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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 ? 

mailto:patrizia.azzi@cern.ch
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WHICH TYPE OF COLLIDER? 

➤ The next facility must be versatile with a reach as broad and as powerful as possible – 
as there is no specific target


➤ The Future Circular Collider (FCC-ee,hh,eh) integrated project offers the most adapted 
response to this situation:

➤ Largest luminosity 

➤ highest parton energy

➤ synergies and complementarities between the machines (past, and future)

4

More SENSITIVITY, more PRECISION, more ENERGY

● Energy: direct access to new resonances 
● Precision:  indirect evidence of deviations at low 

and high energy. 

mailto:patrizia.azzi@cern.ch
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WHERE WE ARE HEADING

➤ The LHC is still pretty much in its childhood: factor 10 more luminosity to be 
collected with HL-LHC  

➤ High luminosity ➔ 200 soft pp interactions per crossing

➤ Detector elements and electronics are exposed to high radiation dose : requires 

new tracker, endcap calorimeters, forward muons, replacing readout systems

➤ We have demonstrated that the new detectors will be able to explore the full 

physics potential of HL-LHC even in these conditions. 

5

200 pileup25 pileup

Expected HL-LHC results used as starting point for future machines performance!
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AFTER HL-LHC: SM & TOP  

6

Table 27: The value of sin2 ✓lept
eff with the breakdown of uncertainties from the ATLAS preliminary

results at
p
s = 8 TeV with 20 fb�1 [499] is compared to the projected sin2 ✓lept

eff measurements with
3000 fb�1 of data at

p
s = 14 TeV for two PDF sets considered in this note. All the numbers values

are given in units of 10�5. Note that other sources of systematic uncertainties, such as the impact of the
MC statistical uncertainty, evaluated in Ref. [499] are not considered in this prospect analysis. For the
HL-LHC prospect PDFs the "ultimate" scenario is chosen.

ATLAS
p
s = 8 TeV ATLAS

p
s = 14 TeV ATLAS

p
s = 14 TeV

L [fb�1] 20 3000 3000
PDF set MMHT14 CT14 PDF4LHC15HL�LHC

sin2 ✓lept
eff [⇥10

�5
] 23140 23153 23153

Stat. ± 21 ± 4 ± 4
PDFs ± 24 ± 16 ± 13
Experimental Syst. ± 9 ± 8 ± 6
Other Syst. ± 13 - -
Total ± 36 ± 18 ± 15

Drell-Yan measurements performed with the data collected during the high luminosity phase of the LHC
and at the LHeC collider.

4.4.6 The global EW fit22

The measurement of the Higgs Boson mass (MH ) at the Large Hadron Collider (LHC) has provided the
last input to the global fit of electroweak (EW) precision observables (EWPO), which can now be used
to effectively constrain new physics. Moreover, the measurement of Higgs-boson production and decay
rates that is at the core of the physics program of the LHC Run-2 will further constrain those interactions
that directly affect Higgs-boson physics.
The HL-LHC will have the potential to provide more constraining bounds on new physics via the global
fit to EWPO and Higgs data, thanks to the higher precision it will reach both in the measurement of
some of the crucial input parameters of global EW fits (e.g. MW , mt, MH , and sin2 ✓lepte↵ ), and in
the measurement of Higgs-boson total and differential rates. In this study the reach of the HL-LHC in
constraining new physics is explored via a global fit to EWPO. Earlier studies on the prospects for the
LHC were performed in [500, 501].
In the following, details are provided first on the parameters and procedure of the global EW fit. Next
the results are interpreted within the Standard Model (SM). Finally, the EW fit is used to constrain new
physics beyond the SM. The results are presented for both the current data and the projections in the
HL-LHC scenario.
The global fit of EWPO is performed using the HEPFIT package [502], a general tool to combine direct
and indirect constraints on the SM and its extensions in any statistical framework. The default fit proce-
dure, used here, follows a Bayesian statistical approach and uses BAT (Bayesian Analysis Toolkit) [503].
Flat priors are used for all input parameters, and the likelihoods are built assuming Gaussian distributions
for all experimental measurements. The output of the fit is therefore given as the posterior distributions
for each input parameters and observables, calculated using a Markov Chain Monte Carlo method.
All EWPO are calculated as a SM core plus corrections. The SM core includes all available higher-order

22Contribution by J. de Blas, M. Ciuchini, E. Franco, S. Mishima, M. Pierini, L. Reina, and L. Silvestrini.

86

 direct measurement better than  

Thanks to higher eta acceptance

sin2θeff 5 ⋅ 10−5

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

Observation of Diboson scattering and  evidence 
for longitudinal scattering

3σ
Predicted reach for top mass 
uncertainty of 0.17GeV. 
Experiments catching up with 
predictions already: 
Brand new CMS top mass 
171.77 ± 0.38 GeV

mailto:patrizia.azzi@cern.ch
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AFTER HL-LHC : HIGGS

7

➤ Careful studies and projections for the physics at the HL-LHC have shown the 
upgraded detectors will be able to deal with the 200PU conditions 
➤ This precision might still not be sufficient to show the effect of new physics…


➤ Let’s not forget that Run3 might still bring more improvements and surprises…!

HH production σ~ 39.5 fb@14TeV 

Combined sensitivity on  above  λ3 4σ

Uncertainties on Higgs 
couplings of the order of 
2-4%

mailto:patrizia.azzi@cern.ch
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 THE FCC INTEGRATED PROGRAM:  

 INSPIRED BY SUCCESSFUL LEP – LHC PROGRAMS AT CERN

8

FCC-ee

2020 - 2040 2045 - 2060 2070 - 2090++

FCC-hh

comprehensive long-term program maximizing physics opportunities 
• stage 1: FCC-ee (Z, W, H, ) as Higgs factory, electroweak & top factory at highest luminosities 
• stage 2: FCC-hh (~100 TeV) as natural continuation at energy frontier, with ion and eh options 
• complementary physics 
• common civil engineering and technical infrastructures, building on and reusing CERN’s existing 

infrastructure 
• FCC integrated project allows seamless continuation of HEP after completion of the HL-LHC program

tt̄

M. Benedikt

mailto:patrizia.azzi@cern.ch
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Number of surface sites 8

LSS@IP (PA, PD, PG, PJ) 1400 m

LSS@TECH (PB, PF, PH, PL) 2143 m

Arc length 9.6 km

Sum of arc lengths 76.9 m

Total length 91.1 km

PA: Experiment

PB: technical

PD: experiment

PF: technical

PG: experiment

PH: technical

PJ: experiment

PL: technical

J. Gutleber

• 8 sites – less use of land, <40 ha instead 62 ha 
• Possibility for 4 experiment sites in FCC-ee 
• All sites close to road infrastructures (< 5 km of 

new road constructions for all sites) 
• Vicinity of several sites to 400 kV grid lines 
• Good road connection of PD, PF, PG, PH 

suggest operation pole around Annecy/LAPP
9

8-SITE BASELINE ”PA31”

mailto:patrizia.azzi@cern.ch
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INTERACTION REGION DESIGN - FCC-ee

10

M. Boscolo

mailto:patrizia.azzi@cern.ch
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MANY REQUIREMENTS FOR THE IR & MDI REGION

11

➤ One common IR for all energies, flexible design, with a constant detector field of 
2T (physics impact of this choice):

➤ At Z pole: crab-waist, nano-beams & large crossing angle

➤ At tt threshold SR and BS dominate the lifetime 


➤ Solenoid compensation scheme: to compensate the detector field

➤ Synchrotron radiation control in the IR

➤ 100mrad of physics cone: trade off accelerator/detector

➤ Luminosity monitor for low angle Bhabhas: 


➤ construction precision at the micron level!

➤ Low X/X0 vacuum chamber & cooling to keep low material budget

➤ Background suppression and radiation shielding

➤ Accessibility to inner detector for maintenance 

➤ etc….  

mailto:patrizia.azzi@cern.ch
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FCC-ee INTERACTION REGION DESIGN

12

➤ Design has evolved from 
the CDR one

mailto:patrizia.azzi@cern.ch
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          Stage 1: FCC-ee updated parameters

K. Oide, D. Shatilov,

Parameter [4 IPs, 91.2 km,Trev=0.3 ms] Z WW H (ZH) ttbar

beam energy [GeV] 45 80 120 182.5
beam current [mA] 1280 135 26.7 5.0
number bunches/beam 10000 880 248 36
bunch intensity  [1011] 2.43 2.91 2.04 2.64
SR energy loss / turn [GeV] 0.0391 0.37 1.869 10.0
total RF voltage 400/800 MHz [GV] 0.120/0 1.0/0 2.08/0 4.0/7.25
long. damping time [turns] 1170 216 64.5 18.5
horizontal beta* [m] 0.1 0.2 0.3 1
vertical beta* [mm] 0.8 1 1 1.6
horizontal geometric emittance [nm] 0.71 2.17 0.64 1.49
vertical geom. emittance [pm] 1.42 4.34 1.29 2.98
horizontal rms IP spot size [µm] 8 21 14 39
vertical rms IP spot size [nm] 34 66 36 69
beam-beam parameter ξx / ξy 0.004/ .159 0.011/0.111 0.0187/0.129 0.096/0.138
rms bunch length with SR / BS [mm] 4.38 / 14.5 3.55 / 8.01 3.34 / 6.0 2.02 / 2.95
luminosity per IP [1034 cm-2s-1] 182 19.4 7.3 1.33
total integrated luminosity / year [ab-1/yr] 87 9.3 3.5 0.65
beam lifetime rad Bhabha + BS [min] 19 18 6 9

mailto:patrizia.azzi@cern.ch
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          Stage 1: FCC-ee updated parameters

preliminary – example parameters  

for present layout & with 4 IPs

K. Oide, D. Shatilov,

Parameter [4 IPs, 91.2 km,Trev=0.3 ms] Z WW H (ZH) ttbar

beam energy [GeV] 45 80 120 182.5
beam current [mA] 1280 135 26.7 5.0
number bunches/beam 10000 880 248 36
bunch intensity  [1011] 2.43 2.91 2.04 2.64
SR energy loss / turn [GeV] 0.0391 0.37 1.869 10.0
total RF voltage 400/800 MHz [GV] 0.120/0 1.0/0 2.08/0 4.0/7.25
long. damping time [turns] 1170 216 64.5 18.5
horizontal beta* [m] 0.1 0.2 0.3 1
vertical beta* [mm] 0.8 1 1 1.6
horizontal geometric emittance [nm] 0.71 2.17 0.64 1.49
vertical geom. emittance [pm] 1.42 4.34 1.29 2.98
horizontal rms IP spot size [µm] 8 21 14 39
vertical rms IP spot size [nm] 34 66 36 69
beam-beam parameter ξx / ξy 0.004/ .159 0.011/0.111 0.0187/0.129 0.096/0.138
rms bunch length with SR / BS [mm] 4.38 / 14.5 3.55 / 8.01 3.34 / 6.0 2.02 / 2.95
luminosity per IP [1034 cm-2s-1] 182 19.4 7.3 1.33
total integrated luminosity / year [ab-1/yr] 87 9.3 3.5 0.65
beam lifetime rad Bhabha + BS [min] 19 18 6 9

mailto:patrizia.azzi@cern.ch
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parameter FCC-hh HL-LHC LHC
collision energy cms [TeV] 100 14 14
dipole field [T] ~17 (~16 comb.function) 8.33 8.33
circumference [km] 91.2 26.7 26.7

beam current [A] 0.5 1.1 0.58

bunch intensity  [1011] 1 1 2.2 1.15
bunch spacing  [ns] 25 25 25 25
synchr. rad. power / ring [kW] 2700 7.3 3.6
SR power / length [W/m/ap.] 32.1 0.33 0.17
long. emit. damping time [h] 0.45  12.9 12.9
beta* [m] 1.1 0.3 0.15 (min.) 0.55
normalized emittance [µm] 2.2 2.5 3.75
peak luminosity [1034 cm-2s-1] 5 30 5 (lev.) 1
events/bunch crossing 170 1000 132 27
stored energy/beam [GJ] 7.8 0.7 0.36

          Stage 2: FCC-hh (pp) collider parameters

mailto:patrizia.azzi@cern.ch
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FCC-hh: HIGHEST COLLISION ENERGIES

• order of magnitude performance increase in 
both energy & luminosity  

• 100 TeV cm collision energy                                   
(vs 14 TeV for LHC)  

• 20 ab-1 per experiment collected over 25 years 
of operation (vs 3 ab-1 for LHC) 

• similar performance increase as from Tevatron to 
LHC 

• key technology: high-field magnets

15

FNAL dipole 
demonstrator 
4-layer cosϑ  
14.5 T Nb3Sn     

in 2019

from  
LHC technology  
8.3 T NbTi dipole

via  
HL-LHC technology  

12 T Nb3Sn quadrupole

mailto:patrizia.azzi@cern.ch
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e+e- VS pp COLLISIONS - THE BASICS

17

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

mailto:patrizia.azzi@cern.ch
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     INTRODUCTION TO THE FCC-ee:

➤ The physics landscape of the FCC-ee program extends in all possible 
directions:

➤ the difference in the physics focus at the different √s 

➤ the difference in the event kinematic of running from 90GeV (and possibly 

below)  up to 365GeV 

➤ the challenge of being able to achieve superbe precision on SM processes but 

also perform unique direct searches for new physics

➤ The list of interesting processes and measurement is extensive, and it has 

not been fully explored yet, even in terms of sensitivity.  
➤ From this richness, during the Feasibility Study, we need to extract 

concrete benchmark measurements, the « case studies » 

➤ They will be used to extract requirements on what is missing to achieve 

our ambitious goals: detector requirements, reconstruction tools, 
calibration techniques. 

18
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ENERGY RANGE & LUMINOSITY

19

Can produce all the 
heaviest  particles of 
the Standard Model: 

Z, W, H and top

LEP x 105

LEP x 2⋅103

Never done

Never done

Never done

√s uncertainty 
<100keV

<300keV

~2MeV

~5MeV

s-channel H       ???              125 GeV                                      ~5000 e+e− ➝ H events < 200 keV

mailto:patrizia.azzi@cern.ch
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TWO BASELINE DETECTOR CONCEPTS FOR THE CDR 

20
Patrick Janot

Two detector concepts for the CDR 
q It was demonstrated that detectors satisfying requirements are feasible

u Physics performance, beam backgrounds, invasive MDI, event rates, …

l With two rather complementary designs – see talks of Oleksander and Lorenzo for details

28 June 2019
FCC Week, Brussels 30

O. Viazlo, L. Pezzotti

2018 Beam-Test Data
being analysed

40 GeV p0

MeVFull simulation

➤ It was demonstrated that detectors satisfying the requirements are feasible. Two options 
considered for now with complementary designs

➤ physics performance, beam background, invasive MDI event rates… 


➤ New detector design ideas are coming and being tested

mailto:patrizia.azzi@cern.ch
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DETECTOR REQUIREMENTS TO GUIDE NEW IDEAS

21M. Dam, P. Janot

mailto:patrizia.azzi@cern.ch
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HIGGS PRODUCTION AT FCC-ee

22
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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

23

−

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

mailto:patrizia.azzi@cern.ch
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HIGGS COUPLINGS 

➤ Ultimate precision on Higgs couplings below 1% (and measurement 
of the total width) a milestone of the FCC physics program.  

24

Yellow highlight 
for those 
couplings best 
measured with 
FCC-hh 

mailto:patrizia.azzi@cern.ch


pa
tri

zi
a.

az
zi

@
ce

rn
.c

h
HIGGS FACTORY “CASE STUDIES”

25
P. Janot

FCC-ee as a Higgs factory: Case studies
Higgs mass and inclusive cross section measurement                                  Flavour tagging 

19 Nov 2021
ECFA Plenary Meeting 13

arXiv: 2106.15438

Gentle beamstrahlung
→ limited mass tail

Light tracker much better
Mag. Field of 3T helps a bit

• Advanced flavour-tagging algorithm 
based on a Dynamic Graph Convolutional 
Neural Network.

• Very promising c-tagging
• Innovative developments on s-tagging too

Recoil mass fit in e+e-➝ZH with Z ➝ µ+µ-

➤ To have a concrete path toward the precision we plan to reach. With complete 
analysis and realistic detectors

mailto:patrizia.azzi@cern.ch
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HIGGS WIDTH 

26

e+

e−
Z∗

Z

H

Z∗

Z
gHZZ

gHZZ

❖ σHZ is proportional to gHZZ
2  

❖ BR(H → ZZ) = Γ(H → ZZ) / ΓH is proportional to 
gHZZ

2 /ΓH 

▪ σHZ × BR(H → ZZ)  is proportional to gHZZ
4 / ΓH 

❖ Infer the total width ΓH

Analysis

The final step: look at missing mass distribution:
400

300

200

100

0

50 100 150 200 250

nu
m

be
r o

f e
ve

nt
s/

50
0 

fb
-1 WW-Fusion

missing mass (GeV)

sqrt(s) = 350 GeV
mH =      120 GeV Higgsstrahlung

Interference
Background

Determine the rate for WW-fusion from a shape fit to the con-
tributions of WW-Fusion, Higgs-Strahlung and background.

Interference currently treated as constant (could be fit as well)

Systematics: background shape can be checked from
anti-b-tagged selection

Higgs-Strahlung shape can be checked with
events after removing the leptons

Running with different beam polarisation has different effects
on the background and Higgsstrahlung contributions!

K. Desch Measurement of the Cross Section for WW–Fusion, LCWS2000 – Fermilab, 25/10/200 Page 7

-

ee →HZ & H → ZZ  at √s = 240 GeV 

WW → H νν→ bbνν  at √s = 365 GeV 

ΓH ∝
σWW→H

BR(H → WW)
=

σWW→H→bb̄

BR(H → WW) × BR(H → bb̄)

➤ Model independent determination of the total Higgs decay width down 
to 1.3% with runs at √s=240 and √s=365 GeV 

√s=365 not just for Top physics!
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 HIGGS SELF-COUPLING WITH SINGLE HIGGS

➤ Higgs self-coupling, λ3, is a fundamental parameter of the SM whose value should be 
checked against prediction


➤ e+e- colliders with  √s<500 GeV can profit of the significant effect on single Higgs production 

27Patrick Janot 

The	trilinear	Higgs	self-coupling	κλ	[1]	
q  Traditionally	κλ	is	measured	with	a	c.o.m.	energy	of	at	least	500	GeV.	

◆  At	the	FCC-ee,	a	different	method	can	be	used	with	single	Higgs	production	

	

q  Effect	on	σHZ	is	large	at	the	FCC-ee	
◆  With	respect	to	exp’tal	precision	on	σHZ	

q  ~12%	exclusive	precision	on	κλ	with	2	IPs	
◆  Reduced	to	9%	with	a	4	IP	scenario	

●  If	all	other	couplings	are	fixed	to	their	SM	values	

6 March 2019 
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1.2 Theoretical structure of the Standard Model Higgs boson

Table 1.1. The Standard Model values of branching ratios of fermionic decays of the Higgs boson for each value of
the Higgs boson mass mh.

mh (GeV) bb̄ ·
+

·
≠

µ
+

µ
≠

cc̄ ss̄

125.0 57.7 % 6.32 % 0.0219 % 2.91 % 0.0246 %
125.3 57.2 % 6.27 % 0.0218 % 2.89 % 0.0244 %
125.6 56.7 % 6.22 % 0.0216 % 2.86 % 0.0242 %
125.9 56.3 % 6.17 % 0.0214 % 2.84 % 0.0240 %
126.2 55.8 % 6.12 % 0.0212 % 2.81 % 0.0238 %
126.5 55.3 % 6.07 % 0.0211 % 2.79 % 0.0236 %

Table 1.2. The Standard Model values of branching ratios of bosonic decays of the Higgs boson for each value of
the Higgs boson mass mh. The predicted value of the total decay width of the Higgs boson is also listed for each
value of mh.

mh (GeV) gg ““ Z“ W
+

W
≠

ZZ �H (MeV)
125.0 8.57 % 0.228 % 0.154 % 21.5 % 2.64 % 4.07
125.3 8.54 % 0.228 % 0.156 % 21.9 % 2.72 % 4.11
125.6 8.52 % 0.228 % 0.158 % 22.4 % 2.79 % 4.15
125.9 8.49 % 0.228 % 0.162 % 22.9 % 2.87 % 4.20
126.2 8.46 % 0.228 % 0.164 % 23.5 % 2.94 % 4.24
126.5 8.42 % 0.228 % 0.167 % 24.0 % 3.02 % 4.29

are listed for mh = 125.0, 125.3, 125.6, 125.9, 126.2 and 126.5 GeV [47]. In Table 1.2 the predicted
values of the total decay width of the Higgs boson are also listed. It is quite interesting that with
a Higgs mass of 126 GeV, a large number of decay modes have similar sizes and are accessible to
experiments. Indeed, the universal relation between the mass and the coupling to the Higgs boson for
each particle shown in Fig. 1.1 can be well tested by measuring these branching ratios as well as the
total decay width accurately at the ILC. For example, the top Yukawa coupling and the triple Higgs
boson coupling are determined respectively by measuring the production cross sections of top pair
associated Higgs boson production and double Higgs boson production mechanisms.

1.2.4 Higgs production at the ILC

At the ILC, the SM Higgs boson h is produced mainly via production mechanisms such as the
Higgsstrahlung process e

+
e

≠
æ Z

ú
æ Zh (Fig. 1.3 Left) and the the weak boson fusion processes

e
+

e
≠

æ W
+ú

W
≠ú

‹‹̄ æ h‹‹̄ (Fig. 1.3 (Middle)) and e
+

e
≠

æ Z
ú
Z

ú
e

+
e

≠
æ he

+
e

≠. The
Higgsstrahlung process is an s-channel process so that it is maximal just above the threshold of the
process, whereas vector boson fusion is a t-channel process which yields a cross section that grows
logarithmically with the center-of-mass energy. The Higgs boson is also produced in association with
a fermion pair. The most important process of this type is Higgs production in association with a top
quark pair, whose typical diagram is shown in Fig. 1.3 (Right). The corresponding production cross
sections at the ILC are shown in Figs. 1.4 (Left) and (Right) as a function of the collision energy by
assuming the initial electron (positron) beam polarization to be ≠0.8 (+0.2).

The ILC operation will start with the e
+

e
≠ collision energy of 250 GeV (just above threshold for

hZ production), where the Higgsstrahlung process is dominant and the contributions of the fusion
processes are small, as shown in Fig. 1.4 (Left) . As the center-o�-mass energy,

Ô
s increases, the

Z

Z
He+

e< i

i<

W

W
H

e+

e<

e
+

e
−

H

t

t
-

γ/Z

Figure 1.3. Two important Higgs boson production processes at the ILC. The Higgsstrahlung process (Left), the
W-boson fusion process (Middle) and the top-quark association (Right).
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Up	to	2%	effect	on	σHZ		
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Figure 2: Left: Value of C1 as a function of the center of mass energy
Ô

s for the e
+

e
≠

æ hZ and
e

+
e

≠
æ ‹‹̄h single Higgs production processes. Right: The linear dependence of production

and decay rates on the ”Ÿ⁄, ”cZ , cZZ and cZ⇤ parameters (see Section 2.2 for details on the
meaning of these parameters). For e

+
e

≠
æ ‹‹̄h, only the WW -fusion contribution is included.

The dependence on ”Ÿ⁄ is amplified by a factor of 500.

The value of C1 in Higgsstrahlung (e+
e

≠
æ hZ) and WW -fusion (e+

e
≠

æ ‹‹̄h)
processes are shown in the left panel of Fig. 2 as functions of the center-of-mass energy
Ô

s. Very di�erent energy dependences are observed for the two processes. A quick
decrease is seen in Higgsstrahlung, from C1 ƒ 0.022 at threshold to about C1 ƒ 0.001 at a
center-of-mass energy of 500 GeV. On the other hand, a nearly constant value C1 ƒ 0.006
is observed for the WW -fusion process over the same range of energy. Further numerical
values are provided in Appendix A for both production and decay processes. Beside the
inclusive production and decay rates, we also checked the impact of a correction to ”Ÿ⁄

on the angular asymmetries that can be exploited in e
+

e
≠

æ hZ æ h¸
+

¸
≠ measurements

(see Refs. [29, 30]). We found that these e�ects are almost negligible and have no impact
on the fits.

To conclude this section, we show in the right panel of Fig. 2 the linear dependences of
a set of production rates and Higgs partial widths on ”Ÿ⁄ and on three EFT parameters
that encode deviations in the Z-boson couplings, ”cZ , cZZ and cZ⇤ (see Section 2.2 for
a detailed discussion of the full set of BSM e�ects we are considering). Only leading-
order dependences are accounted for, at one loop for ”Ÿ⁄ and at tree level for the other
parameters. One can see that the various observables have very di�erent dependences
on the EFT parameters. For instance, ”cZ a�ects all the production processes in an
energy-independent way.5 On the contrary, the e�ects of cZZ and cZ⇤ grow in magnitude
for higher center-of-mass energy in both Higgsstrahlung and WW -fusion cross sections.
It is apparent that the combination of several measurements can allow us to e�ciently
disentangle the various BSM e�ects and obtain robust constraints on ”Ÿ⁄. From the sensi-
tivities shown in Fig. 2, we can roughly estimate that a set of percent-level measurements

5In the language of the dimension-six operators, ”cZ is generated by the operator OH = 1
2 (ˆµ|H

2
|)2,

which modifies all Higgs couplings universally via the Higgs wave function renormalization.
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Measurement at different 
√s also helps to lift 
degeneracy between 
processes

Patrick Janot 

The	trilinear	Higgs	self-coupling	κλ	[2]		
q  The	cross	section	depends	on	other	couplings	(HZZ,	HHZZ,	at	least)	

◆  …	and	of	the	overall	model	structure,	which	might	differ	from	SM	structure	
●  e.g.,	additional	eeZH	coupling,	or	e+e-	→	A	→	HZ	graphs	

q  Two	energy	points	lift	off	the	degeneracy	between	HZZ	and	HHH	

q  Additional	couplings	addressed	by	a	global	EFT	fit				(J.	De	Blas’	presentation)	
◆  All	FCC-ee	Higgs	measurements	are	important	in	this	fit	
◆  Most	FCC-ee	EW	precision	measurements	are	equally	important					(R.	Tenchini’s	talk)	

●  To	fix	extra	parameters	that	would	otherwise	enter	the	fit	and	open	flat	directions	

6 March 2019 
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The	trilinear	Higgs	self-coupling	κλ	[1]	
q  Traditionally	κλ	is	measured	with	a	c.o.m.	energy	of	at	least	500	GeV.	

◆  At	the	FCC-ee,	a	different	method	can	be	used	with	single	Higgs	production	

	

q  Effect	on	σHZ	is	large	at	the	FCC-ee	
◆  With	respect	to	exp’tal	precision	on	σHZ	

q  ~12%	exclusive	precision	on	κλ	with	2	IPs	
◆  Reduced	to	9%	with	a	4	IP	scenario	

●  If	all	other	couplings	are	fixed	to	their	SM	values	
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1.2 Theoretical structure of the Standard Model Higgs boson

Table 1.1. The Standard Model values of branching ratios of fermionic decays of the Higgs boson for each value of
the Higgs boson mass mh.

mh (GeV) bb̄ ·
+

·
≠

µ
+

µ
≠

cc̄ ss̄

125.0 57.7 % 6.32 % 0.0219 % 2.91 % 0.0246 %
125.3 57.2 % 6.27 % 0.0218 % 2.89 % 0.0244 %
125.6 56.7 % 6.22 % 0.0216 % 2.86 % 0.0242 %
125.9 56.3 % 6.17 % 0.0214 % 2.84 % 0.0240 %
126.2 55.8 % 6.12 % 0.0212 % 2.81 % 0.0238 %
126.5 55.3 % 6.07 % 0.0211 % 2.79 % 0.0236 %

Table 1.2. The Standard Model values of branching ratios of bosonic decays of the Higgs boson for each value of
the Higgs boson mass mh. The predicted value of the total decay width of the Higgs boson is also listed for each
value of mh.

mh (GeV) gg ““ Z“ W
+

W
≠

ZZ �H (MeV)
125.0 8.57 % 0.228 % 0.154 % 21.5 % 2.64 % 4.07
125.3 8.54 % 0.228 % 0.156 % 21.9 % 2.72 % 4.11
125.6 8.52 % 0.228 % 0.158 % 22.4 % 2.79 % 4.15
125.9 8.49 % 0.228 % 0.162 % 22.9 % 2.87 % 4.20
126.2 8.46 % 0.228 % 0.164 % 23.5 % 2.94 % 4.24
126.5 8.42 % 0.228 % 0.167 % 24.0 % 3.02 % 4.29

are listed for mh = 125.0, 125.3, 125.6, 125.9, 126.2 and 126.5 GeV [47]. In Table 1.2 the predicted
values of the total decay width of the Higgs boson are also listed. It is quite interesting that with
a Higgs mass of 126 GeV, a large number of decay modes have similar sizes and are accessible to
experiments. Indeed, the universal relation between the mass and the coupling to the Higgs boson for
each particle shown in Fig. 1.1 can be well tested by measuring these branching ratios as well as the
total decay width accurately at the ILC. For example, the top Yukawa coupling and the triple Higgs
boson coupling are determined respectively by measuring the production cross sections of top pair
associated Higgs boson production and double Higgs boson production mechanisms.

1.2.4 Higgs production at the ILC

At the ILC, the SM Higgs boson h is produced mainly via production mechanisms such as the
Higgsstrahlung process e

+
e

≠
æ Z

ú
æ Zh (Fig. 1.3 Left) and the the weak boson fusion processes

e
+

e
≠

æ W
+ú

W
≠ú

‹‹̄ æ h‹‹̄ (Fig. 1.3 (Middle)) and e
+

e
≠

æ Z
ú
Z

ú
e

+
e

≠
æ he

+
e

≠. The
Higgsstrahlung process is an s-channel process so that it is maximal just above the threshold of the
process, whereas vector boson fusion is a t-channel process which yields a cross section that grows
logarithmically with the center-of-mass energy. The Higgs boson is also produced in association with
a fermion pair. The most important process of this type is Higgs production in association with a top
quark pair, whose typical diagram is shown in Fig. 1.3 (Right). The corresponding production cross
sections at the ILC are shown in Figs. 1.4 (Left) and (Right) as a function of the collision energy by
assuming the initial electron (positron) beam polarization to be ≠0.8 (+0.2).

The ILC operation will start with the e
+

e
≠ collision energy of 250 GeV (just above threshold for

hZ production), where the Higgsstrahlung process is dominant and the contributions of the fusion
processes are small, as shown in Fig. 1.4 (Left) . As the center-o�-mass energy,

Ô
s increases, the
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Figure 1.3. Two important Higgs boson production processes at the ILC. The Higgsstrahlung process (Left), the
W-boson fusion process (Middle) and the top-quark association (Right).
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Precision on kλ

FCC-ee 33 %

FCC-ee(4IP) 24 %

FCC(ee+hh) 5 %

√s=365 not just for Top physics!
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ELECTRON YUKAWA COUPLING

➤ Something unique: electron Yukawa coupling from e+e− ➝ H

➤ One of the toughest challenges, which requires:


➤ Higgs boson mass prior knowledge to a couple MeV

➤ Huge luminosity (i.e., several years with possibly 4 IPs)

➤ (Mono)chromatisation: ΓH (4.2 MeV) ≪ δ√s (100 MeV)

➤ Continuous monitoring and adjustment of √s

➤ Different e+ and e− energies (to avoid integer spin tune)

➤ Extremely sensitive event selection against SM backgrounds


➤ For all Higgs decay channels

28

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

S. Jadach, R.A. Kycia
arXiV:1509.02406

Uncertainty at the SM level 
(IF everything works nominally)

Indicates whether the Higgs boson (also) gives 
mass to ordinary matter. 

Under St
udy

Very very challenging

mailto:patrizia.azzi@cern.ch
https://arxiv.org/abs/1509.02406
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FCC-ee AS AN ELECTROWEAK FACTORY

➤ With highest luminosities at 91, 160 and 350 GeV

➤ Complete set of EW observables can be measured


➤ Precision (10-3 today) down to few 10-6 


➤ Precision unique to FCC-ee, with smallest 
parametric errors 


➤ Challenge: match syst. uncertainties to the stat. 
precision


➤ A lot more potential to exploit with good detector 
design than the present treatment suggests


➤ Theory work is critical and initiated

➤ Precision = discovery potential (e.g., NP in Z/W 

propagators)
29

Current estimate of exp. and th. 
uncertainties

Stat. + parametric uncertainties only
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SELECTED ELECTROWEAK QUANTITIES (FROM FCC-ee) 

30

474 Page 38 of 161 Eur. Phys. J. C (2019) 79 :474

Table 3.1 Measurement of selected electroweak quantities at the FCC-ee, compared with the present precisions

Observable Present value ± error FCC-ee Stat. FCC-ee Syst. Comment and dominant exp. error

mZ (keV) 91,186,700 ± 2200 5 100 From Z line shape scan Beam energy calibration

!Z (keV) 2,495,200 ± 2300 8 100 From Z line shape scan Beam energy calibration

RZ
" (×103) 20,767 ± 25 0.06 0.2–1.0 Ratio of hadrons to leptons acceptance for leptons

αs (mZ) (×104) 1196 ± 30 0.1 0.4–1.6 From RZ
" above [43]

Rb (×106) 216,290 ± 660 0.3 < 60 Ratio of bb̄ to hadrons stat. extrapol. from SLD [44]

σ 0
had (×103) (nb) 41,541 ± 37 0.1 4 Peak hadronic cross-section luminosity measurement

Nν (×103) 2991 ± 7 0.005 1 Z peak cross sections Luminosity measurement

sin2θeff
W (×106) 231,480 ± 160 3 2–5 From Aµµ

FB at Z peak Beam energy calibration

1/αQED (mZ) (×103) 128,952 ± 14 4 Small From Aµµ
FB off peak [34]

Ab,0
FB (×104) 992 ± 16 0.02 1–3 b-quark asymmetry at Z pole from jet charge

Apol,τ
FB (×104) 1498 ± 49 0.15 < 2 τ Polarisation and charge asymmetry τ decay physics

mW (MeV) 80,350 ± 15 0.5 0.3 From WW threshold scan Beam energy calibration

!W (MeV) 2085 ± 42 1.2 0.3 From WW threshold scan Beam energy calibration

αs (mW) (×104) 1170 ± 420 3 Small From RW
" [45]

Nν (×103) 2920 ± 50 0.8 Small Ratio of invis. to leptonic in radiative Z returns

mtop (MeV) 172,740 ± 500 17 Small From tt̄ threshold scan QCD errors dominate

!top (MeV) 1410 ± 190 45 Small From tt̄ threshold scan QCD errors dominate

λtop/λ
SM
top 1.2 ± 0.3 0.1 Small From tt̄ threshold scan QCD errors dominate

ttZ couplings ± 30% 0.5–1.5% Small From ECM = 365 GeV run

asymmetries. Also the tau lepton branching fraction and lifetime measurements, especially if a more precise tau mass
becomes available, will provide another dimension of precision measurements.

– While statistical precisions follow straightforwardly from the integrated luminosities, the systematic uncertainties do not.
It is quite clear that for the Z and W mass and width the centre-of-mass energy uncertainty will dominate, and that for the
total cross-sections (thus the determination of the number of neutrinos) the luminosity measurement error will dominate.
These have been the subject of considerable work already. However there is no obvious limit in the experimental precision
reachable for such observables as RZ

" or Rb or the top quark pair cross-section measurements.

– While the possible experimental systematic error levels for RZ
" , Rb, Ab

FB, 0, Apol,τ
FB have been indicated, these should be

considered as indicative, and are likely to change, hopefully improve, with closer investigation. Heavy flavour quantities
will readily benefit from the improved impact parameter resolution available at FCC-ee due to the smaller beam pipe
and considerable improvements in silicon trackers. Also since LEP and SLD the knowledge of both τ and b physics has
benefited considerably from the b-factories and will benefit further with SuperKEKB.

Table 3.1 clearly sets the requirements for theoretical work: the aim should be to either provide the tools to compare
experiment and theory at a level of precision better than the experimental errors, or to identify which additional calculation
or experimental input would be required to achieve it. Another precious line of research to be done jointly by theoreticians
and experimenters will be to try to find observables or ratios of observables for which theoretical uncertainties are reduced.

The work that experiment requires from the theoretical community can be separated into a few classes.

– QED (mostly) and QCD corrections to cross-sections and angular distributions that are needed to convert experimentally
measured cross-sections back to ‘pseudo-observables’: couplings, masses, partial widths, asymmetries, etc. that are close
to the experimental measurement (i.e. the relation between measurements and these ‘pseudo-observables’ does not alter
the possible ‘new physics’ content). Appropriate event generators are essential for the implementation of these effects in
the experimental procedures.

– Calculation of the pseudo-observables with the precision required in the framework of the SM with the required precision
so as to take full advantage of the experimental precision.

123

Orders of magnitudes reduction of statistical uncertainties
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SELECTED ELECTROWEAK QUANTITIES (FROM FCC-ee) 
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Table 3.1 Measurement of selected electroweak quantities at the FCC-ee, compared with the present precisions

Observable Present value ± error FCC-ee Stat. FCC-ee Syst. Comment and dominant exp. error

mZ (keV) 91,186,700 ± 2200 5 100 From Z line shape scan Beam energy calibration

!Z (keV) 2,495,200 ± 2300 8 100 From Z line shape scan Beam energy calibration

RZ
" (×103) 20,767 ± 25 0.06 0.2–1.0 Ratio of hadrons to leptons acceptance for leptons

αs (mZ) (×104) 1196 ± 30 0.1 0.4–1.6 From RZ
" above [43]

Rb (×106) 216,290 ± 660 0.3 < 60 Ratio of bb̄ to hadrons stat. extrapol. from SLD [44]

σ 0
had (×103) (nb) 41,541 ± 37 0.1 4 Peak hadronic cross-section luminosity measurement

Nν (×103) 2991 ± 7 0.005 1 Z peak cross sections Luminosity measurement

sin2θeff
W (×106) 231,480 ± 160 3 2–5 From Aµµ

FB at Z peak Beam energy calibration

1/αQED (mZ) (×103) 128,952 ± 14 4 Small From Aµµ
FB off peak [34]

Ab,0
FB (×104) 992 ± 16 0.02 1–3 b-quark asymmetry at Z pole from jet charge

Apol,τ
FB (×104) 1498 ± 49 0.15 < 2 τ Polarisation and charge asymmetry τ decay physics

mW (MeV) 80,350 ± 15 0.5 0.3 From WW threshold scan Beam energy calibration

!W (MeV) 2085 ± 42 1.2 0.3 From WW threshold scan Beam energy calibration

αs (mW) (×104) 1170 ± 420 3 Small From RW
" [45]

Nν (×103) 2920 ± 50 0.8 Small Ratio of invis. to leptonic in radiative Z returns

mtop (MeV) 172,740 ± 500 17 Small From tt̄ threshold scan QCD errors dominate

!top (MeV) 1410 ± 190 45 Small From tt̄ threshold scan QCD errors dominate

λtop/λ
SM
top 1.2 ± 0.3 0.1 Small From tt̄ threshold scan QCD errors dominate

ttZ couplings ± 30% 0.5–1.5% Small From ECM = 365 GeV run

asymmetries. Also the tau lepton branching fraction and lifetime measurements, especially if a more precise tau mass
becomes available, will provide another dimension of precision measurements.

– While statistical precisions follow straightforwardly from the integrated luminosities, the systematic uncertainties do not.
It is quite clear that for the Z and W mass and width the centre-of-mass energy uncertainty will dominate, and that for the
total cross-sections (thus the determination of the number of neutrinos) the luminosity measurement error will dominate.
These have been the subject of considerable work already. However there is no obvious limit in the experimental precision
reachable for such observables as RZ

" or Rb or the top quark pair cross-section measurements.

– While the possible experimental systematic error levels for RZ
" , Rb, Ab

FB, 0, Apol,τ
FB have been indicated, these should be

considered as indicative, and are likely to change, hopefully improve, with closer investigation. Heavy flavour quantities
will readily benefit from the improved impact parameter resolution available at FCC-ee due to the smaller beam pipe
and considerable improvements in silicon trackers. Also since LEP and SLD the knowledge of both τ and b physics has
benefited considerably from the b-factories and will benefit further with SuperKEKB.

Table 3.1 clearly sets the requirements for theoretical work: the aim should be to either provide the tools to compare
experiment and theory at a level of precision better than the experimental errors, or to identify which additional calculation
or experimental input would be required to achieve it. Another precious line of research to be done jointly by theoreticians
and experimenters will be to try to find observables or ratios of observables for which theoretical uncertainties are reduced.

The work that experiment requires from the theoretical community can be separated into a few classes.

– QED (mostly) and QCD corrections to cross-sections and angular distributions that are needed to convert experimentally
measured cross-sections back to ‘pseudo-observables’: couplings, masses, partial widths, asymmetries, etc. that are close
to the experimental measurement (i.e. the relation between measurements and these ‘pseudo-observables’ does not alter
the possible ‘new physics’ content). Appropriate event generators are essential for the implementation of these effects in
the experimental procedures.

– Calculation of the pseudo-observables with the precision required in the framework of the SM with the required precision
so as to take full advantage of the experimental precision.

123

In this context would need from theory full 3-loop calculations for 
the Z pole and propagator EWK corrections and probably 2-loop for 
EWK corrections to the WW cross section.  Matching these 
experimental precisions motivates a significant theoretical effort. 

Orders of magnitudes reduction of statistical uncertainties
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NEUTRAL COUPLINGS AND EWK ANGLE

➤  can be measured with 5x10-6 (at least) from: 


➤ Muon forward-backward asymmetry at pole  assuming muon-electron 
universality  
➤ uncertainty driven by knowledge of CM energy (point to point errors)


➤ Tau polarization  without assuming lepton universality 

➤ Tau polarization measures Ae and Aτ, can input to   to measure separately 
e,  and  coupling (with ) 

➤ Very large tau statistics and improved knowledge of parameters (BF, decay modeling). 

➤ Also use best decay channels,  τ→ρντ. Constraint on detector performance for γ/πo


➤ Preliminary estimate to measure   with 6.6x10-6 precision


➤ Asymmetries  provide input to quark couplings (together with )

sin2 θeff

Aμμ
FB(mZ)

Aμμ
FB =

3
4

AeAμ
μ τ Γe, Γμ, Γτ

sin2 θeff

Abb
FB, Acc

FB Γb, Γc

31

Ae =
2gVe

gAe

(gVe
)2 + (gAe

)2
=

2gVe
/gAe

1 + (gVe
/gAe

)2
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IMPACT OF Z POLE RUN ON HIGGS

➤ Z-pole run and precise EWK observables have  a big impact also on 
the Higgs effective couplings

32

Global Higgs-TGC constraints
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precision reach on effective couplings from full EFT global fit
HL-LHC S2 + LEP/SLD
CEPC Z/WW/240GeV
FCC-ee Z/WW/240GeV
FCC-ee Z/WW/240GeV/365GeV

ILC 250GeV
ILC 250GeV/350GeV
ILC 250GeV/350GeV/500GeV

CLIC 380GeV
CLIC 380GeV/1.5TeV
CLIC 380GeV/1.5TeV/3TeV

P(e-,e+)=(�0.8,±0.3) P(e-,e+)=(�0.8, 0)

light shade: CEPC/FCC-ee without Z-pole
CEPC/FCC-ee without WW threshold
perfect EW perfect EW&TGC

lepton colliders are combined with HL-LHC & LEP/SLD
imposed U(2) in 1&2 gen quarks
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10

2

20
10

2

20

Ratios, real EW / perfect EW

�gH
ZZ �gH

WW �gH
��

�gH
Z� �gH

gg �gH
tt �gH

cc �gH
bb �gH

�� �gH
�� �g1,Z ��� �Z

1

1.5

1

1.5

20 20/

EW
re

al/
pe

rfe
ct
2

�gH
ZZ �gH

WW1

1.5

20 /

Z -pole

15 EW param. also marginalized over

O

assumed perfectly constrained

· Z -pole run has a big impact

· WW threshold run has marginal impact

· polarization helps compensating for the absence of Z -pole run

· new electroweak measurement help (e.g. ALR in radiative Z -pole return)
· higher energy runs help (in specific directions)

Gauthier Durieux – LCWS, Sendai – 29 October 2019 6
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HOT TOPIC: W MASS AND WIDTH

➤ Precise M(W) from threshold run 

➤ M(W) direct reconstruction from decay products 

useful/needed at any √s>threshold 
➤ Competitive as statistical uncertainty but different 

challenges to be considered:

➤ Event reconstruction, choice of jet algorithms 

➤ Lepton momentum scale and resolution 

➤ Kinematical fitting 

33

MW at WW threshold

Optimal energy : E = 161.4 GeV
�MW = 0.23 MeV

Marina Béguin W study at FCC-ee June 25, 2019 5 / 15

Paolo Azzurri

LEP : �MW = 210 MeVL = 10 pb−1
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dMW
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MW at WW threshold

Optimal energy : E = 161.4 GeV
�MW = 0.23 MeV

Marina Béguin W study at FCC-ee June 25, 2019 5 / 15

Paolo Azzurri

LEP : �MW = 210 MeVL = 10 pb−1
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AT THRESHOLD

ABOVE THRESHOLD
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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)

34
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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.
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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. 

mailto:patrizia.azzi@cern.ch


pa
tri

zi
a.

az
zi

@
ce

rn
.c

h
THE INTENSITY FRONTIER  - FLAVOR PHYSICS 

35

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

⇤0
(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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Figure 7.1: Invariant mass reconstruction of B̄
0 ! K

⇤0
(892)t+t� candidates (green line), where

t!3pn⌧ and K⇤ !K+p�, allowing the decay vertices to be reconstructed. The two dominant back-
grounds are included: B̄s ! D

+
s D

�

s K
⇤0

(892) (red) and B̄
0 ! D

+
s K̄

⇤0
(892)t�n⌧ (pink).

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
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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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
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⇤0

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

~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
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ECFA Plenary Meeting

FLAVOR PHYSICS CASE STUDIES

➤ B0 ➝ K*0τ+τ− : need excellent Vertexing


➤ Bs → Ds K, modes with neutrals : ECAL energy resolution prospects

19 Nov 2021 36

3%/√E 15%/√E

arXiv:2105.13330

ILD ILD/2 ILD/4

  Bc → 𝜏𝜈 : 

A major background missing in these plots 
B*0 → K*0DsDs(Ds → ππππ0π0)
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THE INTENSITY FRONTIER - TAU PHYSICS 

➤ Enormous statistics: 1.7 1011 ττ events

➤ Clean environment, boost, vertexing

➤ Much improved measurement of tau mass, lifetime, 

BR’s will be crucial for: 

➤ τ-based EWPOs (Rτ, AFBpol, Pτ)

➤ Lepton universality violation tests

➤ PMNS matrix unitarity

➤ Constraints on Light-heavy neutrino mixing

37

Detector Requirements 

• Momentum resolution for Mass measurement, LFV search 
• Precise knowledge of vertex detector dimensions for lifetime measurement 
• Tracker and ECAL granularity and e/µ/π separation: BR measurements, EWPOs

Flavours @ FCC-ee 4

Executive summary — Flavours at FCC-ee

4) Tau Physics
Visible Z decays 3 x 1012

Z ➝ τ+τ- 1.3 x 1011

1 vs. 3 prongs 3.2 x 1010

3 vs. 3 prong 2.8x 109

1 vs. 5 prong 2.1 x 108

1 vs. 7 prong < 67,000

1 vs 9 prong ?

Property Current WA FCC-ee stat FCC-ee syst
Mass [MeV] 1776.86 +/- 0.12 0.004 0.1 

Electron BF [%] 17.82 +/- 0.05 0.0001 0.003
Muon BF 17.39 +/- 0.05 0.0001 0.003
Lifetime [fs] 290.3 +/- 0.5 0.005 0.04

Decay Current bound FCC-ee sensitivity

Z -> eμ 0.75 x -6 10-8

Z -> μτ 12 x 10-6 10-9

Ζ -> eτ 9.8 x 10-6 10-9

CLFV Z decays:

Decay Current bound FCC-ee sensitivity

τ -> μγ 4.4 x 10-8 2 x 10-9

τ -> 3μ 2 x 10-8 10-10

CLFV τ decays:

Tau properties
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BSM PHYSICS: RARE PROCESSES  FIP 

➤ Intensity frontier offers the opportunity to directly observe new 
feebly interacting particles below m(Z). They could be also DM 
candidates. 


➤ Signatures explored: photons and long lifetimes (LLP’s). 

➤ Axion-like particles

➤ Dark photons

➤ Heavy Neutral Leptons
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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

More “extravagant” 
signatures can be 
studied in the future 
profiting of the clean 
environment 
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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

➤ HNL more new studies in progress: “Snowmass white paper” in preparation. 

➤ Test minimal type I seesaw hypotesis

➤ Together with ΔM also tests the compatibility with leptogenesis
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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
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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!
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SUMMARY ON NEW PHYSICS SENSITIVITIES 

➤ Fit to new physics effects parameterized by dim 6 SMEFT operators  

➤ single operator fit can be informative 

➤ model independent result only for global fit 
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• Interpretation of EFT results: What do the EFT limits mean? 

Jorge de Blas 
INFN - University of Padova

FCC-ee Physics Meeting 
CERN, Feb 19, 2018

The dimension 6 SMEFT

What do we mean by “Sensitivity to NP up the scale of N TeV?” e.g.
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EFT analyses with FCC precision
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Materials for the talk presented at the FCC physics meeting on Feb. 19 2018.
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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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➤ Points to the 
physics to be 
studied with 
FCC-hh

Requires 10-fold improvement in theory calculations
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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

43

➡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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WLWL SCATTERING (RELEVANT FOR VVH COUPLING)

44
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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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Longitudinal component  
extracted from angular  

distribution of the  
two leptons

 21

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

3% at 30ab-1
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H→INVISIBLE @FCC-hh

➤ Higgs invisible width can be 
measured in large missing-ET 
signatures 


➤ Derive the BR(H→invisible) 
from a fit to the missingET 
spectrum


➤ Constrain background with 
data driven method using SM 
W/Z+jets 


➤  
can be seen after ~1ab-1
H → 4ν, with BR = 1.1 × 10−3

45

 12

H→invisible
• Measure it from H + X at large pT(H)

• Derive BR(H→inv)  by precisely fitting the ETmiss spectrum 

• Constrain background pT spectrum from Z→νν to the % level using NNLO QCD/EW to 
relate to measured Z, W and γ spectra

• BR(H→inv) ≲ 2.5 10-4  

30 ab-1

 FCC-ee

  H→ZZ→νννν

Χ (inv)

H

Χ (inv)

jet(s)

P. Harris

Sensitivity down to 2x10-4 with 
full statistics 
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Top Yukawa (production)

 6

• production ratio σ(ttH)/σ(ttZ)
• measure σ(ttH)/σ(ttZ) in H/Z→bb mode in the boosted 

regime, in the semi-leptonic channel
• perform simultaneous fit of double Z and H peak 
• (lumi, pdfs, efficiency) uncertainties cancel out in ratio
• assuming gttZ and κb known to 1% (from FCC-ee) , can measure 

yt to 1%  

δyt / yt ≲1  % 

ttH

ttZ

MLM, D. Jamin, C. Helsens, G. Ortona, MS

FCC SYNERGIES: TOP YUKAWA COUPLING AT FCC-hh 
➤ Measure the production ratio  in the boosted regime for  and in the semi-

leptonic top channel. Lumi, PDF, efficiency uncertainties cancel in the ratio

➤ Perform simultaneous fit of Z and H peak 

➤ Using gttZ and kb measured at 1% by FCC-ee. 
➤  Top Yukawa can be measured at 1% and model independent at the FCC-hh

σ(tt̄H)/σ(tt̄Z) H → bb̄

46

Top Yukawa (production)

 6

• production ratio σ(ttH)/σ(ttZ)
• measure σ(ttH)/σ(ttZ) in H/Z→bb mode in the boosted 

regime, in the semi-leptonic channel
• perform simultaneous fit of double Z and H peak 
• (lumi, pdfs, efficiency) uncertainties cancel out in ratio
• assuming gttZ and κb known to 1% (from FCC-ee) , can measure 

yt to 1%  

δyt / yt ≲1  % 

ttH

ttZ

MLM, D. Jamin, C. Helsens, G. Ortona, MS

➤ 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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FCC SYNERGIES: TRIPLE HIGGS COUPLING 

47

Projected precision of λ3 
measurements 

FCC integrated 
program will measure 

λ3 to the 5% level
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FCC SYNERGIES: FEEBLY INTERACTING PARTICLES

➤ Heavy Right-Handed Neutrinos

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

48

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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FCC SYNERGIES: 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

49

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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TIMELINE OF THE FCC INTEGRATED PROGRAMME

51

❑ 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++

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! 
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FUTURE COLLIDERS TAKE AWAY MESSAGE

52

known knowns

Take Away

unknown knowns

known unknowns

unknown unknowns

Standard 
Model “known” new physics

surprises

new physics modifies 
known physics

and maybe we already 
measured it!
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PRACTICAL  
INFORMATIONS 
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PED ORGANISATION TO TACKLE THE CHALLENGES
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FCC Study  
Coordination 

FCC PED Study  
Coordination

Physics Software  
& Computing

MDI EPOL Physics 
Programme

Physics 
Performance

Detector 
Concepts

Including 
magnets

Detector R&D 
Group

Detector R&D 
Group

Detector R&D 
Group

Detector R&D 
Group

Detector R&D 
Group

Speakers Board, Editorial Board 
Dissemination & Communication 

Secretariat

G. Ganis
C. Helsens 

M. Boscolo
M. Sullivan

P. Azzi
E. Perez

Informal forum of 
National Contacts

Joint with accelerator

AIDAInnova
ECFA R&D Roadmap 
CERN EP R&D Effort

Collaboration  
Board

M. McCullough 
F. Simon

J. Wenninger
A. Blondel

Steering  
Committee

Scientific 
Advisory Committee

G. Salam, P. JanotG. Bernardi, T. Lesiak

M. Dam 
TBD

Preliminary

ECFA PED 
Working Group 2

ECFA PED 
Working Group 1

ECFA PED 
Working Groups 1&2

ECFA PED 
Working Group 3?
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LINKS AND GROUPS 

➤ Al CERN: https://fcc-ped.web.cern.ch/##. CERN main Web 
page 


➤ Per iscriversi alle mailing lists fare: Join Us -> Subscribe to mailing 
lists 


➤ In Italia: Sigla RD-FCC (resp. Naz F. Bedeschi) (include 
collaborazione con CEPC)


➤ https://web.infn.it/RD_FCC/ (per vedere i gruppi di lavoro) 

➤ Lista generale: rd_fcc@lists.infn.it (chiedere a Bedeschi credo) 

➤ Meetings di collaborazione 1 o 2 volte l’anno 


➤ Lista analisi: rd-fcc-simana@lists.infn.it (chiedere a me/DeFilippis) 

➤ Meetings ~mensili di analisi/software
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FIND OUT MORE: SOME FCC DOCUMENTATION

➤ 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


➤ EPJ+ Collection:  
➤ https://www.epj.org/epjplus-news/2300-epj-focus-

point-on-a-future-higgs-electroweak-factory-fcc-
challenges-towards-discovery 

➤ FCC Week 2022:  
➤ https://indico.cern.ch/event/1064327/timetable/
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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

NEW
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NEW OPPORTUNITIES CREATE NEW CHALLENGES

➤ 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
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