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Physics at FCC-ee

see presentations and contributions by M. Dam, M. Klute, P. Janot, S. Monteil, 

M. Koratzinos, A. Blondel    at HEP-EPS 2015 in Vienna. 

A. Blondel 



THREE YEARS AGO ALREADY
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1994-1999: top mass predicted (LEP, mostly Z mass&width) 

top quark discovered (Tevatron)

t’Hooft and Veltman get Nobel Prize
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(c) Sfyrla



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

Higgs Boson discovered (LHC)

Englert and Higgs get Nobel Prize
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(c) Sfyrla

IT LOOKS LIKE THE 

STANDARD MODEL  

IS COMPLETE.....



Is it the end?
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Is it the end?

Certainly not! 

-- Dark matter

-- Baryon Asymmetry in Universe

-- Neutrino masses

are experimental proofs that there is more
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are experimental proofs that there is more

to understand. 

We must continue our quest

HOW?

Detection through direct observation or 

deviations from precise predictions (ref. Uranus to Neptune)
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The LHC is a Higgs Factory !
several Million Higgs already produced – more than most Higgs factory projects.
15 Higgs bosons / minute – and more to come (gain factor 3-6 going to 13 TeV)

Difficulties: several production mechanisms to disentangle and 
significant systematics in the production cross-sections σσσσprod .  

Challenge will be to reduce systematics by measuring related processes. 

σσσσi����f 
observed ∝∝∝∝ σσσσprod (gHi )

2(gHf)
2      ���� couplings to initial and final state, modulo total  width. 

ΓΓΓΓH

THE LHC is a Higgs Factory



at least 3 pieces are still missing

Alain Blondel  FCC Future Circular Colliders

Since 1998 it is established that neutrinos have mass

and this very probably implies new degrees of freedom

���� «sterile», very small coupling to known particles

completely unknown masses (eV to ZeV), nearly impossile to find. 

.... but could perhaps explain all: DM, BAU,νννν-masses



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

international design study: 

• pp-collider (FCC-hh)       

���� defining 

infrastructure 

requirements 

~16 T ⇒⇒⇒⇒ 100 TeV pp in 100 km
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• e+e- collider (FCC-ee) as 

potential intermediate 

(i.e. first) 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

9
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PSB PS (0.6 km)

SPS (6.9 km)

LHC (26.7 km)

HL-LHC  

HE-LHC?

(33 TeV c.m.)

FCC-ee (80-100 km,

e+e-, up to

~350 GeV c.m.)

possible long-term strategy

LEP
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(33 TeV c.m.)
FCC-hh

(pp, up to 

100 TeV c.m.)

60 years of e+e- pp AA ep physics @ highest energies

10.09.2015 12
NB if there is an electron ring it will be before the hadron machine !



Circular e+e- colliders designed to study the Higgs boson 

but also: Z, W and top factories

LEP3, CEPC and TLEP/FCC-ee
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AB, F. Zimmermann

Dec. 13 2011
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Original motivation (end 2011): now that m_H and m_top are known, 
explore EW region with a high precision, affordable, high luminosity machine 

���� Discovery of New Physics in rare phenomena or precision measurements

ILC studies ���� need increase over LEP 2 (average) luminosity by a factor 1000 
How can one do that without exploding the power bill? 

Answer is in the B-factory design: a low vertical emittance ring with
higher intrinsic luminosity, and small ββββ*y  (1mm vs 5cm at LEP)
Electrons and positrons have a much higher chance of interacting
���� much shorter lifetime (few minutes) 
���� top up continuously with booster ==> increase operation efficiency

50

5
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���� top up continuously with booster ==> increase operation efficiency
Increase SR beam power to 50MW/beam

5

4

1000
at ZH threshold

in LEP/LHC tunnel

X 4 in FCC tunnel 

X 4 interaction points

ah-ah!
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2016           
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Toping up ensures constant current, settings, etc...

and greater reproducibility of system 
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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



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
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-- 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 share many qualities. 

06.07.2015 17



Provide highest possible luminosity from Z to tt by exploiting b-factory technologies: 

• separate e- and e+ storage rings 

• very strong focussing: β*y = 1mm 

• top-up injection 

• crab-waist crossing 
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Overlap in Higgs/top region, but differences and complementarities

between linear and circular machines: 

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

Linear:  higher energy reach, longitudinal beam polarization



Experimental conditions

-- 2-4 IPs L*~2m

-- bunch crossing spacing from 2-5 ns (Z) up to 3µµµµs (top)

-- no pile-up (<0.001 at FCC-Z/CrabWaist)

-- beamstrahlung is mild for experiments

Alain Blondel  FCC Future Circular Colliders9/10/2015

-- Beam energy calibration for Z and W running

-- IR design with crossing angle is not trivial   

���� a challenging magnet design issue.



Of particular importance: luminosity monitors

M. Dam
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Requirements dominated by Z line shape and peak cross-section measurements
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Solenoid compensation and integration (similar to superKEKB)

integration of luminosity monitors 

Synchrotron radiation 

���� creation of dedicated MDI group. 



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- H Z – tagging
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e+

Z*

Z

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



Z – tagging

by missing mass

ILC

total rate ∝∝∝∝ gHZZ
2

ZZZ final state ∝∝∝∝ gHZZ
4/ ΓΓΓΓH

���� measure total width ΓΓΓΓH

empty recoil = invisible width

‘funny recoil’ = exotic Higgs decay

easy control below theshold
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e+

e-

Z*

Z

H
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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. 

4 IPs (2 IPs)

sensitive to new physics in loops

(constrained fit 

including ‘exotic’)
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NB leptonic tag only. 

Will improve with Hadronic Z tag

���� total width

HHH (best at FCC-hh)

Htt (best at FCC-hh)

<1%

28%

13%

from HZ thresh

from tt  thresh

A big challenge, but unique: 

Higgs s-channel production at √s = mH

104 events per year. limits or signal? 

monochromators? 

Aleksan, D’Enterria, Woijcik
06.07.2015 24
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Performance Comparison

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

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

2 gHXX
2 /ΓH

µµµµ++++µµµµ−−−− ILC350 ILC1000 TLEP240 TLEP350

Expected precision on the total width
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TLEP : sub-percent precision,  BSM Physics sensitivity beyond several TeV

±1%

µµµµ µµµµ ILC350 ILC1000 TLEP240 TLEP350

5% 5% 3% 2% 1%



very accurate precision on threshold cross-section sensitive to loop corrections
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2.5 1035cm-2s-1 is the goal luminosity of FCC-hh



HIGGS AT FCC-pp
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���� Lots of statistics and ideas for small systematics
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TERA-Z, Oku-W, Megatops

Precision tests of the 

Alain Blondel Future Circular Collider

Precision tests of the 

closure of the Standard Model

9/10/2015



Precision tests of EWSB

Z pole ssymmetries, lineshape WW threshold scan

tt threshold scan

Alain Blondel Future Circular Collider

TLEP : Repeat the LEP1 physics programme every 15 mn

Transverse polarization up to the WW threshold

� Exquisite beam energy determination (10 keV) 

Longitudinal polarization at the Z pole

� Measure sin2θW to 2.10-6 from ALR

� Statistics, statistics: 1010 tau pairs, 1011 bb pairs, QCD and QED studies etc… 

-

Frank Simon

9/10/2015 Alain Blondel FCC Future Circular 

Colliders



Input GF mZ ααααQED

∆ρ ∆ρ ∆ρ ∆ρ = α /π  (α /π  (α /π  (α /π  (mtop/mZ)2

- α /4π  α /4π  α /4π  α /4π  log ((((mh/mZ)2

at first order:

εεεε3  3  3  3  = cos2θθθθw α /9π  α /9π  α /9π  α /9π  log ((((mh/mZ)2

EWRCs

Radiative corrections affect the 

relationship between the 

input quantities and the others. 
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δδδδννννb =20/13 α /π  (α /π  (α /π  (α /π  (mtop/mZ)2

complete formulae at 2d order

including strong corrections 

are available in fitting codes

e.g. ZFITTER , GFITTER
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Example (from Erler &Freytas PDG 2014)

∆∆∆∆ρ =ε1=α(MZ) . T

εεεε3=4 sin2θW α(MZ) . S

∆∆∆∆ρ today = 0. 00040 +− 0.00024

-- is consistent with 0 at 1.7σ
-- is sensitive to non-conventional Higgs bosons (e.g. in SU(2) triplet with ‘funny v.e.v.s)

-- is sensitive to Isospin violation such as mt ≠ mb  or ibid for stop-sbottom

-- does not decouple!

Alain Blondel Future Circular Collider

Present measurement implies

Similarly: 

Most e.g. SUSYmodels

have these symmetries

embedded from the start

9/10/2015

Today, the larger possible mass splitting of an SU(2) doublet is 50 GeV

no matter what its mass is.   



Beam polarization and E-calibration @ FCC-ee

Precise meast of Ebeam by resonant depolarization

~100 keV each time the meast is made

At LEP transverse polarization was achieved routinely at Z peak.

instrumental in 10-3 measurement of the Z width in 1993 

led to prediction of top quark mass (179+- 20 GeV) in March 1994

Polarization in collisions was observed (40% at BBTS = 0.04)
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At LEP beam energy spread destroyed polarization above 60 GeV

σE ∝ E2/√ρ � At FCC-ee transverse polarization up to at least 80 GeV

to go to much higher energies requires spin rotators and siberian snake

FCC-ee: use ‘single’ bunches to measure the beam energy continuously

no interpolation errors due to tides, ground motion or trains etc…

but saw-toothing must be well understood! require Wigglers to speed up pol. time

<< 100 keV beam energy calibration around Z peak and W pair threshold. 

∆∆∆∆mZ ~0.1 MeV, ∆Γ∆Γ∆Γ∆ΓZ ~0.1 MeV, ∆∆∆∆mW ~ 0.5 MeV
10.09.2015 42



best-of ee-FCC/TLEP #2: Precision EW measts

Asset: -- high luminosity (1012 Z decays + 108 Wpairs + 106 top pairs ) 

-- exquiste energy calibration up and above WW threshold
target precisions
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Also -- ∆∆∆∆sin2 θθθθW ≈≈≈≈10-6

-- ∆α∆α∆α∆αS= 0.0001 from W and Z hadronic widths

-- orders of magnitude on FCNCs and rare decays etc. etc.

Design study to establish possibility of corresponding precision theoretical calculations.  

9/10/2015
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Asset: -- high luminosity (1012 Z decays + 108 Wpairs + 106 top pairs ) 

-- exquiste energy calibration up and above WW threshold
target precisions
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Also -- ∆∆∆∆sin2 θθθθW ≈≈≈≈10-6

-- ∆α∆α∆α∆αS= 0.0001 from W and Z hadronic widths

-- orders of magnitude on FCNCs and rare decays etc. etc.

Design study to establish possibility of corresponding precision theoretical calculations.  
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A Sample of Essential Quantities: 

X Physics
Present

precision

TLEP 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

ΓΓΓΓZ
MeV/c2

∆ρ∆ρ∆ρ∆ρ (T)

(no ∆α∆α∆α∆α!)
2495.2  

±2.3

Z Line shape

scan

0.008 MeV

<±±±±0.1 MeV

E_cal QED 

corrections

Rllll
ααααs , δδδδb 20.767 

± 0.025

Z Peak 0.0001

±±±± 0.002

- 0.0002 

Statistics QED

corrections
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Nνννν
Unitarity of 

PMNS, 

sterile νννν’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
δδδδb 0.21629  

±0.00066
Z Peak 0.000003

±±±±0.000020 - 60

Statistics, 

small IP

Hemisphere

correlations

ALR
∆ρ∆ρ∆ρ∆ρ, εεεε3 ,∆α∆α∆α∆α
(T, S )

0.1514

±0.0022
Z peak,

polarized

±±±±0.000015 4 bunch

scheme

Design

experiment

MW
MeV/c2

∆ρ∆ρ∆ρ∆ρ, εεεε3 , εεεε2, ∆α∆α∆α∆α
(T, S, U) 

80385

± 15

Threshold

(161 GeV)

0.3 MeV

<1 MeV

E_cal &

Statistics

QED 

corections

mtop
MeV/c2

Input 173200

± 900

Threshold

scan

10 MeV E_cal &

Statistics

Theory limit

at 100 MeV?
9/10/2015Alain Blondel FCC Future Circular 

Colliders



350 GeV: the top mass
• Advantage of a very low level of beamstrahlung in circular machines

• Could potentially reach 10 MeV uncertainty (stat) on mtop

Alain Blondel  FCC Future Circular Colliders
From Frank Simon, presented at 7th TLEP-FCC-ee workshop, CERN, June 2014 10.09.2015 46
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Theoretical limitations FCC-ee

0.0002 0.0001

0.00025?

0.0002?

0.0003

SM predictions (using other input)

0.0000
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0.0000015 0.000001

0.0000014?

0.000007?

0.000001 0.000000

10.09.2015 50

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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in other words .... ∆∆∆∆(∆ρ∆ρ∆ρ∆ρ)= ±±±± 10-5    + several tests of same precision
10.09.2015 51

NB width of this line : Z mass error. Without FCC-ee its 2.2 MeV! 



NEW
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no need for High Energy

or beam polarization!

52



But at least 3 pieces are still missing

THE STANDARD MODEL IS COMPLETE .....

neutrinos have mass... 

and this very probably implies new degrees of freedom

���� Right-Handed, Almost «Sterile» (very small couplings) Neutrinos

completely unknown masses (meV to ZeV), nearly impossile to find. 

.... but could perhaps explain all: DM, BAU,νννν-masses
10.09.2015 53



some REFERENCES

arxiv:1208.3654

arxiv:1308.6176
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Phys.Lett.B631:151-156,2005

arXiv:hep-ph/0503065

FCC design study and FCC-ee http://cern.ch/fcc-ee

and presentations at FCC-ee physics workshops

http://indico.cern.ch/category/5684/



L L L

I = 1/2

Q= -1

Q=  0

I = 0

R

R

R R

RR

Electroweak eigenstates

Right handed neutrinos Right handed neutrinos 

are singlets 

no weak interaction

no EM interaction

no strong interaction

can’t produce them

can’t detect them

-- so why bother? --

10.09.2015 55



Adding masses to the Standard model neutrino 'simply' by adding a Dirac 

mass term (Yukawa coupling)

implies adding a right-handed neutrino (new particle)

No SM symmetry prevents adding then a term like

Neutrino physics -- Alain 

Blondel  

and this simply means that a neutrino turns into a antineutrino 

(the charge conjugate of a right handed antineutrino is a left handed neutrino!)

It is perfectly conceivable (‘natural’?) that both terms are present ���� ‘see-saw’

B. Kayser, the physics of massive neutrinos (1989)

10.09.2015



See-saw in a general way :

MR ≠≠≠≠ 0

mD ≠≠≠≠ 0

Dirac + Majorana

mass terms

Mass eigenstates

MR = 0

mD ≠≠≠≠ 0

Dirac only, (like e- vs e+): 

ννννL     ννννR     ννννR   ννννL
½      0          ½      0

4 states of equal masses

m

Iweak=

Some have I=1/2  (active)

Some have I=0    (sterile)

MR ≠≠≠≠ 0

mD = 0

Majorana only

ννννL               ννννR   
½                 ½      

2 states of equal masses

m

Iweak=

All have     I=1/2  (active)

MR > mD ≠≠≠≠ 0

Dirac + Majorana

ννννL     NR     ννννR   NL
½      0          ½      0

4 states , 2  mass levels

m

Iweak=

m1 have ~I=1/2  (~active)

m2 have ~I=0    (~sterile)

see-saw

10.09.2015 57

dominantly:



Manifestations of right handed neutrinos

what is produced in W, Z decays is: 

10.09.2015 58



Indirect effects

-- neutrino Majorana mass term can lead to lepton number violating processes

by virtual neutrino exchange and to flavour violationby virtual neutrino exchange and to flavour violation

-- neutrinoless double beta decay (the most powerful one)

-- FCNC (µ→µ→µ→µ→eγγγγ) etc... 

-- at a Z factory : Z���� τµτµτµτµ Z���� ττττe   Z-> ττττττττ , ττττ ���� µγµγµγµγ ττττ ���� eγγγγ etc... 
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Nνννν = 2.984 ±±±±0.008

This is determined from the Z line shape scan 

and dominated by the measurement of the 

hadronic cross-section at the Z peak maximum ����

- 2 σσσσ :^) !!

At the end of LEP:
Phys.Rept.427:257-454,2006

hadronic cross-section at the Z peak maximum ����

The dominant systematic error is the theoretical

uncertainty on the Bhabha cross-section (0.06%)

which represents an error of ±±±±0.0046 on Nνννν

Improving on Nνννν by more than a factor 2 would require a large effort 

to improve on the Bhabha cross-section calculation!
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given the very high luminosity, the following measurement can be performed

Neutrino counting at TLEP

10.09.2015 62



RHASnu’s production in Z decays 

multiply by 2 for anti neutrino and add contributions of  3 neutrino species (with different |U|2 ) 

Production: 

Decay 
Decay length: 

cm

Backgrounds : four fermion:    e+e- ���� W*+ W*- e+e- ���� Z*(vv) + (Z/γγγγ)*  

NB CC decay always leads to 

≥≥≥≥ 2 charged tracks

10.09.2015 63



Order-of-magnitude extrapolation of existing limits

BAU

see-saw

4 106 Z decays

maybe achievable with

1010  - 1013 Z decays?

10.09.2015 64



Interesting region

|U|2 ~ 10-9 to 10-12 @ 50 GeV

L=1m

L=1mm

Decay length

20                  50            100

heavy neutrino mass  ~ M 

L=10m

a large part of the interesting region will lead to detached vertices

...  ����very strong reduction of background! 

10.09.2015 65

νννν
N

µµµµ+

W-����qq

~1 evt with 1013Zs

Exact reach domain will depend on detector size 

and details of displaced vertex efficiency & background 



NZ = 1012 1mm<L<1m

region of interest

FCC-ee sensitivity
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NZ = 1012 1mm<L<1m

SHIP

region of interest

FCC-ee sensitivity

NB very large detector caverns for FCC-hh may allow very large FCC-ee detector (R=15m?)

leading to improved reach at lower masses. 
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Comment/Outlook for FCC-hh

We have seen that the Z factory offers a clean method

for detection of Heavy Right-Handed neutrinos

At the 100 TeV hadron machine the W is the dominant particle.

There is a lot of /pile-up/backgrounds/lifetime/trigger issues which need to be investigated. 

BUT.... in the regime of long lived HNLs the simultaneous presence of 

-- the initial lepton from W decays-- the initial lepton from W decays

-- the detached vertex with kinematically constrained decay

allows for a significant background reduction and may allow search reach in the 10-x? region

But it allows also a characterization both in flavour and charge of the produced neutrino, thus

information of the flavour sensitive mixing angles and a test of the fermion violating nature 

of the intermediate (Majorana) particle. 

VERY interesting...  
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Input from Physics to the accelerator design 

0. Nobody complains that the luminosity is too high (the more you get, the more you want)

no pile up, even at the Z:  at most 1ev /300bx

1. Do we need polarized beams? 

-1- transverse polarization: 

continuous beam Energy calibration with resonant depolarization

central  to the precision measurements of mZ , mW , ΓΓΓΓZ

requires ‘single bunches’  and calibration of both e+ and e-

a priori doable up to W energies -- workarounds exist above (e.g. γγγγZ events)

large ring with small emittance excellent. Saw-tooth smaller than LEP for Z 

need wigglers (or else inject polarized e- and e+) to polarize ‘singles’; 

simulations ongoing (E. Gianfelice, M. Koratzinos, I.Kopp)
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simulations ongoing (E. Gianfelice, M. Koratzinos, I.Kopp)

-2- longitudinal polarization requires spin rotators and is very difficult at high energies

-- We recently found that it is not necessary to extract top couplings (Janot)

-- improves Z peak measurements if loss in luminosity is not too strong

but brings no information that is not otherwise accessible 

2. What energies are necessary? 

-- in addition to Z, W, H and  top listed the following are being considered

-- e+e- ���� H(125.2)  (requires monochromatization A. Faus) (under study)

-- e+e- at top threshold ~20 GeV for top couplings (E_max up to 180 -185 GeV)

-- no obvious case for going to 500 GeV



mini-workshops

-- detector mini-workshop (C. Leonidopoulos, E. Perez, M. Dam) 17-18 June 2015

-- precision calculations mini-workshop 13-14 July 2015 (Heinemeyer, Ellis, Grojean)

-- Higgs mini-workshop  Klute, Peters)  

FCC-ee activities

Working groups conveners appointed and regular VIDYO meetings 

for physics, accelerator and  joined, as well as WG.  
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-- Higgs mini-workshop  24-25 September 2015 (Klute, Peters)  

-- alpha_s workshop 12-13 October 2015 (D’Enterria)

FCC-ee workshop 9-11 November in London (Ellis et al) 

General FCC week in Rome  11-18 April 2016



The combination of the FCC machines offers 

outstanding discovery potential by 

exploration of new domains of 

-- precision  

and 

What we believe now and work to demonstrate in a few years: 
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and 

-- direct search, 

both at high energy and at very small 

couplings

join us!   http:cern.ch/fcc-ee

http://espace2013.cern.ch/fcc/Pages/Science.aspx


