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“No doubt that future high energy colliders are extremely challenging projects.

However, the correct approach, as scientists, is not to abandon our exploratory 
spirit, nor give in to financial and technical challenges. The correct approach is to 
use our creativity to develop the technologies needed to make future projects 
financially and technically affordable.”

Fabiola Gianotti, DG CERN
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Disclaimer
u I am not personally involved in the ongoing ESPP process; I have no inside information

q There may easily be people in the audicence being better informed than me
u The talk is based only on publicly available information that I have been able to collect
u I have been involved in the FCC project since 2013

q This of course reflects my personal preference towards a future collider
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Outline

a. European Strategy for Particle Physics
b. e+e- Colliders & Higgs Factories
c. FCC-hh
d. ESPP Scenarios
e. Next generation Colliders
f. Outlook
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European Strategy for Par0cle Physics- Overview
u The ESPP is the process by which every ~7 years the European particle physics

community updates the priorities and strategy of the field

q First ESPP in 2006; first update in 2013; next update 2020

u Bottom-up process involving the community. Driven by physics, with awareness of 

financial and technical feasibility

q The scientific input includes: physics results from current facilities from all over the world; 

physics motivations, design studies and technical feasibility of future projects; results of R&D 

work, etc.

u ESPP produces the European roadmap in the worldwide context of the field

q Alignment of the European, US and Japanese roadmaps in recent years to optimise

the use of resources

u The Strategy is adopted by the CERN Council

u Individual (major) projects require dedicated approval: e.g. HL-LHC 
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The European Particle Physics Strategy 2013
Main recommendations:

1) Europe’s top priority should be the exploitation of the full potential of the LHC, 
including the high- luminosity upgrade of the machine and detectors with a view to 
collecting ten times more data than in the initial design, by around 2030. This upgrade
programme will also provide further exciting opportunities for the study of flavour
physics and the quark-gluon plasma. 

2) CERN should undertake design studies for accelerator projects in a global context, 
with emphasis on proton-proton and electron-positron high-energy frontier machines. 
These design studies should be coupled to a vigorous accelerator R&D programme, 
including high-field magnets and high-gradient accelerating structures, in collaboration
with national institutes, laboratories and universities worldwide. 

3) Europe looks forward to a [ILC] proposal from Japan to discuss a possible participation. 

4) CERN should develop a neutrino programme to pave the way for a substantial
European role in future long-baseline experiments. Europe should explore the 
possibility of major participation in leading long-baseline neutrino projects in the US 
and Japan. 

➜ HL-LHC approved by Council 2016

➜ FCC Study started 2014

➜ Neutrino Platform started 2014
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Granada Symposium Organisation
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5 January 2020Spaatind, 202015 Granada Conclusions ?

No official conclusions.
But I believe the conclusions of the CERN Director are widely shared
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More from the CERN DG
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Strategy towards a new CERN Collider
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Jorgen D’Hondt (ECFA Chair), Nov. 2019
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Landscape for future colliders in Europe
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Jorgen D’Hondt, ECFA Chair, November 15, 2010:

”Nothing is written in stone at this stage for new colliders in Europe, 
the European Strategy Group will discuss at least these strawman scenarios with a focus
on the 1st generation collider” 

Post-Granada strawman scenarios:
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Overall future collider timeline
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e+e- Colliders & Higgs Factories
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e+e- luminosity performence
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● FCC-ee (H)

Peak luminosity of circular e+e- colliders as a function of year –
for past, operating, and proposed facilities including the FCC-ee
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e+e- luminosity performence
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● FCC-ee (H)

◼ ILC/CLIC

◼ SLC

Peak luminosity of circular e+e- colliders as a function of year –
for past, operating, and proposed facilities including the FCC-ee

Including also
linear collider(s)

Best, final year: 40% of design
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Linear or Circular ? (1)
u For 20 years, there was only one future e+e- collider project on the market

q A 500 GeV e+e- linear collider, now called “ILC”, proposed in the early 1990’s

q Why not a 500 GeV circular collider ?
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u Why not a 500 GeV circular collider ?
q Synchrotron radiation in circular machines

v Energy lost per turn grows like                                   , e.g., 3.5 GeV per turn at LEP2

§ Must compensate with R and accelerating cavities              Cost grows like E4 too

q “Up to a centre-of-mass energy of 350 GeV at least, a circular collider with 
superconducting accelerating cavities is the cheapest option”, Herwig Schopper

q At and above 500 GeV, a e+e- collider can only be linear

Linear or Circular ? (2)
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The Revival of Circular e+e- Colliders
u Interest for circular collider projects grew up again after first LHC results

q The Higgs boson is light – LEP2 almost made it: only moderate √s increase needed

q From LHC, we have (so far) seen no signs of heavy new physics below 500 GeV

q One way out: study with unprecedented precision Z, W, H bosons and the top quark

v Need to go up to the top-pair threshold (350+ GeV) anyway to study the top quark

v Aim for highest possible luminosities at 91, 160, 240 and 350+ GeV
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Figure 7. The Higgs boson production cross section as a function of the centre-of-mass energy
in unpolarized e+e− collisions, as predicted by the HZHA program [39]. The thick red curve shows
the cross section expected from the Higgs-strahlung process e+e− → HZ, and the thin red curve
shows the fraction corresponding to the Z → νν̄ decays. The blue and pink curves stand for the
WW and ZZ fusion processes (hence leading to the Hνeν̄e and He+e− final states), including their
interference with the Higgs-strahlung process. The green curve displays the total production cross
section. The dashed vertical lines indicate the centre-of-mass energies at which TLEP is expected
to run for five years each,

√
s = 240GeV and

√
s ∼ 2mtop.

rapidly decreasing with the new physics scale Λ, typically like 1/Λ2. For Λ = 1TeV,

departures up to 5% are expected [7, 8]. To discover new physics through its effects on the

Higgs boson couplings with a significance of 5σ, it is therefore necessary to measure these

couplings to fermions and gauge bosons with a precision of at least 1%, and at the per-mil

level to reach sensitivity to Λ larger than 1TeV, as suggested at by the negative results of

the searches at the LHC.

The number of Higgs bosons expected to be produced, hence the integrated luminosity

delivered by the collider, are therefore key elements in the choice of the right Higgs factory

for the future of high-energy physics: a per-mil accuracy cannot be reached with less

than a million Higgs bosons. The Higgs production cross section (obtained with the HZHA

generator [39]), through the Higgs-strahlung process e+e− → HZ and the WW or ZZ fusion

processes, is displayed in figure 7. A possible operational centre-of-mass energy is around

255GeV, where the total production cross section is maximal and amounts to 210 fb.

The luminosity profile of TLEP as a function of the centre-of-mass energy (figure 3)

leads to choose a slightly smaller value, around 240GeV, where the total number of Higgs

bosons produced is maximal, as displayed in figure 8. The number of WW fusion events

has a broad maximum for centre-of-mass energies between 280 and 360GeV. It is therefore

convenient to couple the analysis of the WW fusion with the scan of the tt̄ threshold, at√
s around 350GeV, where the background from the Higgs-strahlung process is smallest

and most separated from the WW fusion signal.

– 14 –

LEP2
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Future Circular Collider (FCC): CERN
e+e-, √s: 90 - 350 GeV; pp, √s: 100 TeV;
Circumference: 97.5 km

Circular Electron-Positron Collider (CEPC): China
√s: 90 – 240 GeV, Circumference: ~100 km

27Spaatind, 2020

Compact Linear Collider (CLIC): CERN
√s: 380 GeV, 1.5 TeV, 3 TeV;
Length: 11 km, 29 km , 50 km

Proposed High-energy e+e- Colliders 

International Linear Collider (ILC): Japan
√s: 250 – 1000 GeV,
Now concentrating on √s = 250 GeV,
Length: 21 km (250 GeV) 5 January 2020
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ILC
u Originally designed for √s = 500 GeV, recently re-optimized for 250 GeV

q Supported by 25 years of R&D and innovation
v Complete technical design report delivered in 2013

§ In principle, ready for construction as soon as decision is taken

q Many technological challenges

v ~10 km-long, high-gradient (31 MV/m), RF system
v Very low b* optics delivering small beam spot size at high intensity
v Positron source with no precedent

§ 30 x world record (SLC)
v Green-field project

q Can deliver data to only one detector at a time

q In principle upgradeable to √s = 1 TeV
v And possibly more : CLIC or plasma acceleration later in the same tunnel (?)

q Longitudinally polarized beams available: P- / P+ = ±0.8 / ±0.3

q “GigaZ” option to run at the Z pole has been dormant – now being revived 
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ILC postponed decision
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CLIC
u Designed to reach the highest possible energies in e+e- collision 

q In staging scenario, foreseen to cover 3 energy points: √s = 380, 1500, 3000 GeV
q More than 30 years of innovaIon and R&D

v Very high acceleraIon gradient, 100 MV/m, from a 2-beam acceleraIon scheme
§ demonstrated via CLIC Test FaciliIes

v Conceptual Design Report delivered in 2012

q A number of technological challenges common with ILC

v Very low b* opIcs delivering small beam spot sizes at high intensity
v Positron source with no precedent 

q Longitudinally polarized beams available: P- / P+ = ±0.8 / 0

q Can deliver data to only one detector at a Ime

q No design to run at the Z pole
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- relatively young project;  ~8 years
strong progress, first as “TLEP”, from 2014 as part of FCC project
Conceptual Design Report (CDR) published early 2019

- double ring e+e- collider ~100 km

- follows footprint of FCC-hh, except around IPs
first step towards 100 TeV pp collider

- asymmetric IR layout & optics             
to limit synchrotron radiation 
towards the detector 

- 2 IPs (layout with 4 IPs under study) 

- large horizontal crossing angle 30 mrad, 
crab-waist optics; very low β*

- synchrotron radiation power 50 MW/beam 
at all beam energies

- top-up injection scheme; 
requires booster synchrotron in collider tunnel

- high-power (200 MW), high-gradient (10 MV/m), 
2 km-long, RF system

- transverse polarization for beam-energy measurement

FCC-ee

5 January 2020Spaa:nd, 2020 31



Mogens Dam / NBI Copenhagen
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- follows footprint of FCC-hh, except around IPs
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- asymmetric IR layout & op&cs             

to limit synchrotron radia&on 
towards the detector 
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- large horizontal crossing angle 30 mrad, 

crab-waist op&cs; very low β*
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at all beam energies
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requires booster synchrotron in collider tunnel
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- transverse polariza&on for beam-energy measurement
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30 MW

Main difference between FCC-ee
and CEPC is the lower SR power 
resulting in a somewhat lower

luminosity

2018

SppS

33
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5 January 2020Spaatind, 202033 Projected luminosi/es of e+e- accelerators

Circular colliders:
Extremely high luminosi=es at 

lower energies: 
”Z, WW, and flavour factories”

Linear colliders:
High centre-of-mass energies

Overlap region, 240-380 GeV:
”Higgs Factories”

Z        WW   ZH    tt
105 x LEP:
LEP1 programme 
in 5 min
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Luminosity upgrade plans
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Recent ILC and CLIC lumi upgrade plans
- Positive effect of FCC-ee competition

FCC-ee would receive × 1.7 lumi 
improvement from 2IP ➝ 4IP

Plots from Briefing Book

Another way to picture collider
performance: 
➢ luminosity per wall plug power

muon collid
er

2.5 MWh per Higgs

13 MWh per Higgs

0.1 kWh per Z
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e+e- Higgs Factories
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Higgs Production
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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
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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,
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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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Higgs-strahlung Boson fusion

ILC

Analysis

The final step: look at missing mass distribution:
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-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
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Precision Higgs Physics
u Example of a Higgs boson event 

q Tagged with a Z boson
q Very clean signature

u Run at √s = 240-250 GeV (and 350-500 GeV) in order to
q Determine all Higgs couplings in a model-independent way
q Infer the Higgs total decay width
q Evaluate (or set limits on) the Higgs invisible or exotic decays 

v Through the measurements of

with Y = b, c, g, W, Z, g, t, µ , invisible
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e+e-→ HZ → ggµ+µ-

√s = 240 GeV

1.2 Theoretical structure of the Standard Model Higgs boson
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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,
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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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q In both cases, three interfering diagrams

v Higgs self coupling, λ3, extracted from fit to 
producAon cross secAon
§ At 1400 GeV: relaAvely strong dependence

§ At 500 GeV: weak(er) dependence

u Higgs self-coupling, λ3, is a fundamental parameter of the SM who’s value should be
checked against predicAon
q EssenAally dictates the shape of the Higgs potenAal

u For √s ≳ 500 GeV, access to di-Higgs producAon

Higgs Self Coupling, λ3
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From 500 GeV

From ≈800 GeV
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Higgs Self Coupling, λ3
u At lower energies, no produc<on of Higgs pairs
u But, loops including Higgs self coupling contribute to Higgs produc<on 

u Effect on sZH and snnH of Higgs self coupling (λ3 and hence kl=λ3/ λ3
SM) depends on √s

q Two energy points (240 and 365 GeV) liR the degeneracy between dkZ and dk!

v Precision on λ3 with 2 IPs at the end of the FCC-ee (91+160+240+365 GeV) 
§ Global EFT fit (model-independent) : ±34% (3σ) ; in the SM : ±12% 
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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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All e+e- Higgs Factories similar?

5 January 2020Spaa:nd, 2020 41

arXiv:1912.11871

F. Gianotti:

Well yes, perhaps to first order…
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Scenarios I have chosen to compare

u The landscape is complicated; not easy to make a ”fair” comparison:
q CEPC: no current plans to go beyond √s = 240 GeV

v However, clearly technically feasible
q FCC-ee: Both √s = 240 and 365 GeV included in baseline project

v The energy upgrade of FCC is the FCC-hh, which will bring ulTmate precisions
q ILC: Current baseline is 250 GeV only; but clearly an upgrade to 500 GeV is understood/hoped for 

v However, approximately a factor two on price, and long Tme scale (! = 22 years)
q CLIC: Have included the two first stages (380 & 1500 GeV) leaving out the the 3 TeV run

v The 3 TeV run is the ”energy upgrade”
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Facility CEPC240 FCC-ee365 ILC500 CLIC1500

√s   [GeV] 240 240 / 365 250 / 350 / 500 380 / 1500

ℒ [ab-1] 5.6 5 / 1.5 2.0 / 0.2 / 4.0 1.0 / 2.5

# years 7 9 22 17

Polarisation no no yes yes

# Higgs (× 103) 1100 1000 / 240 500 / 40 / 800 150 / 600
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Summary of Higgs Measurement Precisons
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Coupling HL-LHC CEPC240 ILC500 FCCee365 CLIC1500

κZ    [%] 1.5 0.14 0.23 0.17 0.26

κW [%] 1.7 1.3 0.29 0.43 0.16

κc     [%] SM 2.2 1.3 1.3 1.8

κt     [%] 3.3 - 6.9 - n.a.

κb    [%] 3.6 1.2 0.58 0.67 0.46

κμ [%] 4.6 8.9 9.4 8.9 13

κτ [%] 1.9 1.3 0.7 0.73 1.3

κγ [%] 1.9 3.7 3.4 3.9 5.0

κg    [%] 2.3 1.5 0.97 1.0 1.3

κZγ [%] 10 8.2 - - 15

!H   [%] ~50 2.8 1.6 1.3 2.6

BRinv [%] ≲ 2 < 0.27 < 0.23 < 0.19 < 0.62

BREXO [%] SM < 1.1 < 1.4 < 1.0 < 2.4

#3 (sngl-H/di-H) - / 50 17 / - 27 / 27 19 / - 41 / 36

Sensitive to new physics at tree level
Expected effects < 5% / Λ2

NP

1% precision needed for ΛNP ~ 1TeV
Sub-percent needed for ΛNP > 1TeV

Sensitive to new physics 
in loops

Sensitive to light dark matter 
particles (sterile ν, χ, …)

and to other exotic decays

Higgs self-coupling

Model-independent results

Generally, a factors of 2−10 better than HL-LHC
Plus model independence
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Electroweak Precision Measurements – FCC-ee
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Electroweak Precision Physics: FCC-ee Statistics
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Working point Z, years 1-2 Z, later WW HZ tt threshold… … and above

√s (GeV) 88, 91, 94 157, 163 240 340 – 350 365

Lumi/IP (1034 cm-2s-1) 100 200 25 7 0.8 1.4

Lumi/year (2 IP) 24 ab-1 48 ab-1 6 ab-1 1.7 ab-1 0.2 ab-1 0.34 ab-1

Physics goal 150 ab-1 10 ab-1 5 ab-1 0.2 ab-1 1.5 ab-1

Run time (year) 2 2 2 3 1 4

5×1012 e+e- → Z

108 e+e- → W+W-

106 e+e- → HZ

106 e+e- → tt
-

Event statistics √s precision

100 keV

300 keV

1 MeV

2 MeV

Total : 15 years

(Conservative) assumptions: 185 physics days / year, 75% efficiency, 10% margin on luminosity 
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FCC-ee Precision EW Physics Measurements
u EW precision measurements at FCC-ee (see arXiv:1308.6176 and FCC CDR)
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Side Remark - Threshold Scan at LCs and FCCee

• Somewhat different luminosity spectra for 
different machines:

• no beamstrahlung tail in storage ring

• sharper main peak at ILC, broader at CLIC
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Sample of EW observables, experimental precisions
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Observable Measurement Current precision FCC-ee stat. FCC-ee syst. Challenge

mZ (keV) Z lineshape 91186700 ± 2200 5 100 Beam energy calib

GZ    (keV) Z lineshape 2495200 ± 2300 8 100 Beam energy calib

Rl (×103) Ratio of hadrons to leptons 20767 ± 25 0.01 0.2−1 Acceptance for leptons

as(mZ)    (×104) From Rℓ 1196 ± 30 0.1 0.4−1.6 ditto

Rb (×106) Ratio of bb to hadrons 216290 ± 660 0.3 < 60 g → bb

Nn (×103) Peak hadronic cross section 2991 ± 7 0.005 < 1 Lumi meast

sin2qW
eff    (×106) From AFB

µµ at Z peak 231480 ± 160 3 2−5 Beam energy calib

1/aQED(mZ)    (×103) From AFB
µµ off-peak 128952 ± 14 4 small QED corr.

AFB
pol," (104) " polarization charge assym 1498 ± 49 0.15 < 2 " decay physics

mw     (MeV) WW threshold scan 80385000 ± 15000 600 300 Beam energy calib

Nn e+e-→gZ, Z→nn, ℓℓ 2.92 ± 0.05 0.001 < 0.001 ?

as(mW) (×104) From RℓW
1170 ± 420 3 small Lepton acceptance

mtop (MeV) tt threshold scan 172740 ± 500 20 small QCD corr

Gtop (MeV) tt threshold scan 1410± 190 40 small QCD corr

ltop / ltop
SM tt threshold scan 1.2 ± 0.3 0.08 small QCD corr
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Sample of EW observables, experimental precisions
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Observable Measurement Current precision FCC-ee stat. FCC-ee syst. Challenge

mZ (keV) Z lineshape 91186700 ± 2200 5 100 Beam energy calib

GZ    (keV) Z lineshape 2495200 ± 2300 8 100 Beam energy calib

Rl (×103) Ratio of hadrons to leptons 20767 ± 25 0.01 0.2−1 Acceptance for leptons

as(mZ)    (×104) From Rℓ 1196 ± 30 0.1 0.4−1.6 ditto

Rb (×106) Ratio of bb to hadrons 216290 ± 660 0.3 < 60 g → bb

Nn (×103) Peak hadronic cross section 2991 ± 7 0.005 < 1 Lumi meast

sin2qW
eff    (×106) From AFB

µµ at Z peak 231480 ± 160 3 2−5 Beam energy calib

1/aQED(mZ)    (×103) From AFB
µµ off-peak 128952 ± 14 4 small QED corr.

AFB
pol," (104) " polarization charge assym 1498 ± 49 0.15 < 2 " decay physics

mw     (MeV) WW threshold scan 80385000 ± 15000 600 300 Beam energy calib

Nn e+e-→gZ, Z→nn, ℓℓ 2.92 ± 0.05 0.001 < 0.001 ?

as(mW) (×104) From RℓW
1170 ± 420 3 small Lepton acceptance

mtop (MeV) tt threshold scan 172740 ± 500 20 small QCD corr

Gtop (MeV) tt threshold scan 1410± 190 40 small QCD corr

ltop / ltop
SM tt threshold scan 1.2 ± 0.3 0.08 small QCD corr

Very precise (100 keV – 1 ppm) √s 

calibration via transverse beam

polaristion and resonant depolarisation. 

Measurement of √s spread
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Sample of EW observables, experimental precisions
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Observable Measurement Current precision FCC-ee stat. FCC-ee syst. Challenge

mZ (keV) Z lineshape 91186700 ± 2200 5 100 Beam energy calib

GZ    (keV) Z lineshape 2495200 ± 2300 8 100 Beam energy calib

Rl (×103) Ratio of hadrons to leptons 20767 ± 25 0.01 0.2−1 Acceptance for leptons

as(mZ)    (×104) From Rℓ 1196 ± 30 0.1 0.4−1.6 ditto

Rb (×106) Ratio of bb to hadrons 216290 ± 660 0.3 < 60 g → bb

Nn (×103) Peak hadronic cross section 2991 ± 7 0.005 < 1 Lumi meast

sin2qW
eff    (×106) From AFB

µµ at Z peak 231480 ± 160 3 2−5 Beam energy calib

1/aQED(mZ)    (×103) From AFB
µµ off-peak 128952 ± 14 4 small QED corr.

AFB
pol," (104) " polarization charge assym 1498 ± 49 0.15 < 2 " decay physics

mw     (MeV) WW threshold scan 80385000 ± 15000 600 300 Beam energy calib

Nn e+e-→gZ, Z→nn, ℓℓ 2.92 ± 0.05 0.001 < 0.001 ?

as(mW) (×104) From RℓW
1170 ± 420 3 small Lepton acceptance

mtop (MeV) tt threshold scan 172740 ± 500 20 small QCD corr

Gtop (MeV) tt threshold scan 1410± 190 40 small QCD corr

ltop / ltop
SM tt threshold scan 1.2 ± 0.3 0.08 small QCD corr

Precise luminosity measurement:

- Absolute to 10-4

- Relative (energy to point) to 10-5
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Sample of EW observables, experimental precisions
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Observable Measurement Current precision FCC-ee stat. FCC-ee syst. Challenge

mZ (keV) Z lineshape 91186700 ± 2200 5 100 Beam energy calib

GZ    (keV) Z lineshape 2495200 ± 2300 8 100 Beam energy calib

Rl (×103) Ratio of hadrons to leptons 20767 ± 25 0.01 0.2−1 Acceptance for leptons

as(mZ)    (×104) From Rℓ 1196 ± 30 0.1 0.4−1.6 ditto

Rb (×106) Ratio of bb to hadrons 216290 ± 660 0.3 < 60 g → bb

Nn (×103) Peak hadronic cross section 2991 ± 7 0.005 < 1 Lumi meast

sin2qW
eff    (×106) From AFB

µµ at Z peak 231480 ± 160 3 2−5 Beam energy calib

1/aQED(mZ)    (×103) From AFB
µµ off-peak 128952 ± 14 4 small QED corr.

AFB
pol," (104) " polarization charge assym 1498 ± 49 0.15 < 2 " decay physics

mw     (MeV) WW threshold scan 80385000 ± 15000 600 300 Beam energy calib

Nn e+e-→gZ, Z→nn, ℓℓ 2.92 ± 0.05 0.001 < 0.001 ?

as(mW) (×104) From RℓW
1170 ± 420 3 small Lepton acceptance

mtop (MeV) tt threshold scan 172740 ± 500 20 small QCD corr

Gtop (MeV) tt threshold scan 1410± 190 40 small QCD corr

ltop / ltop
SM tt threshold scan 1.2 ± 0.3 0.08 small QCD corr

Excellent flavour tagging: 

- 15 mm beam pipe radius
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Electroweak precison measurements – Current status
u With mtop, mW and mH known, the Standard Model has nowhere to go
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LEP (EW precision
measurements)

LEP + mH (LHC)

LEP, Tevatron, LHC 

Te
va

tr
on

, L
H

C 
q Within current precision direct and indirect constraints are consistent

v No evidence for the need for BSM physics
q But what if measurements precisions were improved ?

v Strong incentive to significantly improve the precision of all measurement
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Electroweak precision measuremetns – post FCC-ee
u Combination of all precision electroweak measurements

q FCC-ee precision allows mtop, mW, sin2θW to be predicted within the SM
v … and to be compared to the direct measurements

q New Physics ? 
v Direct meast (blue ellipse) and indirect constraints (red ellipse) may or may not overlap

5 January 2020Spaatind, 2020 52

Direct 
measurements.
[Two possibilities
for central value]

Indirect
constraints
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Precision ⇔ Discovery ?
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u Combining precision Higgs and EW measurements in SMEFT

q Higgs and EWPO measurements are rather complementary (b,c,t PO to be added)
q EWPO are more sensitive to heavy new physics (up to 50-70 TeV)

v Sensitivity at the level of up to ∼5 TeV at LEP
q Larger statistics pays off for Higgs measurements (4 IPs ?) 
q Further improvement in theory predictions pays off for EWPO measurements

6/17/2016 E.Perez15

Higgs
couplings

Precision and indirect searches for new physics
Top couplings

Extra-dim models: 
Probe NP scales
of O ( 20 TeV )

4D-CHM,
f < 2 TeV

Ex. NP models,
probed  by 
HL-LHC

EW precision

Power of loops :
In terms of weakly-coupled new physics:
  ΛNP > 30 – 100 TeV

J. Ellis & T. You, JHEP03 (2016) 089

ILC Physics  case, arXiv:1506.05992

Theo. uncertainties need to be improved in
the next 20 years, to match the exp. uncertainties

P. Janot, arXiv:1510.09056
D. Barducci et al, JHEP 1508 (2015) 127 

N
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s

(Pattern of) deviating 
operators may point
to the new physics to be 
looked for at tFCC-hh
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Direct discoveries – Example
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Figure 1. Physics reach in the nMSM for SHiP and
two realistic FCC-ee configurations (see text). Pre-
vious searches are shown (dashed lines), as well as
the cosmological boundaries of the model (greyed-
out areas) [3, 9].
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Figure 2. SHiP sensitivity to dark photons produced
in proton bremmstrahlung and secondary mesons de-
cays. Previous searches explored the greyed-out area.
Low-coupling regions are excluded by Big Bang Nu-
cleosynthesis.

A method similar to the one outlined in Section 2 was used to compute the expected number of
events. HNL production is assumed to happen in Z ! nn̄ decays with one neutrino kinematically
mixing to an HNL. If the accelerator is operated at the Z resonance, Z bosons decay in place and
the HNL lifetime is boosted by a factor

g =
mZ

2mN
+

mN

2mZ
. (3.1)

All `+`�n final states are considered detectable with a CMS-like detector with spherical symmetry.
Backgrounds from W ⇤W ⇤, Z⇤Z⇤ and Z⇤g⇤ processes can be suppressed by requiring the presence
of a displaced secondary vertex.

Figure 1 shows SHiP’s and FCC-ee’s sensitivities in the parameter space of the nMSM, for
two realistic FCC-ee configurations. The minimum and maximum displacements of the secondary
vertex in FCC-ee, referred to as r in Figure 1, depends on the characteristics of the tracking system.
Inner trackers with resolutions of the order of 100 µm and 1 mm, and outer trackers with diameters
of 1 m and of 5 m have been considered. Figure 2 shows SHiP’s sensitivity to dark photons,
compared to previous searches.

This work shows that the SHiP experiment can improve by several orders of magnitude the
current limits on Heavy Neutral Leptons, scanning a large part of the parameter space below the
B meson mass. Similarly, SHiP can greatly improve present constraints on dark photons. Right-
handed neutrinos with larger mass can be searched for at a future Z factory. The synergy between
SHiP and a future Z factory would allow the exploration of most of the nMSM parameter space for
sterile neutrinos.
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u Discover right-handed neutrinos
q νMSM  : Complete particle spectrum with the missing three right-handed neutrinos

v Could explain everything: Dark matter (N1), Baryon asymmetry, Neutrino masses
q Searched for in very rare Z → nN2,3 decays

v Followed by N2,3 → W*! or Z*n

The nMSMThe SM

Very small nN mixing : long lifetime, detached vertex

A. Blondel et al.
arXiv:1411.5230

100

https://arxiv.org/abs/1411.5230
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FCC-ee is also powerful Heavy Flavour Factory

Spaatind, 2020

1012 bb events, 1.7×1011 !+!- events

Examples: 

B0➝ K*(892) τ+τ-

J.F. Kamenik et al.
arXiv:1705.11106

B decays and test of flavour universality

Improve lepton universality tests by > "(10)

u Improve sensitivity of lepton flavour
violation Z decays by 4 orders of magnitude

5 January 2020 55

https://arxiv.org/abs/1705.11106
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e+e- → H possibility
u If there is time, spend few years at √s = 125.09 GeV with high luminosity

q For s-channel production e+e- → H (a la muon collider, with 104 higher lumi )
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(1): with ISR
(2): d√s = 6 MeV 
(3): d√s = 10 MeV 

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

q FCC-ee monochromatization setups
u Default: d√s = 100 MeV, 25 ab-1 / year

l No visible resonance

u Option 1: d√s = 10 MeV, 7 ab-1 / year

l s(e+e- → H) ~ 100 ab

u Option 2: d√s = 6 MeV, 2 ab-1 / year

l s(e+e- → H) ~ 250 ab

–

D. d’Enterria
arXiV:1701.02663

q Backgrounds much larger than signal
v e+e- → qq, tt, WW*, ZZ*, gg, …

q Expected signal significance of ~0.4σ / √year
q Unique opportunity to constrain  electron 

Yukawa

–

https://arxiv.org/abs/1509.02406
https://arxiv.org/abs/1701.02663
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High Energy e+e- - CLIC
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Precision: Higgs properties at high energy (1)
u Why do precision Higgs physics at high √s ?

q Precision achieved with e+e- colliders at √s=240-500 GeV : 0.1% - 1%  

v Superior to what can be done at higher energy 

§ sHZ decreases, kinematics less favourable, backgrounds increase, …

u However …
q Some production processes are not directly accessible at low-energy e+e- colliders

v Hence more couplings might become measurable at larger energy

§ Htt, HHH, HHHH, …
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Frank Simon (fsimon@mpp.mpg.de)Physics at CLIC 
CLIC Workshop, CERN, February 2014
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Precision: Higgs properties at high energy (2)
u Achievable precisions

u Combined CLIC Higgs results 

q 380 GeV; 1.5 TeV, 3.0 TeV

5 January 2020Spaatind, 2020 11

Collider HL-LHC CLIC3000 FCC-ee FCC-ee+hh

DgHtt /gHtt 3% 2.6% 10% (*) 1.5%

DgHHH /gHHH 50% +11
-7 % 19% 5%

(*) indirect

Full CLIC program, ~27 yrs of running in total

• Large gain from CLIC380 to full programme

• Precision of !(1%) for most couplings

• Accuracy on Higgs width: ±1.6%

Model-independent
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High-mass searches: peak vs. mass tails

u Seeing the ”peak”. Mass reach:
q mass < √s for lepton colliders
q mass ≲ 0.3−0.5 √s at hadron for 

couplings ∼ weak couplings
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Example: Z’ at 3 TeV

u Deviations in high-mass tails:
q Very well suited for lepton colliders; 

sentitive to [mass/couplings] ≫ √s

accelerator only goes to √s = 2.2 TeV
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BSM example: Z’ sensitivity

u If LHC discovers Z’    (e.g. for MZ’ = 5 TeV)
q CLIC precision measurement of effective 

couplings

u Otherwise:
q CLIC discovery reach up to tens of TeV

(depending on the couplings)

Spaatind, 2020 61

Minimal anomaly-free Z’ model

Qf = gY’(Yf) + g’BL(B-L)f

CLICdp

Z’

Observables:
• Total e+e- è μ+μ- cross section
• Forward-backward asymmetry
• Left-right asymmetry 

(with ±80% e- polarisation)

5 January 2020
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Direct BSM sensitivity − Example SUSY
u Unique opportunity to directly probe new particles with 

masses up to 1.5 TeV

u Direct observation of particles coupling to γ*/Z/W
q precision measurement, !(1%), of new particle masses and 

couplings

u Wider capability than only SUSY: reconstructed particles 
can be interpreted as “states of given mass, spin and 
quantum numbers”

u Very rare processes accessible due to low backgrounds
q CLIC especially suited for electroweak states

u Polarised electron beam and threshold scans may be
useful to constrain the underlying theory

5 January 2020Spaatind, 2020 62

“model III”
• smuons, selectrons, 
staus, gauginos



Mogens Dam / NBI Copenhagen

CLIC Global Sensitivity to BSM Effects
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HL-LHC (3/ab, S1) + LEP/SLD
HL-LHC (3/ab, S2) + LEP/SLD
CLIC Stage 1
CLIC Stage 1+2
CLIC Stage 1+2+3

light shade: CLIC + LEP/SLD
solid shade: combined with HL-LHC(S2)
blue line: individual reach

yellow mark: additional result

Standard Model

Scale of new decoupled physics
Dimension-6
operators

Universal EFT fit

Includes CLIC measurements of:

Strong benefits from high-energy running

-

u Higgs
u Top 
u WW
u e+e–→f f

Note: Here, projections are displayed as ci/Λ
2

[as compared to Λ/√ci for FCC-ee slides]

So, here small is good
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Blondel, Janot,
arXiv:1912.11871
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FCC-hh Performance

5 January 2020Spaatind, 2020 66

u Aim at ~one order of magnitude 
performance increase in both energy and 
luminosity w.r.t LHC

u 100+ TeV cm collision energy 
q vs 14 TeV for LHC

u 20 ab-1 per experiment collected over 25 
years of operation 
q vs 3 ab-1 for LHC.

u Similar performance increase as from 
Tevatron to LHC.

u Key technology: High-field magnets

to 16 T Nb3Sn 
EuroCirCol, Chart, US MDP 

From LHC technology 
8.3 T NbTi

via HL-LHC technology 
11 T Nb3Sn
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FCC-hh: Higgs Production

5 January 2020Spaatind, 2020 67

FCC-hh 100 TeV
30 ab-1

LHC 14 TeV
3 ab-1

Huge
production
rates

Large pT Production hierarchy of 
channels changes at 
large pT
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FCC-hh: Clean Higgs Samples at high pT

5 January 2020Spaatind, 2020 68

Example: gg → H ➝ !! at large pT

• At LHC, S/B in H ➝ !! channel is "( few %)
• At FCC, for pT > 300 GeV, S/B ∼ 1
• Potentially accurate probe of H pT spectrum up to large pT
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Higgs couplings after FCC-ee / hh

5 January 2020Spaatind, 2020 69

Absolute coupling measurements
facilitated by width

measurement from FCC-ee
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FCC-hh Examples of New Physics Reach
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SUSY s-channel resonances

∼ 6 × HL-LHC reach
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Scenarios

5 January 2020Spaatind, 2020 71
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CLIC 380 then FCC-hh (i)
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?

CLIC-380 in (one of) 11 km straight sections
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CLIC-380 then FCC-hh (ii)
u CLIC serves only ONE experiment

u CLIC-380 Higgs + top physics programme similar to FCC-ee-365 

u Overall Higgs measurements less precise than FCC-ee

q Only 160,000 Higgs boson (vs 1.3×106)

q mH precision ~80 MeV (vs. 6 MeV)

q ΓH precision ~2.6% (vs. 0.19%)

u Possible CLIC GigaZ option

q Lack of precision of EW measurements (stats, poor Ebeam determination) 

q⋘ 5 × 1012 Z 

v no ALPs, no RH νs, no flavour physics, ...

q No ee → H possibility

5 January 2020Spaatind, 2020 73
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CLIC-all

u ONE experiment only
u Higgs programme short of statistics compared to FCC-hh

q Higgs rare decays, invisible decays, gHHH, …
u Possible CLIC GigaZ option

q Lack of precision of EW measurements (stats, poor Ebeam determination) 
q⋘ 5 × 1012 Z 

v no ALPs, no RH νs, no flavour physics, ...
u Limited high energy exploration
u Cost (~FCC-hh) and efforts will likely preclude Europe from pursuing future 

hadron collider physics
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LE-FCC / HE-FCC

5 January 2020Spaatind, 2020 75

u Not complementary nor synergetic with FCC-hh
q Brings no additional measurement wrt FCC-hh
q Weakens the physics case of FCC-hh

v Reduces the CM energy increment
q No more guidance from FCC-ee

u Reduces CERN attractiveness (only pp physics) 
u More expensive than FCC-INT 
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LE-FCC / HE-FCC
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u Not complementary nor synergetic with FCC-hh
q Brings no additional measurement wrt FCC-hh
q Weakens the physics case of FCC-hh

v Reduces the CM energy increment
q No more guidance from FCC-ee

u Reduces CERN attractiveness (only pp physics) 
u More expensive than FCC-INT 

FCC International Advisory Committee, Oct. 2019:
”The available cost estimate [of the LE-FCC option] is still high, especially

in the view of the limited physics reach. In a staging scenario, it is not 
attractive to replace the FCC-ee option by a low energy proton version”
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Next Generation Colliders
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P. Muggli,

105th ECFA Plenary

Nov. 15, 2019 



Mogens Dam / NBI Copenhagen

Towards PWFA-based colliders ?
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J. Osterhoff,

105th ECFA Plenary

Nov. 15, 2019 
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Shiltsev,

EPPS Symp,

Granada

May. 13, ‘19 
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Muons, maybe ? 

5 January 2020Spaatind, 2020 81
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Muon collider options

5 January 2020Spaatind, 2020 82

MAP: π decays

LEMMA: e+e- ➝ !+!- at thteshold
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Muon Collider Possibilities
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3 years running
(~40,000 events):

A muon collider 
is not (currently) 

a competitive 
Higgs factory …

… but it may be the best way to get 
lepton collisions at √s ≥ 3 TeV

However, Neutrino Radiation Hazard 

D. Schulte, 
Muon Collider, ECFA, CERN, Nov. 2019
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A possible (?) muon collider scenario
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F.Zimmerman, arXiv:1801.03170
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Outlook
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ESPP Outlook
Soon, we will know a lot more ...
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V. Kandinsky
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ESPP Outlook
Soon, we will know a lot more ...
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Circles in a Circle
V. Kandinsky
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Lines and a Circle
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Copenhagen Metro

Inaugurated 29. september, 2019
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Extra Slides
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FCC-ee Baseline Parameters
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parameter FCC-ee LEP2
energy/beam [GeV] 45 80 120 182.5 105
bunches/beam 16640 2000 328 48 4
beam current [mA] 1390 147 29 5.4 3
luminosity/IP x 1034 cm-2s-1 230 28 8.5 1.5 0.0012
energy loss/turn [GeV] 0.036 0.34 1.72 9.2 3.34
total synchrotron power [MW] 100 22

RF voltage [GV] 0.1 0.75 2.0 4+6.9 3.5
rms bunch length (SR,+BS) [mm] 3.5, 12 3.0, 6,0 3.2, 5.3 2.0, 2.5 12, 12
rms emittance ex,y [nm, pm] 0.3, 1.0 0.8, 1.7 0.6, 1.3 1.5, 2.9 22, 250
longit. damping time [turns] 1273 236 70 20 31
crossing angle [mrad] 30 0
beam lifetime (rad.B+BS)  [min] 68 48 12 12 434

FCC-ee: 2 separate rings LEP: Single beam pipe
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Outlook…     Circular or Linear ?
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Scenarios
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first

then
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LE-FCC / HE-FCC
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2030 2040 2050 2060 2070

14 TeV

38 TeV

100 TeV

HL-LHC

LE-FCC

HE-FCC

27 km 100 km

x 2.7

x 2.7
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Conclusions
From the ESPP process, two elements of consensus seem to have emerged: 
1. There is a strong physics case for an e+e- collider to measure Higgs and other particle

properties
2. The highest elementary parton-parton collision energy can be achieved, in the 

foreseeable future, with a high-energy proton-proton collider, for which a circular
geometry is the only available option
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Muon collider options
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MAP:
π decays

LEMMA

√s 91 GeV 125 GeV 161 GeV 350 GeV 6 TeV 24 TeV

t = γτm 0.94 ms 1.30 ms 1.67 ms 3.64 ms 62.3 ms 249 ms

L = γβcτm 283 km 389 km 501 km 1090 km 18700 km 74000 km

Ring 100 m 140 m 180 m 390 m 6.6 km 27 km

Nturns ~2800 turns

With 14 T 
state-of-
the-art 
dipoles

A muon collider may be the best way to get lepton collisions at √s ≥ 3 TeV
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Muon collider as a Higgs factory
u Challenges for the Higgs factory

q GH is small (4.2 MeV)

v Fast longitudinal cooling required to reduce beam 

energy spread to 3 × 10-5

q s(µ+µ-→ H) is about 20 pb

v Luminosity must be at the 1.6 × 1032 cm-2s-1 level 

for the same number of Higgs bosons as ILC …
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§ Fast transverse cooling to reduce beam spot dimensions

q Problem: Longitudinal and transverse cooling are antagonistic

❖ Luminosity is limited (as of today’s knowledge) to a few 1031 cm-2s-1

10 years running

(~40,000 events):

A muon collider is not (currently) a competitive Higgs factory


