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- The future of opportunities



Where are we in HEP?

03/11/2022

After the discovery of Higgs the SM is complete!



Where are we in HEP?

SM cannot be the final 
theory of particle physics:
- neutrino oscillations
- dark matter, dark energy
- CP violation
- Hierarchy problem, fine tunning 

Where are we in HEP?

Something is clearly missing in SM and we have 
to find it!!
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The Standard Model is a very consistent and complete theory. 
It explains all known collider phenomena and almost all particle physics (except n’s)  
          – this was beautifully verified at LEP, SLC, Tevatron and the LHC.
          -- the EWPO radiative corrections predicted top and Higgs masses  
                              assuming SM and nothing else 
we can even extrapolate the Standard Model all the way to the the Plank scale :
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Some signs of New Physics in Flavour sector?

IT LOOKS LIKE THE 
STANDARD MODEL  
IS COMPLETE.....

NB in fact we know from 
oscillations and cosmology 
that  all 3 neutrino masses 
are less than ~0.1 eV
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Some signs of New Physics in Flavour sector?

B→K* μμ

Rk= Br(B→Kμμ)/Br(B→Kee)

Some signs of New Physics in Flavour sector?
There is a set of 
consistent 
discrepancy in the 
b→s ll transitions
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Some signs of New Physics in Flavour sector?

B→K*+ μμ
This is all very 
promising but cannot 
give definite answer 
about the final theory 
of particle physics!
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The Physics Landscape

 We are in a fascinating situation: where to look and what will we find? 

For the first time since Fermi theory, WE HAVE NO SCALE

The next facility must be versatile with as broad and powerful reach as possible, 
as there is no precise target

          more Sensitivity, more Precision, more Energy

FCC , thanks to synergies and complementarities, offers 
the most versatile and adapted response to today’s physics landscape, 
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2/27/21 Alain Blondel  FCC Challenges 11

Dark Matter exists. It is made of very long lived neutral particle(s).
  Plausible candidates:

indirect detection
direct detection
Particle physics sterile neutrino

UL scalar, axion

WIMP

Cirelli



Principle avenues to seek new physics phenomena
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The European Strategy
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The FCC integrated program at CERN
             inspired by successful LEP – LHC

Comprehensive cost-effective program maximizing physics opportunities
• Stage 1: FCC-ee (Z, W, H, tt) as first generation Higgs EW and top factory at highest luminosities.
• Stage 2: FCC-hh (~100 TeV) as natural continuation at energy frontier, with ion and eh options.
• Complementary physics
• Integrating an ambitious high-field magnet R&D program 
• Common civil engineering and technical infrastructures
• Building on and reusing CERN’s existing infrastructure.
• FCC-INT project plan is fully integrated with HL-LHC  exploitation 
     and provides for seamless continuation of HEP
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Is the history repeating itself…?
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• FCC-Conceptual Design Reports:
• Vol 1 – Physics  
• Vol 2 – FCC-ee,    
• Vol 3 – FCC-hh,    
• Vol 4 – HE-LHC 

• 1338 authors
• Preprints since 15 January 2019 on http://fcc-cdr.web.cern.ch/ and INSPIRE

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

• ESPP summaries: FCC-integral, FCC-ee, FCC-hh, HE-LHC    http://fcc-cdr.web.cern.ch/  

 

• FCC-ee «Your questions answered» https://arxiv.org/abs/1906.02693v1 

• “Circular vs linear, another story of complementarity”  arXiv:1912.11871v2

• LOIs to Snowmass, challenges: https://indico.cern.ch/event/951830/

CDR + Documentation

A public presentation of the CDR was given on 4-5 March
at CERN https://indico.cern.ch/event/789349/ 

 FCC Phys. Workshop Jan 20  https://indico.cern.ch/event/838435/ 

 FCC Phys workshop Nov 9-13 2020 https://indico.cern.ch/event/932973/ 

 many further details can be found there!

03/11/2022

http://fcc-cdr.web.cern.ch/
http://fcc-cdr.web.cern.ch/
https://arxiv.org/abs/1906.02693v1
https://arxiv.org/abs/1912.11871v2
https://indico.cern.ch/event/951830/
https://indico.cern.ch/event/951830/
https://indico.cern.ch/event/789349/
https://indico.cern.ch/event/789349/
https://indico.cern.ch/event/838435/
https://indico.cern.ch/event/838435/
https://indico.cern.ch/event/932973/
https://indico.cern.ch/event/932973/
https://indico.cern.ch/event/932973/


05/03/2021

FCC physics program



FCC physics program

Event 
statistics :

  Z peak                    Ecm :   91 GeV            5 1012    e+e- ->   Z   

  WW threshold     Ecm : 161 GeV               108       e+e- ->   WW

  ZH threshold        Ecm : 240 GeV               106       e+e- ->   ZH

tt  threshold         Ecm : 350 GeV               106       e+e- ->t  t

 <100 keV
 <300 keV
    2 MeV
    5 MeV

ECM errors:

  Great energy range for the heavy particles of the Standard Model !!! 

LEP x 105

LEP x 2.103

Never done
Never done
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FCCee Collider Parameters

parameter Z WW H (ZH) ttbar

beam energy [GeV] 45 80 120 182.5
beam current [mA] 1390 147 29 5.4

no. bunches/beam 16640 2000 393 48

bunch intensity  [1011] 1.7 1.5 1.5 2.3
SR energy loss / turn [GeV] 0.036 0.34 1.72 9.21
total RF voltage [GV] 0.1 0.44 2.0 10.9

long. damping time [turns] 1281 235 70 20
horizontal beta* [m] 0.15 0.2 0.3 1
vertical beta* [mm] 0.8 1 1 1.6

horiz. geometric emittance [nm] 0.27 0.28 0.63 1.46

vert. geom. emittance [pm] 1.0 1.7 1.3 2.9

bunch length with SR / BS [mm] 3.5 / 12.1 3.0 / 6.0 3.3 / 5.3 2.0 / 2.5

luminosity per IP [1034 cm-2s-1] 230 28 8.5 1.55

beam lifetime rad Bhabha / BS [min] 68 / >200 49 / >1000 38 / 18 40 / 18
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FCC physics program

B-factories: KEKB & PEP-II:
double-ring lepton colliders, 
high beam currents,
top-up injection

  

DAFNE: crab waist, double ring

SuperB-factories, S-KEKB: low by* 

LEP:  high energy, SR effects

VEPP-4M, LEP: precision E calibration 

KEKB: e+ source 

HERA, LEP, RHIC: spin gymnastics 
combining successful ingredients of several recent colliders 

→ highest luminosities & energies

Marica Biagini
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FCC physics program

• Present baseline position was established considering:
• lowest risk for construction, fastest and cheapest construction 
• feasible positions for large span caverns (most challenging structures)

• More than 75% tunnel in France, 8 (9) / 12 access points in 
France.

• next step  review of surface site locations and machine layout
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Collider placement optimisation

• An overall layout and placement optimisation process 
across both host states that follows the "avoid-reduce-
compensate" directive according to European and French 
regulatory frameworks.

• Process integrates a diverse set of requirements and 
constraints, such as

• performance for the scientific research to be 
competitive at international scale

• civil engineering technical feasibility and subsurface 
constraints

• territorial constraints at surface and subsurface
• nature, accessibility, technical infrastructure and 

resource needs and constraints
• economic factors including the development of 

benefits for and synergies with the regional 
developments

• Work takes place as a collaborative effort by technical 
experts at CERN, consultancy companies and government 
notified bodies
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FCC-tunel integration in arcs

FCC-ee            FCC-hh
    5.5 m inner diameter
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Power consumption

03/11/2022



Power consumption
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Costs

Domain Cost in 
MCHF 

Stage 1 - Civil Engineering  5,400 

Stage 1 - Technical Infrastructure 2,200 

Stage 1 - FCC-ee Machine and Injector Complex 4,000 
  

Stage 2 - Civil Engineering complement 600 

Stage 2 - Technical Infrastructure adaptation  2,800 

Stage 2 - FCC-hh Machine and Injector complex 13,600 
  

TOTAL construction cost for integral FCC project 28,600 

 
Total construction cost FCC-ee (Z, W, H) amounts to 10,500 MCHF & 1,100 MCHF (tt).
- Associated to a total project duration of ~20 years (2025 – 2045)
Total construction cost for subsequent FCC-hh amounts to 17,000 MCHF. 
- Associated to a total project duration of ~25 years (2035 – 2060)       (FCC-hh stand alone 25 

BCHF)
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• Technical schedule of main processes leading to start of construction begin 2030ies
• For proof of principle feasibility: High risk area site investigations, 2022 – 2024
• Followed by update of civil engineering conceptual design and CE cost estimate 2025

Civil Engeneering prepartor activities 2020-2030
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 15 years operation

Project preparation &
administrative processes

Geological investigations, 
infrastructure detailed design and 

tendering preparation

Tunnel, site and technical infrastructure 
construction

FCC-ee accelerator R&D and technical design

FCC-ee detector
construction, installation, commissioning

FCC-ee detector 
technical design

Permis-
sions

Set up of international experiment 
collaborations, detector R&D and 

concept development

FCC-ee accelerator construction, installation, 
commissioning

Funding strategy

Funding and
in-kind 

contribution 
agreements

FCC-hh detector
construction, installation, commissioning

FCC-hh detector R&D,
technical design

Update
Permis
sions

FCC-hh accelerator construction, 
installation, commissioning

FCC-ee dismantling, 
CE & infrastructure 
adaptations FCC-hh

Funding and
in-kind 

contribution 
agreements

FCC-hh accelerator R&D and 
technical design

34 35 36 37 38 39 40 41 42 43 ~ 25 years operation 70

12 years operation 8+2 years installation

76 89
28 years operation

2000 2010

15 years operation

203881     <-  construction  ->

64

203820

SC wire and 16 T magnet 
R&D, model magnets, 
prototypes, preseries

16 T dipole magnet
series production

Superconducting wire and magnet R&D
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FCC physics program

Event 
statistics :

  Z peak                    Ecm :   91 GeV            5 1012    e+e- ->   Z   

  WW threshold     Ecm : 161 GeV               108       e+e- ->   WW

  ZH threshold        Ecm : 240 GeV               106       e+e- ->   ZH

tt  threshold         Ecm : 350 GeV               106       e+e- ->t  t

 <100 keV
 <300 keV
    2 MeV
    5 MeV

ECM errors:

  Great energy range for the heavy particles of the Standard Model !!! 

LEP x 105

LEP x 2.103

Never done
Never done
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LHC is the Higgs factory!!!

THE LHC is a Higgs Factory…BUT

relative error scales with
1/purity and 1/efficiency of signal

We don’t know this until measured directly 
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Higgs production mechanism

e+

e-

Z*

Z

H

For a Higgs of 125GeV, a centre of mass energy of 240-250 GeV is optimal
 kinematical constraint near threshold for high precision in mass, width, selection purity 

Z – tagging 
   by missing mass 

“higgstrahlung” process close to threshold
Production xsection has a maximum at near threshold ~200 fb
           1.7 1035/cm2/s  =>  340’000 HZ events per year. 
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Higgs production mechanism

106 e+e- → ZH events with 5 ab-1
● Target : few per-mil precision, statistics-limited.
● Complemented with 200k events at √s = 350 – 365 GeV
             Of which 30% in the WW fusion channel (useful for the ΓH precision)

LEP 

03/11/2022



Higgs – missing mass
total rate                             gHZZ

2

ZZZ final state                     gHZZ
4/ H

 measure total width          H

gHZZ  to 0.2% and many other partial widths 

empty recoil = invisible width
‘funny recoil’ = exotic Higgs decay
easy control below theshold   e+

e-

Z*

Z

H
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(*)see M. Selvaggi, 3d  FCC physics workshop,  
9% precision in 3 years of FCC-hh running, 2004.03505v1

FCC-hh > 1010 H produced, +
FCC-ee measurement of gHZZ 

   gHHH , gH  , gHZ  , gH  ,  BRinv

}
ee

ee
hh
ee

}

FCCee + FCChh unbetable!
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e+e- -> H @ 125.xxx GeV requires
-- Higgs mass to be known to <5 MeV from 240 GeV run (CEPC group almost there)
-- Huge luminosity 
-- monochromatization (opposite sign dispersion using magnetic lattice) to reduce ECM

-- continuous monitoring and  adjustment of ECM  to  MeV precision (transv. Polar.)

-- an extremely sensitive event selection against backgrounds 
-- a generous lab director to spend 3 years doing this and neutrino counting

Unique measurement!
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Detectors

Two integration, performance and cost estimates:
    -- Linear Collider Detector group at CERN has undertaken the adaption of 
         CLIC-SID detector for FCC-ee 
     --  IDEA, detector specifically designed for FCC-ee (and CEPC) 

SiD at ILC, CLD at FCC-ee                IDEA at FCC-ee & CEPC 

Detectors can be done and work for the FCC-ee but physics optimization remains to be done.  

Many challenges to come mainly because of the Z run. 
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The Z peak
Is the most unique, most challenging and (once you get used to it) 
                        the most promising part of the program!

Today we do not know how nature will surprise us. A few things that FCC-ee could discover : 
EXPLORE  10-100 TeV energy scale (and beyond) with Precision Measurements  
-- ~20-100 fold improved precision on many EW quantities    (equiv. to factor 5-10 in mass)
              mZ,  mW, mtop , sin2 w

eff , Rb , QED (mz) s (mz mW ), Higgs and top quark couplings 

              model independent «fixed candle» for Higgs measurements, ee-H coupling. 

DISCOVER a violation of flavour conservation or universality and unitarity of PMNS @10-5

          --  ex FCNC  (Z --> mu tau  , et)  in 5 1012  Z decays  and  t BR in 2 1011 Z-> tt 
                   + flavour physics (1012 bb events)     (B-> tt etc..)            

DISCOVER dark matter as «invisible decay» of H or Z  (or in LHC loopholes)  

DISCOVER very weakly coupled particle in 5-100 GeV energy scale 
                   such as: Right-Handed neutrinos,  Dark Photons, ALPS, etc…

+ and many opportunities in – e.g.  QCD          (as @ 10-4, fragementations, H gg)  etc…. 

NB Not only a «Higgs Factory»! «Z factory» and «top» are important for ‘discovery potential’



Flavour Physics – holy grail hunt
If the flavour anomalies are true this
 is the holy grail of NP

1000 events expected in FCCee!!!!
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-^- EFT D6 operators (some assumptions) 
-^- Higgs and EWPOs are complementary
-^- top quark mass and couplings essential! 
(the 100km circumference is optimal for this)
<-- systematics are preliminary 
    (aim at reducing to systematics) 
<-- tau, b, and c observables still to be added
<-- complemented by high energy FCC-hh 
Theory work is critical and initiated 1809.01830

 

Precision EW measurements: 
                               is the SM complete?

The opportunities The challenges
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The Flavour Factory

Progress in flavour physics wrt SuperKEKb/BELLEII requires > 1011  b pair events, 
        FCC-ee(Z): will provide ~1012 b pairs. “Want at least 5 1012 Z…” 
   --  precision of CKM matrix elements 
   --  Push forward searches for FCNC, CP violation and mixing 
   --  Study rare penguin EW transitions such as b ➝s 𝜏+ 𝜏-  ,  spectroscopy (produce b-baryons, Bs …)
   -- Test lepton universality with 1011 𝜏 decays (with 𝜏 lifetime, mass, BRs) at 10-5 level, LFV to 10-10

  -- all very important to constrain / (provide hints of) new BSM physics.
 
             need special detectors (PID);  a story to be written! 

The 3.5 × 1012 hadronic Z decay also provide precious input for QCD studies
   High-precision measurement of s(mZ) with Rℓ  in Z and W decay, jet rates, 𝜏 decays, etc. : 10 -- 3  ➝10 -- 4

  huge √s lever-arm between 30 GeV and 1 TeV (FCC vs ILC), fragmentation, baryon production ….   
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at least 3 pieces are still missing

Since 1998 it is established that neutrinos have mass (oscillations)
and this very probably implies new degrees of freedom 
 «sterile», very small coupling to known particles
completely unknown masses (eV to ZeV), nearly impossile to find. 
               .... but could perhaps explain all: DM, BAU,n-masses 
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FCC for hunting RHN neutrinos https://arxiv.org/abs/2011.01005

FCCee is the only experiment that can reach 
the See Saw bound
No background for this kind of processes.
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=> FCC has just started to discover its physics potential.

=> Much much more studies to be conducted.

=> Unique opportunities in Higgs, EW, Flavour Physics.

=> Detector optimization moving forward.

=> More groups and countries are joining.

 

Conclusions

The Future Circular Collider Innovation Study (FCCIS) receives funding from the European Union’s Horizon 2020 research and innovation programme under grant No 951754. 
The information herein only reflects the views of its authors and the European Commission is not responsible for any use that may be made of the information.
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