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• What is the origin of Dark Matter / Energy ?

• What is the origin of matter/anti-matter asymmetry ?

• What is the origin on neutrino masses — the flavour puzzle ?

• What is the origin of the Electro-weak symmetry breaking ?

• What is the solution to hierarchy problem ?
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The big questions

The Standard Model does not provide answers to these questions

There is new physics out there (beyond the Standard Model)



• No single experiment can:

• explore all directions at once
• guarantee discovery
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Collider or not collider? 

• Design projects that can deliver:

• precision
• (inclusive) sensitivity to new as many as possible 

scenarios of new physics
• clear yes/no answers to concrete scenarios



is new physics … 
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The Higgs particle

elementary scalar ? self-interacting?

from Arkani Hamed
FCC week 

“let’s put it under a microscope”
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Why studying the Higgs properties

After Higgs discovery, still many open questions:
•  Is the Higgs composite or fundamental?

• Is there more than 1 Higgs
• Does it generate light fermion masses? What about neutrino masses?  
•  does it couple to dark matter? 
• nature of the Higgs potential 

• and its relation to the EWPT

Need to go beyond the LHC precision measurements
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Long term strategy

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

“An electron-positron Higgs factory is the highest priority collider”

“For the longer term, the European Particle Physics community has the 
ambition to operate a proton-proton collider at the highest achievable 

energies.”

• HL-LHC will collect data until ~ 2040,
• big physics projects take ~20 yrs time to plan and build

NOW is the right time top start defining the future of HEP.
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The FCC
Within the FCC collaboration (CERN as host 
lab), 5 main accelerator facilities have been 
studied: 

• ee-collider (FCC-ee):
• as a first step

•  pp-collider (FCC-hh)
• defines infrastructure requirements
• 16 T → 100 TeV in 100 km tunne

• ep collider (FCC-eh)

• HE-LHC : 
• 27 TeV (16T magnets in LHC tunnel)

• Low E FCC-hh
• 100 km - 6T - 37 TeV

CDRs and European Strategy documents have been made public in Jan. 2019  
https://fcc-cdr.web.cern.ch/

CERN-FCC-PHYS-2019-0001

https://fcc-cdr.web.cern.ch/
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Future e+e- machines

CEPC

FCC-ee

• Maximum ECM ~ 350 GeV (limited by synchrotron radiation)
• Very high luminosity at low energy (Z > W > H > t)
• Allows multiple experiments

sqrt(s) 500 GeV 1 TeV
Lumi 4 ab-1 8 ab-1

sqrt(s) 1.5 TeV 3 TeV

Lumi 2.5 ab -1 5 ab -1

ILC

CLIC

• Can reach high energies 
• High lumi at high energies (ttH, HH, H …)
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e+e- vs p p 
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Future e+e- machines cross sections

• Physics background are “small” in e+e-

• s-channel ~ 1/s
• t-channel ~ log s

S/B          10-2  at e+e-                                          10-10 at hadron colliders
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Linear or circular ? 

luminosity ultimate precision with circular
high mass reach with linear
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Carbon footprint/energy consumption
Circular colliders have a:

- much larger instantaneous luminosity 
- operate several detectors

Circular is at CERN:

where electricity is already almost carbon-free (and will be even more so in 2048)
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Timeline of the integrated FCC project 

2045 2070

Now is perfect time to join the effort and contribute to the feasibility study 

now
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FCC-ee

• 100K Z bosons / second 

◦ LEP dataset in 1 minutes


• 10k W boson / hour

• 2k Higgs bosons / day

• 3k tops / day

Unprecedented luminosity
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Detector requirements - machine
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Detector concepts



17

Measurement landscape
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Detector requirements - physics
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Tera Z - Electroweak precision observables

1/𝝠 new physics (SMEFT) ➝ 30 – 70 TeV

name of the game:
→ bring down systematics down to 
stat. level 

105 x LEP events →100x reduction in stat
→ 10x increase in NP scale reach 



20

Tera Z  flavour

With 5x1012 Z, FCC-ee is of special relevance for b, c and tau physics

Production rate @Z pole an 10x more than the anticipated Belle II statistics

Belle2

• Sensitivity to low momentum particles
• Excellent momentum resolution
• Excellent Impact parameter resolution
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Tera Z  flavour: Bs→μμ

Bs→μμ mass resolution driven by the tracking
Low mass tracker essential 

BES
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Tera Z  flavour
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Tera Z - new physics

M [GeV]

• No trigger requirements
• Displaced vertex reco for low LLP lifetime

FCCee

ALPs

HNLs
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WW threshold

precision reach:
δ(mW) ~ 0.5 MeV
δ(ΓW) ~ 1 MeV

syst. uncertainties on hadronic W decay modeling

W mass and width Vcb

precision reach:
δ(Vcb) ~ 1.4% → 0.12%

requires excellent flavour tagging

30x improvement
w.r.t LHC
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Flavor tagging

Light tracker, first measurement layer close to IP:
• excellent b/c-tagging performance

• crucial to measure and to isolate clean H→bb/cc/gg 
samples

X/X0  (%)

cos(θ)

better

LHC
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Particle ID

• Particle Id for strange jet identification:
• ToF at low momenta
• dN/dX at high momenta

• Possible to measure strange Yukawa at FCC-ee ?
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Top 

δ(mt) ~ 10-20 MeV

Top mass and width Top EWK couplings (ttZ)

ttZ coupling required for 
ttH/ttZ interpretation at the FCC-hh

requires excellent flavour tagging
20x improvement

w.r.t LHC
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The FCC-ee as a Higgs factory

• (2) 106 e+ e- events with 5(10) ab-1

• target: per mille stat. limited precision
• plus few 100k events at √s=350-365 GeV

• of which 30% in WW fusion channel (needed for ΓH)

e+e- → ZH largest event rate at √s = 240 GeV
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Higgs @FCC-ee vs. HL-LHC?
production cross section uncertainties are typically much smaller that @pp 
colliders (no PDFs, no luminosity uncertainty)

Caveat: cannot measure rare Higgs decays or production modes to high 
precision (because lack of statistics)
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Higgs @ FCC-ee, √s = 240 GeV

• 106 Higgs produced @ FCC-ee
• rate ~ gZ 2  →  δgZ/gZ ~ 0.1 %

• Then measure ZH → ZZZ
• rate ~ gZ 4 / ΓH   →  δΓH  /ΓH   ~ 1 %

• Then measure ZH → ZXX
• rate ~ gZ 2 gX 2/ ΓH   →  δ gX/gX  ~ 1 %

provides absolute gZ coupling in e+e-

Higgs recoil mass measurement → production cross section:

BUT limited statistics:

• for rare decay modes 
• HH production 
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What can √s = 365 GeV bring ?  

Running at the top does not simply add statistics
it exploits complementary production mode to improve constraints

WW fusion added value

• vvH → vvbb ~ gW2 gb2 / ΓH

• vvbb / ( ZH(bb) ZH(WW) ~ gZ4 / ΓH = R
• ΓH precision at 1%

• Then do vvH →vvWW ~ gW4  / ΓH

• R / vvWW ~ gW4 / gZ4

• gW precision to few permil



32

Mass

• Why measure Higgs mass:
• O(10 MeV) need for permil precision of gZ and gW

• O(ΓH = 4 MeV) can constrain electron Yukawa
• Defines stringent detector constraints

~150 MeV
in ATLAS/CMS
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ZH inclusive cross-section

• Crucial is to measure HZZ coupling strength in 
a model-independent way

• Unique to e+ e - colliders because of known 
initial state, not possible at hadron colliders

• Challenge to ensure model-independence 
(“easy for Z(ll)”) — no preference to given final 
state

• FCC-ee sensitivity prediction to ~ 0.15%

Example analysis in Z(ll)H(XX) final state:

Reach 0.6% (stat. only), combined muon and 
electron channels

model independence
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Higgs self-coupling at the FCC-ee

Infer self-coupling sensitivity from inclusive recoil mass cross-section 
measurment

• Use √s = 240 AND 365 GeV to 
resolve κλ , κVV degeneracy …

• δκλ ~ 25% with 4IP from global 
fit
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Electron Yukawa @ √s = 125 GeV

• take advantage of extreme luminosity at 125 GeV 
• s-channel production with beam mono-chromatisation at 

√s = 125 GeV
• Requires prior knowledge of mH

• ISR+FSR leads to 40% + with beam spread ~ ΓH 

another 45%
• plus potentially uncertainty on the Higgs mass  

can hope for ~ 2σ with 5 years and 4 IPs

5 years
4 IP
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H→jj  (di-lepton final state)

N=2 Durham kT exclusive clustering 

4 free-floating signal strength fit

j=b,c,s,g
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H→jj  (missing energy final state)

N=2 Durham kT exclusive clustering 

4 free-floating signal strength fit

strange Yukawa δ(κS) ~ 50% !!!

most likely 3σ within reach using the fully hadronic channel still … 

room to contribute

j=b,c,s,g
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H→jj (detector requirements)

Hadronic resolution critical for all H→jj
Powerful PID essential for strange Yukawa

j=b,c,s,g



39

H→gluons

• with powerful gluon taggers:
• measure Higgs to gluon coupling
• exploit it as a gluon factory

• 100k extra clean gluon events
• study gluon radiation and jet properties
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Higgs at FCC-ee: to be studied …

Higgs experimental programme widely covered, but still some key analyses missing/not started 

Higgs width - Preliminary studies started, more person power needed
- all ZH(ZZ) final states to be studied 2,4,6 jets 
- multi jet environment – 6 jets final state ZH(ZZ*), ZH(WW*) – challenging

Possibility to also exploit 365 GeV (ee → 𝜈𝜈H) 

Taus - Reconstruction/identification/tagging
- Coupling strength, angular, CP 

Rare (𝛾𝛾, 𝜇𝜇, Z𝛾, qq) 

Exotic (FCNCs H→bs, … )

Angular analysis, differential measurements

NOW IS A PERFECT TIME TO JOIN AND MAKE AN IMPACT 

~ 2 more years to complete the feasibility study 

and corresponding detector requirements
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Coupling measurements at ee vs hh

Instead, by performing measurements of ratios of BRs at hadron colliders:

 

We can “convert” relative measurements into absolute via gZ thanks to e+e-  
measurement

At pp colliders we can only measure: 

σprod BR(i) = σprod Γi / ΓH  

→ we do not know the total width

BR(H→XX) / BR(H→ZZ) ≈ gX 2  / gZ 2

In order to perform global fits, we have to make model-dependent assumptions

from e+e-

→ synergy between lepton and hadron colliders



42

Why measuring Higgs @100TeV?
• 100 TeV provides unique and complementary measurements to ee colliders:

40

• Higgs self-coupling


• top Yukawa 


• Higgs → invisible

• rare decays (BR(μμ), BR(Zɣ), 
ratios, ..) measurements will be 
statistically limited at FCC-ee

Large rates for rare modes and HH production at FCC-hh 

→ complementary to e+e-
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How does the rate of a given process (e.g. single Higgs production) scale from 14 TeV to 100 TeV

≈ L1 / L2 ≈ (s2 / s1)a ≈ (100 /14)2a 

H (threshold) H (pT > 1 TeV)

cross-section (√s = 14 TeV) 

cross-section (√s = 100 TeV) 

σ(100)/σ(14)

ggH 15

HH 40

ttH 55

H (pT > 1 TeV) 400

Reach at high energies (III)

NB:  this improvement only comes from
 the cross-section (neglects integrated luminosity) 

Very large rate increase by increasing 
center of mass energy

For more details see L. Wang lectures at IAS ‘17

https://www.youtube.com/watch?v=xrqKoJWm5xE&ab_channel=InstituteforAdvancedStudy
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Summary of Higgs direct measurements

4

• Percent level precision on σ x BR in most rare decay channels achievable only at 100 TeV

• Percent level precision on couplings if HZZ coupling known from FCC-ee (to 0.2%)



Summary direct Higgs couplings at the FCC

HL-LHC FCC-ee FCC-hh
δΓH / ΓH (%) SM 1.3 tbd
δgHZZ / gHZZ (%) 1.5 0.17 tbd
δgHWW / gHWW (%) 1.7 0.43 tbd
δgHbb / gHbb (%) 3.7 0.61 tbd
δgHcc / gHcc (%) ~70 1.21 tbd
δgHgg / gHgg (%) 2.5 (gg->H) 1.01 tbd
δgHττ / gHττ (%) 1.9 0.74 tbd
δgHμμ / gHμμ (%) 4.3 9.0 0.65 (*)
δgHγγ / gHγγ (%) 1.8 3.9 0.4 (*)
δgHtt / gHtt (%) 3.4 – 0.95 (**)
δgHZγ / gHZγ (%) 9.8 – 0.91 (*)
δgHHH / gHHH (%) 50 ~30 (indirect) 5

BRexo (95%CL) BRinv < 2.5% < 1% BRinv < 0.025%

* From BR ratios wrt B(H→4l) @ FCC-ee

** From pp→ttH / pp→ttZ, using B(H→bb) and ttZ EW coupling @ FCC-ee 45



Future of HEP

Tevatron

2TeV

x 7 LHC

14TeV

x 7 FCC-hh

100TeV

        The next step: 100km tunnel

FCC-ee 

100km

FCC-hh 

100km

?? 

27km tunnel 

LEP (e+e-)

1989 - 2000

LHC (pp)

2009 – 2035?

The FCC design study is establishing the feasibility of an ambitious set of colliders 
after LEP/LHC, at the cutting edge of knowledge and technology

Both FCC-ee and FCC-hh have outstanding physics cases 

 

M. Aleksa pECFA



47

Backup
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Vertex detectors
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Tracking detectors
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Detector concepts
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Detector concepts (Dual Readout calorimeters)

crystal option
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Detector concepts (LAr calorimetry)
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Possible future colliders: pp

Pros:  

• high center of mass, not limited by synchrotron 
radiation ~ (me/mp)4 

• high luminosity → high rates
• large cross-sections for strong production

Cons: 

• large backgrounds QCD (αS ~ 10 αEM)
• collide partons (not all ECM available) 
• pile-up (due to high lumi)

• Discovery machines for heavy new states
• Thanks to high rates, well suited for precision

R

For fixed size, limited only by field strength B

p[ TeV/c ] = 0.3 B[ T ] R[ km ] 
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High energy hadron machines

sqrt(s) 27 TeV
Lumi 15 ab-1

B 16 T
circ. 27 km

sqrt(s) 37 TeV
Lumi 15 ab-1

B 6 T
circ. 100 km

sqrt(s) 100 TeV
Lumi 30 ab-1

B 16 T
circ. 100 km

HE-LHC LE-FCC FCC-hh



A 100 TeV proton-proton collider
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• Gives direct and indirect handles on the Higgs potential and the electro-weak 
phase transition EWPT


• Produces 1010 Higgs bosons, giving access to percent level precision on most couplings 
(including rare decay channels)

• Probe the SM in a completely new dynamical regime (where EW symmetry is restored)

Measure SM to unprecedented precision:

• Can directly produce heavy resonances up to 50 TeV

• Can completely exclude a class of WIMP dark matter candidates that 
are not accessible at the LHC (EWK doublets-triplets)

Explore the energy frontier:



Precision vs. sensitivity
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• We often talk about “precise” SM measurements. What we actually aim 
at is “sensitive” tests of the Standard Model, where sensitive refers to 
the ability to reveal BSM behaviours. 

• Sensitivity may not require extreme precision. Going after “sensitivity”, 
rather than just precision, opens itself new opportunities .

• For example, in the context of dim. 6 operators in EFT, some operators 
grow with energy:

�O ⇠
⇣

v

⇤

⌘2
⇠ 6%

✓
TeV
⇤

◆2

⇒ precision probes large Λ

e.g. δO=1% ⇒ Λ ~ 2.5 TeV

�O ⇠
✓

Q

⇤

◆2

⇒ kinematic reach probes large Λ

e.g. δO=15% at Q=1 TeV ⇒ Λ~2.5 TeV

BR measurement:

σ(pT > X):
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• Total pp cross-section and Minimum 
bias multiplicity show a modest 
increase from 14 TeV to 100 TeV

→ Levels of pile-up will scale basically   
as the instantaneous luminosity. 

• Inclusive cross-section for relevant 
processes (single and HH) show a 
significant increase. 

• x 20-50 increase

→ interesting physics sticks out more !
        

(SM) Physics processes @high energy



58

SM Physics produced at threshold is more forward @100TeV

→ in order to maintain sensitivity need large rapidity (with 
tracking) and low pT coverage

Higgs @threshold

low pT muons → resolution
 dominated by MS

 xmin ~ M2 / s

• Goals:

• Precision spectroscopy and calorimetry up to |η| < 4

• Tracking and calorimetry up to |η| < 6
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Higgs at large pT

• Huge rates at large pT :

• > 106 Higgs produced with pT > 1 TeV
• Higher probability to produce large pT  Higgs from 

ttH/VBF/VH at large
• Even rare decay modes can be accessed at large pT

  
• Opportunity to measure the Higgs in a new dynamical 

regime


• Higgs pT spectrum highly sensitive to new physics. 

        

ΔR = 0.1

• highly granular sub-detectors:

• Tracker - pixel:10 μm @ 2cm → σηxφ ≈  5 mrad
• Calorimeters:  2 cm @  2m  → σηxφ ≈  10 mrad

•  good energy/pT resolution at large pT:

•     σp / p = 2% @ 1 TeV
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The FCC-hh detector

23 m

9 m

Barrel ECAL: LAr/Pb
σE/E ~10%/√E ⊕ 0.7 %
30 X0

lat. segm: ΔηΔϕ≈ 0.01 
long. segm: 8 layers

Central Magnet + 
Fwd solenoids

Tracker: σpT/pT ~ 20% 
at 10 TeV  (1.5m radius )

Barrel HCAL: Sci/Pb/Fe
σE/E ~50-60%/√E ⊕ 3 %

11 λ (ECAL+HCAL)
lat. segm: ΔηΔϕ≈ 0.025 
long. segm: 10 layers

Fwd ECAL: LAr/Cu
σE/E ~30%/√E ⊕ 1 %

lat. segm: ΔηΔϕ≈ 0.01 
long. segm: 6 layers

Fwd HCAL: LAr/Cu
σE/E ~100%/√E ⊕ 10 %

lat. segm: ΔηΔϕ≈ 0.05 
long. segm: 6 layers



• Large Higgs production rates:
• access (very) rare decay modes (eg. 2nd gen,), complementary to ee colliders
• push to %-level Higgs self-coupling measurement

• Large dynamic range for H production (in pTH, m(H+X) , …):
• new opportunities for reduction of syst. uncertainties (TH and EXP)
• develop indirect sensitivity to BSM effects at large Q2 , complementary to that 

emerging from precision studies (e.g. decay BRs) at Q~mH

• High energy reach:
• direct probes of BSM extensions of Higgs sector (e.g. SUSY)
• Higgs decays of heavy resonances
• Higgs probes of the nature of EW phase transition (strong 1st order? 

crossover?)
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Higgs physics at future hadron colliders
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Single Higgs production @FCC-hh
σ(13 TeV) σ(100 TeV) σ(100)/σ(13)

ggH (N3LO) 49 pb 803 pb 16

VBF (N2LO) 3.8 pb 69 pb 16

VH (N2LO) 2.3 pb 27 pb 11

ttH (N2LO) 0.5 pb 34 pb 55

Large statistics in various Higgs decay modes allow:

• for % - level precision in statistically limited rare channels (μμ, Zɣ)
• in systematics limited channels, to isolate cleaner samples in regions (e.g. @large Higgs pT) with :

• higher S/B
• smaller (relative) impact of systematic uncertainties 

1/100 1/10 Factor:

reduction in stat. unc.



Top Yukawa (production)
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• production ratio σ(ttH)/σ(ttZ) ≈ yt2 yb2/ gttZ 2 

• 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, scales, pdfs, efficiency) uncertainties cancel out in ratio

• assuming gttZ and κb known to 1% (from FCC-ee), 

→ measure yt to 1%  

δyt / yt ≲1  %


ttH

ttZ

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



Higgs decays:  ɣɣ - ZZ - Zɣ - μμ 
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• Impact of pile-up: hard to estimate with today’s analyses. 
         → Focus on high-pT objects will help to decrease relative impact 
of pile-up

• Following scenarios are considered:

•  δstat                                           → stat. only (I)  (signal + bkg)
•  δstat  , δeff                      → stat.  + syst. (II)
•  δstat  , δeff  , δprod  = 1%   → stat.  + syst. + prod (III)

• 1% systematics on (production x luminosity), meant as a reference target.  Assumes good 
theoretical progress over the next years, and reduction of PDF+αS uncertainties with HL-LHC + 
FCC-ee.

• e/μ/γ efficiency systematics (shown on the right).  In situ calibration, with the immense available 
statistics in possibly new clean channels (Z→μμɣ), will most likely reduce the uncertainties.

• All final states considered here rely on reconstruction of mH to within few GeV.  
• backgrounds (physics and instrumental) to be determined with great precision from 

sidebands (~ infinite statistics)
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Higgs decays (signal strenth)

 [GeV]H
T,min

p
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 (%
)

µ
 / 
µ δ 
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10
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stat. + syst.

stat. only

stat. + syst. + lumi

stat. + syst.

stat. only

FCC-hh Simulation (Delphes)

 = 100 TeVs
-1 L = 30  ab

γγ → H 

• study sensitivity as a function of minimum pT(H) 
requirement in the ɣɣ, ZZ(4l), μμ and Z(ll)ɣ 
channels

• low pT(H):  large statistics and high syst. unc.

• large pT(H):  small statistics and small syst. unc.

• O(1-2%) precision on BR achievable up to very 
high pT (means 0.5-1% on the couplings)
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FCC-hh Simulation (Delphes)

 = 100 TeVs
-1 L = 30  ab

H → 4ℓ
ℓ = e/μ

 [GeV]H
T,min

p
50 100 150 200 250 300 350 400 450 500

 (%
)

µ
 / 
µ δ 

1−10

1

10

stat. + syst. + lumi

stat. + syst.

stat. only

stat. + syst. + lumi

stat. + syst.

stat. only

FCC-hh Simulation (Delphes)

 = 100 TeVs
-1 L = 30  ab

µµ → H 
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FCC-hh Simulation (Delphes)

 = 100 TeVs
-1 L = 30  ab

H → ℓℓγ
ℓ = e/μ

• 1% lumi + theory uncertainty 

• pT dependent object efficiency:

• δε(e/ɣ)  = 0.5 (1)%  at pT →∞
• δε(μ)  = 0.25 (0.5)%  at pT →∞

H→ɣɣ H→4𝑙

H→μμ

H→𝑙𝑙ɣ

Χ = μ,ɣ,Z(ll)

H

jet(s)

Χ = μ,ɣ,Z(ll)
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Ratios of BR(H→XX) / BR(H→ZZ)

• measure ratios of BRs to cancel correlated sources of systematics:

• luminosity

• object efficiencies

• production cross-section (theory) 

• Becomes absolute precision measurement in particular if combined with H→ZZ measurement from 
e+e- ( at 0.2%)

MLM, MS
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H→invisible

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


• Fit 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 (low stat)

• Estimate Z→νν (W→lν) from Z→ee/μμ (W→lν) control regions (high stat). 

30 ab-1

 FCC-ee

  H→ZZ→νννν

Χ (inv)

H

Χ (inv)

jet(s)

BR(H→inv) ≲ 2.5 10-4 
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Standalone 100 TeV Higgs measurements

• Following the principle of reducing as much as possible the impact of systematics 
assumptions on future measurements,  additional ratio measurements:


MLM

also:

parton level study 

δG/G  < 1% 
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Higgs self-coupling
HL-LHC

• Very small cross-section due to negative interference 
with box diagram

• HL-LHC projections : δkλ / kλ ≈ 50%

• Expect large improvement at FCC-hh:


• σ(100 TeV)/σ(14 TeV) ≈ 40 ( and Lx10)

•  x400 in event yields and x20 in precision

• main channels studied:

•  bbɣɣ (most sensitive - discussed here)

•  bb𝛕𝛕

•  bbZZ(4l)  

•  bbbb

G. Ortona, MS, MLM
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Higgs pair production at the FCC-hh

gluon fusion:

vbf HH:

VHH:

ttHH:
Expected precision:

where:

σ ≈ 1 pb

κ = 1 (SM)

~1
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Self-coupling at the FCC-hh
• Channels: • bbɣɣ (golden channel)

• bb𝛕𝛕

• bbbb

• bbZZ(4l) 

2004.03505 [hep-ph]

• Defined 3 scenarios with various 
detector assumptions and 
systematics:

bbɣɣ

bb𝛕𝛕

bbbb

bbZZ(4l) 

https://arxiv.org/abs/2004.03505
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Self-coupling at the FCC-hh

• Expected precision:

• Combined precision: 

• 3.5-8%  for SM (3% stat. only)
• 10-20%  for λ3 = 1.5* λ3SM

2004.03505 [hep-ph]

bbɣɣ
bb𝛕𝛕

bbbb

comb.

SM

https://arxiv.org/abs/2004.03505
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BSM sensitivity 
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Parameter space scan for a singlet model 
extension of the Standard Model. The 
points indicate a first order phase 
transition. 

• δκλstat+syst (κλ = 1.5)  ≈ 10 %

• δκλstat+syst (κλ = 1.7)  ≈ 15 %

• δκλstat+syst (κλ = 2.0)  ≈ 20 %

CAVEAT:    assumes all SM-like couplings except for trilinear



This requires O(1) deviations in the 3rd derivative of the Higgs 
potential w.r.t to value predicted in the SM
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The nature of the EW phase transition

Strong 1st order phase transition ⇒〈ΦC〉> TC

Strong 1st order phase transition is required to induce and sustain the out of 
equilibrium generation of a baryon asymmetry during EW symmetry breaking 

- Probe higher-order terms of the Higgs potential (selfcouplings)

- Probe the existence of other particles coupled to the Higgs

〈ΦC〉

1st order 2nd order
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Higgs self-coupling at FCC-hh
HL-LHC
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G. Heinrich et.al [1608.04798]

• Very small cross-section due to negative interference 
with box diagram

• HL-LHC projections : δkλ / kλ ≈ 50%

• Expect large improvement at FCC-hh:


• σ(100 TeV)/σ(14 TeV) ≈ 40 ( and Lx10)

•  x400 in event yields and x20 in precision

• main channels studied:

•  bbɣɣ (most sensitive - discussed here)

•  bbZZ(4l)  (in backup) 

•  bbbbj (boosted)  (in backup) 

• Two very sensitive channels not considered yet: 

• bb𝛕𝛕 (δkλ / kλ ≈ 8% from [1802.01607])

• 4b
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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 (only 3σ HL-LHC)

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



WLWL →HH
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negligible at 
large mHH

c2V cV 2

With cV from FCC-ee, δc2V < 1%

0 in the SM

high energy behaviour driven by C2V and CV, if
δC2V ≄ 0, grows with E

F. Bishara, R. Contino, J. Rojo 



Combined constraints from precision Higgs 
measurements at FCC-ee and FCC-hh
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Direct detection of extra Higgs states

Parameter space scan for a singlet model 
extension of the Standard Model. The points 
indicate a first order phase transition. 

Higgs Self-coupling and constraints on models 
with 1st order EWPT

• Strong 1st order electroweak phase transition (and CP violation) needed to explain large observed 
baryon asymmetry in our universe

• Can be achieved with extension of SM + singlet 
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Summary of Higgs & SM
• The FCC-hh machine will produce > 1010 Higgs bosons


• Such large statistics open up a whole new range of possibilities, allowing for precision in new 
kinematic regimes, and rare decay channels → complementary to FCC-ee

• Measuring ratios of couplings (or equivalently BRs), allows to cancel systematics (1% precision 
on “rare” couplings within reach after absolute HZZ measurement in e+e-)

• Higgs-self coupling can be measured with δκλ(stat) ≈ 5% precision at FCC-hh (best achievable 
precision among all future facilites)  

• VBS longitudinal polarisations VLVL can be measured at 3-4% precision(WLWL same sign), 
provides percent level precision HWW coupling measurement. 

• Can directly and indirectly exclude compelling classes of models compatible with 1st order electro-
weak phase transition

• Extremely rich Higgs program at the FCC-hh, goes much beyond what has been presented here. 
Further studies are needed:

•  gauge boson pair production at large mass (to study anomalous couplings)
•  differential measurements: Higgs pT in the multi-TeV, as a probe of BSM physics
• VH production at large mass
• missing HH decay channels (bb𝛕𝛕 (~8%), bbbb, etc …) and combination
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What can the FCC-hh say about BSM physics

Exploration potential:

•  New machines are build to make discoveries!
•  Mass reach enhanced by factor √s/14TeV (5-7 at 100TeV)
•  Statistics enhanced by several orders of magnitude for possible BSM seen 

at HL-LHC
• Benefit from both direct (large Q2) and indirect precision probes 

Could provide answers to questions such as:

• Is the SM dynamics all there at the TeV scale?
• Is there a TeV-Scale solution the hierarchy problem? 
• Is Dark Matter a thermal WIMP? 
• Was the cosmological EW phase transition 1st order? Cross-over?
•  Could baryogenesis have taken place during EW phase transition? 
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Heavy resonances @ 100 TeV
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- Tracking target : achieve σ / p =  10-20% @10 TeV

- Keep calorimeter constant term as small as possible.

- Long-lived particles live longer:

          ex:  5 TeV b-Hadron travels 50 cm before decaying
                     5 TeV tau lepton travels 10 cm before decaying

          → re-think reconstruction, include dE/dx ?


Require high granularity (both in tracker and calos):

  ex:  W(10 TeV) will have decay products separated by DR = 0.01

Tracking:    calorimeters:

Detector requirements from high pT searches 
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Detector requirements from high pT searches 
• Change in paradigm: heavy flavour tagging
• multi-TeV b-Hadrons decay outside the pixel volume
• Need to adapt identification algorithms for maintaining sensitivity in 

in high mass searches .
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Disappearing Tracks

• Observed relic density of Dark Matter Higgsino-like: 1TeV, 
Wino-like: 3TeV 

• Mass degeneracy: wino 170MeV, Higgsino 350MeV
• Wino/Higgsino LSP meta-stable chargino, cτ= 6cm(wino) 

7mm(higgsino)

• Disappearing tracks analysis shows discovery reach beyond 
upper limits of MDM

• In a similar way FCC-hh can explore conclusively EW charged 
WIMP models, (low multiplets)
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Heavy resonances @ 100 TeV

• M = 1 TeV Higgsino can be discovered
• M = 3 TeV Wino can be discovered



Combined constraints from precision Higgs 
measurements at FCC-ee and FCC-hh
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Direct detection of extra Higgs states

Parameter space scan for a singlet model 
extension of the Standard Model. The points 
indicate a first order phase transition. 

Higgs Self-coupling and constraints on models 
with 1st order EWPT

• Strong 1st order EWPT needed to explain large observed baryon asymmetry in our universe
• Can be achieved with extension of SM + singlet 
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tbH+ →tbτν
tbH+ →tbtb

bbH0/A0 →bbττ
bbH0/A0 →bbtt
t(t)H0/A0 →t(t)tt

LHC 3 
LHC 0.3 

20 TeV20 TeV

MSSM Higgs 


