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The rationale underlying the interest in FCC

• HEP has two priorities:

• explore the origin of known departures from the SM (DM, neutrino masses, 
baryon asymmetry of the universe)

• explore the physics of electroweak symmetry breaking:

• experimentally, via the measurement of Higgs properties, Higgs interactions 
and selfinteractions, couplings of gauge bosons, flavour phenomena, etc

• theoretically, to understand the nature of the hierarchy problem and identify 
possible natural solutions (to be subjected to exptl test)
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The physics case of FCC project (ee, hh and eh) builds on the 
belief that these two directions are deeply intertwined



• Is the mass scale beyond the LHC reach ? 

• Is the mass scale within LHC’s reach, but final states are elusive to the direct 
search ?

Key question for the future developments of HEP:  
Why don’t we see the new physics we expected to 

be present around the TeV scale ?

These two scenarios are a priori equally likely, but they impact in different 
ways the future of HEP, and thus the assessment of the physics potential of 
possible future facilities

Readiness to address both scenarios requires:
•precision
•sensitivity (to elusive signatures)
•extended energy/mass reach



(1) the guaranteed deliverables: 
• knowledge that will be acquired independently of possible discoveries (the value 

of  “measurements”)

(2) the exploration potential: 
• target broad and well justified BSM scenarios .... but guarantee sensitivity to more 

exotic options
• ensure coverage of elusive signatures

(3) the potential to provide conclusive yes/no answers to relevant, broad questions

The physics potential of any future HEP facility 
should be weighed against criteria such as:
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For the FCC, in particular:
• Guaranteed deliverables:
• study of Higgs and top quark properties, and exploration of EWSB phenomena, with 

unmatchable precision and sensitivity
• tbd: further clarification of the nature of new physics discovered at LHC or elsewhere

• Exploration potential:
• mass reach enhanced by factor ~ E / 14 TeV (will be 5–7 at 100 TeV, depending on 

integrated luminosity)
• statistics enhanced by several orders of magnitude for BSM phenomena brought to light by the 

LHC
• benefit from both direct (large Q2) and indirect (precision) probes

• Provide firm Yes/No answers to questions like:
• is the SM dynamics all there is at the TeV scale?
• is there a TeV-scale solution to the hierarchy problem? 
• is DM a thermal WIMP?
• did baryogenesis take place during the EW phase transition?
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arXiv:1607.01831

arXiv:1606.09408 

arXiv:1606.00947

arXiv:1605.01389 

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/FutureHadroncollider

• https://e-publishing.cern.ch/index.php/CYRM/issue/view/35/showToc

Now available as a CERN Yellow Report

<— Fig H-xx
<— Fig SM-xx

<— Fig BSM-xx

in the slides, 
these refer to 

entries from the 
relevant volume

arXiv:1706.07667

material from:

https://e-publishing.cern.ch/index.php/CYRM/issue/view/35/showToc
http://arxiv.org/abs/arXiv:1706.07667
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https://indico.cern.ch/event/550509/

with updates from:

https://indico.cern.ch/event/550509/
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See also:

https://indico.cern.ch/event/664479/
PbPb@39TeV
pPb@63TeV

https://indico.cern.ch/event/664479/


Basic facts about pp collisions at 100 TeV



Global event properties

Uncertainty of individual 
MCs is from MC statistics

* PHOJET no included in avg

Total inelastic σ ~ 1.4 x LHC track density @ 90o ~ 1.6 x LHC

=> the overall 
environment is 
similar to 14 

TeV 
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Production of EW gauge bosons

Inclusive rates: 6-7 times larger w.r.t. LHC
For Lum100 TeV ~ 20ab–1 => samples ~ 50 x LHC

significant deterioration of PDF uncertainty for the total rate, 
dominated by the systematics at small/large x (large rapidity)



Inclusive jets at large pT

103 events w/ pT>15 TeV

=> statistics out to pT > 20 TeV !!

… no study as yet of how to use this for 
measurements of PDFs, or αS running 

and  sensitivity to massive colored states 



Dijet mass spectrum

mostly qg for 2<M(TeV)<20
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(⇒ calorimeter granularity, tracker)Jets’ energy shape: E(r<ΔR) / Ejet

Jet structure at multi-TeV energies
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Possible implications:

- 10-20% probability of q→qW ⇒ may need b-tagging to separate top jet above 1- TeV 

from ordinary light-q jet?

Abundant radiation of EW bosons at large pTjet



Top quark production

σtot(100 TeV) ~ 35 x σtot(14 TeV)  

σ(nb) δscale(nb)

•⇒ about 1012 top quarks produced in 20 ab–1

• rare and forbidden top decays

• 1012 fully inclusive W decays, triggerable by “the other W” 
• rare and forbidden W decays
• 3 1011 W→charm decays
• 1011 W→tau decays

• 1012 fully charge-tagged b hadrons



Inclusive top quark production

Ex: integrated rates as a function of t-tbar invariant 
mass for centrally (inclusive) produced tops

Ex: gg initial state content for central 
(vs inclusive) t-tbar pairs, vs M(tt)

Statistics out to over 30 TeV with 10ab–1

Inclusive rate ~ 10 times larger at highest mass

In central production, dominated by gg up to ~ 15 
TeV. Still 20% gg at the kinematic edge of ~ 30 TeV

For inclusive prodution, >90% gg!



Ex: eta spectrum for m(tt)>350 GeV Ex: eta spectrum for m(tt)>20 TeV



TH progress, an example

linear sum of all but PDF and αS

Anastasiou et al, arXiv:1602.00695

Figs H-1,2

http://arxiv.org/abs/arXiv:1602.00695
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Parton luminosity systematics, as of today,  at 100 TeV

plenty of room for improvement, with future LHC data, and 
eventually with LHeC or FCC-eh
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remarks

• pp interactions at 100 TeV present new dynamical features wrt to 14 TeV, but these 
are well understood

• theoretical predictions of general event properties are qualitatively and 
quantitatively reliable, and are sufficient to define the needed detector features and 
performance

• The most extreme kinematical regions covered by FCC-hh may pose new 
challenges, but HL-LHC will keep driving TH improvement efforts, and will allow 
crucial validation and tuning: we’ve seen remarkable and unexpected progress in 
TH calculations since the start of the LHC !!

• Any prediction made today will most likely underestimate the level of precision 
that will become available by the time FCC-hh is running
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Higgs physics
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Examples taken from the Report. 
More detailed studies, relying on the Delphes-based modeling of 

the reference FCC-hh detector, are in progress (M.Selvaggi)



SM Higgs rates at 100 TeV
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N100 = σ100 TeV × 20 ab–1

N8 = σ8 TeV × 20 fb–1

N14 = σ14 TeV × 3 ab–1

Tab H-20
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Remarks



• Higher statistics shifts the balance between systematic and statistical uncertainties. It 
can be exploited to define different signal regions, with better S/B, better systematics, 
pushing the potential for better measurements beyond the “systematics wall” of low-
stat measurements.
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• Higher statistics shifts the balance between systematic and statistical uncertainties. It 
can be exploited to define different signal regions, with better S/B, better systematics, 
pushing the potential for better measurements beyond the “systematics wall” of low-
stat measurements.

• We often talk about “precise” Higgs measurements. What we actually aim at, is 
“sensitive” tests of the Higgs properties, 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 … 
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Higgs as a BSM probe: precision vs dynamic reach
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For H production off-shell or with large momentum transfer Q, μ~O(Q)
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◆2 ⇒ kinematic reach probes large Λ even if 

precision is low

e.g. δO=15% at Q=1 TeV ⇒ Λ~2.5 TeV
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Examples

δBR(H→WW*)

W

H

Q=m(WH)W*

H

Q=pT(H)
W

W

or

δBR(H→gg)

H

Q=pT(H)



Examples
(See also 
Azatov and Paul arXiv:1309.5273v3)

top squarks in the loop

Grojean, Salvioni, Schlaffer, Weiler arXiv:1312.3317Banfi Martin Sanz, arXiv:1308.4771 

top partners T in 
the loop

LHC14LHC14

http://arxiv.org/abs/1309.5273v3
http://arxiv.org/abs/arXiv:1312.3317
http://arxiv.org/abs/arXiv:1308.4771


gg→H→γγ at large pT at 100 TeV
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• At 1 TeV, statistical sensitivity (accounting for bg) well below 10% !!
• What is a best BSM probe: BR(γγ) or shape of pT(H)?
• answer likely BSM-model dependent
• ==> synergy/complementarity !!

Fig H-45



 VH prodution at large m(VH)

H0

W±T

WL~∂H±

See e.g.
Biekötter, Knochel, Krämer, Liu, Riva, 
arXiv:1406.7320 
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In presence of a higher-dim op such as:

Mimasu, Sanz, Williams, arXiv:1512.02572v

LHC



WH→Wbb at large MWH
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V*
V

H

Q=m(VH)

100 TeV

Fig H-49



Lesson: Hierarchy of production channels 
changes at large pT(H):

• σ(ttH) > σ(gg→H) above 800 GeV

• σ(VBF) > σ(gg→H) above 1800 GeV

H at large pT
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Fig H-40



H at large pT
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Statistics in potentially visible 
final states out to several TeV

Fig H-40



Opportunities for % - level measurements 
at intermediate pT  ( 100-500 GeV)



gg→H→ZZ*→4l at large pT
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pT,min (GeV) δstat

100 0.3%
300 1%
1000 10%

• S/B ~ 1 for inclusive production at LHC
• Practically bg-free at large pT at 100 TeV, 

maintaining large rates

Fig H-47



gg→H→γγ at large pT
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• At LHC, S/B in the H→γγ channel is O( few % )
• At FCC, for pT(H)>300 GeV, S/B~1
• Exptl systematics on BR(μμ)/BR(γγ)? (use same fiducial selection to remove H 

modeling syst’s)
• Exptl mass resolution at large pt(H)? 
• Potentially accurate probe of the H pt spectrum up to large pt 

pT,min (GeV) δstat

100 0.2%

400 0.5%

600 1%

1600 10%

Fig H-45



• Stat reach ~1% at pT~100 GeV
• Exptl systematics on BR(μμ)/BR(γγ)? (use same 

fiducial selection to remove H modeling syst’s)

gg→H→μμ at large pT
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pT,min (GeV) δstat

100 1%

500 10%

Fig H-46



• S/B → 1 at large pT

• Stat reach ~1% at pT~100 GeV

• Exptl systematics on BR(Zγ)/BR(γγ)? 

gg→H→Zγ→𝓵𝓵γ at large pT
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pT,min (GeV) δstat

100 1%

900 10%

Fig H-48



Using BR(H→ZZ*) from FCC-ee (known at ~0.3% from δgHZZ~0.15%), production 

ratios σ(H→XY)/σ(H→ZZ*) for pT>100 GeV returns the following stat precision on the 
absolute value of rare BRs
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γγ Zγ μμ

δ BR ~0.5% ~1% ~1%
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P.Harris at FCC wshop, 
updated at Feb 21 
Physics WG mtg

Constrain bg pt spectrum from Z→νν to the % level using NNLO 
QCD/EW* to relate to measured Z→ee, W and γ spectra

VERY Preliminary

SM sensitivity with 1ab–1, can reach few x 10–4 with 30ab–1* arXiv:1705.04664

BRSM(H→4ν)

Higgs to invisible

https://arxiv.org/abs/1705.04664
http://www.apple.com


H selfcoupling determination

3.4%

using “medium” calorimeter resolution 

Results updated/confirmed with improved analysis by 
M.Selvaggi, https://indico.cern.ch/event/613195/

Tab H-30

Contino, Englert, Panico, Papaefstathiou, Ren, Selvaggi, Son, Spannowsky, Yao

https://indico.cern.ch/event/613195/


other channels, first assessments ….

λ dependence 
at 14 and 100 
TeV are similar

Sec H-5.2.3,5.2.4 B.DiMicco et al, in progress
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(see FCC-eh workshop)

https://indico.cern.ch/event/639067/timetable/?view=standard


Higgs couplings @ FCC

gHXY ee [240+350 (4IP)] pp [100 TeV] 30ab–1 ep [60GeV/50TeV], 1ab–1

ZZ 0.15%
WW 0.19%
bb 0.42% 0.2%
cc 0.71% 1.8%
gg 0.80%
ττ 0.54%
μμ 6.2% <1%
γγ 1.5% <0.5%
Ζγ <1%
tt ~13% 1%

HH ~30% 3.5% under study
uu,dd H->ργ, under study

ss H->φγ, under study
BRinv < 0.45% < 0.1%
Γtot 1%
- detailed study, stat+syst 
- rather detailed, stat only (understood/limited/negligible theory syst)  
- parton level S and B (from ratios, negligibleTH syst, small exp syst) 
- very preliminary estimates of exp/th syst (not stat-limited)

un
de

r s
tu

dy
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One should not underestimate the value of FCC-hh standalone precise “ratios-of-
BRs" measurements:

• independent of αS, mb, mc, Γinv systematics

• sensitive to BSM effects that typically influence BRs in different ways. Eg
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gauge coupling2nd gen’n Yukawa
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different EW charges in the loops of the two procs
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One should not underestimate the value of FCC-hh standalone precise “ratios-of-
BRs" measurements:

• independent of αS, mb, mc, Γinv systematics

• sensitive to BSM effects that typically influence BRs in different ways. Eg

BR(H→γγ)/BR(H→ZZ*)

loop-level tree-level
BR(H→μμ)/BR(H→ZZ*)

gauge coupling2nd gen’n Yukawa

BR(H→γγ)/BR(H→Zγ)

different EW charges in the loops of the two procs

Higgs decays to BSM, affecting Γtot, would impact Γinv,(if weakly interacting), or BRγγ (if charged), 
or σ(gg→H) (if colored) ⇒ detectable from various production and/or decay ratios



remarks

• These examples prove that TH uncertainties do not need to be a limiting 
factor for very precise measurements, once statistics are large and allow for 
new and diverse measurements

• Needless to say, careful work on the exptl systematics (eg absolute and 
relative detection efficiencies for the individual final states, pileup, etc) must 
be done to consolidate these naive estimates

• The role of the the highest pT Higgs production (multi-TeV) in probing 
higher-dim op’s of the EFT must still be studied. Can they compete with, or 
outplay, the BSM sensitivity of BR and coupling measurements?
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3 ab–1

30 ab–1
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N. Craig, J. Hajer, Y.-Y. Li, T. Liu, and H. Zhang, 

arXiv:1605.08744

J. Hajer, Y.-Y. Li, T. Liu, and J. F. H. Shiu, 

arXiv:1504.07617

tbH+ →tbτν
tbH+ →tbtb

bbH0/A0 →bbττ
bbH0/A0 →bbtt

t(t)H0/A0 →t(t)tt

LHC 3 ab–1

LHC 0.3 ab–1

MSSM Higgs @ 100 TeV

Fig H-88



Curtin, Meade, Yu, arXiv:1409.0005

FCC-ee σ(ZH) measurement
FCC-hh Higgs self-coupling

Successfull EWBG

H*→SS
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Unmixed SM+Singlet.
No exotic H decay, no H-S mixing, no EWPO, …

Minimal stealthy model for a strong EW phase transition: 
the “nightmare scenario”

Fig H-74

⇒ Appearance of first “no-lose” arguments for 

classes of compelling scenarios of new physics 



Precision EW observables at 100 TeV



Probes of dim-6 op’s with high-mass DY @ 100 TeV

M.Farina et al, arXiv:1609.08157
Josh Ruderman at the Wshop

assumed syst’s at 100 TeV:

Trade extreme precision for dynamical range, in pursuit of high-scale sensitivity
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Josh Ruderman at the Wshop
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complementarity of direct and 
indirect searches



Running Electroweak Couplings at 100 TeV 
D.Alves, J. Galloway, J.Ruderman, J.Walsh arXiv:1410.6810

52Fig BSM-112-113



Precision EW physics at FCC-eh
Precise measurements of  CC and NC ep scattering

-eh

±0.00020
±0.00016

(see FCC-eh workshop)

https://indico.cern.ch/event/639067/timetable/?view=standard
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BSM 
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Direct discovery potential at the highest masses

at high mass, the mass reach of LHC searches for BSM 
phenomena like Z’, W’, SUSY, LQs, top partners, etc.etc. scales 
trivially by ~5-7, depending on total luminosity … 



New gauge bosons discovery reach

Example: W’ with SM-like couplings

At L=O(ab–1),  Lum x 10 ⇒ ~ M + 7 TeV

NB For SM-like Z’ , σZ‘ BRlept ~ 0.1 x σW‘ BRlept , ⇒ rescale lum by ~ 10

56



57

Auerbach, Chekanov, Proudfoot, Kotwal, arXiv:1412.5951

Sensitivity to ttbar resonances

Fig BSM-86

http://inspirehep.net/author/profile/Auerbach%2C%20B.?recid=1334967&ln=en
http://inspirehep.net/author/profile/Chekanov%2C%20S.?recid=1334967&ln=en
http://inspirehep.net/author/profile/Kotwal%2C%20A.V.?recid=1334967&ln=en
http://arxiv.org/abs/arXiv:1412.5951


58

100 evts/10ab–1

Discovery reach for pair production of strongly-
interacting particles
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SUSY and DM reach at 100 TeV

• possibility to find (or rule out) 
thermal WIMP DM candidates

Fig BSM-45

Fig BSM-38



Compressed slepton / EWino scenarios

ATLAS-CONF-2017-039

SUS-17-004 



Exploring compressed scenarios at FCC-eh
(see FCC-eh workshop)

https://indico.cern.ch/event/639067/timetable/?view=standard


Exploring compressed scenarios at FCC-eh

eh can fill the gap between the “too heavy for ee, too elusive for pp”. Studies of the 
mass spectra scenarios with long-lifetime charged particles are ongoing

(see FCC-eh workshop)

https://indico.cern.ch/event/639067/timetable/?view=standard


Golden signatures for heavy ν’s at FCC

arXiv:1612.02728v2
63



100 TeV ? 

200 TeV ? 

28 TeV ? 
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Evolution, with beam energy, of scenarios with the discovery of a new particle at the LHC
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Possible questions/options
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Possible questions/options

• If mX ~ 6 TeV in the gg channel, rate grows x 200 @28 TeV:
• Do we wait 40 yrs to go to pp@100TeV, or fast-track 28 TeV in the LHC 

tunnel?
• Do we need 100 TeV, or 50 is enough (σ100/σ14~4·104 , σ50/σ14~4·103 ) ?
• .... and the answers may depend on whether we expect partners of X at 

masses ≳ 2mX  (⇒ 28 TeV would be insufficient ....)

• If mX ~ 0.5 TeV in the qqbar channel, rate grows x10 @100 TeV:
• Do we go to 100 TeV, or push by x10 ∫L at LHC?
• Do we build CLIC?

• etc.etc.



67

Flavour anomalies at LHC & Bfact’s

Overall combination of R(D) and R(D*) is 4.1σ from SM

LHCb-PAPER-2017-017

SM

RK(⇤) =
BR(B ! K(⇤)µµ)
BR(B ! K(⇤)ee)

mll [mass range]

LHCb, PRL 113 (2014) 151601 , arXiv:1705.05802

b→s

b→c ν
R(D(⇤)) =

BR(B ! D(⇤)⌧⌫)
BR(B ! D(⇤)µ⌫)
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where, e.g. , 

⇒

Possible explicit realizations:

Altmannshoffer et al, arxiv:1704.05435 Example of EFT interpretation of RK

Upper limits on Z’ and Leptoquark masses are model-dependent, and constrained also by 
other low-energy flavour phenomenology, but typically lie in the range of 1→O(10) TeV
⇒ if anomalies confirmed, can HE-LHC guarantee theor discovery?



Systematics studies* of the full physics potential at 
O(28) TeV, with O(15 ab–1), need to be carried out

* except for straightfwd mass-reach extrapolations from LHC

=> NHH(28) ~ 16 NHH(14) 

=> δλHHH (28) ~ δλHHH (HL-LHC) / 4 ~ 10%

σHH(28 TeV)/σHH(14 TeV) ~ 4 ; Lum(28)~ 4 Lum(14 TeV)

E.g. HH at 28 TeV (back of the envelope)

Overall evaluation of the physics potential to start in 2018 
(in the context of the HL-LHC Physics workshop, https://indico.cern.ch/event/647676)

https://indico.cern.ch/event/647676


Few highlights of new (esoteric!) HI physics at FCC



Top as a QGP probe

mWmtop



Higgs quenching



Final remarks

• FCC-hh physics studies today focus on exploring possible scenarios, assessing the 
physics potential, defining benchmarks for the accelerator and detector design and 
performance, in order to better inform the discussions that will take place when 
the time for decisions comes... 

• The interplay of the three colliders (ee, eh and hh) is crucial to the full exploitation 
of the FCC physics potential 

• The physics case of a 100 TeV collider is very clear as a long-term goal for the field, 
simply because no other proposed or foreseeable project can have direct 
sensitivity to such large mass scales.

• Nevertheless, the precise route followed to get there must take account of the 
fuller picture, to reflect the future data (and the impact they will have on the 
theoretical thinking) from the LHC, as well as other current and future 
experiments in areas ranging from flavour physics to searches for dark matter, 
axions, ALPs, .…
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