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• So little we know about what happens at the TeV scale !!

• So many alternative TeV-scale physics scenarios can be 
thought of, which would not have been detected 
experimentally, or considered theoretically, until now …
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independently of whether the 750 GeV excess is confirmed or not ….

This underscores the importance of a thorough 
exploration of the TeV scale
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‣ what’s the underlying dynamics? weakly interacting? strongly interacting? 

‣ Is there a “natural” solution to the hierarchy problem?

‣ Are there other interactions and players at the weak scale besides the SM 
Higgs ? Do these players have a role in addressing issues like :

• Dark matter  
‣ is TeV-scale dynamics (e.g. WIMPs) at the origin of Dark Matter ?

• Baryogenesis  
‣ did it arise at the cosmological EW phase transition ? are there new sources 

of CP violation at the EW scale? Are there sources for a strong 1st order 
phase transition?

• ν masses  
‣ what’s the role of the Higgs and EWSB, if any ?
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The 750 GeV excess puts also in perspective the 
key puzzle of HEP after few yrs of LHC:

• 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 ?

Why don’t we see new physics at the LHC?

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 is the best hedge for the field:
• precision
• sensitivity (to elusive signatures)
• extended energy/mass reach
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The FCC facility is designed to provide the most complete 
and definitive exploration of the TeV scale, relying on 

• precision
• sensitivity
• extended energy/mass reach

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

value of “measurements”)

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

more exotic options

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

and promising
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• Guaranteed deliverables:
• precision study of gauge bosons, Higgs and top quark 

properties, and exploration of EWSB phenomena

• Exploration potential:
• mass reach for direct discovery enhanced by factor ~ 

100 / 14 (will be 5–7 at 100 TeV, depending on process 
and on integrated luminosity)

• statistics enhanced by several orders of magnitude for 
BSM phenomena brought to light by the LHC

• Possible Yes/No answers (under active study):
• fully address questions tied to the TeV scale (e.g. WIMPs, 

EW Baryogenesis, TeV-scale naturalness)



http://cern.ch/fcc http://cepc.ihep.ac.cn

Site 
• Preliminary selected: Qinhuangdao (秦皇岛） 
• Strong support by the local government 

 

Yifang 

CepC, 50 km

SppC, 70 km
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http://fccw2016.web.cern.ch/fccw2016/
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FCC-hh parameters and lum goals
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Rates at 8 - 100 TeV

final state Nev/10ab–1

W 1013

t tbar 3×1011

H 1010

HH 106

jets  
(pT>5 TeV) 106

jets  
(pT>10 TeV) 104
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FCC-ee energy and lum goals



P.Janot 14NB: TLEP = FCC-ee



From the global programme, 1–2 orders of magnitude more 
precise measurements of EW parameters



TLEP report

16
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175 GeV e- beam from FCC-ee and 50 TeV p beam from FCC-hh
Highest centre-of-mass energy ep collider, ~6 TeV
Luminosity ~1034cm-2s-1

FCC-eh parameters and lum goals



QCD precision physics

18

αS extraction from DIS 
at FCC-eh, vs HERA

At LEP limited by TH uncertainties or 
statistics. New opportunities at FCC-ee, 

such as use of ΓW
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QCD precision physics



HH→4b reconstruction in FCC-eh



Higgs couplings programme

• Precise measurement of main Higgs couplings: 

• W,Z bosons, 3rd generation fermions (⇒probe existence of 

BSM effective couplings, e.g. due to non-elementary nature 
of H, determine CP properties, etc.)

• Couplings to 2nd and 1st generation (⇒universality of Higgs 

mass-generation mechanism)

• Higgs selfcouplings (⇒probe Higgs potential, to test possible 

underlying structure of Higgs, deviations from “mexican hat”, 
etc)

• Couplings to non-SM objects (e.g. invisible decays)

• non-SM couplings (e.g. forbidden decays)



model indep. fit of 240 GeV data

Projections

22
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gHXY FCC-ee
ZZ 0.15%

WW 0.19%
γ γ 1.5%
Zγ
tt
bb 0.42%
τ τ 0.54%
cc 0.71%
ss H→Vγ, in progr.

μμ 6.4%
uu,dd H→Vγ, in progr.

ee e+e–→H, in progr.

HH
BRexo 0.45%

Projections
FCC-hh

1% ?
1% ?

2% ?

5% ?
<10–3

FCC-hh ambitious but 
possible targets?

→ from ttH/ttZ arXiv:1507.08169

→ extrapolation from HL-LHC estimates

→ from HH → bb γγ
 for specific channels, like H→eμ, ...

→ extrapolation from HL-LHC estimates

gg→H 740 pb 7.4 G

VBF 82 pb 0.8 G

WH 16 pb 160 M

ZH 11 pb 110 M

ttH 38 pb 380 M

gg→HH 1.4 pb 14 M

N / 10ab–1σ

23Γtot 1%



NB

• Statistics allows to bring the precision in the measurement of BR ratios to 
sub-% level (e.g. B(→γγ)/B(H→ZZ*).  Relying on the sub-% measurement 
of benchmark BR’s from FCC-ee, FCC-hh can export this precision to 
other channels it has access to.

• Experimental feasibility, and theoretical implications,  of these 
measurements are under study

• Several of these new ideas can be already explored at HL-LHC

24



Higgs physics

R(E) = σ(E TeV)/σ(14 TeV)

In several cases, the gains in terms of “useful” rate are much bigger. 
E.g. when we are interested in the large-invariant mass behaviour of the 
final states:
σ(ttH, pTtop> 500 GeV) ⇒ R(100) = 250

NLO rates



gg→H + jet

Huge rates for Higgs Production at high pT

Caola SM@100 TeV 



High-pt H for BR ratios measurements
1 pb rate (i.e. 107 events) with pT(H) > 1 TeV

Exploit:
- Improved S/B for many final states at large pT

- Reduced TH and exp systematics?
- More robust measurement/modeling of BR ratios between different channels, eg:

+ B(H→μμ)/B(H→γγ), B(H→ττ)/B(H→γγ), B (H→WW)/B(H→γγ), B (H→Zγ)/B(H→γγ)

              30              50             100            150            200	 

20.00     0.141E-01 0.160E-01 0.185E-01 0.197E-01 0.206E-01

30.00     0.149E-01 0.170E-01 0.193E-01 0.201E-01 0.209E-01

40.00     0.165E-01 0.185E-01 0.201E-01 0.206E-01 0.212E-01

50.00     0.194E-01 0.204E-01 0.209E-01 0.213E-01 0.218E-01

75.00     0.235E-01 0.235E-01 0.234E-01 0.232E-01 0.233E-01

100.00   0.254E-01 0.254E-01 0.254E-01 0.254E-01 0.252E-01

pt H min

pt mu min

Example: H→μμ statistical precision vs pTmin(μ) vs Δmμμ resolution (Bkg=off-shell DY)

Δmμμ = ± 2.5 GeV

√B/S for 10ab–1

 20.00    0.902E-02 0.102E-01 0.119E-01 0.128E-01 0.135E-01

 30.00    0.953E-02 0.109E-01 0.124E-01 0.130E-01 0.137E-01

 40.00    0.105E-01 0.119E-01 0.129E-01 0.134E-01 0.139E-01

 50.00    0.124E-01 0.131E-01 0.135E-01 0.139E-01 0.143E-01

 75.00    0.153E-01 0.153E-01 0.153E-01 0.152E-01 0.153E-01

100.00   0.168E-01 0.168E-01 0.168E-01 0.168E-01 0.167E-01

pt mu min
√B/S for 10ab–1 pt H min

Δmμμ = ± 1 GeV

LO only, no K factors



ΔRW,(bb)ΔRWH

Ex. WH→e ν bb at large pT(WH)

H

jet

W

b
b

b
b

W

jet

Signal Bg

pT(jet) > 500 GeV

100< m(bb) < 150 GeV

σ=5fb → σ(ΔR<1)=2.8fb σ=50fb → σ(ΔR<1)=3.5fb

S/B: 1/10 → ~1/1 with 60% efficiency !



ttH/ttZ at 100 TeV as a probe of ytop
etal, Plehn, Reimitz, Shell, Shao, arXiv:1507.08169 

Strong correlations between the two processes in terms of: 

• production dynamics, radiative corrections (⇒reduced scale dependence, MC modeling)

• kinematics (mH ~ mZ) (⇒reduced PDF systematics, reduced mtop systematics, modeling, ...)

At 100 TeV: 

• greater dominance of gg initial state w.r.t. 14 TeV ⇒ ttH closer to ttZ

• huge production rates (ttH rate@100 TeV ~ 60 x ttH rate@14 TeV)
• large rate at very high pT(H) and pT(top) ⇒ effective use of boosted techniques, reduced 

combinatorial bg, systematics)
• access to “clean” final states (H→γγ, H→WW*)

σ(gg→ttZ)/ σ(ttZ) , for pT(Z)> pT,min

14 TeV

100 TeV

pT,min

29

http://arxiv.org/abs/arXiv:1507.08169


N(events) w. 20 ab–1,  tt→e/μ + jets

Top fat C/A jet(s) with R = 1.2, 
|y| < 2.5, and pT,j > 200 GeV

1% precision on ytop within reach 
(assuming B(H→bb) known)

arXiv:1507.08169 

Scale + PDF uncert.

30

http://arxiv.org/abs/arXiv:1507.08169


Higgs selfcouplings

The Higgs sector is defined in the SM by two parameters, μ and λ:

VSM (H) = �µ2 |H|2 + � |H|4

@VSM (H)
@H

|H=v = 0 and m2
H =

@2VSM (H)
@H@H⇤ |H=v )

µ = mH

� =
m2

H

2v2

These relations uniquely determine the strength of Higgs 
selfcouplings in terms of mH

Testing these relations is therefore an important test of the SM 
nature of the Higgs mechanism

) 6� =
3m2

H

v2
) 6� v =

3m2
H

v
g3H g4H~O(mtop) ~O(1)

v

V(H)



Higgs selfcouplings: pp→HH

• gg→HH (most promising?) , qq→HHqq (via VBF)

• Reference benchmark process: HH→bb γγ
• Goal: 5% (or better) precision for SM selfcoupling

M.Son, HH summary at 
FCC weekWork in progress to compare studies, harmonize performance 

assumptions, optimize, etc 
⇒ ideal benchmarking framework

32



EWSB probes: high mass WW/HH in VBF

dσ/dM(WW) (pb/200 GeV)

(pTfwd jet > 50 GeV)

mHH

dσ/dM(HH) (pb/200 GeV)

(pTfwd jet > 50 GeV)

100 fb with M(WW) ≳ 3 TeV 1 fb with M(HH) ≳ 2 TeV

SM rates at 100 TeV

33

Fwd jet η spectrum



dλ
d log μ ∝ λ4 – yt4

Degrassi et al, http://arxiv.org/pdf/1205.6497

(meta)Stability of the Higgs potential

Higgs selfcoupling and coupling to the top are the key 
elements to define the stability of the Higgs potential

34

= +

hh

h h

t

– yt4

h

λ4

+ ... ⟹+

λλren

∝ a mH4 – b mt4



T>TC T≳TC T=TC T<TC

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

In the SM this requires mH ≲ 80 GeV ⇒ new physics, coupling to the Higgs and effective at 

scales O(TeV), must modify the Higgs potential to make this possible

35

The nature of the EW phase transition



⇒ Appearance of first “no-lose” arguments for classes of 

compelling scenarios of new physics 

D.Curtin @ 
FCC week

36



Interplay of EW precision tests (Tera-Z@FCC-ee), Higgs BR measurements 
(H@FCC-ee) and direct resonance searches (10-30 TeV, @ FCC-hh)

37



Inclusive top quark production

• Top quark production σ100 TeV (tt)~30 nb ~ 30 x σ14 TeV (tt)

• ⇒ about 1012 top quarks produced in 10 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

LO (CT14lo): sigma_tot = 21.7 + 4.8 (22 %) - 3.6 (17 %) [nb].
NLO (CT14nlo): sigma_tot = 32.1 + 3.6 (11 %) - 3.3 (10 %) [nb].
NNLO (CT14nnlo):  sigma_tot = 34.7 + 1.0 (2.9 %) - 1.6 (4.8 %) [nb].
NNLO (NNPDF30_nnlo_as_0118): sigma_tot = 34.8 + 1.0 (2.9 %) - 1.6 (4.7 %) [nb]. Mitov et al



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

Inclsuive 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
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Auerbach, Chekanov, Proudfoot, Kotwal, arXiv:1412.5951

Sensitivity to ttbar resonances

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


Top EW couplings at FCC-ee

ILC: 500 fb−1 at √s = 500 GeV with beam polarizations of P = ±0.8, P′ = ∓0.3

FCC-ee: 2.4ab−1 at √s = 365 GeV (no beam polarization)

LHC: 300fb−1 at √s = 14 TeV



At 100 TeV, constraints from 
event rate at Mtt > 10 TeV:

 
−0.0022 ≤ dV ≤ 0.0031 

|dA| ≤ 0.0026 

⇒ Λ ≳17 TeV 

Top anomalous chromomagnetic moments at FCC-hh

⇒

J-A Aguilar-Saavedra, Fuks, etal,  arXiv:1412.6654
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http://arxiv.org/abs/arXiv:1412.6654
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High-Q2 phenomena
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(dijet resonances, quark compositeness, ...)
Exploring the shortest distances with jets at 100 TeV

• 1 pb–1 to recover sensitivity of HL-LHC ⇒< 1 day @ 1032

• 50pb–1 to 2x the sensitivity of HL-LHC ⇒< 1 month @ 1032

• 1fb–1 to 3x the sensitivity of HL-LHC ⇒< 1 year @ 2x1032
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(dijet resonances, anomalous top 
couplings, contact interactions, ... )

Exploring the shortest distances with ...

(⇒ top tagging at ~10 TeV?)

top quarks W bosons

(⇒ W tagging at ~10-15 TeV?)



ET > 1 TeV ET > 5 TeV ET > 10 TeV

top→bjj

b jet
incl
jet

W→jj

RR R 47

Jets’ energy shape: E(r<R) / E(r<1)
(⇒ calorimeter granularity, tracker)

R=0.01 ⇒ 1cm at 1m
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100 evts/10ab–1

Discovery reach for pair production of strongly-interacting particles



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

49
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=> rate (i.e. background to searches for new 
Z’ resonances) out to M ~ 20 TeV

SM DY mass spectrum



Running Electroweak Couplings as a Probe of New Physics 
D.Alves, J. Galloway, J.Ruderman, J.Walsh arXiv:1410.6810
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V emission in events with very large ET   jets

V

V V

Large EW logs, 
V correlated to jet

Radiative 
correction to V+jet, 
no EW log

Radiative 
correction to V+jet, 
no EW log

V

Large EW logs, 
V not correlated 
to jet

Study σ(jet jet + V) / σ(jet jet) vs ET(leading jet) 
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EW interactions at multi-TeV energy



54pTW/ET,1 ET,2/ET,1

ΔR(1,2) ΔR(W,2)

w. ET,2/ET,1 < 0.2

W emission distributions which fraction of Ws can be 
associated to radiation off the jet, 
vs ISR or ISR/FSR interference?
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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?
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NB: inclusive emission probabilities for additional V bosons ~ O(α)

NB: the leading source of multi-W final states is anyway tt production



N.Craig
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Dark Matter

58

For ~complete discussion, see ”Dark Matter at a future hadron collider” Workshop, 

FNAL Dec 4-6, http://indico.cern.ch/event/445743/



Dark Matter

• DM could be explained by BSM models that would leave no 
signature at any future collider (e.g. axions). 
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For ~complete discussion, see ”Dark Matter at a future hadron collider” Workshop, 

FNAL Dec 4-6, http://indico.cern.ch/event/445743/
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Dark Matter

• DM could be explained by BSM models that would leave no 
signature at any future collider (e.g. axions). 

• On the other hand, no experiment can guarantee an answer to 
the question ”what is DM?”

• Scenarios in which DM is a WIMP are however compelling and 
theoretically justified

• Studies ongoing to understand whether a FCC can answer more 
specific questions, such as:

• do WIMPS contribute to DM?

• can WIMPS, detectable in direct and indirect (DM annihilation) 
experiments, be discovered at future colliders?

• what are the opportunities w.r.t. new DM scenarios (e.g. 
interacting DM, asymmetric DM, ....)? 58

For ~complete discussion, see ”Dark Matter at a future hadron collider” Workshop, 

FNAL Dec 4-6, http://indico.cern.ch/event/445743/
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DM chapter of the report (in preparation) on 
“Physics at 100 TeV”



Towards no-lose arguments for Dark Matter scenarios: 

disappearing tracks L.Wang @ FCC week
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Final remarks
•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. The weight of each item in list of physics opportunities, 
precision measurements and potential discovery reach depends on
•the evolution of theoretical thinking, model building
•the outcome of the LHC
•the outcome of the full experimental landscape
•flavour physics: at LHC, K & B factories, leptonic sector, g–2, EDMs, 

neutrinos
•DM: direct and indirect searches, cosmological studies (eg. is DM strongly 

selfinteracting?)
•Searches for axions, ALPs, dark photons, ...
•....

• Future developments in any of the points above will allow to sharpen and 
focus the assessment of the role of future pp colliders



backup slides



• FCC-ee: “First Look at the Physics Case of TLEP”, JHEP 1401 (2014) 164 

• FCC-eh: no document as yet, see however

• “A Large Hadron Electron Collider at CERN: Report on the Physics and Design Concepts for Machine 
and Detector”, J.Phys. G39 (2012) 075001 

• FCC-hh: report on Physics at 100 TeV by March 2016

• CEPC/SPPC: Physics and Detectors pre-CDR:

• http://cepc.ihep.ac.cn/preCDR/volume.html

See also:

• Physics Briefing Book to the European Strategy Group (ESG 2013)

• Planning the Future of U.S. Particle Physics (Snowmass 2013): Chapter 3: Energy Frontier, arXiv:1401.6081

Reference literature
NB: click on underlined documents to access relevant URLs

http://inspirehep.net/record/1251418
http://inspirehep.net/record/1118165
http://cepc.ihep.ac.cn/preCDR/volume.html
http://europeanstrategygroup.web.cern.ch/europeanstrategygroup/Briefing_book.pdf
http://inspirehep.net/record/1278569
http://arXiv.org/abs/arXiv:1401.6081


FCC Physics coordination

FCC-ee FCC-hh FCC-eh
Alain Blondel Austin Ball Max Klein
Patrick Janot Werner Riegler Monica D’Onofrio

John Ellis Joe Incandela
Werner RieglerChristophe Grojean Michelangelo Mangano



See also slides https://indico.cern.ch/event/443015/

FCC Software twiki:  
https://twiki.cern.ch/twiki/bin/view/FCC/WebHome

(must login with CERN account and must be registered on the FCC mailing list - see previous page) 



To follow FCC-hh physics activities

• Register with the FCC-hh mailing list for announcements:
• http://simba3.web.cern.ch/simba3/SelfSubscription.aspx?groupName=fcc-experiments-hadron

• Check agendas and contents of previous events at the following indico categories:

• Informal meetings of all physics subgroups (SM, Higgs, BSM):

• https://indico.cern.ch/category/6067/

•  Workshops

• https://indico.cern.ch/category/6071/

• Physics with injectors:

• https://indico.cern.ch/category/6070/

• Heavy ion physics:

• https://indico.cern.ch/category/6068/

• Detector subgroup:

• https://indico.cern.ch/category/6069/

• Detector magnets subgroup:

• https://indico.cern.ch/category/6244/

• Software group (common with FCC-ee and FCC-eh):

• https://indico.cern.ch/category/5666/

http://simba3.web.cern.ch/simba3/SelfSubscription.aspx?groupName=fcc-experiments-hadron


FCC-ee	:	General	documentation
q All	relevant	information	gathered	in	http://cern.ch/fcc-ee		(C.	Martin	Perez)
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http://indico.cern.ch/category/5259/ 

http://cern.ch/fcc-ee
http://indico.cern.ch/category/5259/
http://indico.cern.ch/category/5259/


FCC-eh	:	Organization	and	documentation
q Overall	coordination	:	Max	Klein,	Oliver	Brüning	

◆ +	coordination	group	

q Web	page:	http://www.lhec.cern.ch		
◆ LHeC	conceptual	design	report:	arXiV:1206.2913
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Physics Study Groups (Convenors) 
PDFs, QCD    Fred Olness, Voica Radescu 
Higgs              Uta Klein, Masahiro Khuze 
BSM               Georges Azuelos, Monica D’Onofrio 
Top                 Olaf Behnke, Christian Schwanenberger 
Nuclei             Nestor Armesto 
Small x           Paul Newman, Anna Stasto 
Software         Peter Kostka, Paul Laycock 
Detector         Peter Kostka, Alessandro Polini

http://www.lhec.cern.ch

