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1997-2013  Higgs boson mass cornered (LEP H, MZ etc +Tevatron mt , MW)

Higgs Boson discovered (LHC)

Englert and Higgs get Nobel Prize

(c) Sfyrla

IT LOOKS LIKE THE 

STANDARD MODEL  

IS COMPLETE.....
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Is it the end?

Certainly not! 
-- Dark matter

-- Baryon Asymmetry in Universe

-- Neutrino masses -- so small!

are experimental proofs that there is more to understand. 

We must continue our quest

HOW?
Direct observation of new particles (but not only!)

New phenomena (Neutral currents, CP violation, neutrino oscillations…)

Deviations from precise predictions
(ref. Uranus to Neptune, top and Higgs preds from LEP/SLC/Tevatron/B factories, g-2, etc…)
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Nima

At higher masses -- or at smaller couplings? 
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FUTURE ACCELERATORS

1. High Luminosity LHC    (3000 fb-1 @ 14 TeV) � 2035

An approved program 

2. ILC/CLIC as Higgs and top factory and upgrades  

A very ‘mature’ study of a new technique 

‘or’

2’. Circular e+e- Z,W,H,top factories (FCC)

«Young» studies of a very mature technique 

3. HE-LHC (FCC)

apparently straightforward... but 

‘or’

4. 100 TeV hadron collider (FCC)

The ‘ultimate’ energy exploration 

4. muon collider (possibly FCC?)

not so young but still no very mature  (will briefly mention H width)
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The Physics Landscape

1. we know that new physics beyond the SM is needed for 

dark matter, 

baryon asymmetry of the universe

neutrino masses 

the fact that electron and proton have the same charge to 10-22 precision...

and more. 

2. The Standard Model without any new particles with couplings .ge. the 

weak coupling works very well: 

-- predicted the top and Higgs masses from mZ vs mW vs Γz vs sin2θeff
W etc.. 

-- and seems to extrapolate smoothly to the Planck scale.

3. Fascinating situation: where to look and what will we find? 

4. search must continue but tools must be as broad and powerful as possible, 

as there is no precise target.
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HIGGS FACTORIES 

Higgs provides a very good reason why we need e+e- (or µµ) collider

This has been well documented by ILC and Muon collider design studies. 
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The LHC is a Higgs Factory !
several tens of Million Higgs already produced  > than most Higgs factory projects.

Difficulties: several production mechanisms to disentangle and 
significant systematics in the production cross-sections σprod .  
Challenge will be to reduce systematics by measuring related processes. 

σi�f 
observed ∝ σprod (gHi )2(gHf)

2      difficult to extract the couplings because σprod uncertain

ΓH and ΓH is unknown (invisible channels) 

THE LHC is a Higgs Factory
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Higgs production mechanism

“higgstrahlung” process close to threshold

Production xsection has a maximum at near threshold ~200 fb

1034/cm2/s � 20’000 HZ events per year. or 50 years for 106HZ

1114.03.2018

e+

e-

Z*

Z

H

For a Higgs of 125GeV, a centre of mass energy of 240GeV is sufficient 

� kinematical constraint near threshold for high precision in mass, width, selection purity 

Z – tagging

by missing mass
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e+

e-

Z*

Z

H

Z – tagging

by missing mass

ILC

total rate ∝ gHZZ
2

ZZZ final state ∝ gHZZ
4/ ΓH

� measure total width ΓH
empty recoil = invisible width

‘funny recoil’ = exotic Higgs decay

easy control below theshold

14.03.2018 12



Patrick Janot

µ+µ− Collider vs e+e− Collider ? 
� A µ+µ− collider can do things that an e+e− collider cannot do

� Direct coupling to H expected to be larger by a factor mµ/me

� ,jh [σpeak = 70 pb at tree level]

� Beam energy spread δE/E may be reduced to 3×10-5

� 6D Cooling, no beamstrahlung, ~no bremsstrahlung

� For  δE/E  = 0.003%  (δE ~ 3.6 MeV, ΓH ~ 4 MeV)

� Corresponding luminosity ~ 1031 cm-2s-1

Expect 2300 Higgs events in 100 pb-1/ year

� Polarization, beam energy and energy spectrum

� Can be measured with an exquisite precision

� From the electrons of the muon decays

� Then measure the lineshape of the Higgs at √s ~ mH

� Five-point scan, 50 + 100 + 200 + 100 + 50 pb-1

� Precision from H→bb and WW : 

14 Nov 2012
HF2012 : Higgs beyond LHC (Experiments)

13

( ) ( )HeeH →×≈→ −+−+ σµµσ 40000

σ(mH), TLEP

, W, …

, W, …

mH σPeak ΓH

0.1 MeV 0.6 pb 0.2 MeV

10-6 2.5% 5%

√s

σ (pb)

[16,17]
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e+ e-

e+ e- colliders have a very rich history of discoveries

examples:

-- charm (1974-76) SPEAR at SLAC (USA)

-- gluon  (1978)       PETRA at DESY (Germany)  

-- B mixing (1985)   DORIS at DESY

-- Number of neutrinos is 3  LEP at CERN 1989

-- Prediction of top quark mass LEP 1994

-- Observation of tau neutrinos LEPII at CERN 1996 

-- CP violation in the B system 1999 PEPII at SLAC and Belle at KEK (Japan)

and of precision measurements

ex: 

tau mass at BEPC, Beijing  1776.99 +0.29−0.26 (1.5 10-4)
J/ψ mass at Novosibirsk, 3096.916 ± 0.011 MeV (3.510-6)
Z mass and width at LEP 91.1876 ± 0.0021 (2 10-5)
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The e+e- colliders:

Circular e+e- colliders

Placed in a tunnel of circumference C and bending radius ρ (2π ρ ~0.8 C)

Acceleration occurs in a few RF sections around the ring.

total RF volts needed = energy loss by synchrotron radiation (scales as E4/ρ)  

Main limitation : power and ring size � cost + power + beam energy

Beams collide 106 to 107 times   

Many e+e- storage rings and many successes: c and b factories, LEP

LEP = 27km circumference reached 209 GeV -- long believed to be the last 

at high energies. Luminosity of b factories has reached unexpected levels

Linear e+ e- colliders

Acceleration takes place once through a large set of RF cavities

total RF volts needed = center-of-mass Energy

e.g. 500 GeV Linear collider requires > 500 GV of RF voltage 

Main limitation = cost + power + beam energy

beam polarization is easy for electrons, feasible for positrons

beam energy spread few percent, beam energy calibration ∆E/E~10-4

Beams collide only once 

Only one example that worked: SLC at SLAC  (1988-1998) -- not easy!
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Circular e+e- colliders designed to study the Higgs boson 

but also Z, W and top factories

LEP3, CEPC and TLEP/FCC-ee

AB, F. Zimmermann

Dec. 13 2011

14.03.2018 16

arXiv:1112.2518 
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2016           

17
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LEP2 in 2000 (12th year!): 

fastest possible  turnaround but 

average luminosity ~ 0.2 peak luminosity
B factory in 2006 with toping up 

average luminosity ≈ peak luminosity

Toping up ensures constant current, settings, etc...

and greater reproducibility of system 
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The Future Circular Colliders
CDR and cost review for the next ESU (2018)

International collaboration to Study 
Colliders fitting in a new ~100 km 
infrastructure, fitting in the Genevois

• Ultimate goal: 
100 TeV pp-collider ( FCC-hh) 

� defining infrastructure 
requirements 

Possible first steps: 

• e+e- collider ( FCC-ee) 
High Lumi, E CM =90-400 GeV

• HE-LHC 16T ⇒ 27 TeV
in LEP/LHC tunnel

Possible add-on:

• p-e (FCC-he) option

~16 T magnets

14/03/2018 19Alain Blondel The FCCs

From European Strategy in 2013: 
“ambitious post-LHC accelerator project” 
Study kicked-off in Geneva Feb 2014
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CDR plans we are here!
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Optimisation in view of accessibility surface 
points, tunneling rock type,      shaft depth, etc.  
optimum: 97.5 km 

Tunneling 
• Molasse 90% (good rock), 
• Limestone 5%, Moraines 5%  (tough)

Shallow implementation 
• ~ 30 m below Léman lakebed
• Reduction of shaft lengths etc... 
• One very deep shaft F (476m)

(RF or collimation), alternatives being 
studied, e.g. inclined access

The FCC Home -- 2017



2 main IPs in A, G for both machines

common layouts for hh & ee
11.9 m 30 mrad

9.4 m

FCC-hh/
ee Booster

Common
RF (tt)

Common
RF (tt)

IP

IP

0.6 m

Max. separation of 3(4) rings is about 12 
m: 

wider tunnel or two tunnels are necessary 
around the IPs, for ±1.2 km. 

Lepton beams must cross over through 
the common RF to enter the IP from 

inside.
Only a half of each ring is filled with 

bunches.

FCC-ee 1, FCC-ee 2, 
FCC-ee booster (FCC-hh footprint)

Asymmetric IR for ee, limits SR to expt14/03/2018
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Sharing the FCC experimental caverns
(Prelim. layout as of FCC-Rome meeting) 
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HE-LHC :  
constraints: 
No civil engineering, same beam height as LHC
� Magnets OD ca. 1200 m max 
QRL (shorter than FCC) OD ca. 850 mm (all 
included)

Magnet suspended during „handover“ from 
transport vehicle to installation transfer table
Compliant 16T magnet design ongoing (challenge)
+ still many items to study!

14/03/2018 25

FCC-ee FCC-hh

If HE-LHC can
work in 3.8m ∅ ...
it will feed-back
to FCC tunnel 
design!
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LHeC or FCC-eh function as an add-on to LHC or 
FCC-hh respectively:
additional 10km cicumference
Electron Reciculating Linac ERL. 

The possibility to collide FCC-ee with FCC-hh is
not considered in the framework of the study

In the case of FCC-eh it could profit from the --
then existing -- FCC-hh, 
and, perhaps,  from considerable RF of the -- then
dismantled -- FCC-ee
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FCC-ee

top-up injection for high duty factor
several schemes possible

Q: Why is luminosity so much higher than LEP? 
A: inspired by  b-factory designs
-- continuous injection (high efficiency)
-- e+ and e- separate (�many bunches)
-- fix 100 MW Synchrotron Radiation at all E
-- low β* y , O(1mm)
-- larger ring (PSR∝ E4/ρ)
-- beam cross at angle (30 mrad) 
-- crab waist crossing
-- asymmetric IP to avoid SR � LEP levels

AB, F. Zimmermann 2011 (LEP3@240 GeV)

LEPx105! Luminosity performance
dominated by 
-- at Z, WW, H energies: 

beam-beam instabilities
� simulations

-- at top energy: beamstrahlung
depends on value of  εy/εx

0.2% assumed (0.25%@superKEKB)
0.4% achieved at LEP

-- limit from injector is much higher

Z       WW    HZ     tt 

based on latest lumi optimization by Shatilov
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Overlap in Higgs/top region, but differences and complementarities

between linear and circular machines: 

Circ: High luminosity, experimental environment (2 to 4 IP), ECM calibration 

Linear:  higher energy reach, longitudinal beam polarization 28
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Recent FCC-ee parameter list

1.9
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FCC-ee physics run
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IMPLEMENTATION 
AND RUN PLAN

Z 150 ab-1 ZH thresh 5ab-1 tt thresh + tt 365 1.5ab-1W 10 ab-1

Three sets of RF cavities for FCCee & Booster:

• Installation as LEP ( ≈30 CM/winter)

• high intensity (Z, FCC-hh): 400 MHz mono-cell cavities,≈ 1MW source

• high energy (W, H, t): 400 MHz four-cell cavities, also for W machine

• booster and t machine complement: 800 MHz four-cell cavities 

• Adaptable 100MW, 400MHz RF power distribution system

� Spreads the funding profile 

indicative:   2(comm) + 2          2 3 5 total ~15 years

4 years 2 yrs 3 years 5 years
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Detailed layout of the Interaction Region

Beam pipe radius at IP is 15mm ☺
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FCC-ee Detectors

Two integration, performance and cost estimates ongoing:
-- Linear Collider Detector group at CERN has undertaken the adaption of 

CLIC-SID detector for FCC-ee
-- new IDEA, detector specifically designed for FCC-ee(and CEPC) 

MAPS
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Beamstrahlung @TLEP is benign: particles are either lost or 

recycled on a synchrotron oscillation 

� some increase of energy spread 

but no change of average energy

Little EM background in the experiment. 

Luminosity E spectrum Effect on top threshold

�

BEAMSTRAHLUNG

14.03.2018 34
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FCC-ee discovery potential

Today we do not know how nature will surprise us. A few things that FCC-ee could discover : 

EXPLORE 10-100 TeV energy scale (and beyond) with Precision Measurements

-- ~20-50 fold improved precision on many EW quantities (equiv. to factor 5-7 in mass)

mZ, mW, mtop , sin2 θw
eff , Rb , αQED (mz) αs (mz mW mτ), Higgs and top quark couplings

DISCOVER a violation of flavour conservation or universality

-- ex FCNC  (Z --> µτ , eτ) in 5 1012 Z decays. 

+ flavour physics (1012 bb events)     (B�s τ τ etc..)

DISCOVER dark matter as «invisible decay» of H or Z  or in LHC loopholes.  

DISCOVER very weakly coupled particle in 5-100 GeV energy scale

such as: Right-Handed neutrinos,  Dark Photons etc…

+ an enormous amount of clean, unambiguous work on QCD etc…. 

NB the «Z factory» plays an important role in the ‘discovery potential’

“First Look at the Physics Case of TLEP”, JHEP 1401 (2014) 164,  
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PUBLISHED since 2013

394 citations today

14.03.2018 36



A Sample of Essential Quantities: 

X Physics
Present

precision

FCC-ee stat

Syst Precision
TLEP key Challenge

MZ
MeV/c2

Input 91187.5 

±2.1

Z Line shape

scan

0.005 MeV

<±0.1 MeV

E_cal QED 

corrections

ΓZ
MeV/c2

∆ρ (T)

(no ∆α!)
2495.2  

±2.3

Z Line shape

scan

0.008 MeV

<±0.1 MeV

E_cal QED 

corrections

Rl
αs , δb 20.767 

± 0.025

Z Peak 0.0001

± 0.0002 

Statistics QED

corrections

Nν
Unitarity of 

PMNS, 

sterile ν’s

2.984 

±0.008

Z Peak

Z+γ(161 GeV)

0.00008

±0.004 

0.0004-0.001 

->lumi meast

Statistics

QED 

corrections to 

Bhabha scat.

Rb
δb 0.21629  

±0.00066
Z Peak 0.000003

±0.000020 - 60

Statistics, 

small IP

Hemisphere

correlations

ALR
∆ρ, ε3 ,∆α
(T, S )

0.1514

±0.0022
Z peak,

polarized

±0.000015 4 bunch

scheme

Design

experiment

MW
MeV/c2

∆ρ, ε3 , ε2, ∆α
(T, S, U) 

80385

± 15

Threshold

(161 GeV)

0.3 MeV

<0.5 MeV

E_cal &

Statistics

Backgrounds,

QED/EW 

mtop
MeV/c2

Input 173340

± 760

Threshold

scan

10 MeV E_cal &

Statistics

Theory limit

at 50 MeV?
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First priority is to achieve transverse polarization for precision energy calibration 

in a way that allows continuous beam calibration by resonant depolarization

(energy measurement every ~10 minutes on ‘monitoring’ single bunches)

- This is a unique feature of circular e+e- colliders

- baseline running scheme defined with monitoring bunches, wigglers, polarimeter

- the question of the residual systematic error requires further studies of the 

relationship between spin tune, beam energy at IRs, and center-of-mass energy

� target is O(±100keV)  at Z  and W pair threshold energies (averaged over data taking)

longitudinal polarization?  

lower priority

at Z, W, top: no information that we cannot obtain otherwise

from unpolarized AFB asymmetries or final state polarization (top, tau) 

+ too much loss of luminosity in present running scheme to provide gain in precision.          

Beam Polarization and Energy calibration

Difference between circular and linar machines. 
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Beam Polarization and Energy calibration

45 GeV 80 GeV

At the Z obtain excellent polarization level

but too slow for polarization in physics

need wigglers for Energy calibration 

– OK as long as σEb<  ~55 MeV

σEb ∝ Eb
2/ρ

At the W expectation similar to LEP at Z

� enough for energy calibration

Simulations by Eliana Gianfelice
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FCC-eeBeamPolarization and Energy Calibration (I) 

1. Priority from Physics : ∆E/E ~O(10-6) around Z pole and WW threshold�Z,W mass&width
2. Exploit natural transverse beam polarization presentat Z and W (E.Gianfelice, S.Aumon)

2.1 This is a unique capability of e+e- circular colliders
2.2 Sufficient level is obtained if machine alignment isgood enough for luminosity
2.2 Resonant depolarization has intrinsic stat. precision of ~10-6 on spin tune (I.Koop)

2.3 Required hardware (polarimeter, wigglers depolarizer) is defined & integrated (K.Oide)
2.4 Running mode with 1% non-colliding bunches and wigglers defined (Koratzinos)

LEP

FCC-ee simulation of
resonant depolarization
I. Koop, Novosibirsk

260 seconds sweep of depolarizer frequency
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FCC-ee BeamPolarization and Energy Calibration (II) 

3. From spin tune measurement to center-of-mass determination νs =  
���

�

�
�

�
�
	

		
�
�


.��
�����

3.1 Synchrotron Radiation energy loss (9 MeV @Z  in 4 ‘arcs’) calculable to < permil accuracy
3.3. Beamstrahlung energy loss (0.62 MeV per beam at Z pole), compensated by RF (Shatilov)
3.4 layout of accelerator with IPs between two arcs well separated from RF

� 0.5 (ECM
A + ECM

G ) = (Eb
+ +Eb

- ) cos(αcrossing/2)
3.5 Eb

+ vs Eb
- asymmetries and energy spread can be measured/monitoredin expt:

e+e-→ µ+ µ- longitudinal momentum shift and spread   (Janot)

4. work in progress:  errors from betatron motion in non-planar orbits, transverse impedance, 
RF asymmetries, optimum depolarizer set-up vs Qs at W, opp. sign vertical dispersion.
� On track to match goal of 100 (300) keV errors on ECM at Z (WW) energies. 

P. Janot: 2 min @Z 
= 106 µ+ µ- /expt.
� 50 keV meast!

z boost

D. Shatilov:
beam energy
spectrum
without/with
beamstrahlung
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Polarimeter

N. Muchnoi



laser

e

e’

γ



laser (eV) beam (GeV)

mc2(MeV

) B field R LM theta L

true 

beam

2.33 45.6 0.511 0.013451 11300 24.119 0.002134 100 45.60005

nominal kappa = 4. E_laser.Ebeam_nom/mc2 1.627567296

true kappa  = 4. E_laser.Ebeam_true/mc2 1.627568924

nominal Emin 17.35445561

true Emin 17.35446221

position of photons 0

nominal position of beam (m) 0.239182573

true position of beam (m) 0.239182334 2.39182E-07

nominal position of min (m) 0.628468308

true position of min (m) 0.628468069 2.39182E-07

Using the dispersion suppressor dipole with a lever-arm of 100m from the end of the dipole, one finds
-- minimum compton scattering energy at 45.6 GeV is 17.354 GeV
-- distance from photon recoil to Emin electron is 0.628m 

polarimeter-spectrometer situated 100m from end of dipole.

mouvement of beam and end point 
are the same:  
0.24microns for  δEb/Eb=10-6  (δEb=45keV)

recoil photon 
spotbeam spot 

and BPM

elliptic distribution 
of scattered electrons

FCC-ee plane

end point

0239mm628mm

70mm

± 1mm
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±1mm

350mm
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it is expected that beam polarization can be measured to  P ± 1% (absolute) 
in a few seconds. (if the level is 5%, this is 5σ). To be verified with improved fitter (Nickolai)
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From resonant depolarization to Center-of-mass energy
I. from spin tune to beam energyνs =  

���

�

�
�

�
�
	

		
�
�


.��
�����

The spin tune may not be en exact measurement of the average of the beam energy
along the magnetic trajectory of particles. Additionalspin rotations may create biases. 
Anton Bogomyagkov and Eliana Gianfelice made some estimates.  

synchrotron oscillations                                        ∆E/E           -2 10-14

Energy dependent momentum compaction     ∆E/E 10-7

Solenoid compensation                                                              2 10-11

Horizontal betatron oscillations ∆E/E         2.5 10-7

Vertical betatron oscillations (new, W.I.P.       ∆E/E         2.7 10-6 (σz [mm])2   � σz ~ 0.1mm
Horizontal correctors ∆E/E  2.5 10-6

if horizontal orbit change by >0.8mm between calibrations is unnoticed
or if quadrupole stability worse than 5 microns over that time.   
Uncertainty in chromaticity correction                                  O(10-6 ± 510-8

invariant mass shift due to beam potential 4 10-10

several of these effects are of statistical nature and will cancel with O(100) calibrations per day. 

LHC: 
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Physics discoveries

Unwanted error

P. Janot discovered that one can measure

∆αQED(mz) from  measuring AFB
µµ at +- 3 GeV 

from the Z peak.  (Nice Z lineshape scan)

Further studies with S. Jadach shows 

error cancellation of  +3 vs -3 points. 



AFB
µµ @ FCC-

ee

ALR @ ILC

visible Z 

decays

1012 visible Z 

decays

109

muon pairs 1011 beam

polarization

90%

∆AFB
µµ (stat) 3 10-6 ∆ALR (stat) 4.2 10-5

∆ Ecm (MeV) 0.1 2.2

∆AFB
µµ (ECM ) 9.2 10-6 ∆ALR (ECM ) 4.1 10-5

∆AFB
µµ 1.0 10-5 ∆ALR 5.9 10-5

∆sin2θlept
W

5.9 10-6 7.5 10-6

from A FB
µµ LEP 2.107Z SLC, 5.105 Z                  ∆α= 0.00035 ∆α= 0.00003

∆sin2θleptW 5.3 10-4 2.6 10-4 1.2 10-4 1. 10-5

W.A. 1.6 10-4

All exceeds the limitation given by ∆α(mZ) (310-5) or the needed precision for comparison with mW (500keV)

But this precision on ∆sin2θlept
W can only be exploited at FCC-ee!

At FCC-ee longitudinal polarization is more difficult and implies a significant reduction of 

luminosity. As far as we can tell today it is not justified
(similar conclusion by J. De Blas in pheno session) 

J. De Blas

A.BlondelDO WE NEED LONGITUDINAL POLARIZATION?



The forward backward tau polarization
asymmetry is very clean. 
Dependence on ECM same as ALR negl. 
At FCC-ee

ALEPH data 160 pb-1 (80 s @ FCC-ee !)

Already syst. level of 610-5on sin2θW

much improvement possible 
by using dedicated selection
e.g. tau� π v  to avoid had. model
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P. Azzuri started optimizing

The W threshold scan 

for measurement of 

mW and ΓW

Smooth, plenty of points 

with half integer spin tunes 

Statistical error on mW will be O(300 keV)

next: background and *signal* cross-sections!
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Top beam energy is 185 GeV

Top mas can be measured to O(10 MeV)

Beam energy calibration from WW, γZ, ZZ

Reduce th. errors due αS meast @FCC-ee

Top physics

Also:

CKM measurements

FCNC decays down to 10-6 

All luminosity can be used!

beam polarization is not necessary here. 



Theoretical limitations
R. Kogler, Moriond EW 2013

FCC-ee

0.0002 0.0001  

0.0001 

0.0003

0.0005

SM predictions (using other input)

0.0000015 0.000001

0.0000014

0.00001

0.00001

0.0000

0.000000

14.03.2018 53

Experimental errors at FCC-ee will be 20-100 times smaller than the present errors. 

BUT can be typically 10 -30 times smaller than present level of theory errors

Will require significant theoretical effort and additional measurements!  

Radiative correction in 2015 and precision calculation workshop in January 2018 stressed the need for 3 

loop calculations for the future!

Will include manpower for theoretical calculations in the project cost. 

There is no reason to doubt that the FCC-ee precision will be limited by theoretical calculations. 
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100 TeV



3/14/2018

FCC-hh is a HUGE discovery machine (if nature …),  but not only.  

FCC-hh physics is dominated by three features: 

-- Highest center of mass energy–> a big step in high mass reach!
ex: strongly coupled new particle up to 50 TeV

Excited quarks, Z’, W’, up to ~tens of TeV
Give the final word on natural Supersymmetry, extra Higgs etc..  reach up to 5-20 TeV
Sensitivity to high energy phenomena in e.g. WW scattering

-- HUGE production rates for single and multiple production of SM bosons (H,W,Z) and quarks
-- Higgs precision tests  using ratios to  e.g. γγ/µµ/ ττ/ZZ,  ttH/ttZ @% level
-- Precise determination of triple Higgs coupling (~3% level) and quartic Higgs coupling
-- detection of rare decays H� Vγ (V= ρ,ϕ,J/ψ,ϒ,Z…) 
-- search for invisibles (DM searches, RH neutrinos in W decays)
-- renewed interest for long lived (very weakly coupled) particles.    
-- rich top and HF physics program  

-- Cleaner signals for high Pt  physics
-- allows clean signals for channels presently difficultat LHC (e.g. H� bb) 

FCC-hh discovery potential
Highlights



PHYSICS COMPLEMENTARITY

Higgs Physics -- ee� ZH fixes Higgs width and HZZ coupling , (and many others)
-- FCC-hh gives huge statistics of HH events for Higgs self-coupling

Search for Heavy Physics
-- ee gives precision measurements (mZ mW to < 0.5 MeV, mtop 10 MeV, etc…)

sensitive to heavy physics up to … 100 TeV
-- FCC-hh gives access to direct observation at unprecedented energies

Also huge statistics of Z,W and top � rare decays

QCD                    -- ee givesαs ± 0.0002 (Rhad )   
also H�gg events (gluon fragmentation!)

-- ep provides tructure functions and αs ± 0.0002
-- all this improves the signal and background predictions

for new physics signals at FCC-hh

Heavy Neutrinos  -- ee: very powerful and clean, but flavour-blind
-- hh and eh more difficult, but potentially flavour sensitive 

NB this is very much work in progress!!  

Some examples



gHxx
FCC-ee FCC-hh FCC-eh

ZZ 0.15 %

WW 0.20%

ΓH 1%

γγ 1.5% <1%

Zγ -- 1%

tt 13% 1%

bb 0.4% 0.5%

ττ 0.5%

cc 0.7% 1.8%

µµ 6.2% 2%

uu,dd H� ργ? H� ργ?

ss H� φγ ? H� φγ ?

ee ee � H 

HH 30% ~3% 20%

inv, exo <0.45% 10-3 5%

HIGGS PHYSICS

hh, eh precisions assume 
SM or ee measurements
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Higgs couplings gHxx precisions



NB this is an ‘impression plot’ not the consistent result of a Higgs coupling fit!

hh, eh precisions assume SM or ee measurements! 
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EWPO
sensitivity
up to very high 
mass scales

Another example of Synergy and complementarity
while ee covers a large part of space very cleanly , 
its either ‘white’ in lepton flavour or the result of E WPOs etc
Observation at FCC –hh or eh would test flavour mixingmatrix! 

detailed study required for all FCCs – especially FCC-hh to understand feasibility at all



Alain Blondel Future Colliders

-- The FCC design study is establishing the feasibility or the path to 

feasibility of an ambitious set of colliders after LEP/LHC, at the 

cutting edge of knowledge and technology. 

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

-- each in their own right 

-- the sequential implementation of FCC-ee, FCC-hh, FCC-eh

would maximise the physics reach 

-- it is also the least costly of the roads to 100 TeV

-- Attractive scenarios of staging and implementation (budget!) cover 

more than 50 years of exploratory physics, taking full advantage of 

the synergies and complementarities.  

-- the FCC are shaping up as the most natural, complete and powerful 

aspiration of HEP for its long-term future

CONCLUSIONS

14/03/2018 62Alain Blondel The FCCs

FCC CONCLUSIONS
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� baseline ILC/CLIC

as of ESPP
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The Higgs at a e+e- Collider has been studied for many years (Tesla, ILC, CLIC)

At a given Ecm and Luminosity, the physics has marginally

to do with the fact that the collider is linear or circular

--specifics: 

-- e- polarization is easy at the source in LC, (not critical for Higgs)

-- EM backgrounds from beam disruption at LC

-- knowledge and definition of beam energy at CC

-- one IP (LC) vs several IPs (CC) 

-- Dependence of Luminosity on Center-of-mass energy �

-- detectors are likely to be very similar

14.03.2018 65
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Higgs production mechanism

“higgstrahlung” process close to threshold

Production xsection has a maximum at near threshold ~200 fb

1034/cm2/s � 20’000 HZ events per year.

e+

e-

Z*

Z

H

For a Higgs of 125GeV, a centre of mass energy of 240GeV is sufficient 

� kinematical constraint near threshold for high precision in mass, width, selection purity 

Z – tagging

by missing mass

14.03.2018 Alain Blondel Future Lepton 
Colliders

66
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e+

e-

Z*

Z

H

Z – tagging

by missing mass

ILC

total rate ∝ gHZZ
2

ZZZ final state ∝ gHZZ
4/ ΓH

� measure total width ΓH
empty recoil = invisible width

‘funny recoil’ = exotic Higgs decay

easy control below theshold
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ILC new running scenarios including upgrade of luminosity
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ILC new running scenarios including upgrade of luminosity

arxiv:1506.07830

arxiv:1506.05992

10 yrs (1.6 107s/yr) 

TDR lumi,

incl. ramp-up 

20 yrs (1.6 107s/yr) 

lumi upgrade

incl. ramp-up 
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FCC-ee as 

Higgs factory

2 106  ZH events in 5 years

«A tagged Higgs beam».

incl. invisible = (dark matter?)

NB leptonic tag only. 

Will improve with Hadronic Z tag

4 IPs (2 IPs)

� total width
HHH (best at FCC-hh)

Htt (best at FCC-hh)

<1%
28%
13%

sensitive to new physics in loops

from HZ thresh

from tt  thresh

(constrained fit 

including ‘exotic’)

A big challenge, but unique: 

Higgs s-channel production at √s = mH

104 events per year. limits or signal? 

monochromators? 

Aleksan, D’Enterria, Woijcik
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Performance Comparison

• Same conclusion when ΓH is a free parameter in the fit 

TLEP : sub-percent precision,  BSM Physics sensitivity beyond several TeV

σ HZ ∝ gHZZ
2 ,  and  σ HZ,WW→H × BR(H → XX)∝ gHZZ,HWW

2 gHXX
2 / ΓH

±1%

µ+µ− ILC350 ILC1000 TLEP240 TLEP350

5% 5% 3% 2% 1%

Expected precision on the total width

14.03.2018
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very accurate precision on threshold cross-section sensitive to loop corrections
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NB these are similar precisions as obtained from HL-LHC
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HIGGS SELF COULING VERY DIFFICULT TO MEASURE PRECISELY AT LINEAR COLLIDERS

30% precision after 20 years

needs high energy (another 10-20 years) for 10% precision



Alain Blondel Future Colliders
14.03.2018 82

Measurements of most of Higgs physics and couplings, CP violation etc.. 

are best made with the ZH process at 240-350 GeV

Top quark and Higgs self couplings can be made with a linear collider of energy

above 500 GeV (at least 550 GeV for ttH, at least 1 GeV for HHH). 

However for ttH and HHH, similar precisions can be achieved by combining

the HL-LHC with a 250-350 GeV e+e- machine. 

And what about a higher energy pp collider? 



Alain Blondel Future Colliders

PSB PS (0.6 km)

SPS (6.9 km)

LHC (26.7 km)

HL-LHC  

HE-LHC?

(33 TeV c.m.)

TLEP (80-100 km,

e+e-, up to

~350 GeV c.m.)

VHE-LHC 

(pp, up to 

100 TeV c.m.)

possible long-term strategy

& e± (120 GeV)–p (7, 16 & 50 TeV) collisions ([(V)HE-]TLHeC) 

≥60 years of e+e-, pp, ep/A physics at highest energies

“same” detectors!?

LEP
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Future Circular Collider Study - SCOPE 
CDR and cost review for the next ESU (2018)

Forming an international 
collaboration to study: 

• pp-collider ( FCC-hh)       
� defining 
infrastructure 
requirements 

• e+e- collider ( FCC-ee) as 
potential intermediate 
step  ECM=90-400 GeV

• p-e (FCC-he) option

• 80-100 km infrastructure 
in Geneva area

~16 T ⇒ 100 TeV pp in 100 km
~20 T ⇒ 100 TeV pp in 80 km

14.03.2018

Alain Blondel Future Lepton 
Colliders
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2.5 1035cm-2s-1 is the goal luminosity of FCC-hh
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HIGGS AT FCC-pp
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� Lots of statistics and ideas for small systematics
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CONCLUSIONS for the HIGGS boson

1. The Higgs boson is the first spin 0 elementary particle ever found.

2. It plays a very particular role in linking a property of the vacuum 

(Higgs vev) with the masses of the SM particles

(NB what about the neutrinos?) 

3. We must study it as well as we can! 

4. Many Higgs factories have been  discussed. 

The best line seems to be the combination of 

a High Luminosity, circular e+e- collider in 240-350 GeV region

and a High Energy High Luminosity pp collider (50-100 TeV Ecm)

� this is the philosophy of CEPC/SPPS and of the FCC (ee then pp)

which, in combination, offer ‘invincible’ potential of investigation of 

the Higgs physics
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Sessions : -- MDI on Tuesday 8:30

-- FCC-ee experiments on Thursday 13:30-17:00

3/14/2018

Experiments at FCC-ee

Potentially the first step

in the FCC history
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M. Boscolo
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Asymmetric IR design solves

1. The booster bypass

2. The SR problem comes

back to LEP levels. 

3. can start looking in 

detail

H. Burkhardt
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M. Sullivan

Started from hardest (tt machine)
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E. Perez

A good start

-- will need to decrease B-field

-- will need to reoptimize

relative weight of tracker

and calorimeter

(physics cost and MDI)
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Conclusions similar to M.  Sullivan: VTX detector at ~2cm from IP. 
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Luminosity measurement

-- thanks to high luminosity can use two large angle QED processes

e+e- � γγ and e+e � e+e-

-- need theoretical evaluation of e+e- � γγ @ 10-4  precision

-- at and around Z pole need low angle Bhabha : 

M. Dam
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Present W.A.

D. Enterria

Workshop on αS sept 2015

D. d'Enterria, P.Z. Skands (eds.)

arXiv:1512.05194



Alain Blondel Future Colliders
3/14/2018

Physics discoveries

Unwanted error

P. Janot discovered that one can measure

∆αQED(mz) from  measuring AFB
µµ at +- 3 GeV 

from the Z peak.  (Nice Z lineshape scan)

Further studies with S. Jadach shows 

error cancellation of  +3 vs -3 points. 
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AFB
µµ @ FCC-

ee

ALR @ ILC

visible Z 

decays

1012 visible Z 

decays

109

muon pairs 1011 beam

polarization

90%

∆AFB
µµ (stat) 3 10-6 ∆ALR (stat) 4.2 10-5

∆ Ecm (MeV) 0.1 2.2

∆AFB
µµ (ECM ) 9.2 10-6 ∆ALR (ECM ) 4.1 10-5

∆AFB
µµ 1.0 10-5 ∆ALR 5.9 10-5

∆sin2θlept
W

5.9 10-6 7.5 10-6

from A FB
µµ LEP 2.107Z SLC, 5.105 Z                  ∆α= 0.00035 ∆α= 0.00003

∆sin2θleptW 5.3 10-4 2.6 10-4 1.2 10-4 1. 10-5

W.A. 1.6 10-4

All exceeds the limitation given by ∆α(mZ) (310-5) or the needed precision for comparison with mW (500keV)

But this precision on ∆sin2θlept
W can only be exploited at FCC-ee!

At FCC-ee longitudinal polarization is more difficult and implies a significant reduction of 

luminosity. As far as we can tell today it is not justified
(similar conclusion by J. De Blas in pheno session) 

J. De Blas

A.BlondelDO WE NEED LONGITUDINAL POLARIZATION?
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The forward backward tau polarization
asymmetry is very clean. 
Dependence on ECM same as ALR negl. 
At FCC-ee

ALEPH data 160 pb-1 (80 s @ FCC-ee !)

Already syst. level of 610-5on sin2θW

much improvement possible 
by using dedicated selection
e.g. tau� π v  to avoid had. model
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P. Azzuri started optimizing

The W threshold scan 

for measurement of 

mW and ΓW

Smooth, plenty of points 

with half integer spin tunes 

Statistical error on mW will be O(300 keV)

next: background and *signal* cross-sections!
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Theoretical limitations
R. Kogler, Moriond EW 2013

FCC-ee

0.0002 0.0001  

0.0001 

0.0003

0.0005

SM predictions (using other input)

0.0000015 0.000001

0.0000014

0.00001

0.00001

0.0000

0.000000
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Experimental errors at FCC-ee will be 20-100 times smaller than the present errors. 

BUT can be typically 10 -30 times smaller than present level of theory errors

Will require significant theoretical effort and additional measurements!  

Radiative correction workshop 13-14 July 2015 stressed the need for 3 loop calculations for the future!

Suggest including manpower for theoretical calculations in the project cost.
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Top beam energy is 185 GeV

Top mas can be measured to O(10 MeV)

Beam energy calibration from WW, γZ, ZZ

Reduce th. errors due αS meast @FCC-ee

Top physics Moftaba

Also:

CKM measurements

FCNC decays down to 10-6 

All luminosity can be used!
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FCC-ee discovery potential
Of course discovery depends on the goodwill of nature.

A few things that FCC-ee could discover if is there :

EXPLORE 10 TeV energy scale (and beyond) with Precision Measurements

-- ~20-50 fold improved precision on many EW quantities (equiv. to factor 5-7 in mass)

mZ, mW, mtop , sin2 θw
eff , Rb , αQED (mz) αs (mz), Higgs and top couplings

DISCOVER a violation of flavour conservation

-- ex FCNC  (Z --> µτ , eτ) in 5 1012 Z decays. 

+ flavour physics (1012 bb events)                  

DISCOVER dark matter as «invisible decay» of H or Z   

DISCOVER very weekly coupled particle in 5-100 GeV energy scale

such as: Right-Handed neutrinos,  Dark Photons etc…

…..
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S. Monteil

Leptonic FCNCs
SM from neutrino oscillations:

FCC-ee is highly competitive for                                          

potential sensitivity 10-12 How far can we go? 
First investigation of backgrounds. Z� ππ Z� W*W  

Backgrounds at level of 10-8 , but do not have life time (unlike taus)

Further analysis will need simulation.  
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The Higgs invisible width

Potential: discovery of Dark Matter

Target: limit at 10-3 level

UNIQUE to e+e- : ability to tag event as ZH 

even if do not see the Higgs decay

Started with Z-> leptons 

Studied the effect of detector resolution

Compare CMS with ILD

Study effect of beam energy spread 

Next step : look at Z� qq tag (evts X 20)

M. De Gruttola
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Main conclusions

MDI acc-exp working group started and *working* ! 

-- asymmetric beam crossing has brought SR problem back to real axis

-- soon will be in position to attack magnet integration

-- Luminosity measurement requires attention but problem is well posed

-- detector simulation study (with great help from CLIC work!) started

Detectors and experiments will take usefully all luminosity the machine can give (pile-up< 10-3) 

-- «baseline» is a good start, more welcome (we won’t do anything that prevents it!)   

-- discovery potential is in precision measurements, rare decays, invisible width (detector!) 

-- top beam energy needs to be set to 185 GeV for top couplings measurements

Continuous beam energy calibration at O(10-6 ) precision @ Z and W (resonant depolarization)

� central to precision measurements

� need a joint acc-exp working group to converge on strategy.

No obvious need identified so far for longitudinal polarization at any energy

-- top quark couplings can be measured well using top quark polarization

-- high statistics @ Z  (and e.g. final state polarization (tau)) 

should allow precision on sin2θleptW with more than adequate precision < 10-5 

-- high luminosity brings much much more ∆αQED(mz) @ 310-5 , ∆αS(mz) @ ~10-4

Monochromatization for s-channel e+e- � Higgs @ 125.2 GeV looks promising (off sessions) 
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