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THE PHYSICS LANDSCAPE 

➤ Particle Physics has arrived at an important moment of its History:


➤ It looks like the Standard Model is complete and consistent theory

➤ It describes all observed collider phenomena – and actually all particle physics (except neutrino masses)


➤ Was beautifully verified in a complementary manner at LEP, SLC, Tevatron, and LHC

➤ EWPO radiative corrections predicted top and Higgs masses assuming SM and nothing else


➤ With mH = 125 GeV, it can even be extrapolated to the Plank scale without the need of New Physics. 

➤ Is it the END ? 

2

1989-1999:

Top mass predicted

           (LEP mZ and ΓZ)

Top quark observed

       at the right mass

          (Tevatron, 1995)

Nobel Prize 1999

          (t’Hooft & Veltman)

1997-2013:

Higgs mass cornered

         (LEP EW + Tevatron mtop , mW)

Higgs boson observed

       at the right mass

          (LHC 2012)

Nobel Prize 2013

         (Englert & Higgs)
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WHY NEW COLLIDER(S) / EXPERIMENTS?

➤ We need to extend mass & interaction reach for those phenomena that SM 
cannot explain:

➤ Dark matter


➤ SM particles constitute only 5% of the energy of the Universe

➤ Baryon Asymmetry of the Universe


➤ Where is anti-matter gone?

➤ Neutrino Masses


➤ Why so small? Dirac/Majorana? Heavier right-handed neutrinos?  At what 
mass? 

3

These facts require Particle Physics explanations 
We must continue our quest, but HOW ? 
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WHICH TYPE OF COLLIDER? 

➤ A combination of lepton and hadron colliders provides: 

➤ Largest luminosity 

➤ highest parton energy

➤ synergies and complementarities between  and pp (and more…)


➤ FCC integrated project offers an appropriate answer to these 
needs 

e+e−

4

More SENSITIVITY, more PRECISION, more ENERGY

● Energy: direct access to new resonances

● Precision:  indirect evidence of deviations at low and 

high energy. 
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THE FUTURE: THE FCC INTEGRATED PROJECT 

➤ Build a new 91km tunnel in the Geneva region

➤ Ultimate goal: highest energy reach in pp 

collisions, 100 TeV

➤ need time to develop the technology to get there


➤ First step: extreme precision circular  e+e- 
collider (FCC-ee)

➤ variable collision energy from 90-360 GeV 

(beyond top threshold) 

➤ As for the LEP+LHC, one tunnel for two 

complementary machines covering the 
largest phase space in the high energy 
frontier 
➤ a complete physics program until the end of the 

century

5
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OPTIMIZED PLACEMENT AND NEW LAYOUT: ~91 KM

➤ New four-fold periodicity and increased FCC-ee / FCC-hh synergies: 
opens the possibility of four experiment sites at FCC-ee

➤ Same experimental areas and positions for FCC-ee and FCC-hh interaction points 6

PA

PD

PG

PJ

Collider RF

Booster RF

Slide from P. Janot 



THE FCC-ee
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e+e- VS pp COLLISIONS - THE BASICS

8

e+e- collisions p-p collisions
e+/e- are point-like

 Initial state well defined (E, p), polarisation

 High-precision measurements

Proton is compound object 
 Initial state not known event-by-event

 Limits achievable precision

Clean experimental environment

 Trigger-less readout

 Low radiation levels

High rates of QCD backgrounds 
 Complex triggering schemes

 High levels of radiation

Superior sensitivity for electro-weak states High cross-sections for colored-states

- At lower energies (≲ 350 GeV) , circular e+e- 

   colliders can deliver very large luminosities. 
- Higher energy (>1TeV) e+e- requires linear collider.

High-energy circular pp colliders feasible
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THE UNIQUENESS OF FCC-ee

9

Optimal energy range for SM particles

Sharpen and challenge our knowledge of already existing physics Serve up to 4 interaction points


Net overall gain in MW
/ab -1 or CO2-eq/ab -1 


Essential redundancy for precision measurements


May satisfy all detector requirements


Increase discovery potential


Enhance the community (FCC/CERN clients)

High
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Precise and continuous √s, √s spread, boost determination 

Both with resonant depolarisation (RDP) and  with collision events in up to four detectors


Essential for precision measurements

Z                           WW                       ZH                            tt

e+e− ➝   H125 ?

√s Monochromatisation
Unique opportunity for electron Yukawa RDP + in situ In situ only

LEP1 statistics in a few minutes

Detector calibration/alignment at all √s 

With respect to linear collider’s 1st stage 

( )

–

Motivates the competition

Luminosity is the name of the game 

(~C3)

(~CEPC 50 MW)

(Lumi × 1.7)

ILC CLIC

FCC-ee

Slide from P. Janot 
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BASELINE RUN SCENARIO WITH 2IPs (FROM CDR)

➤ Numbers of events in 15 years, tuned to maximise the physics outcome:


➤ Exact durations depend on a number of factors (to be studied by the FCCC in 2048-2063)

➤ Overall duration: Are the FCC-hh magnets ready ? New physics in FCC-ee data ? 

➤ Step duration: What is the actual luminosity at each √s? How many IPs?  Alternative physics 

optimization?


➤ Exact sequence of events is a multi-faceted issue (which can also be decided later)

10

  ZH maximum        √s ~ 240 GeV        3 years             106      e+e− ➝   ZH

tt  threshold          √s ~ 365 GeV        5 years             106       e+e− ➝tt

  Z peak                  √s ~   91 GeV        4 years           5 x 1012     e+e− ➝   Z   

  WW threshold+    √s ≥ 161 GeV       2 years         > 108        e+e− ➝   W+W−

 [s-channel H            √s = 125 GeV      5? years        ~5000    e+e− ➝   H125 ]

Never done
Never done
LEP x 105

LEP x 103

Never done

  2 MeV

  5 MeV 

< 50 keV
< 200 keV
< 100 keV

√s uncertainty
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FCC-ee PHYSICS PROGRAMME WITH 2 IPs AND 15 YEARS

➤ Arguably enough physics for 4 IPs (and for a longer time, if needed)

11

ILC240


CLIC380

CLIC380

Programme also accessible

to linear collider’s first stage

Programme also accessible

to linear collider’s first stage

Programme optimally done

with circular collider’s first stageSlide from C. Grojean @ FCC Week’22

11 yrs

8 yrs

FCC-ee:        3 yrs

FCC-ee:        5 yrs

FCC-ee: 6 yrs

Rare/forbidden decays
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PROTO-DETECTOR CONCEPTS

12

• CLIC detector -> CLD

• 2T solenoid outside 

Calo

• Full Si vtx + tracker

• CALICE-like calo 

• RPC muon system

• 2T thin solenoid within Calo

• Si vtx detector

• Ultra light drift chamber

• Dual Readout calo+preshower

• Possible crystal ECAL

• MPGD ( -rwell) muon systemμ

• High granularity ECAL

• Pb+Lar (or W+LKr)


• Drift chamber (or Si) tracker; 
CALICE-like HCAL; muon sys. 


• Coil in same cryostat as LAr

1911.12230, 1905.02520 CERN-ACC-2018-0057
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HIGGS PRODUCTION AT FCC-ee

13
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FCC-ee AS A HIGGS FACTORY AND BEYOND

➤ FCC-ee measures gHZZ to 0.2% (absolute, 
model-independent, standard candle) from σZH 
➤ ΓH, gHbb , gHcc , gHττ , gHWW follow  
➤ Standard candle fixes all HL-LHC couplings


➤ FCC-hh produces over 1010 Higgs bosons

➤ (1st standard candle ➝) gHµµ , gHγγ , gHZγ , Brinv


➤ FCC-ee measures top EW couplings (e+e− ➝ tt)

➤ Another standard candle


➤ FCC-hh produces 108 ttH and 2. 107 HH pairs

➤ (2nd standard candle ➝) gHtt and gHHH


➤ FCC-ee + FCC-hh is outstanding

➤ All accessible couplings with per-mil precision; 

self-coupling with per-cent precision

14

−

ee

ee

ee
pp

pp

Higgs provides a very good reason why we need both e+e−  AND  pp colliders

FCC-ee is also the most 
effective way toward FCC-hh 
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EXAMPLE “CASE STUDY”: HIGGS  MASS AND CROSS SECTION

15

Recoil mass affected by : 
-  The beam energy spread 
-  The momentum resolution  (and the ISRs for the tail) 
Higgs mass measurement: 

 i.e. 4 MeV desirable in view of Δ(mH) < O(ΓH) e+e− → H

2107.04509e+e− → ZH, Z → μμ
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EXAMPLE “CASE STUDY”: HIGGS COUPLINGS TO b/c/s-QUARKS AND 
GLUONS

➤ A must for any Higgs factory 

➤ Precise measurement of all Higgs couplings to ff, VV 

➤ H(cc), H(gg) won’t be measured at HL-LHC 


➤ Flavour tagging is the key  
➤ Algorithms based on state-of-the-art advanced 

Neural Networks

➤ Requirements on Detector:  

➤ Position of innermost layer of vertex 

➤ Particle ID capabilities (timing?) 

16

2202.03285
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HIGGS SELF-COUPLING

➤ Traditionally kλ measured in double Higgs production at higher energies. 

➤ Statistics-limited sensitivity comes from σee➝ZH measurements at 240 and 365 GeV


➤ Thanks to the relative change with centre-of-mass energy

17

κλ κλ

+
38 CHAPTER 3. ELECTROWEAK PHYSICS

0 10 20 30 40 50
 [%]3κ68% CL bounds on 

CLIC

CEPC

ILC

FCC-ee

FCC-ee/eh/hh

HE-LHC

HL-LHC

under HH threshold

under HH threshold

di-Higgs single-Higgs

All future colliders combined with HL-LHC

50%
HL-LHC

50%
HL-LHC

[10-20]%
HE-LHC

50%
HE-LHC

5%
FCC-ee/eh/hh

25%
FCC-ee/eh/hh

15%
LE-FCC

n.a.
LE-FCC

-17+24%
    3500FCC-eh

n.a.
    3500FCC-eh

 24%
     4IP

365FCC-ee

 33%
     365FCC-ee

 49%
     240FCC-ee

10%
1000ILC

36%
1000ILC

27%
 500ILC

38%
 500ILC

 49%
 250ILC

 49%
CEPC

-7%+11%
3000CLIC

49%
3000CLIC

36%
1500CLIC

49%
1500CLIC

 50%
 380CLIC

Higgs@FC WG September 2019

Fig. 3.10: Sensitivity at 68% probability on the Higgs self-coupling parameter k3 at the various
future colliders. All the numbers reported correspond to a simplified combination of the consid-
ered collider with HL-LHC, which is approximated by a 50% constraint on k3. For each future
collider, the result from the single-H from a global fit, and double-H are shown separately. For
FCC-ee and CEPC, double-H production is not available due to the too low

p
s value. FCC-ee

is also shown with 4 experiments (IPs) as discussed in Ref. [75] although this option is not part
of the baseline proposal. LE-FCC corresponds to a pp collider at

p
s = 37.5 TeV.

be achieved based on the developments in the field in the last years, for both e+e� and pp
colliders. Figure 3.2 has already shown that the dominant uncertainties in most Higgs couplings
at the HL-LHC are theoretical, even after assuming a factor of two improvement with respect to
the current state of the art. Higgs couplings will be approaching the percent level at HL-LHC.
At the e+e� Higgs factories detailed measurements of the electroweak Higgs production cross
sections and (independently) of the decay branching ratios will be performed. Higgs couplings
will be probed at approaching the per mille level. At e+e� colliders, a campaign of electroweak
measurements at the Z-pole and at the WW threshold is foreseen. The increase in the number of
Z and WW events with respect to LEP/SLD, as shown in Fig. 3.5, indicates that statistical errors
will decrease by as much as two orders of magnitude at the future machines. As a consequence
of this increased statistical precision, the requirements on the theoretical errors for EWPO [78]
are even more stringent than for precision Higgs physics.

To interpret these precise results significant theoretical improvements in several directions
are required. The first is the increase of the accuracy of fixed order computations of inclusive
quantities, e.g. from next-to-leading-order (NLO) to next-to-next-to-leading order (NNLO) and
beyond. This reduces the so-called intrinsic uncertainties, i.e. those corresponding to the left-
over unknown higher order terms in the perturbative expansion. Another important element is
the accuracy in the logarithmic resummations that are needed to account for effects of multiple
gluon or photon radiation in a large class of observables. In this case, different techniques and
results are available, some numerical and some analytic, of different accuracy (from next-to-
leading log (NLL) to next-to-next-to-leading log (NNLL) and beyond) and applicability. Im-

➤ Estimate with present run plan and 2 IPs: ≥ 
2σ from κλ=0


➤ With 4 IPs and optimization of run plan: 
target ≥ 5σ, δκλ∼20%


➤ With FCC-hh can reach the few % level
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ELECTRON YUKAWA COUPLING: UNIQUE @ FCC-ee

➤ One of the toughest challenges, which requires in particular, at √s = 125 GeV

➤ Higgs boson mass prior knowledge to a couple MeV, requires at least the design lumi at √s = 240 GeV

➤ Huge luminosity,  achievable with with several years of running and possibly 4 IPs

➤ √s monochromatisation : ΓH (4.2 MeV) ≪ natural beam energy spread (~100 MeV)


➤ First studies indicate a significance of 0.4σ with one detector in one year

18

(1): with ISR
(2): δ√s = 6 MeV 
(3): δ√s = 10 MeV 

√s (GeV)

(not yet in the baseline)

e+e− ➝   H

arXiv:1509.02406

L/5

0.6σ

2IPs

1.3σ

4IPs

1.7σ

L×5

3σ

Still working on optimizing luminosity vs monochromatization

= 5 yrs @ √s = 125 GeV

arXiv:2107.02686
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PRECISION EW MEASUREMENTS

➤ Many interconnected measurements

➤ The whole FCC-ee run plan is essential (Z,W,top)

➤ Complementary to Higgs for New Physics

➤ Huge statistics ➝ precision


➤ Real chance of discovery

➤ Most of the work is (will be) on systematics


➤ Experimental and theoretical

19

Z


W


top

arXiv:2106.13885
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SMEFT (D6 operators)

FCC-ee CDR
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illustrated in Fig. 46 where one can see the comparison between direct (i.e. experimental) and indirect
constraints on the fit input parameters given for both the current and HL-LHC scenarios in the MW vs.
mt and the MW vs. sin2 ✓lepte↵ planes respectively.
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[GeV]WM

0.231

0.2315

0.232

0.2325

0.233

le
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H
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 0.00015±= 0.23143 lept
effθ 2sin

 0.007 GeV±= 80.379 WM

Fig. 46: Comparison of the indirect constraints on MW and mt with the current experimental mea-
surements and the expected improvements at the HL-LHC (left). The same in the MW -sin2 ✓lepte↵ plane
(right).

The EWPO, being measured in processes mediated by the exchange of a Z or W boson, are extremely
sensitive to any new physics that modifies the propagation of such particles. This results in a universal
modification of the interactions between the EW gauge bosons and the SM fermions, which, from the
point of view of EWPO, can be described in terms of only three parameters: the well-known S, T , and
U oblique parameters [521]. The study of the constraints on the S, T , and U parameters is one of the
classical benchmarks in the study of EW precision constraints on new physics, and it is well motivated
from a theory point of view, within the context of universal theories. The results of the fit to the S, T ,
and U parameters are given in Table 29. The results are presents in terms of the full (S,T ,U ) fit and also
assuming U = 0, which is motivated in theories where EW symmetry breaking is realised linearly, since
in that case U ⌧ S, T . In both cases the current constraints are compared with the expected precision at
the HL-LHC, which, in some cases, could improve the sensitivity to such new physics effects by up to
⇠ 30%. The results for the ST fit (U = 0) are shown in Fig. 47, illustrating also the constraints imposed
by the different EWPO.

Table 29: Results of the fit for the oblique parameters S, T , U ; and S, T (U = 0). Projections for the
uncertainties at the HL-LHC are given in the last column.

Result Correlation Matrix Precision at HL-LHC
S 0.04± 0.10 1.00 0.09
T 0.08± 0.12 0.90 1.00 0.12
U 0.00± 0.09 �0.62 �0.84 1.00 0.08
S 0.04± 0.08 1.00 0.06
T 0.08± 0.06 0.90 1.00 0.05

(U = 0)

As stressed above, the STU parameterisation only describes universal deformations with respect to

89

New CMS top mass 171.77 ± 0.38 GeV

New CDF W mass  80433.5 ± 6.4 (stat) ± 6.9 (syst) MeV.

M(W) FROM  HL-LHC TO FCC-ee

20

HL-LHC extrapolations

From threshold measurement: 

Lint=12ab-1  E1=157, E2=163


 & ΔM(W) = 0.5MeV ΔΓ(W) = 1.2MeV

Direct reconstruction of M(W) at other energies 
(240, 365) similar stat. uncertainty. Different syst. 

FCC-ee

PDF syst on MW ~2MeV 
with LHeC PDF set

MW = 80.379 ± 0.007 GeV
mt = 172.8 ± 0.4 GeV
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TOP PHYSICS AT FCC-ee

➤ Threshold region allows most precise measurements of top mass, width, and estimate of Yukawa 
coupling. Scan strategy can be optimized  

➤ FCC-ee has some standalone sensitivity to the top Yukawa coupling from the measurements at 

thresholds for a 10% precision (profiting of the better αS).

➤  But, HL-LHC result of about 3.1% already better (with FCC-ee Higgs measurements removing the 

model dependence)

21
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3.2. FUTURE PROSPECTS 35

Fig. 3.8: Expected relative precision of the k parameters and 95% CL upper limits on the
branching ratios to invisible and untagged particles for the various colliders. All values are
given in %. For the hadron colliders, a constraint |kV |  1 is applied, and all future colliders are
combined with HL-LHC. For colliders with several proposed energy stages it is also assumed
that data taken in later years are combined with data taken earlier. Figure is from Ref. [39].

hadron colliders uncertainties on the Higgs production cross section are included. For decay
branching ratios only the parametric uncertainties are included while the intrinsic uncertainties
are neglected, see discussion in Ref. [39] and Sect. 3.2.3.

At the HL-LHC the Higgs boson couplings can be determined with an accuracy of O(1�
3%) in most cases, under the assumption |kV |  1. Ratios of couplings are (mostly) model
independent, and an accuracy of O(1�3%) is expected in many cases [23]. Based on analyses
of final states with large Emiss

T , produced in Higgs VBF and V H (V =W and Z) processes, BRinv
values of 1.9% will be probed at 95% CL. The constraint from the k-fit on the BR to untagged
final states is 4.0% at 95% CL. The HE-LHC improves the precision typically by a factor of
two, although much of the improvement comes from the assumption of a further reduction by a
factor of two in the theoretical uncertainty, scheme S20 [23].

Lepton colliders allow a measurement of the ZH total production cross section, indepen-
dently of its decay making use of the collision energy constraint. This measurement, together
with measurements where the decay products of the Higgs boson are identified, can be inter-
preted as a nearly model-independent measurement of the total decay width. Therefore the
constraint |kV |  1, used for hadron colliders, is not needed for lepton colliders.

Future e+e� colliders improve the accuracy on Higgs coupling determination typically
by factors between 2 and 10, except for kt , kg , kµ and kZg where no substantial improvement
compared to HL-LHC is seen. LHeC achieves a significant improvement for kW , kZ and kb. At
e+e� colliders, the couplings to vector bosons will be probed with a few 0.1% accuracy. Higgs
boson couplings to b-quarks can be measured with an accuracy between 0.5% and 1.0%, a factor
of 2 � 4 better than at the HL-LHC. The coupling to the charm quark, not easily accessible at
HL-LHC, is expected to be measured with an accuracy of O(1%). The various e+e� colliders
do not differ significantly in their initial energy stages.

3.2. FUTURE PROSPECTS 35

Fig. 3.8: Expected relative precision of the k parameters and 95% CL upper limits on the
branching ratios to invisible and untagged particles for the various colliders. All values are
given in %. For the hadron colliders, a constraint |kV |  1 is applied, and all future colliders are
combined with HL-LHC. For colliders with several proposed energy stages it is also assumed
that data taken in later years are combined with data taken earlier. Figure is from Ref. [39].

hadron colliders uncertainties on the Higgs production cross section are included. For decay
branching ratios only the parametric uncertainties are included while the intrinsic uncertainties
are neglected, see discussion in Ref. [39] and Sect. 3.2.3.

At the HL-LHC the Higgs boson couplings can be determined with an accuracy of O(1�
3%) in most cases, under the assumption |kV |  1. Ratios of couplings are (mostly) model
independent, and an accuracy of O(1�3%) is expected in many cases [23]. Based on analyses
of final states with large Emiss

T , produced in Higgs VBF and V H (V =W and Z) processes, BRinv
values of 1.9% will be probed at 95% CL. The constraint from the k-fit on the BR to untagged
final states is 4.0% at 95% CL. The HE-LHC improves the precision typically by a factor of
two, although much of the improvement comes from the assumption of a further reduction by a
factor of two in the theoretical uncertainty, scheme S20 [23].

Lepton colliders allow a measurement of the ZH total production cross section, indepen-
dently of its decay making use of the collision energy constraint. This measurement, together
with measurements where the decay products of the Higgs boson are identified, can be inter-
preted as a nearly model-independent measurement of the total decay width. Therefore the
constraint |kV |  1, used for hadron colliders, is not needed for lepton colliders.

Future e+e� colliders improve the accuracy on Higgs coupling determination typically
by factors between 2 and 10, except for kt , kg , kµ and kZg where no substantial improvement
compared to HL-LHC is seen. LHeC achieves a significant improvement for kW , kZ and kb. At
e+e� colliders, the couplings to vector bosons will be probed with a few 0.1% accuracy. Higgs
boson couplings to b-quarks can be measured with an accuracy between 0.5% and 1.0%, a factor
of 2 � 4 better than at the HL-LHC. The coupling to the charm quark, not easily accessible at
HL-LHC, is expected to be measured with an accuracy of O(1%). The various e+e� colliders
do not differ significantly in their initial energy stages.

➤ Run at 365 GeV used also for measurements of top EWK couplings (at 
the level of 10-2-10-3) and FCNC in the top sector. 
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PHYSICS & DETECTOR REQUIREMENTS HIGGS/EW/TOP
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M. Dam

DETECTOR REQUIREMENTS

DETECTOR REQUIREMENTS

…are these requirements enough to design our best detector? 
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FCC-ee AT THE INTENSITY FRONTIER

➤ TeraZ offers four additional pillars to the FCC-ee Higgs/EW/Top physics programme

23

Flavour physics programme

• Enormous statistics 1012 bb, cc

• Clean environment, favourable kinematics (boost)

• Small beam pipe radius (vertexing)


1. Flavour EWPOs (Rb, AFBb,c) : large improvements wrt LEP

2. CKM matrix, CP violation in neutral B mesons

3. Flavour anomalies in, e.g., b ➝ sττ

Tau physics programme

• Enormous statistics: 1.7 1011 ττ events

• Clean environment, boost, vertexing

• Much improved measurement of mass, lifetime, BR’s


1. τ-based EWPOs (Rτ, AFBpol, Pτ)

2. Lepton universality violation tests

3. PMNS matrix unitarity

4. Light-heavy neutrino mixing

Rare/BSM processes, e.g. Feebly Coupled Particles

Intensity frontier offers the opportunity to directly 

observe new feebly interacting particles below mZ
• Signature: long lifetimes (LLP’s)

• Other ultra-rare Z (and W) decays


1. Axion-like particles

2. Dark photons

3. Heavy Neutral Leptons

Often stat
istic

s-lim
ited


5. 1012 Z is a
 minimum

QCD programme

• Enormous statistics with Z ➝𝓁𝓁, qq(g)

• Complemented by 100,000 H ➝ gg


1. αS(mZ) with per-mil accuracy

2. Quark and gluon fragmentation studies

3. Clean non-perturbative QCD studies

Slide by P. Janot ECFA meeting 19 Nov 2021
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FCC-ee AT THE INTENSITY FRONTIER

➤ … which in turn provide specific detector requirements 

24

Flavour physics programme


• Formidable vertexing ability;  b, c, s tagging

• Superb electromagnetic energy resolution 

• Hadron identification covering the momentum 

        range expected at the Z resonance


Tau physics programme


• Momentum resolution 

Mass measurement, LFV search


• Precise knowledge of vertex detector dimensions

Lifetime measurement


• Tracker and ECAL granularity and e/µ/π separation

BR measurements, EWPOs, spectral functions

Rare/BSM processes, e.g. Feebly Coupled Particles


• Sensitivity to far-detached vertices (mm ➝ m)

1. Tracking: more layers, continuous tracking

2. Calorimetry: granularity, tracking capability


• Larger decay lengths ⇒ extended detector volume

• Full acceptance ⇒ Detector hermeticity


QCD + EW programme


• Particle-Flow reconstruction

• Lepton and jet angular and energy 

resolution ; Lepton ID

More case studies will lead to 


more detector requirements

If all these constraints are met, Higgs and top programme probably OK (tbc)

Slide by P. Janot ECFA meeting 19 Nov 2021
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THE INTENSITY FRONTIER  - FLAVOR PHYSICS 

25

Flavours @ FCC-ee 2

Executive summary — Flavours at FCC-ee

1) Heavy Flavours Production — Comparison w/ Belle II 

2) Flavour anomalies — b—> sll yields and  B0 → K*0�τ+τ-. 
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Figure 7.1: Invariant mass reconstruction of B̄
0 ! K
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(892)t+t� candidates (green line), where

t!3pn⌧ and K⇤ !K+p�, allowing to reconstruct the decay vertices. The two dominant backgrounds
are included: B̄s ! D

+
s D

�

s K
⇤0

(892) (red) and B̄
0 ! D

+
s K̄

⇤0
(892)t�n⌧ (pink).

B̄
0 ! K

⇤0
(892)t+t� are therefore obvious candidates to study. The excellent knowledge of the de-

cay vertices, thanks to the multibody hadronic t decays, allows to fully solve the decay kinematics in
spite of the final-state neutrino. The decay B̄

0 ! K
⇤0

(892)t+t� has been studied using Monte Carlo
events propagated through a fast simulation featuring a parametric FCC-ee detector, with tracking and
vertexing performance inspired from the ILD detector design [191].

Figure 7.1 shows the reconstructed invariant mass distribution of simulated SM signal and back-
ground events corresponding to 5 ⇥ 10

12 Z-bosons. More than a thousand reconstructed events can be
expected at the FCC-ee, opening the way to measurements of the angular properties of the decay [192].
Table 7.1 compares the (anticipated) reconstructed yields for these decay modes, at the Belle II, LHCb
upgrade and FCC-ee experiments.

Table 7.1: Comparison of orders of magnitude for expected reconstructed yields of a selection of
electroweak penguin and pure dileptonic decay modes in Belle II, LHCb upgrade and FCC-ee exper-
iments. Standard model branching fractions are assumed. The yields for the electroweak penguin decay
B̄

0 ! K
⇤0

(892)e+e� are given in the low q2 region.

Decay mode B
0 ! K

⇤
(892)e

+
e
�

B
0 ! K

⇤
(892)t+t� Bs(B

0
) !µ+µ�

Belle II ⇠ 2 000 ⇠ 10 n/a (5)
LHCb Run I 150 - ⇠ 15 (–)

LHCb Upgrade ⇠ 5000 - ⇠ 500 (50)
FCC-ee ⇠ 200000 ⇠ 1000 ⇠1000 (100)

Similar decays, such as L0
b !L⇤(1520)t+t�, benefit from the same topological reconstruction

advantages. Likewise, in view of completing the LFUV tests, the study of the decay B
0 ! K

⇤
(892)e

+
e
�

can be performed with unrivalled statistics.
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in spite of the final-state neutrino. The decay B̄
0 ! K

⇤0
(892)t+t� has been studied using Monte Carlo

events propagated through a fast simulation featuring a parametric FCC-ee detector, with tracking and
vertexing performance inspired from the ILD detector design [191].

Figure 7.1 shows the reconstructed invariant mass distribution of simulated SM signal and back-
ground events corresponding to 5 ⇥ 10

12 Z-bosons. More than a thousand reconstructed events can be
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Table 7.2 compares the (anticipated) reconstructed yields for these decay modes, at the Belle II, LHCb
upgrade and FCC-ee experiments.

Table 7.2: Comparison of orders of magnitude for expected reconstructed yields of a selection of
electroweak penguin and pure dileptonic decay modes in Belle II, LHCb upgrade and FCC-ee exper-
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Decay mode B
0 ! K

⇤
(892)e

+
e
�

B
0 ! K

⇤
(892)t+t� Bs(B

0
) !µ+µ�

Belle II ⇠ 2 000 ⇠ 10 n/a (5)
LHCb Run I 150 - ⇠ 15 (–)

LHCb Upgrade ⇠ 5000 - ⇠ 500 (50)
FCC-ee ⇠ 200000 ⇠ 1000 ⇠1000 (100)

Similar decays, such as L0
b !L⇤(1520)t+t�, benefit from the same topological reconstruction

advantages. Likewise, in view of completing the LFUV tests, the study of the decay B
0 ! K

⇤
(892)e

+
e
�

can be performed with unrivalled statistics.
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Working point Lumi. / IP [1034 cm�2.s�1] Total lumi. (2 IPs) Run time Physics goal

Z first phase 100 26 ab�1 /year 2
Z second phase 200 52 ab�1 /year 2 150 ab�1

Particle production (109) B0 B� B0
s ⇤b cc ⌧�⌧+

Belle II 27.5 27.5 n/a n/a 65 45
FCC-ee 400 400 100 100 800 220
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cay vertices, thanks to the multibody hadronic t decays, allows to fully solve the decay kinematics in
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ground events corresponding to 5 ⇥ 10

12 Z-bosons. More than a thousand reconstructed events can be
expected at the FCC-ee, opening the way to measurements of the angular properties of the decay [192].
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upgrade and FCC-ee experiments.

Table 7.1: Comparison of orders of magnitude for expected reconstructed yields of a selection of
electroweak penguin and pure dileptonic decay modes in Belle II, LHCb upgrade and FCC-ee exper-
iments. Standard model branching fractions are assumed. The yields for the electroweak penguin decay
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in spite of the final-state neutrino. The decay B̄
0 ! K

⇤0
(892)t+t� has been studied using Monte Carlo

events propagated through a fast simulation featuring a parametric FCC-ee detector, with tracking and
vertexing performance inspired from the ILD detector design [191].

Figure 7.1 shows the reconstructed invariant mass distribution of simulated SM signal and back-
ground events corresponding to 5 ⇥ 10

12 Z-bosons. More than a thousand reconstructed events can be
expected at the FCC-ee, opening the way to measurements of the angular properties of the decay [192].
Table 7.2 compares the (anticipated) reconstructed yields for these decay modes, at the Belle II, LHCb
upgrade and FCC-ee experiments.

Table 7.2: Comparison of orders of magnitude for expected reconstructed yields of a selection of
electroweak penguin and pure dileptonic decay modes in Belle II, LHCb upgrade and FCC-ee exper-
iments. Standard model branching fractions are assumed. The yields for the electroweak penguin decay
B̄

0 ! K
⇤0

(892)e+e� are given in the low q2 region.

Decay mode B
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+
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B
0 ! K

⇤
(892)t+t� Bs(B
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Belle II ⇠ 2 000 ⇠ 10 n/a (5)
LHCb Run I 150 - ⇠ 15 (–)

LHCb Upgrade ⇠ 5000 - ⇠ 500 (50)
FCC-ee ⇠ 200000 ⇠ 1000 ⇠1000 (100)

Similar decays, such as L0
b !L⇤(1520)t+t�, benefit from the same topological reconstruction

advantages. Likewise, in view of completing the LFUV tests, the study of the decay B
0 ! K

⇤
(892)e

+
e
�

can be performed with unrivalled statistics.
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Working point Lumi. / IP [1034 cm�2.s�1] Total lumi. (2 IPs) Run time Physics goal

Z first phase 100 26 ab�1 /year 2
Z second phase 200 52 ab�1 /year 2 150 ab�1

Particle production (109) B0 B� B0
s ⇤b cc ⌧�⌧+

Belle II 27.5 27.5 n/a n/a 65 45
FCC-ee 400 400 100 100 800 220

~15 times Belle’s stat Boost at the Z!

Yelds for flavor anomalies studies:  

b→sll yelds and 👍  
Full reconstruction possible

B0 → K*0τ+τ−

• Enormous statistics 1012 bb, cc

• Clean environment, favourable kinematics (boost)

• Small beam pipe radius (vertexing)

1. Flavour EWPOs (Rb, AFBb,c) : large 
improvements wrt LEP


2. CKM matrix, CP violation in neutral B mesons

3. Flavour anomalies in, e.g., b ➝ sττ

• Huge Tau physics 
program too

• Much improved measurement 
of mass, lifetime, BR’s, LFV tests

• τ-based EWPOs (Rτ, AFBpol, Pτ)
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INCREDIBLY RICH FLAVOUR PROGRAM

➤ With 4 IPs, and five years at √s = 91.2 GeV 

➤ Even the Bs,d ➝ µµ sample would be of the same size as that of LHCb Upgrade 2


➤ But much better resolved (tracking performance) : more sensitivity to New Physics.

26

Tracker: IDEA Drift Chamber
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BSM PHYSICS: RARE PROCESSES, FIP 

27

Detector Requirements
• Sensitivity to far-detached vertices (mm ➝ m)


1. Tracking: more layers, continuous tracking

2. Calorimetry: granularity, tracking capability


• Larger decay lengths ⇒ extended detector volume

• Full acceptance ⇒ Detector hermeticity

➤ Intensity frontier offers the opportunity to directly observe new 
feebly interacting particles below m(Z)


➤ Axion-like particles

➤ Dark photons

➤ Heavy Neutral Leptons


➤ Exploiting unusual signatures (hard for the HL-LHC), LLP and more 
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cosmology limits of around 0.2 eV and the lower 
limits given by (square-root of) the measured 
oscillation mass differences Δm12

2 = 7.58±0.24 10-5 
eV2  and |Δm23

2|= 2.35±0.12 10-5 eV2. Other constraints 
stem from the requirement that neutrinos generate the 
baryon asymmetry of the Universe and do not modify 
excessively Big-Bang Baryogenesis.  
 
A three family analysis of these constraints for right-
handed neutrinos with masses below 10 GeV is found 
in [10]. In Fig. 3 we extend the range up to the mass of 
the intermediate vector boson W. The see-saw line 
gives a lower limit on the mixing angle of right-
handed neutrinos with active neutrinos. Below this 
line, the active neutrino mass differences observed in 
neutrino experiments cannot be accounted for in the 
GeV scale see-saw mechanism. Above the BAU line 
the reactions with right-handed neutrinos are in 
thermal equilibrium during the relevant period of the 
Universe expansion, making the baryogenesis due to 
right-handed neutrino oscillations impossible. For mN 
close to MW and above MW the rate of reactions with 
N's is enhanced due to the kinematically allowed 
decay N→  l W, leading to stronger constrains on the 
mixing.  The BAU curve intersects with the see-saw-
line at mN = MW, so that the parameter-space is bound 
on all sides.  
 
For even large masses of N another mechanism of 
baryogenesis - resonant leptogenesis can operate 
[pilaftsis].  
This part of the parameter space cannot be directly 
studied with FCC-ee in Z-resonance. 
 

 
Figure 3 Interesting domains in the Heavy Neutrino masses, as 

described in [10].  
 
The production and decay of the heavy neutrino in Z 
decays has already been undertaken at LEP by the L3 
and DELPHI collaborations[14]. It is largely 
determined by the mixing angle. When a Left-Handed 
neutrino is produced e.g. in Z decay it is actually a 
mixture of the light and heavy state:  
νννν! "  $  cosθθθθ  +  % &'(θθθθ   with θ2 ≈ mν/mN .  
 
Thus the decay width of the Z into a pair of light and 
heavy neutrino will be given by  

 
Γ)→νΝ "  3.Γ)→νν ,-./. |1|2 (1-(mN/mZ)2 )2  (1+(mN/mZ)2 ) 
 

with |U|2~θ2. The best existing limits are around |U|2 

< 10−5 in the mass range relevant to high energy 
investigations (Figure 3). The mixing of sterile 
neutrinos with the active neutrinos of each flavour i is 
defined as |Ui|2, where i = e, mu or tau. The total 
mixing |U|2 is defined as |U|2=Σi|Ui|2. The measurement 
of the partial width is sensitive to |U|2, while in direct 
searches the final state depends on the relative strength 
of the partial |Ui|2. In our analysis we consider the 
combination of |Ui|2 allowed by present constrains 
from neutrino oscillations that maximises the BAU. 
 
 
The heavy neutrino N decays as shown in Figure 4. At 
large masses the fully visible decay N!  l+(W! qq) 
account to more than 50% of the decays.  

 
Figure 4 Decay mode of a heavy neutrino, via mixing with the 

light one. (a) the charged current decay  N! charged lepton + W,  
(b) the neutral current decay  N! neutrino + γ/Z.  
 
The decay rate of the Heavy Neutrino depends very 
strongly on the mass, both via the three body phase 
space (in the fifth power of mass) but also through the 
mixing angle. The average decay length is given by  
 

3~ 3 5678
|1|2. ,795:;<8 /= 

 
The existence of heavy neutrinos in the accessible 
mass range would manifest itself in many different 
ways in high energy colliders.  
 
             

BSM DIRECT SEARCHES - HEAVY NEUTRAL LEPTONS

➤ Test minimal type I seesaw hypotesis

➤ Together with ΔM also tests the compatibility with leptogenesis
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limits given by (square-root of) the measured 
oscillation mass differences Δm12

2 = 7.58±0.24 10-5 
eV2  and |Δm23
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stem from the requirement that neutrinos generate the 
baryon asymmetry of the Universe and do not modify 
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and DELPHI collaborations[14]. It is largely 
determined by the mixing angle. When a Left-Handed 
neutrino is produced e.g. in Z decay it is actually a 
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Thus the decay width of the Z into a pair of light and 
heavy neutrino will be given by  
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with |U|2~θ2. The best existing limits are around |U|2 
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neutrinos with the active neutrinos of each flavour i is 
defined as |Ui|2, where i = e, mu or tau. The total 
mixing |U|2 is defined as |U|2=Σi|Ui|2. The measurement 
of the partial width is sensitive to |U|2, while in direct 
searches the final state depends on the relative strength 
of the partial |Ui|2. In our analysis we consider the 
combination of |Ui|2 allowed by present constrains 
from neutrino oscillations that maximises the BAU. 
 
 
The heavy neutrino N decays as shown in Figure 4. At 
large masses the fully visible decay N!  l+(W! qq) 
account to more than 50% of the decays.  

 
Figure 4 Decay mode of a heavy neutrino, via mixing with the 

light one. (a) the charged current decay  N! charged lepton + W,  
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The decay rate of the Heavy Neutrino depends very 
strongly on the mass, both via the three body phase 
space (in the fifth power of mass) but also through the 
mixing angle. The average decay length is given by  
 

3~ 3 5678
|1|2. ,795:;<8 /= 

 
The existence of heavy neutrinos in the accessible 
mass range would manifest itself in many different 
ways in high energy colliders.  
 
             

L~1m for mN=50GeV and |U|2=10-12

From EPPSU BriefingBook 2019
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BSM DIRECT SEARCHES - ALPS

➤ Similar situation for Axion-like-particles: luminosity is key to the game

➤ Complementarity with high energy lepton collider 

➤ Fertile ground for development of innovative detector ideas: requirements on calorimeter 

(photon separation) and more…

29
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PRECISION: INDIRECT SENSITIVITY FOR NEW PHYSICS

➤Fit to new physics 
effects parameterized by 
dim 6 SMEFT operators
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Fig. 1.14. FCC-ee Higgs constraints on the di↵erent EFT interactions in equa-
tions (1.13) and (1.14), compared to the current LHC Run 2 results. The impact of the
di↵erent types of SM theory uncertainties are also shown (neglecting intrinsic, parametric
and both uncertainties, respectively).
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NUMEROLOGY FOR FCC-hh, 10ab-1, √s=100 TeV

➤ 1010 Higgs bosons => 104x today


➤ 1012 top quarks => 5 104 x today

➤ =>1012 W bosons from top decays

➤ =>1012 b hadrons from top decays 


➤ =>1011 

➤ few 1011

t → W → τ
t → W → charm hadrons

32

➡precision measurements

➡rare decays

➡FCNC probes: H->eμ

➡rare decays   τ->3μ, μγ, CPV
➡rare decays   D->μ+μ-,… CPV

Amazing potential, extreme detector and reconstruction challenges 

➡precision measurements

➡rare decays

➡FCNC probes: t->cV (V=Z,g,γ), 
t->cH


➡CP violation

➡BSM decays ???
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W AND Z PRODUCTION AT FCC-hh

➤ Production of W and Z bosons is an extremely important probe of 
EW and QCD dynamics


➤ The production rate of W±(Z0) bosons at 100 TeV is about 
1.3(0.4)μb. This corresponds to O(1011) leptonic decays per ab-1.

33

To investigate the impact of realistic acceptance cuts, we have used MCFM v7.0.1 to compute the
NLO cross-sections (using NNLO PDFs) including the decays of the gauge bosons. We have considered
three different cases for the final-state cuts:

– No cuts
– LHC cuts: pl

T � 20 GeV, |⌘l|  2.5

– FCC cuts: pl
T � 20 GeV, |⌘l|  5

In addition, jets are reconstructed with the anti-kt algorithm with R = 0.4, but no cuts are imposed on
the kinematics of this jet. The results are summarized in Table 8, where we show the production cross-
sections and the corresponding percentage PDF uncertainties for weak gauge bosons at 14 TeV and 100
TeV with different kinematical cuts on the final state particles. The calculation has been performed at
NLO with MCFM v7.0.1, using the NNPDF3.0 NNLO PDF set. We observe that PDF uncertainties are
reduced if the rapidity of the final-state leptons is restricted to the central region, indicating that the
increase of PDF errors from 14 to 100 TeV arises from the forward region, sensitive to the poorly-known
small-x PDFs.

NNPDF3.0 NNLO
�(pp ! V ! l1l2) [nb] (±�pdf�) 14 TeV 100 TeV

No cuts LHC cuts No cuts LHC cuts FCC cuts
W+ 12.2 (2.2%) 6.5 (2.2%) 77.3 (13.1%) 28.3 (3.3%) 54.3 (6.5%)
W� 9.2 (2.3%) 4.9 (2.3%) 64.3 (8.9%) 27.2 (3.3%) 45.5 (4.0%)
Z 2.1 (2.1%) 1.5 (2.1%) 14.5 (7.7%) 8.3 (3.3%) 12.8 (5.0%)

Table 8: The production cross-sections for weak gauge bosons at 14 TeV and 100 TeV, including the leptonic
decays, with different kinematical cuts on the final state particles, see text for more details. We provide both the
total cross-section and the corresponding percentage PDF uncertainty. The calculation has been performed at NLO
with MCFM v7.0.1, using the NNPDF3.0 NNLO PDF set.

Fig. 31: Left: rapidity acceptance for leptons from inclusive W production and decay, for pT thresholds
of 20 and 100 GeV. Right: inclusive lepton pT spectrum.

At 100 TeV, gauge bosons will have a rather broad rapidity distribution and, as shown in the left
plot of Fig. 31, more than 50% of the leptons with pT > 20 GeV will be produced at |⌘| > 2.5 (w.r.t.
⇠ 30% at 14 TeV). Even leptons with pT > 100 GeV will have a large forward rate, with about 40% of
them at |⌘| > 2.5 (⇠ 10% at 14 TeV). Their pT spectrum will also extend to large values, as shown in

48

large rapidity

distribution!

large pT
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VECTOR BOSON SCATTERING AT HL-LHC & FCC-HH

➤ VV production is sensitive to anomalous 
EWK couplings and effects from new 
physics at higher scales 


➤ At HL-LHC 3σ evidence for longitudinal 
polarization component VLVL can be achieved 
combining channels and experiments 


➤ At FCC-hh reaching a 3% precision with 
30ab-1

34

Table 1. Expected precision and
significance for the measurement of
several EW multiboson processes [1].

Process W
±

W
±

WZ WV ZZ WWW WWZ WZZ

Final state `±`±jj 3`jj `jjjj 4`jj 3`3n 4`2n 5`n
Precision 6% 6% 6.5% 10–40% 11% 27% 36%
Significance > 5s > 5s > 5s > 5s > 5s 3.0s 3.0s

2.2 sin2 qeffsin2 qeffsin2 qeff, mWmWmW and mtopmtopmtop

The current world average of the weak mixing angle sin2 qeff = 0.23153 ± 0.00016 is dominated by determinations based on
data from LEP and from SLD. Those determinations, however, differ by over 3 s.d.. A precision extraction using HL-LHC data
can help settle this long-standing issue, giving insight into the source of tension between LEP and SLD, whether this is the result
of systematics, or of new physics. The statistical precision of sin2 qeff measurements with ATLAS, CMS and LHCb will be
better than 5 ·10�5. The overall uncertainty will remain dominated by the PDFs, which can be reduced to 10�16 ·10�5 using
in situ constraints, with an overall uncertainty below 18 ·10�5. The PDF uncertainty on sin2 qeff can be reduced by 10%�25%
using the global fits to HL-LHC data, as discussed in Sec. 4.1. Data from the LHeC collider would have the potential to reduce
the PDF uncertainties by an additional factor of 5.

Another key target of the LHC is to improve the knowledge of the W boson mass, mW . The HL-LHC will greatly reduce
the systematics, by limiting the PDF sensitivity via the extended leptonic coverage |h | < 4, and via its own PDF constraints.
Dedicated low-pileup runs will provide the required conditions to optimize the reconstruction of missing transverse momentum,
and five to ten weeks of data taking in the course of the HL-LHC will lead to a statistical precision of about 3 MeV. Experimental
systematic uncertainties are largely of statistical nature, and with adequate efforts and exploiting the full available data sample,
their impact can be maintained at a level similar to the statistical uncertainty. Assuming the extended lepton coverage allowed
by the HL-LHC detectors, the impact of PDF uncertainties on the mW measurement, using today’s PDF sets, would amount to
5-8 MeV. These uncertainties are further reduced to about 4 MeV when using the HL-LHC ultimate PDF set (Sec. 4.1), leading
to an overall HL-LHC target of DmW = ±6 MeV. LHeC measurements could further reduce the PDF systematics to 2 MeV.

The projections for the top mass measurements are collected in Table 2. With a mostly negligible statistical uncertainty, they
reflect the anticipated measurement and modeling systematics, but do not include the uncertainty in the interpretation in terms of
a theoretically well defined mass (see the discussion in Ref. [1]). Progress here will be driven by future theoretical developments,
supported by the large amount of data and of probes of the top mass subject to independent theoretical systematics.

Table 2. Projected total uncertainties on the
top quark mass, obtained with different
methods. From Ref. [1].

Method: tt̄ lepton+jets t-channel single top mSV ` J/y stt̄

Dmtop (GeV): 0.17 0.45 0.62 0.50 1.2

3 Flavour physics
The LHCb experiment has demonstrated emphatically that the LHC is an ideal laboratory for a comprehensive programme
of flavour physics. The LHCb Upgrade II, combined with the enhanced B-physics capabilities of the Phase II upgrades of
ATLAS and CMS, will enable a wide range of flavour observables to be determined at HL-LHC with unprecedented precision,
complementing and extending the reach of Belle II, and of the high-pT physics programme. Some highlights are given here,
see Ref. [4] for a comprehensive overview.

3.1 Testing CKM unitarity
The unitary nature of the CKM matrix, and the assumptions of the SM, impose nontrivial relations between the CKM elements,
implying the closure of the vertices of the standard unitarity triangle, Fig. 4. The angle g can be extracted with small
experimental and theoretical systematics, but is the least well known (±5�), due to statistics. LHCb Upgrade II will improve
the precision by an order of magnitude, or better. The precision measurement of the Bs weak mixing phase will be another
highlight of the programme. The expected precision on f cc̄s

s
at the end of the HL-LHC period will be ⇠ 5 mrad for ATLAS and

CMS, and ⇠ 3 mrad for LHCb . This will be at the same level as the current precision on the indirect determination based
on the CKM fit using tree-level measurements. The anticipated impact of these improvements can be seen in Fig. 4. The
increased sensitivity will allow for extremely precise tests of the CKM paradigm. In particular, it will permit the tree-level
observables, which provide SM benchmarks, to be assessed against those with loop contributions, which are more susceptible
to new physics.

3.2 Bottom quark probes of new physics and prospects for B-anomalies
The flavour-changing neutral current (FCNC) transitions b ! s(d)`+`+ provide some of the most sensitive probes of new
physics. For most of the corresponding observables, this sensitivity is statistics limited. The HL-LHC, combining ATLAS, CMS
and LHCb Upgrade II, is the only facility with the potential to distinguish between some plausible new physics scenarios. As an
example, Fig. 5 shows the potential sensitivity to the C9 and C10 Wilson coefficients, illustrating scenarios with modifications
of just C9 (vector current) and of both C9 = �C10 (pure left-handed current). The fits use the measurements of the branching

4

STANDARD MODEL
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Fig. 4.9 Left: precision in the determination of the scattering of same-
sign longitudinal W bosons, as function of luminosity, for various
kinematic cuts. Right: sensitivity of the longitudinal boson scattering
cross section w.r.t. deviations of the WWH coupling from its SM value

(κW = 1), for various selection cuts on the final-state dilepton invariant
mass. The vertical bars represent the precision of the measurement, for
30 ab−1

Table 4.5 Constraints on the HWW coupling modifier κW at 68% CL, obtained for various cuts on the di-lepton pair invariant mass in the
WLWL → HH process

ml+l+ cut > 50 GeV > 200 GeV > 500 GeV > 1000 GeV

κW ∈ [0.98, 1.05] [0.99, 1.04] [0.99, 1.03] [0.98, 1.02]

4.5.1 SM Higgs decays

The study of SM Higgs decays, summarised in [90], has been performed in two steps. First, detailed simulations and analyses
were made of the dominant H → bb̄ [91–94] and of the challenging H → cc̄ [94,95] channels. Signals and backgrounds
were generated by Madgraph5/Madevent, with the fragmentation and hadronisation in PYTHIA followed by a Delphi-based
simulation of the baseline ep detector. Both cut-based and boosted decision tree (BDT) analyses were performed in independent
evaluations.

Second, an analysis of NC and CC events was established for the seven most frequent decay channels listed in Table 4.6.
Acceptances and backgrounds were estimated with Madgraph, and efficiencies for the leptonic and hadronic decay channels of
W, Z and τ were taken from prospective studies of Higgs coupling measurements at the LHC [96]. This provided a systematic
scale factor f , which comprised the signal-to-background ratio, the product of acceptance, A, and reconstruction efficiency
ε, as f 2 = (1 + B/S)/(Aε). The error on the signal strength µi for each of the Higgs decay channels i is determined
as δµi/µi = fi/

√
Ni . Here, Ni are the event numbers listed in Table 4.6. This second estimate could be successfully

benchmarked with the detailed simulations for charm and beauty decays described above.
The results of the signal strength determinations are illustrated in Fig. 4.11, for the FCC-eh and, for comparison for the

two lower energy ep collider configurations, the LHeC, in which the electron ERL is coupled with the HL-LHC, and its high
energy version, the HE-LHC. The electron beam energy has been kept constant at 60 GeV while the proton energy of the
LHC-based colliders is 7 or 14 TeV, respectively. One finds that the FCC-eh prospects for the experimental uncertainties on
the signal strength vary between below 0.5% for the most abundant channel and up to 5% for the γγ decay. The FCC-eh
results presented in Fig. 4.11 are input to a joint pp-ep-ee FCC Higgs coupling analysis as is presented elsewhere in this paper.
They can also be used for an independent and complete coupling strength analysis in ep alone.
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3% at 30ab-1

Longitudinal component 

extracted from angular 

distribution of the 

two leptons
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large mWW

W

W
W

W

Vector Boson Scattering

• Sets constraints on detector acceptance (fwd jets at η≈4)

• Study W+/-W+/- (same-sign) channel 

• Large WZ background at FCC-hh 

• 3-4% precision on WLWL scattering xsec. achievable with full dataset

• Indirect measurement of HWW coupling possible, δκW /κW ≈ 2% [1002.1011]

A. Sznajder, MS
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FCC-hh DIRECT DISCOVERY POTENTIAL

➤ Higher parton centre-of-mass energy → 
A BIG STEP IN HIGH MASS REACH


➤ Strongly coupled new particles, new gauge 
bosons (Z’, W’),  excited quarks: up to 40 TeV!


➤ Extra Higgs bosons: up to 5-20 TeV

➤ High sensitivity to high energy phenomena, 

e.g.,  WW scattering, DY up to 15 TeV

35

Future Circular Collider (14. Jan. 2019)  The Hadron Collider (FCC-hh) 

Page 3 of 21 

2 Objectives 

The objective is to develop, build and operate a 100 TeV hadron collider, with an integrated luminosity at 
least a factor of 5 larger than the HL-LHC, to extend the current energy frontier by almost an order of 
magnitude. The mass reach for direct discovery will approach several tens of TeV, allowing the production of 
new particles whose existence could be indirectly predicted by precision measurements during the earlier pre-
ceding e+e– collider phase. This collider will also measure the Higgs self-coupling precisely and thoroughly ex-
plore the dynamics of electroweak symmetry breaking at the TeV scale, to elucidate the nature of the elec-
troweak phase transition. WIMPs as thermal dark matter candidates will be discovered, or ruled out. 
As a single project, this particle collider facility will serve the global physics community for about 25 years 
and, in combination with a lepton collider, will provide a research tool until the end of the 21st century.  

2.1 Scientific Objectives 
The European Strategy for Particle Physics (ESPP) 2013 unambiguously recognized the importance of “a 
proton-proton high-energy frontier machine…coupled to a vigorous accelerator R&D programme…in 
collaboration with national institutes, laboratories and universities worldwide”. Since its inception, the in-
ternational FCC collaboration has therefore delivered a hadron collider conceptual design (FCC-hh) that 
best complies with this guideline and that offers the broadest discovery potential. Together with a heavy ion 
operation programme and with a lepton-hadron interaction point, it provides the amplest perspectives for research 
at the energy frontier. The visionary physics programme of about 25 years described in this section requires colli-
sion energies and luminosities that can only be delivered, within a reasonable amount of time, by a circular collider 
with four experimental interaction regions. 
To be able to definitely elucidate electroweak symmetry breaking, to confirm or reject the WIMP dark 
matter hypothesis and to directly observe new particles signalled indirectly by, e.g., the precision study 
of Higgs properties, the energy reach of the particle collider must be significantly higher than that of the LHC, 
i.e. making a leap from ten TeV to the 100 TeV scale. 

Since cross sections for the production of a state of mass M scale 
like 1/M2, the integrated luminosity should be 50 times that of the 
LHC, at least 15 ab-1, to be sensitive to seven times larger masses. 
The FCC-hh baseline design aiming at 20-30 ab-1 exceeds this tar-
get. It is sufficient to almost saturate the discovery reach at the 
highest masses. A further luminosity increase by a factor of 10 
would only extend it by < 20%. Fig. 1 shows discovery reach ex-
amples for the production of several types of new particles includ-
ing Z' gauge bosons carrying new weak forces and decaying to var-
ious SM particles, excited quarks Q*, and massive gravitons GRS 
present in theories with extra dimensions. Other scenarios for new 
physics, such as supersymmetry and composite Higgs models, will 
likewise see a great increase of high-mass discovery reach. The top 
scalar partners will be discovered up to masses of close to 10 TeV, 
gluinos up to 20 TeV, and vector resonances in composite Higgs 
models up to masses close to 40 TeV. 

Until new physics is found, two key issues, that will likely remain open after the HL-LHC, are at the top of the 
priority list of the FCC-hh physics objectives: how does the Higgs couple to itself? What was the nature of the 
phase transition that accompanied electroweak symmetry breaking and the creation of the Higgs vacuum 
expectation value? Today, neither the fundamental origin of the SM scalar field nor the origin of the mass and 
self-interaction parameters in the Higgs scalar potential are known. The next stage of exploration for any high-
energy physics programme is to determine these microscopic origins. The puzzle of the Higgs potential can be 
resolved, if there is an additional new microscopic scale involving new particles and interactions near the electro-
weak scale. With more than 1010 Higgs bosons produced at the design luminosity, see Fig. 2, FCC-hh can comple-
ment an intensity frontier lepton collider by bringing the precision for several of the smallest Higgs couplings (γγ, 
Ζγ, µµ), and for the coupling to the top below the percent level. The Higgs self-coupling can be measured with a 
precision of around 5%. Combined with the direct search potential for scalar partners of the Higgs boson, this will 
permit establishing the possible existence of conditions that allowed the electroweak phase transition in the 

Figure 1: Discovery reach for heavy resonances. 

about x6 LHC mass reach at high mass, well matched to reveal the 
origin of deviations indirectly detected at the FCC-ee
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FCC SYNERGIES: THE HIGGS BOSON
➤ The FCC integrated program (ee, hh, eh) has built-in synergies and complementarities


➤ It will provide the most complete and model-independent studies of the Higgs boson 

36

FCC-ee  provides 106 HZ + 105 WW → H 
events

Absolute determination of gHZZ to ±0.17%
Model-independent determination of ΓH to ±1%

➝ Fixed « candle » for all other measurements
      including those made at HL-LHC or FCC-hh
➝ Measure couplings to WW, bb, ττ, cc, gg, …
      Even possibly the Hee coupling!
➝ First sensitivity to gHHH to ±34% (±21% with 4IP)

FCC-hh  provides 3×1010 Higgs bosons
With this huge sample and using the FCC-ee candle

➝ Model-independent ttH coupling to < 1%
      ( HL-LHC and FCC-ee give ±2.6%)
       Use ±1% ttZ measurement at FCC-ee
➝ Rare decays: couplings to µµ, γγ, Ζγ …
➝ Higgs self coupling gHHH to ±3% 
       With double-Higgs production

FCC-eh  provides 2.5 106 Higgs bosons
With the FCC-ee candle, further improves
on several measurements (e.g., gHWW)

√s = 240 GeV √s = 365 GeV
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FCC SYNERGIES: TOP - YUKAWA COUPLING  

➤ Use the ratio of  to cancel many theory uncertainties

➤ Profit of similar dynamics (QCD Correction, scale, alphaS syst.) and 

kinematical boundaries ( )  

➤ Analysis using boosted  decays (Delphes)

➤ using ttZ EW Coupling and  from FCC-ee

σ(ttH)/σ(ttZ)

mZ ≃ mH
H/Z → bb̄

Δyt /yt ≈ 1 % BR(H → bb̄)
37

t

t
H

t

t
Z

vs

- Identical production dynamics:

o correlated QCD corrections, correlated scale dependence
o correlated αS systematics

- mZ~mH ⇒ almost identical kinematic boundaries:
o correlated PDF systematics
o correlated mtop systematics

To the extent that the qqbar → tt Z/H contributions are subdominant:

+

For a given ytop, we expect σ(ttH)/σ(ttZ) 
to be predicted with great precision

t

t

H

t

t

Z
t

t

Z

+

+

 8

arXiv:1507.08169Top Yukawa coupling from σ(ttH)/σ(ttZ)

 9

Analysis in arXiv:1507.08169 used boosted H/Z→bb decays (large stat, reduced 
combinatoric bg, correlated b-tagging efficiencies, …)
Reloaded with FCC-hh det sim in https://cds.cern.ch/record/2642471

- ttjj and ttbb bgs “measured” with data at mjj>200 with negligible δstat . Syst to be assessed 
for shape modeling under mH peak systematics
- ttZ kinematics validated with Z→leptons
- N(ttH)/N(ttZ) = 1.64 ± 0.01 (stat.) after perfect bg subtraction

=> Δyt/yt ~ 1% assuming knowledge of ttZ EW coupling and B(H→bb) (from FCC-ee)

https://cds.cern.ch/record/2642471 
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FCC SYNERGIES: TRIPLE HIGGS COUPLING 

38

Projected precision of λ3 
measurements 

FCC integrated 
program will measure 
λ3 to the “few”% level
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FCC SYNERGIES: FEEBLY INTERACTING PARTICLES

➤ Heavy Right-Handed Neutrinos

➤ Complete SM spectrum – and perhaps explain DM, BAU, ν masses 

39

FCC-hh

, 𝓁−

, ν

❑ FCC-ee sensitivity  (to mixing angle with LH ν)
◆ EWPO: ~10-5 up to very high masses
◆ Best, flavour-blind, sensitivity to Σ𝓁 |V𝓁N|2 below 100 GeV

❑ FCC-hh sensitivity
◆ Sensitivity to V𝓁1NV𝓁2N with lepton charge and flavour

❑ FCC-eh sensitivity
◆ Production in charge currents ep → XN (→𝓁W)
◆ Sensitivity to VeNV𝓁N 

❑ Complementarity 
◆ Discovery + complementary studies in overlap regions 

FCC-ee (Z) V𝓁N
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FEASIBILITY STUDY LAUNCHED IN 2021

➤ Case made by the European Strategy, updated by CERN Council in 2020


➤ That’s the exact description of FCC

➤ FCC-ee is an electron-positron Higgs factory

➤ FCC-hh is a proton-proton collider at the highest achievable energy


➤ The ee ➝ hh sequence (FCC-INT) optimizes the overall investment and its science value 

➤ Synergistic infrastructure (and related carbon footprint) and advantageous funding profile

➤ Time flexibility for R&D towards affordable 16-20T dipole magnet technology

➤ Best route towards a 100 TeV hadron collider (see https://arxiv.org/abs/1906.02693 )

➤ Fundamental physics complementarity/synergy

40

An electron-positron Higgs factory is the highest priority next collider. For the longer term, the European particle physics 
community has the ambition to operate a proton-proton collider at the highest achievable energy. 

https://cds.cern.ch/record/2721370/

Europe, together with its international partners, should investigate the technical and financial feasibility of a future hadron collider 
at CERN with a centre-of-mass energy of at least 100 TeV, and with an electron-positron Higgs and electroweak factory as a 
possible first stage. Such a feasibility study of the colliders and related infrastructure should be established as a global endeavour 
and be completed on the timescale of the next Strategy update.

Feasibility Study approved by the Council in June 2021:  https://cds.cern.ch/record/2774006

https://arxiv.org/abs/1906.02693
https://cds.cern.ch/record/2721370/
https://cds.cern.ch/record/2774006
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❑ Feasibility Study: 2021-2025

❑ If project approved before end of 

     decade  construction can start 

     beginning 2030s

❑ FCC-ee operation ~2045-2060

❑ FCC-hh operation 2070-2090++

                Timeline of the FCC integrated programme

F. Gianotti

➤ The FCC is an ambitious project for the 
future of particle physics with concrete 
goals and deliverables to find the answers 
that we need from Nature. 41
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PED ORGANISATION TO TACKLE THE CHALLENGES

42
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PHYSICS  COORDINATION STRUCTURE

43
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RD-FCC INFN ORGANIZATION IN CSN1

➤ Responsabile Nazionale: Franco Bedeschi (PI) 

➤ WG1 Physics & Software: P. Azzi (PD), N. De Filippis (BA) 

➤ WG2 

➤ WG3

➤ WG4

➤ WG5

➤ WG6 

44



 p
at

riz
ia

 a
zz

i -
15

 M
ar

ch
  2

02
3

TAKE AWAY MESSAGE 

➤ The FCC-ee is becoming a very concrete collider project.  
➤ The first step of an ambitious integrated project (toward FCC-hh) 

for HEP until the end of the century

➤ FEASIBILITY STUDY focused on the determination of the 

detector requirements needed to achieve the desired precision and 
to inform the technology choices for detector concepts


➤ Mid-Term Report of the FCC Feasibility Study to appear at the 
end of 2023 with new & updated detector concept proposals to 
realise the needs of the physics programme 

45

FCC integrated project is based on the goal of guaranteed physics 
deliverables. FCC-ee is a big player in the choice for next lepton collider and 
requires a significant R&D in all areas to fully exploit its enormous potential 
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FIND OUT MORE: CDRS AND PAPERS

➤ Future Circular Collider - European 
Strategy Update Documents

➤ (FCC-ee), (FCC-hh), (FCC-int)


➤ FCC-ee: Your Questions Answered

➤  arXiv:1906.02693


➤ Circular and Linear e+e- Colliders: 
Another Story of Complementarity

➤ arXiv:1912.11871


➤ Theory Requirements and Possibilities 
for the FCC-ee and other Future High 
Energy and Precision Frontier Lepton 
Colliders

➤ arXiv:1901.02648


➤ Polarization and Centre-of-mass Energy 
Calibration at FCC-ee

➤ arXiv:1909.12245
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4 CDR volumes  published in EPJ

FCC PhysicsOpportunities FCC-ee: The Lepton Collider 

FCC-hh: The Hadron Collider HE-LHC: The High Energy 
Large Hadron Collider

https://cds.cern.ch/record/2653669
https://cds.cern.ch/record/2653674
https://cds.cern.ch/record/2653673
https://arxiv.org/abs/1906.02693
https://arxiv.org/abs/1912.11871
https://arxiv.org/abs/1901.02648
https://arxiv.org/abs/1909.12245
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FIND OUT MORE: EPJ+ SPECIAL ISSUE
➤ EPJ+ special issue “A future Higgs and EW Factory: Challenges towards discovery”
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All 34 references in this Overleaf document:

https://www.overleaf.com/read/xcssxqyhtrgt

MDI, √s

Challenges to match 

statistical precision

Detector requirements 

& possible solutions

Theory

challenges

Software and computing

challenges

https://www.overleaf.com/read/xcssxqyhtrgt


 p
at

riz
ia

 a
zz

i -
15

 M
ar

ch
  2

02
3

FIND OUT MORE: FCC PHYSICS WEEK 2023 

FCC Week 2023  
05-09 June London 

Registration: 

https://indico.cern.ch/event/1202105/


If you plan to participate in the FCC PED 
Feasibility Study, you can register to 
specific working groups here: 

https://fcc-ped.web.cern.ch/ , then click on 
"Contact/Join us", "Join us", "Subscribe to 
mailing lists" 
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https://indico.cern.ch/event/1202105/
https://fcc-ped.web.cern.ch/

