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Motivation
1. All proposed e+e- colliders at Eletroweak Scale have been dubbed ‘Higgs Factories’

and considered to have similar performance 

2. With the conclusion that only one needs to/could be built

3. The proponents of CC (resp. LC)  protest that they can do many things!
that the other cannot do  (or not as well at all) (and they are right)

4. This creates an unnecessarily difficult strategic situation, 
esp. given the strong synergetic link between the FCC-ee and the FCC-hh:  

100 TeV p-p collisions provide the highest parton-ECM for the foreseable future.
{ee + hh}  much more favorable funding profile and strong physics case for 100km tunnel 

 Will FCC-ee (or CEPC), while enabling 100TeV pp, kill the linear collider?

5.   Let us look at the differences (= complementarity) between circular and linear colliders, 
which have been overshadowed by  the competitive comparisons.  
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In the following, for definiteness, we study the complementarity of FCC-ee and ILC 
and its possible expression as an advantageous run plan 

If  you prefer replace by CC–A and LC--B



22.01.2020 Alain Blondel Circular and Linear e+e- Complementarity 4A.B. HFACT 2014

This remark was made since the beginning in 2012

overlap in ~300 GeV region
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Benefits

The FCC-INT programme by way of synergy and complementarity provides the best 
overall  physics output as noted in the Physics Briefing Book 

Yet the European Strategy Group needs to find a strategy
-- That is excellent for Europe and CERN
-- That is positive on a global perspective

Nearly impossible under the assumption that only one higgs factory will be built

Elaborating on differences, thus complementarity, between circular and linear e+e- colliders 

-- allows for optimization of configurations and running plan 
in case both a circular and a linear infrastructures are available
cost (LC+CC-ee) < cost (LC) + cost (CC-ee) 

-- highlights uniqueness of each collider type (i.e. what do you lose if it is not done)
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Operational Differences
Luminosity

plots from Briefing Book

Luminosity/Power  Energy efficiency

Luminosity vs Energy circular below 350 GeV linear above 250 GeV
Efficiency : 9 (5) GJ/Higgs at FCC-ee with 2(4)IP vs   50GJ/Higgs for ILC250 (first 15 years)
Beam polarization:  circular: transverse   ppm beam energy calibration

linear: longitudinal : e- ±80% easy, (e+ ±30% difficult additional d.o.f

Long term energy upgrade  circular: pp collider linear:  High energy lepton collisions
Interaction points circular: 2-4                 linear: 1
Run limited in time by arrival of hadron collider Run is open ended
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arxiv:1909.04437

paper study by Litvinenko et al
--could improve energy efficiency!
-- No stable transverse polarization: 

 not for Z and W! 
-- improve performance by large factors

-- higher Lumi for Higgs, top
-- can reach 600 GeV ECM

More rings, more RF Volts  cost?
-- not ready enough for discussion

May not be feasible or affordable
Will be studied!

Turn FCC into an ERL ? 30MW ERL
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Scientific differences / complementarity
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First stage ‘Higgs Factory’ (ECM ≤365 GeV)

Higher luminosity of circular collider --> more statistics
+ TeraZ program helps (de Blas)
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High energy ‘Higgs Factory’ (ECM >> 365 GeV) 5 1010  H!

(*)see M. Selvaggi, 3d  FCC physics workshop 
9% precision in 3 years of running 
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1. Circular colliders at 240 GeV are very efficient Higgs factories
FCC-ee provides the most precise determination of gHZZ
Best standard candle for all measurements in hadron collisions

2. At higher energies, linear colliders progressively get a better determination of gHWW
Combination of circular and linear colliders offer the best gHZZ/gHWW determination 
This test of the SU(2) custodial could also be achieved by FCC-INT with the FCC-eh

3. Proton-proton collisions are more effective at high energy (5 1010 Higgs for FCC-hh )^
Once HZZ and ttZ couplings are determined in an absolute manner,  
FCC-INT yields precisions better than 1% for all couplings of the previous table

HIGGS – COMMENTS 
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Scientific Complementarity: Higgs self - coupling 

FCC-ee can determine (at 4 sigma)
the Higgs self-coupling by its effect on the 

ZH cross-section vertex correction. 
This is thanks to having two energy points

Same can be done at ILC running at 250 and 500 GeV
but is less precise; fewer events at 250, decreasing σ(E)

«Traditional» two-Higgs production can be performed
also, above 500 GeV by ILC, CLIC 
the two are complementary, robust methods
see arXiv:1910.00012v2 B. Di Mico et al

CLIC can achieve ±9% from 380/1TeV/3TeV  (30 years)  
FCC-hh will reach this precision after 3-5 years
(30 years of FCC) and  (± 2 ± 2.5 - 4)% (50 years) 
Again quite different environment. 

M Cullough
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Something unique! 

e+e- H @ 125.xxx GeV requires
-- Higgs mass to be known to <5 MeV from 240 GeV run (CEPC group almost there)
-- Huge luminosity
-- monochromatization (opposite sign dispersion using magnetic lattice) to reduce σECM
-- continuous monitoring and  adjustment of ECM  to  MeV precision (transv. Polar.)
-- an extremely sensitive event selection against backgrounds 
-- a generous lab director to spend 3 years doing this and neutrino counting



22.01.2020 Alain Blondel Circular and Linear e+e- Complementarity 14

Scientific Complementarity: Electroweak Physics

Low Energy: the realm of FCC-ee
Highest luminosities at 91, 160 and 350 GeV
Transverse polar. at 91 and 160 GeV
mZ (100 keV)  ΓZ (25 keV), mW (<500 keV), αQED(mZ) (3.10-5)
Complete set of EW observables can be measured 
Precision unique to FCC-ee + new physics sensitivity
 a lot more potential than present treatment. 

ILC GigaZ or Zγ evts also interesting with long. polar.
but requires polarized eletrons and positrons
P-violating asymmetries: ALR AFB 

Pol  less precise but different. 

High Energy: the realm of ILC, CLIC 

cross-sections and beam polarization asymmetries
for all charged leptons and quarks, WW, ZZ..etc. 
Sensitivity at 3 TeV similar to FCC-hh electroweak.  



14/01/2020 ABlondel Precision Electroweak measurements --
requirements
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Z line shape example

from the work of the «EPOL group»  we estimated the beam energy related errors
on the line shape parameters.  

from the three point scan we extract hadron cross-sections and muon forward backward
asymmetry as function of ECM. 
 mZ, ΓZ, AFB 

µ (Pole)  and αQED(mZ) from the slope of AFB(s)

These are only the beam energy related errors must add lumi errors.
One of the ways to reduce the point to point errors is to use the muon momentum
distribution. 
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-^- EFT D6 operators (some assumptions) 
-^- Higgs and EWPOs are complementary
-^- top quark mass and couplings essential! 
(the 100km circumference is optimal for this)

<-- many systematics are preliminary
and  should improve with more work. 
<-- tau b and c observables still to be added
<-- complemented by high energy FCC-hh
Theory work is critical and initiated

Pecision EW measurements: 
is the SM complete?
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More on TeraZ

The flavour factory

Progress in flavour physics wrt SuperKEKb requires > 1011 b pair events, FCC-ee(Z): 1012

-- Challenge precision of CKM matrix elements
-- Push forward searches for FCNC, CP violation and mixing
-- Study rare penguin EW transitions such as b ➝s𝜏𝜏 +𝜏𝜏 -

-- Test lepton universality with 1011 𝜏𝜏 decays (with 𝜏𝜏 lifetime, mass, BRs)
a story to be written!

The 3.5 × 1012 hadronic Z decay also provide precious input for QCD studies
High-precision measurement of αs(mZ) with Rℓ in Z and W decay jet rates, 𝜏𝜏 decays, etc. : 10 -- 3 ➝10 -- 4

huge √s lever-arm between 30 GeV and 1 TeV (FCC vs ILC)  

Testing running of αs to excellent precision
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Top Physics at High Energies

More general EFT analysis of top EW couplings
with 10 independent form factors

Requires two energies 365/380 GeV + e.g. 500 

Longitudinal polarization adds to the info 
also given by observables  resulting from
top polarization analysed by V-A decay

need high energy (>500  GeV) lepton collider
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BSM Physics: what if? 
A high energy e+ e- collider might become an urgent must (like the ‘Higgs Factories’ today) 
if a new particle is found at a hadron collider (HL-LHC, FCC-hh) and missing
information precludes essential knowledge to be gathered. 
We are not in that situation, but we might be, one day!

This was the case for the Z and W bosons: at the Sp p S or Tevatron colliders the number
of neutrino families could not be determined fault of an independent tag of W or Z production
or of the Z width.  This was solved in 3 weeks of running at LEP in 1989.

Similarly we need to measure the Higgs width and coupling in absolute term lepton collider

We must ensure that even if FCC-ee or CEPC proceeds, the high energy e+e- door is not closed. 
 at least complete the R&D to ensure that a linear collider can be build… 

if we are in the lucky position to need one. 

Similar remarks for circular collider for e.g. feebly coupled particles from Z decay except… 
CC would have to discover them…
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Summary of complementary qualities
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Summary
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The complementarity for physics is well established can we make use of 
it to gain financial advantage?   

-- Two facilities? 
The cost of FCC-ee + cost of ILC  ≈ incremental cost of FCC-hh as step 2
Having both facilities raises the profile of the community at the level needed
for the following step. 

-- lFF we are in that situation we could optimize the run plan and the set-up
to minimize cost (LC+CC-ee) < cost (LC) + cost (CC-ee) 

-- the simplest way would be to e.g. let the FCC take the data at and below 240 GeV
and ILC take 250 also and all data above 380 GeV

Financial Complementarity
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!
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A complementary FCC-ee / ILC operation plan ?

Disclaimer
Presented operation models are hypothetical, for illustration purpose. 

The real run plan will be discussed in due time by users and committees of both facilities

Assumptions
ILC is (soon) approved by the Japanese government  ILC starts in 2030’s  (no “maybe”!)

Required to allow for run plans logistics early enough
ILC claimed (upgraded) luminosities can be demonstrated

To reach luminosities similar to FCC-ee at and above the top-pair threshold
Luminosity upgrade occurs after 5 years of running at a given energy

FCC tunnel studies and FCC-INT TDR encouraged by the 2020 European Strategy
For FCC-ee to start in 2038, seamlessly after HL-LHC

FCC-ee designed and run with four IPs, maximise energy efficiency (more Higgs / GJ)
 factor 1.7 with respect to CDR values

√s monochromatisation can be achieved at FCC-ee (Hee coupling measurement at √s = mH)
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A would-be FCC-ee operation model complementary to ILC

principle: do not run at 350/365 
NB this makes a big difference and should be known very soon

Use the six years saved by not operating at the top-pair threshold and above
To run 2x longer at the HZ maximum
To run 3 years at √s = 125 GeV
start at ZH point 
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A would-be ILC operation model complementary to FCC-ee
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A would-be ILC operation model complementary to FCC-ee (II)
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FCC-hh would further improve Higgs couplings
Rare decays (H ➝Zg, gg, μμ, …)
Top Yukawa coupling to better than 1% ; Higgs self-coupling to 3-5%.

With 1013 Z produced, the sensitivity of searches for rare processes would improve
ALPs, RH neutrinos, rare Z, b, t decays, etc.

The run at √s = 125 GeV would provide Nν with a precision of 0.0005 (vs 0.0074 today)
With the measurement of the ratio σ(e+e-➝γνν)/σ(e+e-➝γμ+μ-)

A combination of FCC-INT (at CERN) and CLIC (in Japan) might be attractive.
Similar coordinations and omplementarities including CEPC, CLIC etc
will I am sure be considered

In general, the best solution is to enphasize the energies where each facility is unique. 

Complementary remarks
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The ‘Higgs factories’ are not ‘all the same’ !
Significant domains of physics exist, in which either FCC-ee or ILC is unique

For FCC-ee
High luminosity and exquisite energy calibration at the Z, WW, and ZH energies
Unique opportunities of multitude of EW measurements, flavour physics, 

searches of SM symmetry violations and feebly coupled particles.
Possibility of monochromatisation at √s = mH
Unique chance of measuring the electron Yukawa coupling

For ILC
Unique ability to explore lepton collisions above 365 GeV
Interesting in gaps left by LHC (or if a new particle is discovered at LHC in the suitable mass rang

This complementarity can be exploited with a suitable modification of the run plans
Leading to substantial global cost saving and overall improvement of physics performance
compared to the simple addition of the original run plans

Conclusions
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If the European Strategy decides to support FCC-INT (FCC-ee, then FCC-hh)
The physics motivation for high-energy linear colliders remains

(If their performance claims are demonstrated) 
 Plans and R&D for such colliders in other regions should thus be pursued.

If sufficient support is found to build a linear collider in Japan (or not) 
FCC-ee remains the most pragmatic, safest, and most effective way toward FCC-hh
-- essential synergies between FCC-ee and FCC-hh
-- extremely strong FCC-ee physics case on its own right
-- The full FCC-INT programme is a formidable tool of investigation

A continuation of a worldwide plane including both circular and linear machine 
would certainly pose considerable challenges, but … offers complementary 
programmes with a long-term vision of the high-energy frontier

Conclusions (II)
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