step. 

• p-e (FCC-he) as an option.

• 80-100 km infrastructure
        in Geneva area. 

• Conceptual design report and cost review for the next european 
strategy → 2019 / 2020.  



• Infrastructure studies well advanced. A 93 km planar racetrack: 

• Challenges: 
• 7.8 km tunnelling through Jura limestone.
• Up to 300 - 400 m deep shafts + caverns in molasse. 
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1. Introduction to FCC - Civil engineering. 

© C.Cook
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1. Introduction to FCC - Timeline 

© C.Cook

7
Future Circular Collider Study
Michael Benedikt
2nd FCC Week, Rome, April 2016

Constr. Physics LEP

Construction PhysicsProtoDesign LHC

Construction PhysicsDesign HL-LHC

PhysicsConstructionProto

1980 1985 1990 1995 2000 2005 2010 2015 2020 2025 2030 2035

20 years

DesignFCC

Now is the time to plan for the period 2035 2040 

CERN Circular Colliders & FCC
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• Applies to all machine and experiment designs: 

1. Introduction to FCC: the design study timeline

8
Future Circular Collider Study
Michael Benedikt
2nd FCC Week, Rome, April 2016

CDR Study Time Line
!"#$ !"#% !"#& !"#' !"#(

!" !# !$ !% !" !# !$ !% !" !# !$ !% !" !# !$ !% !" !# !$ !%

Explore options

Report

Study plan, scope definition

FCC Week 2018
contents of CDR

CDR ready

FCC Week 2015: 
work towards baseline

conceptual study of baseline 
develop baseline <!" detailed studies

FCC Week 17 & Review
Cost model, LHC results

study re-scoping?
Elaboration,

consolidation

FCC Week 2016
Progress reviewWe are here
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FCC-hh

Disclaimer: Iʼm not participating to this part of 
the Design study. Relevant information can be 
taken from: 

https://indico.cern.ch/event/438866/
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FCC-hh: preliminary machine parameters

Parameter LHC (HL-) FCC-pp
E (TeV) 14 100
R (km) 26.7 100
B dipole (T) 8.3 16
Lumi (1034 cm2.s-1) 1 (5) 5 → 100
Bunch (ns) 25 25 [5]
Events / BX 30 (150) 170 → 3500 

[700]• Machine challenges (in no particular order) are immense:  civil 
engineering, dipoles, power consumption, cryogenics ... 
• The energy and the luminosity coupled to high production rates 
provides both discovery and precision potential for the Physics 
opportunities. 
• The operation distributed in two phases: Phase1 (10 years, 2.5 
ab-1)  Phase2 (10 years, 25 ab-1). 
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FCC-hh: Physics reach

•  The energy and the luminosity coupled to high production rates provides both 
discovery and precision potential for the Physics opportunities.  

Higgs and EWSB physics at 100 TeV

• Huge production rates imply:

• can afford reducing statistics, with tighter kinematical 
cuts that reduce backgrounds and systematics

• can explore new dynamical regimes, where new tests 
of the SM and EWSB can be done

6

Contino, Lee, Reuter

• New dynamical regimes (energy) but also high precision. The huge production 
rates allow to make tighter kinematical cuts and reduce backgrounds. 
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FCC-hh: the detector challenges

Likely much more demanding than HL-LHC: 

• Highly granular detectors (calorimeters, tracking and vertexing): 

• Deal with the large pile-up to figure out which pp vertex it is. 
• Also there is need of fast timing detector. 
• The Z, W, H tops are boosted.    

• Large coil and tracker: precise momentum resolution up to multiTeV 
charged particles. 

• Thick calorimeters: energy containment of the boosted jets. 

• Forward coverage: to deal with large longitudinal boost.

Need a larger, thicker, faster Atlas/CMS in the central region and two LHCb in 
the forward regions ... not a mere extrapolation of what we have.  
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FCC-hh: the detector challenges

• Twin Solenoid 6T, 12m,  Dipoles 10Tm, for engineering challenge.  
• The coil radius makes the cost of the detector. Likely to go down at 
the end of the Design Study.    
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FCC-hh: physics reach by selected examples. 

Disclaimer: not a Physics case yet. It will come at the end of the Design Study in 
the light of the obtained results at LHC, SuperKEKB, DM searches etc... 

1) Direct search for new particles: SUSY Supersymmetry: the 100 TeV reach

Mc Cullough

© M. Mc Cullough



S. Monteil FCC Design Study
31

FCC-hh: physics reach by selected examples. 

2) Trilinear (quadrilinear) Higgs couplings. FCC-pp is the place to be. 

Cross section for HH (HHH) production 1.9 pb (5fb)  

© Contino et al. [arXiv:1606.09408]
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• Few percents precision for HHH. 
   
• One of the ultimate null test of the 
SM hypothesis.  

• No competition.  
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FCC-hh: physics reach by selected examples. 

3) Rare decays (examples of). With the anticipated integrated luminosity:   

•  O(1010) H decays: can address FCNC probes H → eμ 

•  O(1012) top quarks: can address FCNC probes  t → cZ, cH  ...

•  As a consequence, O(1012) W and b  from top quarks ... 

•  Also O(1011) τ  from top quarks: LFV decays 

• Search for Majorana neutrinos in top decays / WW 

Patrick Janot 
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W decays

W±→π± γ BRSM ~ 10–9, CDF≤ 6.4 x 10–5

W±→Ds± γ BRSM ~ 10–9, CDF≤ 1.2 x 10–2

What is the theoretical interest in measuring these rates? What else ?

o SM rare decays -- Examples:

o SM inclusive decays -- Examples:
R = BRhad / BRlept : what do we learn ? Achievable precision 
for CKM, αS , ... ?

o BSM decays -- Are there interesting channels to consider? 
-- Example

o W mass ??

Melia

W decays

W±→π± γ BRSM ~ 10–9, CDF≤ 6.4 x 10–5

W±→Ds± γ BRSM ~ 10–9, CDF≤ 1.2 x 10–2

What is the theoretical interest in measuring these rates? What else ?

o SM rare decays -- Examples:

o SM inclusive decays -- Examples:
R = BRhad / BRlept : what do we learn ? Achievable precision 
for CKM, αS , ... ?

o BSM decays -- Are there interesting channels to consider? 
-- Example

o W mass ??

Melia

Sterile neutrino probes with FCC-xx

hh

ehee

© O. Fischer 
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• From M. Mangano @ FCC week 2016 

4

input to forthcoming simulations and studies of 
detector design and performance assessment

* Flavour physics at FCC-hh will be the subject of a future dedicated study and report

•  *

FCC-hh: physics reach by selected examples. 

Program for next three years 
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• From M. Mangano @ FCC week 2016 

4

input to forthcoming simulations and studies of 
detector design and performance assessment

* Flavour physics at FCC-hh will be the subject of a future dedicated study and report

•  *

Fig. 1: Schematic view of theCERN acceleratorssystem viewed as injectorsof the futureFCC-hh collider (FHC).

FCC-hh: physics reach by selected examples. 

Program for next three years 



S. Monteil FCC Design Study
34

FCC-ee
 

• Generalities, competition, timelines.  

• The machine parameter and design.  

• The Physics case at large.  

• Clermontʼs contributions.  

• Detector design(s).  

The last part of the talk 
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FCC-ee

If we say that the next large scale 
machine must be an electron collider:  
what are the other large scale projects 

in the world?  

The  timescale for FCC-hh is > 2045.  The HL-LHC 
wonʼt likely answer most of the outstanding 
questions of the field. 
Be it only for the accurate study of the Higgs-boson 
decays, an electron collider is the way to go.    
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Patrick Janot 
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FCC-ee
© P. Janot 
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• CepC: e+e- collisions at 240 GeV. 
• SppC:  pp  collisions at 50-70 TeV.  

• ILC: longstanding project.  Decision from 
Japan before 2020?  

FCC-ee
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FCC-ee  timeline and related comments 

7
Future Circular Collider Study
Michael Benedikt
2nd FCC Week, Rome, April 2016

Constr. Physics LEP

Construction PhysicsProtoDesign LHC

Construction PhysicsDesign HL-LHC

PhysicsConstructionProto

1980 1985 1990 1995 2000 2005 2010 2015 2020 2025 2030 2035

20 years

DesignFCC

Now is the time to plan for the period 2035 2040 

CERN Circular Colliders & FCC •  It is often said that the FCC is far away 
in time. Iʼd like to highlight few points 
related to that statement     

•  The re-commissioning of the LHC as 
injector of the FCC-hh shall take O(10 y).   

•   On the contrary, the installation of the 
electron machine in the FCC tunnel can 
go in parallel with the operation of HL-
LHC. Start of Physics:  2035 !  

• Continuous particle Physics at colliders 
in Europe in contrast with the previous 
decade. 

• The FCC-ee and ILC projects can be 
compared in time ... 
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FCC-ee: tentative timeline for FCC-ee construction 

24
FCC-ee technologies, time lines, analysis highlights
Frank Zimmermann
KET workshop, Munich, 2 May 2016
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tentative preliminary time line for 
FCC-ee construction

physics start

<12 years from
construction start 
to first physics
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FCC-ee: 

Machine parameters, design and 
luminosities 
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The FCC e+e- machine. Baseline design 

• Physics from the Z pole to top pair production (90 - 400 GeV), 
crossing WW and ZH thresholds with unprecedented statistics 
everywhere.  

• Two rings (top-up injection) to cope with high current and large 
number of bunches at operating points up to ZH.   

• Description of the machine parameters: next slide.

• To some extent, SuperKEKB shall already meet some of the 
challenges of FCC-ee:   
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The FCC e+e- machine. Baseline design 

6
FCC-ee technologies, time lines, analysis highlights
Frank Zimmermann
KET workshop, Munich, 2 May 2016

2 main IPs in A, G for both machines
asymmetric IR optic/geometry for ee
to limit synchrotron radiation to detector

common layouts for hh & ee
11.9 m 30 mrad

9.4 m

FCC-hh/
ee Booster

Common
RF (tt)

Common
RF (tt)

IP

IP

0.6 m

Max. separation of 3(4) rings is about 12 m: 
wider tunnel or two tunnels are necessary 

around the IPs, for ±1.2 km. 

Lepton beams must cross over through the 
common RF to enter the IP from inside.

Only a half of each ring is filled with bunches.

FCC-ee 1, FCC-ee 2, 
FCC-ee booster (FCC-hh footprint)

FCC-hh
layout

K. Oide, D. Schulte,
A. Bogomyagkov, 
B. Holzer, et al.
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The FCC e+e- machine. Baseline parameters 

8
FCC-ee technologies, time lines, analysis highlights
Frank Zimmermann
KET workshop, Munich, 2 May 2016

parameter FCC-ee LEP2
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lepton collider parameters
© F. Zimmermann 
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• The time / energy allocation of the machine is to be worked out; still ...  
• ... weʼre speaking here of 1012/1013 Z, 108 WW, 106 H and 106 top pairs.  

The FCC e+e- machine. Luminosity figure 
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FCC-ee: 

The Physics case at large
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FCC-ee: organisation of the Design Study (Expt) 

Patrick Janot 
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23 Janvier 2015 
Journée "Futur de la physique des particules" 

Common with FCC-hh/eh, 
Synergies with LHC, LC 

Synergy with FCC-hh 
and Linear Colliders 

Synergy with Linear Collider detectors and others 
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FCC-ee: the e+e- Physics case at large. 

• This initial study focused primarily on 
the Higgs Physics (w/ full simulation 
but CMS detector). 

• EWK precision tests were examined 
from LEP (Z,W) or LC (top)  
extrapolations. 

• The Design Study aims at reaching a 
fully educated view of the Physics 
Case from realistic detector simulation 
studies (We are here now). 

• Explore all the Physics possibilities 
including Flavours. The latter is not a 
priori at the heart of the project but can 
be a supplément dʼâme.    
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FCC-ee: Physics case at large / one slide synthesis

Physics reach related to the 
luminosity figure: 

✓ElectroWeak Precision tests:

Z pole, WW and top pairs 
thresholds.

At Z: you get the statistics of one 
LEP experiment in a minute or so!  

✓ Higgs Precision test. 

✓ Higgs direct production in study.

✓ Note: higher order EW 
calculations required. 
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FCC-ee: the Physics case at large

Key points:   

✓Beam energy measurement: use 
the resonant depolarization for few 
bunches. Syst: 100 keV  !   

✓Almost everywhere systematics 
limited: invent new methods, e.g.    
exclusive b-hadron decays for the 
FB asymmetry.   

✓ Interpretation of the results: 
major theory effort required.  
Breakthrough with EM coupling 
constant measurement [arXiv: 
1512.05544].    

✓ Note: 100 kHz of Z decays. 
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FCC-ee: 

Flavours in the big picture



• With the advent of the discovery of a SM-like BEH boson, there is a 
strong case for the existence of right-handed neutrinos possibly below 
or at the electroweak scale.   

• A high-luminosity Z factory with 1012 / 1013 Z  offers the opportunity to 
scan their parameter space below the electroweak scale.

• The sterile neutrinos can be searched for directly through their decays 
or indirectly through the charged lepton flavour-violating Z decays. Will 
give examples of both. 

• Yukawa for charged fermions

• Most general Lag. form for neutrals 

LY = Y d
ijQ̄LiφdRj + Y u

ij Q̄Liφ̃uRj + Y �
ijL̄Liφ�Rj ++h.c.

LN =
Mij

2
N̄ c

i Nj + Y ν
ij L̄LiφNj
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FCC-ee: lepton flavours 



•  Most general form for neutrals L LN =
Mij

2
N̄ c

i Nj + Y ν
ij L̄LiφNj
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FCC-ee: lepton flavours 



•  Most general form for neutrals L LN =
Mij

2
N̄ c

i Nj + Y ν
ij L̄LiφNj
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•  Somehow, the only (provocative) question is how many?   

FCC-ee: lepton flavours 



•  Most general form for neutrals L LN =
Mij

2
N̄ c

i Nj + Y ν
ij L̄LiφNj
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•  Somehow, the only (provocative) question is how many?   

FCC-ee: lepton flavours 



• Lepton Flavour-Violating Z decays in the SM with lepton mixing are 
typically 

• Any observation of such a decay would be an indisputable evidence for 
New Physics.  

• Current limits at the level of ~10-6 (from LEP and recently Atlas, e.g. 
DELPHI,  Z. Phys. C73 (1997) 243 ATLAS, CERN-PH-EP-2014-195 (2014))   

• The FCC-ee high luminosity Z factory would allow to gain up to six  
orders of magnitude ... 

• Complementary to the direct search for steriles.    

• The following plots are based on a work from V. De Romeri et al.    
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B(Z → e±µ∓) ∼ B(Z → e±τ∓) ∼ 10−54 and B(Z → µ±τ∓) ∼ 4.10−60

FCC-ee: lepton flavours 
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Studies for the Giga-Z (Wilson, DESY-
EFCA LC workshop (1998-1999), J. I. Illana and T. 
Riemann, Phys. Rev. D63 (2001) ... are revisited 
taking into account:   

• θ     13 and other neutrino data

• new contributions of sterile 
states are already severely 
constrained:

 
- radiative decays (MEG)
- 3-body decays 
- cosmology
- neutrinoless double β decays
- invisible Z-width
....

Valentina De Romeri - CNRS LPC Clermont 3

Z

l1

l2

q

q

q~

∝R parity odd couplings

MSSM

R-parity violationLittle Higgs with T-parity

some examples…

νs 

Valentina De Romeri - CNRS LPC Clermont 5

Z
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l2

Z

Z

Z

N = extra Majorana states!
(m ~ 10-10 - 103 GeV)

Z

Z

vi are physical states,  i =3+N!
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N = extra Majorana states!
(m ~ 10-10 - 103 GeV)

Z

Z

vi are physical states,  i =3+N!

FCC-ee: LFV in rare Z-decays
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  FCC-ee: LFV in rare Z-decays: “3+1” toy model

C
O
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ET

B
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ar

B
el

le
 II

3+1 model is a convenient  ad-hoc extension; 4th state 
encodes contributions of arbitrary number of sterileνs 

exp. excluded       
cosmo X
cosmo OK

• Steriles with mass > 80 GeV and mixings O(10-5-10-4) within FCC-ee reach.
 

• Low-energy experiments (COMET ...) at work to probe the electron-muon sector. 
• FCC-ee  provides the stringent constraint in tau-mu sectors. 
• Experimental study ongoing.  

V. De Romeri et al. JHEP 1504 (2015) 051 



• Direct search (Serra, Blondel, 
Graverini, Shaposhnikov) based on 
nuMSM model from Asaka and 
Shaposhnikov arXiv:050501. 
Explored in arXiv:1411.5230. 

• The sterile neutrinos are 
produced from mixing with active 
neutrinos out of the Z decay. 

• The N decay lifetime depends on 
the mass of the sterile and the 
mixings

• Branching fraction almost 
saturated with the final states: 
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FCC-ee: Flavours at the Z: the lepton Physics Case 

Production mechanism and decay
• Sterile neutrinos are produced by Z0 → νν with a neutrinos mixing with

the sterile

• Number of N = 2×NZ0 ×BR(Z0 → νν)× U2 × Eff(U2,M)

Two possible experimental signature

• The decays are N → �+�−�ν and N → �qq (lepton and two jets)

• Lifetimes depends on 1
U2 and 1

M5

7

N → �+��−ν, N → qq̄��, N → qq̄ν

Sensitivity assuming zero background
Assuming zero background in the region 10cm and 5m with 1013 Z0
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!
- The higher line depends on the minimum distance from PV and the number of Z0
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• The rare decays b → s	 l+l-  are receiving increasing experimental and 
phenomenological interests:  

• good laboratory for new quark/lepton transitions operators. 
• possibly clean theoretical (QCD) uncertainties.   
• some signs of departures of the data w.r.t. the SM/QCD predictions.
• Lepton universality is challenged.    

Correlation matrix 15.0 < q2 < 19.0GeV2/c4

FL S3 S4 S5 AFB S7 S8 S9

FL 1.00 0.17 −0.03 −0.02 −0.39 0.01 −0.00 0.11
S3 1.00 −0.15 −0.19 0.05 −0.02 −0.04 −0.02
S4 1.00 0.06 −0.12 0.03 0.14 0.01
S5 1.00 −0.12 0.12 0.04 0.02
AFB 1.00 0.00 −0.02 −0.01
S7 1.00 0.24 −0.19
S8 1.00 −0.13
S9 1.00

D Comparison between 1 fb−1 and 3 fb−1 results

A comparison between the result obtained for P �
5 in this note and the result from the 1 fb

−1

LHCb analysis from Ref. [7] is shown in Fig. 17.

]4c/2 [GeV2q
0 5 10 15

5'P
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1

preliminary
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SM from DHMV

Figure 17: The observable P �
5 in bins of q2. The shaded boxes show the SM prediction taken

from Ref. [13]. The blue open markers show the result of the 1 fb−1 analysis from Ref. [7].
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   FCC-ee: the EWP decays as a first exploration.  
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   FCC-ee: the EWP decays as a first exploration.  

• The rare decays b → s	 l+l-  are receiving increasing experimental and 
phenomenological interests:  

• good laboratory for new quark/lepton transitions operators. 
• possibly clean theoretical (QCD) uncertainties. 
• clear experimental signatures.  
• some signs of departures of the data w.r.t. the SM/QCD predictions in the 

muon final states.   

• The electron final states allows a dedicated study at low q2. O(105) events!
        Exploration started at LHCb:  O(102) events (RunI).    

• The tau lepton final states is unexplored so far but is necessary to complete the 
landscape, whatever the NP scenario is there or ruled out. 

    
• Experimentally, aim at: 

• measuring the branching fraction,  
• studying the angular distributions.  

In both cases, FCC-ee 
provides a possibly unique 
access to these territories. 
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 FCC-ee: The EWP decays as a first exploration.  

•  The transition  B0 → K*0 τ+τ- can be fully solved. 

•  Two neutrinos missing 
→ six momentum coordinates to find. 

•  The secondary vertex is determined from 
→ the resonant K*0 → K- π+

•  Limit ourselves to the τ- decays in three prongs
→ τ- → a1- ντ

•  Constraints: 
• B flight distance  → 2 d.o.f. 
• τ flight distances → 4 d.o.f.
• τ masses → 2 d.o.f.
• saturate the d.o.f. of the problem.   
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This is a Physics with : 

• One primary vertex 
• No trigger (neither hw or sw). 



• Backgrounds:

     (pink) 

     (red) 

     (signal in green).   
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s K̄

∗0τ−ν̄τ
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FCC-ee: FCNC (EWP) in b-hadron decays. B0 → K*0 τ+τ-  . 

• Conditions: target luminosity, SM calculations of signal and 
background BF, vertexing and tracking performance as ILD detector. 
Momentum → 10 MeV, Primary vertex →  3 um, SV  →  7 um,  TV →  5 um   

B̄s → D−
s D

+
s K

∗0

Semkiv et al.
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FCC-ee: FCNC (EWP) in b-hadron decays. B0 → K*0 τ+τ-  . 
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Conditions: 
• Target luminosity 
• Left: vertexing performance as ILD.  
• Right:  vertexing performance twice better than ILD. Pretty realistic: initial 

studies tell that the vertex detector can be as close as 2 cm from IP.      
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FCC-ee: FCNC (EWP) in b-hadron decays. B0 → K*0 τ+τ-  . 

Few comments are in order: 

• At target luminosity, we can 
expect about 103 events of 
reconstructed signal.  Angular 
analysis possible. And more w/ 
τ polarization.  

• With an ALEPH-like vertex 
detector performance, the signal 
peak canʼt be resolved. 
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This mode can serve as a benchmark for partial reconstruction techniques 
and hence vertexing. The next step of the study is to attack the more 
challenging mode  B0s → τ+τ-.     
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FCC-ee: 

The FCC-ee detectors
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FCC-ee: detectors 
• There have been a lot of developments in the two past decades on 

electron colliders (mostly ILC) detectors.  They can serve as an 
educated basis for the full simulation studies, e.g.  
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FCC-ee: detectors 

• There is however the need of working out a dedicated detector because 
there are smarter things to do: 

• B  field required for containing the beam backgrounds is only 2 T (4 for 
ILC or CLIC). Relaxed constraints. 

 
• The vertex detector can be as close as 2 cm from the interaction point. 

• The momentum resolution should match the beam energy spread at 45 
GeV (50 MeV).  

  
• We must be light for the Flavour (b, tau ...) Physics. 

• We want hadron Particle Identification detectors. 

• If you feel you can / wish participate to this, please join and think. This 
happens now.       
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Summary 
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Scientific context: scenarii

1) Find a new heavy particle at the Run II of LHC:  
• HL-LHC can study it to a certain extent. 
• If mass is small enough (and couples to electrons), CLIC can be the way. 
• Larger energies are needed to study (find) the whole spectrum. 
• The underlying quantum structure must be studied.  

2) Find no new particle, but non-standard H properties
• HL-LHC can study it to a certain extent.
• Higgs factory. 
• Z, W, top factories for the quantum structure. 
• Energy frontier (also for precision measurements)  

3) Find no new particle, standard H properties but flavour observables departing from SM: 
• Z, W, top factories for the quantum and flavour structure. 
• Energy frontier to find the corresponding spectrum. 

4) Find no new particle, standard H properties and flavour observables in SM: 
• Asymptotic Z, W, H, top factories for asymptotic precision. 
• Push the energy frontier to the best of our knowledge. 
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Summary

1) Find a new heavy particle at the Run II of LHC:  
• HL-LHC can study it to a certain extent. 
• If mass is small enough (and couples to electrons), CLIC can be the way. 
• Larger energies are needed to study (find) the whole spectrum [FCC-hh].
• The underlying quantum structure must be studied [FCC-ee].

2) Find no new particle, but non-standard H properties
• HL-LHC can study it to a certain extent.
• Higgs factory [ILC,FCC-ee].
• Z, W, top factories for the quantum structure [FCC-ee].
• Energy frontier (also for precision measurements) [FCC-hh]. 

3) Find no new particle, standard H properties but flavour observables departing from SM: 
• Asymptotic Z, W, top factories to fix the energy scale [FCC-ee]. 
• Energy frontier to find the corresponding spectrum [FCC-hh]. 

4) Find no new particle, standard H properties and flavour observables in SM: 
• Asymptotic Z, W, H, top factories for asymptotic precision [FCC-ee]. 
• Push the energy frontier to the best of our knowledge [FCC-hh]. 
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Summary 

1) There are scenarii for which any continuation of the 
particle Physics requires FCC project. 

2) There is no scenario in which FCC project does not 
bring an invaluable path. 

3) The timeline is commensurate with the other world 
scale projects. 
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 FCC References and links as a Conclusion. 

• The project is getting mature. The FCC software and detector simulation 
are getting up. A good moment to contribute.

• Aim at gathering small teams of experimentalists and theoreticians on 
benchmark subjects. At work for LFV Z decays and B0 → K*0 τ+τ-,  on 
track for B0s → τ+τ- and foreseen for B0 → K*0 e+e-.  More are welcome. 

• Information on FCC and FCC-ee can be found there :
         http://tlep.web.cern.ch/

• A dedicated e-list for the Flavours WG is set-up here with self-
subscription for CERN users: 

        https://e-groups.cern.ch/e-groups/Egroup.do?egroupId=10116182&tab=3

• Otherwise get in touch with us: 
       jernej.kamenik@ijs.si or monteil@in2p3.fr. 

http://tlep.web.cern.ch
http://tlep.web.cern.ch
https://e-groups.cern.ch/e-groups/Egroup.do?egroupId=10116182&tab=3
https://e-groups.cern.ch/e-groups/Egroup.do?egroupId=10116182&tab=3
mailto:jernej.kamenik@ijs.sikamenik
mailto:jernej.kamenik@ijs.sikamenik
mailto:monteil@in2p3.fr
mailto:monteil@in2p3.fr
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Back-up slides.  
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Back-up slides.  

7
Future Circular Collider Study
Michael Benedikt
2nd FCC Week, Rome, April 2016

Constr. Physics LEP

Construction PhysicsProtoDesign LHC

Construction PhysicsDesign HL-LHC

PhysicsConstructionProto

1980 1985 1990 1995 2000 2005 2010 2015 2020 2025 2030 2035

20 years

DesignFCC

Now is the time to plan for the period 2035 2040 

CERN Circular Colliders & FCC
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• 80-100 km infrastructure in Geneva area:  A flavour of the location:  

© J. Wenninger / P. Janot

1. Introduction to FCC
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• Infrastructure studies ongoing. A 93 km planar racetrack: 

• Challenges: 
• 7.8 km tunnelling through Jura limestone
• Up to 300 - 400 m deep shafts + caverns in molasse

1. Introduction to FCC

© C.Cook
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2. The e+e- machine. Baseline design 

• Physics from the Z pole to top pair production (90 - 400 GeV), crossing WW 
and ZH thresholds with unprecedented statistics everywhere.  

• Two rings (top-up injection) to cope with high current and large number of 
bunches at operating points up to ZH.   

• Not a straightforward extrapolation of LEP. Many Challenges:   

• Brehmsstrahlung@IP limits the beam lifetime at top energy.   
 

• Polarization of the beams (at least natural one for beam energy 
measurement - EWK precision measurements). Note: latest explorations 
seem to indicate that the Physics program can be made without 
polarization (both for top and Z pole)

• RF system must deal w/ contradictory requirements (high gradients (top) / 
high currents (Z) .   

• Baseline design is a target. Not an actual working machine. 



• To some extent, SuperKEKB is a testbench for FCC-ee:  
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2. The e+e- machine. Challenges 
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2. The e+e- machine. Baseline parameters. 



S. Monteil FCC Design Study 78

2. The e+e- machine. Baseline parameters. 
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   4. Scope of the FCC-ee Flavour Physics working 

• Understand the experimental precision with which rare decays of c- and 
b-hadrons and CP violation in the heavy-quark sector could be 
measured with 1012 Z, as well as the potential sensitivity to new physics, 
and compare to the ultimate potential of the (soon to be) running LHCb 
upgrade and Belle II experiments. Examine the relevance of a dedicated  
PID (π / K / p separation) detector,    

• The very same objective stands for the rare lepton decays.  

• Examine the physics reach of lepton flavour violating processes and 
neutrino-related Physics unique to the FCC-ee. 

• Have a platform to think of beyond standard observables.   

• “What would like to do/see with/in 1012 / 1013 Z?” makes a nice 
playground to start with. 
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FCC-ee: general numbers

The general numbers it is good to have in 
mind when one speaks about these kinds of 
projects.   
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Electricity cost 

23
FCC-ee technologies, time lines, analysis highlights
Frank Zimmermann
KET workshop, Munich, 2 May 2016

electricity cost

Courtesy: M. Seidel, EuCARD-2, V. Shiltsev, K. Oide, Q. Qin, G. Trubnikov, and others

1400 GWh / yr MEuro / yr
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Electricity cost 

22
FCC-ee technologies, time lines, analysis highlights
Frank Zimmermann
KET workshop, Munich, 2 May 2016

S. Claudet - CERN 
Procurement Strategy

3rd Energy Workshop 29-30 October 2015

CERN energy consumption
[G

W
h]

FCC-ee
estimate
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Higgs couplings 

29
FCC-ee technologies, time lines, analysis highlights
Frank Zimmermann
KET workshop, Munich, 2 May 2016

FCC-hh

1
1
5

the combination of FCC-ee and FCC-hh is «invincible»

Higgs coupling summary

M. Klute

© M. Klute
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 FCC-ee: LFV in rare Z-decays: analysis 

• Signal event topology: one high energy light lepton in one 
hemisphere, a tau decay in the other with 1, 3 or 5 prongs.  This 
seems very clean experimental environment but keep in mind that 
we are chasing 10-13 sensitivity. 

• Among the background sources: 

•  Z → qq with low multiplicity. 
•  Z → W* lν

• The latter (as a signal) is appealing per se as a SM candle and/or 
NP probe. [Durieux et al. arXiv:1512.03071].  The final state is the same as 
CLFV  (with an additional neutrino) and the authors find a SM 
branching fraction of 1.4 10-8 ! Need to devise more than a counting 
experiment to make the most of the statistics. Assessment of the 
experimental sensitivity ongoing. 
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FIG. 2. Tree-level diagrams contributing to Z → W lνl de-
cays.

neutrino couplings, fixing Cl = CW = 1, the 3-body
width is:

Γ(Z → Wl νl)
10−8 GeV = 4.3 − 3.7 Cνl + 1.4 C2

νl
. (15)

IV. FOUR-BODY DECAYS

In practice, the observable processes are four-body de-
cays. They receive contributions from diagrams featuring
an intermediate W l νl state as well as new contributions
that do not derive from the three-body process discussed
in the previous section (see Fig. 3). Higher-order correc-
tions could be important given the future experimental
accuracy. In this first qualitative study, we only show
leading-order results.

We focus on three different channels. In the semilep-
tonic Z → jjl νl decay, the flavor of the neutrino is fixed
by that of the lepton and the coupling of each neutrino
to the Z can be probed separately. Among the four-body
decays that are sensitive to the Z neutrino couplings, it
also has the highest rate. The fully leptonic Z → l l�νlνl�

decay involves two leptons of distinct flavors. In that
case, interferences between diagrams where the Z couples
to neutrinos of different flavors render the analysis more
involved. On the other hand, in Z → l lνν, with two
leptons of the same flavor, all species of neutrinos can
be produced irrespectively of the flavor of the charged
leptons (see, e.g., the first diagram of Fig. 3). The pres-
ence of two couplings of the Z to neutrinos in the corre-
sponding diagrams also introduces cubic and quartic Cνl

dependences in the decay rate. However, there are no
interferences proportional to two different Cνl ’s in this
third channel.

Using MadGraph5 [7], we extract the dependence of
each decay rate on the Cνl coefficients. These are given
in Eqs. (A6–A8) of the Appendix. The τ mass has been
kept nonvanishing and marginally affects some of the nu-
merical factors. Because of additional contributions to
the four-body decays and of the small phase space avail-
able in the three-body decay (which requires an on-shell
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l+
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W

Z

q̄

q�

l+
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Z

h

Z

ν̄

ν
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FIG. 3. Some contributions to the four-body Z → jjlνl and
Z → l lνν̄ decays that do not proceed through a W lνl inter-
mediate state.

W ), the rate of the four-body processes are much higher
than what would have been obtained by using a narrow-
width approximation on the three-body decays. Fixing
Cνl = 1, the SM decay widths are

ΓSM(Z → l lνν̄)
10−8 GeV �





2.4 for l = e, µ

2.3 for l = τ

ΓSM(Z → l νljj)
10−8 GeV �





6.5 for l = e, µ

6.3 for l = τ

ΓSM(Z → l l�νlνl�)
10−8 GeV �





1.5 for l = e, l� = µ

1.4 for l = e, µ, l� = τ

for each lepton charge assignment.
The Z → jj lνl process has the highest rate and the

simplest dependence in the Cνl couplings. When Cνl =
−1, the destructive interferences discussed in Section III
causes a dramatic increase of the width by a factor of
4.1 (to 27 × 10−8 GeV for l = e, µ, and 26 × 10−8 GeV
for l = τ). The changes induced by positive Cνl ’s in
differential distributions of Z → jj l νl are moderate (see
Fig. 4). An increased sensitivity could be obtained by se-
lecting dijet invariant masses in the [15, 75] GeV interval
(see Fig. 5). Regions of the phase space with enhanced
sensitivities could also be studied and exploited in the
channels involving two final-state charged leptons.

In the Cνe − Cντ plane of Fig. 6, we display the lines
along which several relevant partial decay widths take
their SM values. The muon-neutrino coupling to the Z
has been fixed to its standard-model value CSM

νµ
= 1. The

bands around each line assume 2% uncertainties on the
rate measurements, a precision that should be achieved
at future colliders. The current bound on

�
l C2

νl
from

the total Z-boson width is also displayed. It should be
noted that Z → µµνν has a strong dependence on Cνµ

and the band is expected to get broadened when allowing
Cνµ to vary within its allowed range. A combination of
several channels would bring the constrains on the Cνe

and Cντ couplings down to the percent level at which the

http://arXiv.org/abs/arXiv:1512.03071
http://arXiv.org/abs/arXiv:1512.03071


  
• The CP violation and rare b-decays landscape has to be examined from 

the anticipated results of both the LHCb upgrade and the Belle II 
experiments. 

• LHCb sees all species of b-particles (and charm in abundance) and is 
especially good at rare decays with muons and fully charged decay 
modes. Less efficient for electrons, neutrals, missing energy, hadronic 
multibody decays.

• Belle II should explore deeply/widely the Bd and Bu meson systems. 
Might also run above the ϒ(5S) threshold but canʼt resolve the oscillation 
of Bs meson.

• The latter highs and lows define a path to complete the picture in the 
event nothing new is observed meanwhile. 

• I will only show one example of the work ongoing.  
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 FCC-ee: the quarks Physics Case 



S. Monteil FCC Design Study 86

• A possible/appealing realm for FCC-ee in the classic flavours is 
therefore provided by the following triptych most likely unique to FCC-
ee:   

1)Any leptonic or semileptonic decay mode involving Bs, Bc or b-
baryon (those are coming polarized), including electrons.  

2)Any decay mode involving Bs, Bc or b-baryon with neutrals. 

3)Multibody (means 4 and more) hadronic b-hadron decays.
 

• We highlighted flagship modes for each category in order to build the 
Physics Work Packages. 

   4.2 Flavours at the Z: the quarks Physics Case 
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1) Any leptonic or semileptonic decay mode involving Bs, Bc or b-baryon, 
including electrons, in no particular order: 

• Bd,s → ee, μμ,ττ  : if the second will be mostly covered by LHCb and 
CMS, the first  can be searched for with a similar precision. The latter Bs → 
ττ is most likely unique to FCC-ee  and subjected to third family specific 
couplings.  

• Leptonic decays in direct annihilation Bu,c → μνμ,τντ. The latter is a 
chance to get |Vcb | with mild theoretical uncertainties. 

• If the baseline machine is to be confirmed with the crab-waist option, the 
flavours scope with 1013 Z  is likely to change dramatically. For instance, it 
would be possible to get  |Vub | theory-free (well, strong isospin symmetry 
only ...) out of ratios of rare decays (B. Grinstein @ CKM06).  Not 
mentioning that the large boost at the Z can be beneficial for classical 
methods. 

   4.2 Flavours at the Z: the quarks Physics Case 
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 3) Multibody (4 and more) hadronic b-hadron decays. 

• Bs → ψηʼ or ηcΦ: flavour tagging required for weak mixing phase.
 

• Bs → DsK : PID definitely required to isolate the signal. 

• Modes to be used to define the Particle Identification needs. 

2) Any decay mode involving Bs, Bc or b-baryon with neutrals. 

• Bd,s → γγ: theoretically difficult.    
• Bs → KSKS : CP violation studies. Also interesting for downstream 
tracking of V0 in general. 
• B → Xll (sττ at first): rare FCNC complementing LHCb and Belle II. 

   4.2 Flavours at the Z: the quarks Physics Case 
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   5. Summary  

• An effort for a design study of large pp and ee colliders is structured 
in order to provide an educated view of the Physics reach, machine 
and detectors of such a facility for the next update of the HEP 
European strategy (2019). 

• Flavour physics studies at pp collider is starting. On the contrary,  
Physics opportunities at the injector have been already envisaged.   

• The ee circular collider is meant to provide experiments with an 
unprecedented luminosity from the Z pole to the top pair threshold. 

• The Flavour Physics, as an indissociable part of the electroweak 
symmetry breaking understanding, is a natural and obvious 
contributor.  

• Baseline studies have been devised. We are just starting to explore 
the possibilities, in particular with 1012 / 1013 Z. 


