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Impregnare il passato e portare avanti il futuro, 
tale è il mio presente ...

Féconder le passé et enfanter l’avenir, que tel soit 
mon présent. 

Zapłodnić przeszłość i zrodzić przyszłość, niech 
to będzie moja teraźniejszość.

Запліднювати минуле і народжувати майбутнє 
- нехай це буде моїм сьогоденням.

Die Vergangenheit befruchten und die Zukunft 
zeugen - das sei mir Gegenwart!

Exergue for this lecture - Nietzsche. 
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Outline of the lecture
 

• PART I: 
• Scientific context I: what we think we know.   
• Scientific context II: how do we know what we think we know?  

• PART II:  Let there be light !  Flashing some anticipations (on a 
subjective basis) about the experiments / projects which could / will 
shed light on the Beyond SM.   

• PART III: Introduction to the future projects and focus on Circular 
Colliders project or a long term vision for the Particle Physics. The 
fundamental scalar of the Nature and the electroweak thresholds. 

Lecture @ TESHEP2023   
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• PART II:  Let there be light !  Flashing some anticipations (on a 
subjective basis) about the experiments / projects which could / will 
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• PART III: Introduction to the future projects and focus Circular Colliders 
project or a long term vision for the Particle Physics. The fundamental 
scalar of the Nature and the electroweak thresholds. 
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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 .

Scientific context: SM became a theory  
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Scientific context: SM became a theory  

The free parameters of the SM  

• The CKM matrix elements : it’s 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. A consistency test of these parameters is in order.         

   
• 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
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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.

February 10, 2016 16:30
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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).

February 10, 2016 16:30
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Scientific context: SM became a theory  

Reorganisation:  
• QCD and αS / exercise: how to measure αS from e+e- collisions?  
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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♦.
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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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Scientific context: SM became a theory  

Reorganisation:  

• QCD IS the theory of strong interactions. 
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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:  

• QCD IS the theory of strong interactions. 
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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.   

• They are however understood from the Yukawa couplings. We’ll 
come back there.

• The top deserves a special mention.     
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Scientific context: SM became a theory  

Reorganisation: the specific status of the top quark.  

• 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.  

• In turn, a prediction of the top quark mass in the SM is possible in the 
consistency fit of the SM hypothesis against the electroweak precision 
observables.  

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 specific status of the top quark.  

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

• Quand les types de 130 kilos disent certaines choses, les types de 60 
kilos les écoutent.

• Коли 130-кілограмові хлопці говорять певні речі, 60-кілограмові 
слухають.

• Kiedy 130-kilogramowi faceci mówią pewne rzeczy, 60-kilogramowi 
faceci słuchają.

• When the 130 kilo guys say certain things, the 60 kilo guys listen.

• From Michel Audiard, french screenplay writer. 
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Scientific context: SM became a theory  

Reorganisation: the specific status of the top quark.  

• On top of the (universal) propagator corrections, one finds vertex 
corrections

• In SM, these corrections are proportional to the CKM matrix elements Vtq.

• Hierarchy (within the SM):

• Vertex corrections are only relevant for b quarks:

• A unique observable of interest there: Rb = P(Z →bb) / P(Z →qq)
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Scientific context: SM became a theory  

Reorganisation: the main observables 

• Measurements at the Z pole
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Scientific context: SM became a theory  

Reorganisation: the main observables 

• Measurements at the Z pole and mw : (universal) propagator corr. 
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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 first 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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SM became a theory  

Reorganisation: spelling out the predictions.   

• The SM EW global fit has a remarkable  
χ2

min/d.o.f = 1.40 (p-value=15%).  

• The SM hypothesis passes the test. It 
does not mean that SM IS the Nature. In 
Science, one can usually only say NO...    

• Two observables depart « with some 
significance » from their prediction. It 
happens they are the two most important 
for the constraint on the Higgs boson.   

• One can go one step further and make 
the metrology of the parameters.   

Measurement Fit |Omeas−Ofit|/σmeas

0 1 2 3

0 1 2 3

Δαhad(mZ)Δα(5) 0.02750 ± 0.00033 0.02759
mZ [GeV]mZ [GeV] 91.1875 ± 0.0021 91.1874
ΓZ [GeV]ΓZ [GeV] 2.4952 ± 0.0023 2.4959
σhad [nb]σ0 41.540 ± 0.037 41.478
RlRl 20.767 ± 0.025 20.742
AfbA0,l 0.01714 ± 0.00095 0.01645
Al(Pτ)Al(Pτ) 0.1465 ± 0.0032 0.1481
RbRb 0.21629 ± 0.00066 0.21579
RcRc 0.1721 ± 0.0030 0.1723
AfbA0,b 0.0992 ± 0.0016 0.1038
AfbA0,c 0.0707 ± 0.0035 0.0742
AbAb 0.923 ± 0.020 0.935
AcAc 0.670 ± 0.027 0.668
Al(SLD)Al(SLD) 0.1513 ± 0.0021 0.1481
sin2θeffsin2θlept(Qfb) 0.2324 ± 0.0012 0.2314
mW [GeV]mW [GeV] 80.385 ± 0.015 80.377
ΓW [GeV]ΓW [GeV] 2.085 ± 0.042 2.092
mt [GeV]mt [GeV] 173.20 ± 0.90 173.26

March 2012
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SM became a theory  

Reorganisation: spelling out the predictions.   
• The information on the top quark is basically brought by sin2θeff (ALR and 
AFB – propagator corrections), mW (again propagator corrections) and Rb 
(vertex corrections).  
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SM became a theory  

Reorganisation: spelling out the predictions.   

• The information on the top quark is basically brought by sin2θeff (ALR and 
AFB – propagator corrections), mW (again propagator corrections) and Rb 
(vertex corrections).   

• Putting all these observables together (and some others) yields  a top 
quark mass prediction of : 

• basically obtained (w/ three times the current uncertainty) from 1993. 

• actually presented at Moriond 1994.   
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SM became a theory  

Reorganisation: spelling out the predictions.   
© M. Owen at Moriond2017. 

Top properties at the LHC

The top quark mass

20

• Nearing completion of run 1 results: combination needed to exploit 
measurements.

 [GeV]topm
165 170 175 180 185

ATLAS+CMS Preliminary  = 7-8 TeVs summary, topmLHC top WG

shown below the line
(*) Superseded by results

Aug 2016
World Comb. Mar 2014, [7]

 0.67) GeV± 0.76 (0.36 ± = 173.34 topm

stat
total uncertainty total  stat

 syst)± total (stat ± topm        Ref.s

ATLAS, l+jets (*) 7 TeV  [1] 1.35)± 1.55 (0.75 ±172.31 
ATLAS, dilepton (*) 7 TeV  [2] 1.50)± 1.63 (0.64 ±173.09 
CMS, l+jets 7 TeV  [3] 0.97)± 1.06 (0.43 ±173.49 
CMS, dilepton 7 TeV  [4] 1.46)± 1.52 (0.43 ±172.50 
CMS, all jets 7 TeV  [5] 1.23)± 1.41 (0.69 ±173.49 
LHC comb. (Sep 2013) 7 TeV  [6] 0.88)± 0.95 (0.35 ±173.29 
World comb. (Mar 2014) 1.96-7 TeV  [7] 0.67)± 0.76 (0.36 ±173.34 
ATLAS, l+jets 7 TeV  [8] 1.02)± 1.27 (0.75 ±172.33 
ATLAS, dilepton 7 TeV  [8] 1.30)± 1.41 (0.54 ±173.79 
ATLAS, all jets 7 TeV  [9] 1.2)± 1.8 (1.4 ±175.1 
ATLAS, single top 8 TeV  [10] 2.0)± 2.1 (0.7 ±172.2 
ATLAS, dilepton 8 TeV  [11] 0.74)± 0.85 (0.41 ±172.99 
ATLAS, all jets 8 TeV  [12] 1.01)± 1.15 (0.55 ±173.80 

)l+jets, dil.
June 2016(ATLAS comb.  7+8 TeV  [11] 0.61)± 0.70 (0.34 ±172.84 

CMS, l+jets 8 TeV  [13] 0.48)± 0.51 (0.16 ±172.35 
CMS, dilepton 8 TeV  [13] 1.22)± 1.23 (0.19 ±172.82 
CMS, all jets 8 TeV  [13] 0.59)± 0.64 (0.25 ±172.32 
CMS, single top 8 TeV  [14] 0.95)± 1.22 (0.77 ±172.60 
CMS comb. (Sep 2015) 7+8 TeV  [13] 0.47)± 0.48 (0.13 ±172.44 
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SM became a theory  

Reorganisation: spelling out the predictions.   

• We must now compare the direct and indirect determinations:

• The agreement is simply remarkable.   

• LEP/SLD + SM predicted the top quark mass. 

• This is simultaneously a triumph of the Standard Model and the HEP 
physics experiments. Probe quantum corrections of the electroweak 
theory to predict the existence of a particle in the Nature.          

mtop = 173.18± 0.96 GeV/c2, [direct � Tevatron]

mtop = 172.6+13.2
�10.2 GeV/c2, [indirect � LEP1]

mtop = 172.44± 0.48 GeV/c2, [direct � LHC]
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SM became a theory  

Reorganisation: spelling out the predictions.   

• Once the top quark is known, it can enter in the EWP consistency and 
constrain further the rest of the unknown parameters, the Higgs boson. 
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SM became a theory  

Reorganisation: spelling out the predictions.   

• Once the top quark is known, it can enter in the EWP consistency and 
constrain further the rest of the parameters, and bound the Higgs boson 
mass. 

mBEH < 152 GeV/c2 95% CL.
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SM became a theory  

Reorganisation: spelling out the predictions.   

• Once the top quark is known, it can enter in the EWP consistency and 
constrain further the rest of the parameters, and bound the Higgs boson 
mass. 
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SM became a theory  

Reorganisation: spelling out the predictions.   

• The modern plot gathering all constraints
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SM became a theory  

Reorganisation: the narrow bosonic resonance.  

• The mass starts to be accurately measured.  

•  It is likely a scalar particle (spin /parity properties determined from ZZ* 
signal events).    

B#'*1*-+))*94)#%/)
� �� � 
�

� b1312$/.(3/8.%87%3,1%MJN%P831.3/(6Q%
� c83%P21'/I31'%5+%3,1%3,182+Q%

� <8$5/.(3/8.%87%9:;9!%(.'%<=!%21#"63#%/#%
��	��
 � ���� ����� � ���������� � X1[Q

� !3/66%'8$/.(31'%5+%#3(3/#3/I(6%".I123(/.3/1#

U,+#Q%H10Q%;133Q%@@WE%@D@_?CAL>D

© S. Oda at Moriond2017. 
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SM became a theory  

Reorganisation: the narrow bosonic resonance.  

• The couplings are so far (with a modest precision though) in good 
agreement with the SM predictions.  

B#'*1*7"#$%&'(*94)#%/) dNJU%?_%)>?@^4%?WG

� !/R.(6%#321.R3,`%
�e�85#L�!=
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/#%85#1201'Q%

Y12$/8./I%P28'"I3/8.

M8
#8
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I%
P2
8'

"I
3/8

.

_L>D

© S. Oda at Moriond2017. 
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SM became a theory  

Reorganisation: the narrow bosonic resonance.  

• The couplings are so far (with a 10-30 % precision though) in good 
agreement with the SM predictions.  

© Anastopoulos at Moriond2023. 
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SM became a theory  

Reorganisation: back to quark masses and mass mixing matrix.   
[See Alexander and Achille’s lectures in this School.] 

• Again, the name of the game consists in a global consistency check from a fit 
of the SM hypothesis against the relevant Flavour observable 
measurements.  

• Most of the constraints  are coming from b-hadron decays and neutral B-
meson mixings.  These can be CP-conserving or CP-violating observables. 

• The global fit relies heavily, as far as CP-conserving observables are 
concerned, on QCD predictions, mostly numerically established (Lattice 
QCD).    

• The observables related to the strange flavour (K  decays and K0 mixing) are 
also consistently described, though suffering from large(r) hadronic 
uncertainties (long distance physics where LQCD does not apply 
straightforwardly).   
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SM became a theory  

Reorganisation: back to quark masses and mass mixing matrix.   
• The 4 CKM matrix elements are decoupled from the rest of the theory. 

The consistency check of the SM hypothesis in that sector is the 
second  pillar of the SM:  

© A. Claude et al. 
ckmlive.in2p3.fr 
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SM became a theory  

Reorganisation: back to quark masses and mass mixing matrix.   
• Note that Flavour observables are also predicting (well postdicting in 

that case) the top quark mass 

© A. Claude et al. 
ckmlive.in2p3.fr 
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SM became a theory  

Reorganisation: back to quark masses and mass mixing matrix.   
• The 4 CKM matrix elements are decoupled from the rest of the theory. 

The consistency check of the SM hypothesis in that sector is the 
second  pillar of the SM:  

Angles - No theory uncertainty Sides - Theory uncertainty dom. 
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SM became a theory  

Reorganisation: back to quark masses and mass mixing matrix.   
• The 4 CKM matrix elements are decoupled from the rest of the theory. 

The consistency check of the SM hypothesis in that sector is the 
second  pillar of the SM:  

Loops - BSM friendly Trees - supposedly SM friendly
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SM became a theory  

Reorganisation: back to quark masses and mass mixing matrix.   
• The 4 CKM matrix elements are decoupled from the rest of the theory. 

The consistency check of the SM hypothesis in that sector is the 
second  pillar of the SM:  

CP-conserving CP-violating
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Scientific context: SM became a theory  

Recap Part I  
the two pillars of the SM: 

EWPT and quark flavours.  
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SM became a theory  

Lessons 



S. Monteil Faith&Fate of the SM
40

SM became an invincible theory  
Lessons   

• The SM has (mostly) 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, it’s 
tempting / natural to enhance the neutral particle content with right-
handed states.    

• Dark matter: among last evidences 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 2018 - 50 /fb 2026 - 300 /fb ~2040- 3000 /fb

Legend and disclaimer: 

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

LHC Run I LHC Run III, … HL-LHC
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Landscape of future colliders - Flavour_centered 

LHC(b) LHC(b) upgrade I LHCb Upgrade II 

2019 - 9 /fb ~2030-  50/fb ~2040 - 300 /fb

Belle II

FCC-ee 

2045 - 150 /ab

Comet-Meg& friends. 

KOTO  - NA62 ... 

Legend and disclaimer: 

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

ILC, CLIC, C3 …

ShIP

FCC-hh 
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Landscape of future colliders 

Why large projects are necessary ? 

Are these timescales any reasonable ? 
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Scientific context:  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  t’Hooft 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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Landscape of future colliders 

Why large projects are necessary ? 

Collider Physics for High Energy Physics is 
mandatory to answer the fundamental 
questions. 

Are these timescales any reasonable ? 

If one wants to devise the next-to-HL-LHC, it has 
to be prepared now. 
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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 III 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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Outline of the lecture
 

• Scientific context I: what we think we know.   
              Scientific context II: how do we know what we think we know?  

• Let there be light !  Anticipations (on a subjective basis) about the 
experiments / projects which will shed light on the Beyond SM.

• Lepton flavours at large:  magnetic moments, lepton flavour 
violation, neutrinos & friends. 

• Quark flavours at large: kaons and CKM, charm, beauty.  
• Dark matter, dark matters? Dark matters! Dark Matter ...    

• Introduction to the Future Circular Colliders project or a long term 
vision for the Particle Physics. The fundamental scalar of the 
Nature and the electroweak thresholds. 

Lecture @ TESHEP2023   
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Outline of the lecture
 

• PART I: 
• Scientific context I: what we think we know.   
• Scientific context II: how do we know what we think we know?  

• PART II:  Let there be light !  Flashing some anticipations (on a 
subjective basis) about the experiments / projects which could / will 
shed light on the Beyond SM.   

• PART III: Introduction to the future projects and focus on Circular 
Colliders project or a long term vision for the Particle Physics. The 
fundamental scalar of the Nature and the electroweak thresholds. 

Lecture @ TESHEP2023   
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Outline of the lecture
 

• PART I: 
• Scientific context I: what we think we know.   
• Scientific context II: how do we know what we think we know?  

• PART II:  Let there be light !  Flashing some anticipations (on a 
subjective basis) about the experiments / projects which could / will 
shed light on the Beyond SM.   

• PART III: Introduction to the future projects and focus Circular Colliders 
project or a long term vision for the Particle Physics. The fundamental 
scalar of the Nature and the electroweak thresholds. 

Lecture @ TESHEP2023   
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Let there be light ! 
[Subtitle: there should not be a stone unturned]

• W mass: status  

• Flavour anomalies in b-quark transitions: status

• The (g-2) of the muon:status  

• This list is by far not comprehensive ! Dark matter, axions, 
neutrinos etc…  

Lecture @ TESHEP2023   
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• W mass: where do we stand ?   
© M. Schott. Moriond 2023

Departure from SM 
predictions (CDF) 

Agreement w/ SM 
predictions (others) 

Disagreement b/w CDF 
and others 

Evidence for experimental 
systematic bias 

If one does not understand,  
measure more precisely   

Lecture @ TESHEP2023   
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• g-2 of the muon: where do we stand ?   

© C. Delaunay, Moriond 2023

The difference is far larger than the EW 
corrections 

Strong interaction might still explain it 

Might also hide the New Physics 

Lattice QCD result is also SM !  

Lecture @ TESHEP2023   
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• b-quark flavour anomalies: where do we stand ?   

© C. Langenbruch, Moriond 2023

• The Lepton Flavour Universality breaking evidence in light lepton 
sector has gone with an alternative analysis. 

Lecture @ TESHEP2023   
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• b-quark flavour anomalies: where do we stand ?   

© C. Langenbruch, Moriond 2023

• The other anomalies in b → s transitions are standing (with 
predictions plagued though by QCD). 

Lecture @ TESHEP2023   
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• One historical aparté to conclude this part (2010)  

• Back in early 2010s, the B-factories results had established the KM 
paradigm as a tremendous success of the SM. 

• Yet, a single measurement at the time (it was the first observation 
of B+ → τ+ν) came and has shaken the edifice.    

• It was receiving a “natural” explanation with additional amplitudes 
contributing to the neutral meson mixing processes. 

• The precision improved and SM stroke back but the precision 
nowadays is yet limited at 25% on the BF. 

• Re-enforces the need to get that measurement better and the 
quasi-model-independent NP in mixings at the adequate precision.      

Lecture @ TESHEP2023   
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• One historical aparté to conclude this part (2010)  
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FIG. 1. The past (2003, top left) and present (top right) status of the unitarity triangle in the presence of NP in neutral-meson
mixing. The lower plots show future sensitivities for Stage I and Stage II described in the text, assuming data consistent with
the SM. The combination of all constraints in Table I yields the red-hatched regions, yellow regions, and dashed red contours
at 68.3%CL, 95.5%CL, and 99.7%CL, respectively.

tal and theoretical sides. Our Stage I projection refers
to a time around or soon after the end of LHCb Phase I,
corresponding to an anticipated 7 fb−1 LHCb data and
5 ab−1 Belle II data, towards the end of this decade. The
Stage II projection assumes 50 fb−1 LHCb and 50 ab−1

Belle II data, and probably corresponds to the middle
of the 2020s, at the earliest. Estimates of future experi-
mental uncertainties are taken from Refs. [17, 18, 21, 22].
(Note that we display the units as given in the LHCb and
Belle II projections, even if it makes some comparisons
less straightforward; e.g., the uncertainties of both β and
βs will be ∼ 0.2◦ by Stage II.) For the entries in Ta-
ble I where two uncertainties are given, the first one is
statistical (treated as Gaussian) and the second one is

systematic (treated through the Rfit model [8]). Consid-
ering the difficulty to ascertain the breakdown between
statistical and systematic uncertainties in lattice QCD
inputs for the future projections, for simplicity, we treat
all such future uncertainties as Gaussian.

The fits include the constraints from the measurements
of Ad,s

SL [10, 11], but not their linear combination [23],
nor from ∆Γs, whose effects on the future constraints
on NP studied in this paper are small. While ∆Γs is in
agreement with the CKM fit [10], there are tensions for
ASL [23]. The large values of hs allowed until recently,
corresponding to (M s

12)NP ∼ −2(M s
12)SM, are excluded

by the LHCb measurement of the sign of∆Γs [24]. We do
not consider K mixing for the fits shown in this Section,

Lecture @ TESHEP2023   
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• Beauty Physics has a lot to deliver and 
the experimental programs are rich for 
the next two decades.  

Lecture @ TESHEP2023   
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• Take away messages of the part II 

• There are interesting anomalies that we need to study further 
with the instruments at hand. We need to be modest: a single 
measurement can bring a change of paradigm.    

• Anomalies can be either a biased measurement, a failure of the 
prediction or its precision or New Physics.    

• Theory and experiment should go hand to hand to falsify (or 
better re-enforce) them. 

• Look everywhere !  But prepare the next ground breaking  
experiments.  

Lecture @ TESHEP2023   
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Introduction to the next large scale 
particle Physics apparatus: 

the  FCC project  or a long term vision 
for Particle Physics 

Intermezzo 
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Intermezzo 

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

projects on the table in the world?  

The HL-LHC won’t 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 (or the way we know how 
to go forward). There is a consensus among the community.  

What is not yet consensual is the nature of this collider.      
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Luminosity:  Circular (up to 3 order of magnitude)
Energy:  Linear (up to 3 TeV st. of the Art vs 400 GeV)
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Beam Energy?
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Luminosity:  Circular (up to 3 order of magnitude)
Energy:  Linear (up to 3 TeV st. of the Art vs 400 GeV)
Beam Energy: Circular (down to 45 keV !) 
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Circular vs Linear. Pros and Cons. It’s to you to play.   

Intermezzo 

Luminosity:  Circular (up to 3 order of magnitude)
Energy:  Linear (up to 3 TeV st. of the Art vs 400 GeV)
Beam Energy: Circular (down to 45 keV !) 
Beam Polarisation:  Linear 
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Circular vs Linear. Pros and Cons. It’s to you to play.   
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Circular vs Linear. Pros and Cons. It’s to you to play.   

Intermezzo 
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Circular vs Linear. Pros and Cons. It’s to you to play.   
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Experiments?
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Circular vs Linear. Pros and Cons. It’s to you to play.   

Intermezzo 



Luminosity:  Circular (up to 3 order of magnitude)
Energy:  Linear (up to 3 TeV st. of the Art vs 400 GeV)
Beam Energy: Circular (down to 45 keV !) 
Beam Polarisation:  Linear 
Experiments: Circular (several IPs vs 1).   
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Circular vs Linear. Pros and Cons. It’s to you to play.   

Intermezzo 
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Intermezzo 

Physics program:  

Z pole EWP observables —> Circular. One could argue 
that polarisation is a plus. LEP lesson is that it is not. 

WW threshold —>  Circular (need beam energy and lumi.)

ZH threshold —>  Circular (need beam energy and lumi.)

tt threshold —>  Circular for top mass (need beam energy 
and lumi.) One could argue that polarisation is a plus.

Above tt  threshold —>  Only Linear at an affordable cost.
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High energy 

H and top factory 

FCC-ee
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• CepC: e+e- collisions at 240 GeV. 
• SppC:  pp  collisions at 50-70 TeV.  

• ILC: longstanding project.  Japan delayed the 
commitment. 

FCC-ee
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FCC project: the Menu 

1)Introduction 

2)Executive summary of exquisite Physics. 

3)Implementation. 

Patrick Janot 
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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.  
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1. Introduction to FCC: the scope of the project 
The Design Study is completed and fulfilled the mandate

12
Future Circular Collider Study
Michael Benedikt
Physics at FCC, 4 March 2019

Status of Global FCC Collaboration

25
Companies

34
Countries

133
Institutes

EC
H2020

13
Future Circular Collider Study
Michael Benedikt
Physics at FCC, 4 March 2019

• FCC-Conceptual Design Reports:
• Vol 1 – Physics,    Vol 2 – FCC-ee,    Vol 3 – FCC-hh,    Vol 4 – HE-LHC

• Preprints available since 15 January 2019 on http://fcc-cdr.web.cern.ch/

• CDRs accepted for publication in                                                                    
European Physical Journal C (Vol 1) and ST (Vol 2 – 4)

• Summary documents provided to EPPSU SG in December 2018
• FCC-integral, FCC-ee, FCC-hh, HE-LHC

• Accessible on http://fcc-cdr.web.cern.ch/

FCC CDR and Study Documentation
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2. Executive Summary by Physics thresholds.
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• The FCC-ee offers the largest luminosities in its whole energy range. 

• We‘re speaking here of 105 Z/s , 104 W/h,  1.5 103 H and top /d, in a very 
clean environment: no pile-up, controlled beam backgrounds, E and p 
constraints, without trigger.   

2. Luminosity figure 
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• The FCC-ee offers the largest luminosities in its whole energy range. 

• We‘re speaking here of 105 Z/s , 104 W/h,  1.5 103 H and top /d, in a very 
clean environment: no pile-up, controlled beam backgrounds, E and p 
constraints, without trigger.   

2. Luminosity figure 
Pierre Astier  
Salut Stephane!  Mais c’est magnifique ! Let’s do this ! 
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2. Big picture. 
Z 
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• Ultimate quantum completeness 
consistency test of the SM. 

• The improvements in theory 
prediction precision is part of the 
FCC program. 
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2. The Z pole — 1 
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• Ultimate quantum completeness 
consistency test of the SM. 

• The improvements in theory 
prediction precision is part of the 
FCC program. Precision 1.4 GeV. 
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2. The Higgs factory

• Two energy points (240 and 360 GeV) for the program

• Invincible precision on the absolute couplings and width. Interplay with HL-LHC. 
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2. The top threshold

• Can get the top quark mass at the level 
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2. The top threshold

Sergei Barsuk  
Bonjour Stephane!  Topiful ! Let’s go ahead ! 

• Can get the top quark mass at the level 
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2. The Z pole — 2 

• The FCC-ee statistics and the capacity to fully reconstruct the decay even in the 
absence of the neutrinos allows to address FCNC transitions with tau in the final 
state. The reconstruction of the mode B0 → K*0	τ+τ-  as a benchmark has received 
a special attention in the FCC-ee context.  The tau Physics as well. 

• Third generation couplings still to be tested. FCC-ee is the place to be. 
FLAVOUR PHYSICS MEASUREMENTS

Figure 7.2: Branching fraction of t! enn versus t lifetime. The current world averages of the direct mea-
surements are indicated with the blue ellipse. Suggested FCC-ee precisions are provided with the yellow
ellipse. The SM functional dependence of the two quantities, depending on the t mass, is displayed by
the red band.

7.1.2 Lepton Flavour Violation in Z-boson Decays and Tests of Lepton Flavour Universality

The observation of LFV in Z-boson decays, Z!eµ, µt or et would provide indisputable evidence for
physics beyond the SM, e.g. the existence of new particles such as sterile neutral fermions. This scenario
is particularly attractive since it could address all the outstanding experimental or observational argu-
ments for BSM physics: neutrino masses and mixing, a potential dark matter candidate, and the origin
of baryonic asymmetry in the universe through leptogenesis [193, 194]. The search for LFV Z decays is
also complementary to the direct searches for heavy neutral fermions.

A phenomenological study [195] has been undertaken to study the potential of FCC-ee to probe
the existence of sterile neutral fermions in light of the improved determination of neutrino oscillation
parameters, the new bounds on low-energy LFV observables as well as cosmological bounds. This work
also addressed the complementarity of these searches with the current and expected precision of similar
searches at lower energy experiments. The best sensitivity to observe or constrain LFV in the eµ sector is
then obtained by the experiments based on the muon-electron conversion in nuclei [196]. In contrast, the
study of the decays Z!et and Z!µt would provide unique insight in connection to the third generation.
This goes beyond the models of sterile neutral fermions and can also probe e.g. the leptoquark mediators
advocated as a possible resolution of the flavour anomalies.

The current limits [197–200] on LFV Z decays sit in the ballpark of O(10
�6–10

�5
). The FCC-ee

would improve them by several orders of magnitude and could probe BSM predictions down to O(10
�9

)

branching fractions [201].
The very large samples of t decays at FCC-ee will also allow for significantly improved tests of

Lepton Flavour Universality (LFU). Firstly, the ratio of the weak charged current couplings between
muons and electrons, gµ/ge, can be extracted from the ratio of the partial widths of the two leptonic
decay modes, t!µnn and t!enn. The LEP data [202–206] support LFU to a precision of 0.14 % [207].
Secondly, the ratio of the weak couplings between t and electron (muon) can be extracted from the ratio
of the partial widths of t!enn (t!µnn) and µ!enn. Current measurements support this universality to a
precision of 0.15 % [207], with an uncertainty dominated by the measurement of the t leptonic branching
fractions and lifetime [208]. These will be reduced at FCC-ee, thanks to a factor of 100 improvement in

DRAFT - NOT FOR DISTRIBUTION
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2. The Z pole — 2 

• The FCC-ee statistics and the capacity to fully reconstruct the decay even in the 
absence of the neutrinos allows to address FCNC transitions with tau in the final 
state. The reconstruction of the mode B0 → K*0	τ+τ-  as a benchmark has received 
a special attention in the FCC-ee context.  The tau Physics as well. 

• Third generation couplings still to be tested. FCC-ee is the place to be. 

Achille Stocchi    
Caro Stephane!  Fantastico!  Forza!

FLAVOUR PHYSICS MEASUREMENTS

Figure 7.2: Branching fraction of t! enn versus t lifetime. The current world averages of the direct mea-
surements are indicated with the blue ellipse. Suggested FCC-ee precisions are provided with the yellow
ellipse. The SM functional dependence of the two quantities, depending on the t mass, is displayed by
the red band.

7.1.2 Lepton Flavour Violation in Z-boson Decays and Tests of Lepton Flavour Universality

The observation of LFV in Z-boson decays, Z!eµ, µt or et would provide indisputable evidence for
physics beyond the SM, e.g. the existence of new particles such as sterile neutral fermions. This scenario
is particularly attractive since it could address all the outstanding experimental or observational argu-
ments for BSM physics: neutrino masses and mixing, a potential dark matter candidate, and the origin
of baryonic asymmetry in the universe through leptogenesis [193, 194]. The search for LFV Z decays is
also complementary to the direct searches for heavy neutral fermions.

A phenomenological study [195] has been undertaken to study the potential of FCC-ee to probe
the existence of sterile neutral fermions in light of the improved determination of neutrino oscillation
parameters, the new bounds on low-energy LFV observables as well as cosmological bounds. This work
also addressed the complementarity of these searches with the current and expected precision of similar
searches at lower energy experiments. The best sensitivity to observe or constrain LFV in the eµ sector is
then obtained by the experiments based on the muon-electron conversion in nuclei [196]. In contrast, the
study of the decays Z!et and Z!µt would provide unique insight in connection to the third generation.
This goes beyond the models of sterile neutral fermions and can also probe e.g. the leptoquark mediators
advocated as a possible resolution of the flavour anomalies.

The current limits [197–200] on LFV Z decays sit in the ballpark of O(10
�6–10

�5
). The FCC-ee

would improve them by several orders of magnitude and could probe BSM predictions down to O(10
�9

)

branching fractions [201].
The very large samples of t decays at FCC-ee will also allow for significantly improved tests of

Lepton Flavour Universality (LFU). Firstly, the ratio of the weak charged current couplings between
muons and electrons, gµ/ge, can be extracted from the ratio of the partial widths of the two leptonic
decay modes, t!µnn and t!enn. The LEP data [202–206] support LFU to a precision of 0.14 % [207].
Secondly, the ratio of the weak couplings between t and electron (muon) can be extracted from the ratio
of the partial widths of t!enn (t!µnn) and µ!enn. Current measurements support this universality to a
precision of 0.15 % [207], with an uncertainty dominated by the measurement of the t leptonic branching
fractions and lifetime [208]. These will be reduced at FCC-ee, thanks to a factor of 100 improvement in
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2. And so much more 

arXiv:1411.5230 

Production mechanism and decay
• Sterile neutrinos are produced by Z0 ⇥ �� with a neutrinos mixing with

the sterile

• Number of N = 2�NZ0 �BR(Z0 ⇥ ��)� U2 � Eff(U2,M)

Two possible experimental signature

• The decays are N � ⇥+⇥�0� and N � ⇥qq (lepton and two jets)

• Lifetimes depends on 1
U2 and 1

M5

7
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arXiv:1411.5230 

Production mechanism and decay
• Sterile neutrinos are produced by Z0 ⇥ �� with a neutrinos mixing with

the sterile

• Number of N = 2�NZ0 �BR(Z0 ⇥ ��)� U2 � Eff(U2,M)

Two possible experimental signature

• The decays are N � ⇥+⇥�0� and N � ⇥qq (lepton and two jets)

• Lifetimes depends on 1
U2 and 1

M5

7

Alexander Korchin 
Привіт, Стефане! Чудово! And ALPS as well! 
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3. Implementation
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• Machine footprints, experimental caverns, geological studies 

83

3. The FCC implementation — Civil engineering  
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3. The FCC implementation — Timelines  

• Eighteen years towards Physics.  Without human and financial 
constraints,  one would do particle physics seamlessly

FCC-ee

FCC-hh
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• Eighteen years towards Physics.  No overlap in Physics between the 
end of HL-LHC and FCC-ee. The big picture. 

• Is it crazy to plan a Physics program for seventy years? 

3. The FCC implementation — Timelines  
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• Is it reasonable to plan a Physics program for seventy years? It was.   

• The previous HEP European planning was only for … 60 years !    

3. The FCC implementation  
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3. The FCC implementation — Cost  

19
Future Circular Collider Study
Michael Benedikt
Physics at FCC, 4 March 2019

FCC-ee cost estimate

FCC-ee (Z, W, H, t): capital cost per domain

Civil Engineering 5400 MCHF, 47% Technical Infrastructure 2200 MCHF, 19%

Machine & injector 4000 MCHF, 34%

FCC-ee (Z, W, H): capital cost per domain

Civil Engineering 5400 MCHF, 51% Technical Infrastructure 2000 MCHF, 19%

Machine & injector 3100 MCHF, 30%

Total construction cost phase1 (Z, W, H) amounts to 10,500 MCHF
- 5,400 MCHF for civil engineering (51%)
- 2,000 MCHF for technical infrastructure (19%)
- 3,100 MCHF accelerator and injector (20%)

Complement cost for phase2 (tt) amounts to 1,100 MCHF
- 900 MCHF for RF, 200 MCHF for associated technical infrastructure
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3. The FCC implementation — Cost  

19
Future Circular Collider Study
Michael Benedikt
Physics at FCC, 4 March 2019

FCC-ee cost estimate

FCC-ee (Z, W, H, t): capital cost per domain

Civil Engineering 5400 MCHF, 47% Technical Infrastructure 2200 MCHF, 19%

Machine & injector 4000 MCHF, 34%

FCC-ee (Z, W, H): capital cost per domain

Civil Engineering 5400 MCHF, 51% Technical Infrastructure 2000 MCHF, 19%

Machine & injector 3100 MCHF, 30%

Total construction cost phase1 (Z, W, H) amounts to 10,500 MCHF
- 5,400 MCHF for civil engineering (51%)
- 2,000 MCHF for technical infrastructure (19%)
- 3,100 MCHF accelerator and injector (20%)

Complement cost for phase2 (tt) amounts to 1,100 MCHF
- 900 MCHF for RF, 200 MCHF for associated technical infrastructure

Marie-Hélène Schune  
Excellent! Il est temps de conclure.   
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Summaries
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Scientific context: scenarii

1) Find a new heavy particle at the Run III 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 end of Run III analyses 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. 

We are orphan of a no-loose theorem. We should try to build another 
one to find the next relevant energy scale. Some hints are there. 

Meanwhile, we need to not leave a stone unturned. Flavour anomalies,  
(c)LFV experiments, edms, neutrinos … 

You are entering in the field at fascinating times!   
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Summary: think out of the box !  
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Summary: and design the appropriate experiments!

Cerenkov effect 


