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International FCC 
collaboration (CERN as host 
lab) to study:  
•  pp-collider (FCC-hh)                      

à main emphasis, defining 
infrastructure requirements  

•  ~100 km tunnel 
infrastructure  in Geneva 
area, site specific 

•  e+e- collider (FCC-ee),                
as potential first step 

•  HE-LHC with FCC-hh 
technology 

•  p-e (FCC-he) option,  
e- from ERL 

The Future Circular Collider (FCC) 



   e+e- circular colliders revitalized by Higgs discovery 
•  The	Higgs	mass	is	low:	at	LEP	we	were	close	…	sensitive	up	to	115	GeV,	
(125/115=1.09)	

•  Synchrotron	energy	loss	per	turn	goes	as	E4/ρ	,	increasing	the	radius	by	a	factor	
3	you	have	(1.09)4/3=0.47,	RF	cavities	“a	la	LEP”	in	principle	would	be	enough	!	

	

Excellent	opportunity	to	make	a	significant	jump	in	precision	for	the	two	nearby	
EW	vector	bosons	(W,Z)	and	the	heaviest	quark	(top):		
•  change	the	landscape	of	electroweak	precision	measurements	!			



parameter	 Z	 WW	 H	(ZH)	 ttbar	

beam energy [GeV] 45 80 120 182.5 
beam current [mA] 1390 147 29 5.4 
no. bunches/beam 16640 2000 393 48 
bunch intensity  [1011] 1.7 1.5 1.5 2.3 
SR energy loss / turn 
[GeV] 

0.036 0.34 1.72 9.21 

total RF voltage [GV] 0.1 0.44 2.0 10.9 
long. damping time [turns] 1281 235 70 20 
horizontal beta* [m] 0.15 0.2 0.3 1 
vertical beta* [mm] 0.8 1 1 1.6 
horiz. geometric emittance 
[nm] 

0.27 0.28 0.63 1.46 

vert. geom. emittance [pm] 1.0 1.7 1.3 2.9 
bunch length with SR / BS 
[mm] 

3.5 / 12.1 3.0 / 6.0 3.3 / 5.3 2.0 / 2.5 

luminosity per IP [1034 
cm-2s-1] 

>200 >25 >7 >1.4 

beam lifetime rad Bhabha / 
BS [min] 

68 / >200 49 / >1000 38 / 18 40 / 18 

         FCC-ee collider parameters  



Lepton Colliders luminosities 



          FCC-ee operation model 

working	point	 luminosity
/IP	
[1034	
cm-2s-1]	

total	luminosity	(2	
IPs)/	yr	

physics	
goal	

run	time	
[years]	

Z	first	2	years	 100	 26	ab-1/year	 150	ab-1	 4	
Z	later		 200	 52	ab-1/year	
W	 25	 7	ab-1/year	 10	ab-1	 1	
H	 7.0	 1.8	ab-1/year	 5	ab-1	 3	
machine	modification	for	RF	installation	&	rearrangement:	1	year	
top	1st	year	(350	
GeV)	

0.8	 0.2	ab-1/year	 0.2	ab-1	 1	

top	later	(365	
GeV)	

1.4	 0.36	ab-1/year	 1.5	ab-1	 4	
total	program	duration:	14	years	-	including	machine	modifications	
phase	1	(Z,	W,	H):	8	years,				phase	2	(top):	6	years			



FCC-ee	Beam	Polarization	and	Energy	Calibration			

1.   Priority	from	Physics	:	ΔE/E	~O(10-6)	around	Z	pole	and	WW	threshold	àZ,W	mass&width	
2.  Exploit	natural	transverse	beam	polarization	present	at	Z	and	W		

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

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

LEP	

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

260	seconds	sweep	of	depolarizer	frequency	

Corresponding	uncertainty	on	Z	mass	100	keV	and	W	mass	500	keV	



Detector and MDI general requirements at FCC-ee 

•  Be	suitable	for	high	precision	measurements	
àprecise	tracking	in	a	low	X0	tracker		

•  Excellent	lepton	id	and	momentum	resolution	
•  Excellent	photon	id	and	energy/direction	res.		
•  Precise	angular	(and	energy)	jet	measurement		
•  Particle	flow	friendly	

à	adequate	calorimeter	granularity		
•  High	granularity	vertex	detector	with	b	and	c	

tagging	capabilities		
	

à	in	a	low	occupancy	environment	maximum	
event	rate	20	kHz	@	Z	peak		

•  Asymmetric	optics	with	beam	crossing	angle	of	30	
mrad		

•  IP	displaced	by	about	9.4	m	wrt	proton	beam	line		
•  Maximum	magnetic	field	2T	(compensation)		
•  Beam	pipe	radius	15	mm		
•  Last	quadrupole	L*	=2.2	m	
•  Detector	has	to	“stay	above”	the	100	mrad	line		

Two	benchmarks	for	CDR	
•  IDEA:	circular	collider	detector	

from	present	state-of-the-art	
technology	

•  CLD:	CLIC	detector	revisited	for	
FCC-ee		

QC1$

Compensa,ng$solenoid$

Lumical$

W$$shielding$

HOM$absorbers$

Lumical$electronics$

Lumical$cables$



Luminometer 

9	

•  Using	small	angle	Babha	scattering,	Very	
precise	normalization	needed:	absolute	
normalization	at	10-4	and	relative	to	5x10-5	

•  Basic	design:	Cylindrical	detectors	of	W+Si	
sandwich	centered	around,	and	
perpendicular	to	the	outgoing	beam	line	
(asymmetric)		

•  Studied	effect	of:		
•  synchrotron	radiation:	negligible	with	shielding		
•  beam	background:	ee	pairs	soft	and	and	close	to	

detector	boundaries.	√s	dependence		
•  beam-gas	background:	negligible		

•  Focusing	effect	of	opposite	beam	to	be	studied	
•  To	match	the	goal	an	accuracy	on	detector	construction	
and	boundaries	of	≈	2	µm	is	required	

•  clever	acceptance	algorithms,	a	la	LEP,	with	
independence	on	beam	spot	position	should	be	
extended	to	beam	with	crossing	angle	

•  luminometer	fixed	to	central	beam	pipe	



FCC-ee detector: the IDEA concept 
u  Vertex	detector,	MAPS	(a	la	ALICE)	
u  Ultra-light	drift	chamber	with	PID	(a	la	
MEG2)	
q  ≈	0.04	X0		up	to	the	preshower	face		

u  Pre-shower	counter	
q  defines	acceptance	≈	10-20	µm	precision	

u  Double	read-out	calorimetry	(RD52	-	
DREAM)	

u  2	T	solenoidal	magnetic	field	
u  Possibly	instrumented	return	yoke	
u  Possibly	surrounded	by	large	tracking	
volume	(R	=	8m)	for	very	weakly	
coupled	(long-lived)	particles	

	

Two	Options:	Calorimetry	inside	or	outside	coil	

Return	yoke	

Double	readout	calo	

MAPS	

Ultra-light	Tracker	



FCC-ee detector: CLD (CLIC inspired) 

CLD detector layout

CLD model

R [m]

Z [m]

2.1

3.5

4.2

6.0

2.3 3.7 5.4

Full silicon tracking system - provides
>12 hits per track

Fine-grained ECAL and HCAL
optimised for particle flow
reconstruction

Superconducting solenoid is outside of
the calorimeter

Steel return yoke with muon chambers

Forward detector region (< 150 mrad)
is reserved for Machine-Detector
Interface (accommodates LumiCal)

Support structures, cables and
services are included in the model

Oleksandr Viazlo CLD detector model overview 5/ 18

Momentum and d0 resolutions

 [deg]θ
20 40 60 80

]
-1

) 
[G

e
V

T
,t

ru
e

2
/p

T
p

∆(
σ

5−10

4−10

3−10

2−10

1−10

1
-µSingle 

p = 1 GeV
p = 10 GeV
p = 100 GeV

)θ b / (p sin⊕a 

 [deg]θ
20 40 60 80

m
]

µ
) 

[
0

d
∆(

σ

1

10

210

310
-µSingle 

p = 1 GeV

p = 10 GeV

p = 100 GeV

WORK IN PROGRESS WORK IN PROGRESS

Statistics used: 10k single muons at fixed energy and ✓ for each datapoint

Achieved resolutions for 100 GeV muons in the barrel
momentum resolution: 4x10�5 GeV�1

transverse impact parameter resolution: < 1µm
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Jet Energy Resolution
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arXiv:1209.4039

Jet energy (Ej ) is measured as a half of total
energy (Ejj ) of Z!uds di-jet event

Jet energy resolution in barrel region:
45.5 GeV jets: 4-5 %
190 GeV jets: 3-4 %

Total energy is reconstructed with 1% accuracy:
91 GeV: 90.4 GeV
380 GeV: 376.4 GeV

comparable resolution with the CLIC detector

Oleksandr Viazlo CLD detector model overview 15/ 17

•  Tracking	fully	efficient	from	700	MeV	
•  Pt	Resolution	of	4x10-5GeV-1	for	100	GeV	

muons	
•  >95%	Photon	and	electron	efficiency	

•  Energy	resolution	in	barrel	region	3-5%	
Very	similar	to	original	CLIC	detector	



Z & W Physics observables at FCC-ee 

TeraZ	(5	X	1012	Z)	
From	data	collected	in	a	lineshape	energy	scan:	
•  Z	mass	(key	for	jump	in	precision	for	ewk	fits)	

•  Z	width	(jump	in	sensitivity	to	ewk	rad	corr)	
•  Rl	=	hadronic/leptonic	width	(αs(m2

Z),	lepton	
couplings)	

•  peak	cross	section	(invisible	width,	Nν	)	
•  AFB(µµ)	(sin2θeff	,	 αQED(mZ

2),	lepton	couplings)	
•  Tau	polarization	(sin2θeff	,	lepton	couplings,	
αQED(mZ

2))	
•  Rb,	Rc,	AFB(bb),	AFB(cc)	(quark	couplings)	

OkuWW	(108	WW)	
From	data	collected	around	and	above	the	WW	
threshold:	
•  W	mass	(key	for	jump	in	precision	for	ewk	fits)	

•  W	width	(first	precise	direct	meas)	
•  RW	=	Γhad/Γlept		(αs(m2

Z))	
•  Γe	,	Γµ	,	Γτ	(precise	universality	test	)	
•  Triple	and	Quartic	Gauge	couplings	(jump	in	
precision,	especially	for	charged	couplings)	

	

Integrated	luminosity	goals	for	Z	and	W	physics	
•  150	ab-1 around	the	Z	pole	(~	25	ab-1	at	88	and	94	GeV,	100	ab-1	at	91	GeV)	
•  10	ab-1 around	the	WW	threshold	(161	GeV	with	±few	GeV	scan)	 LEP	(4	IPs)	

0.6	fb-1		
2.4	fb-1		



Determination of Z mass and width 

•  uncertainty	on	mZ	(≈	100	KeV)	is	dominated	by	the	
correlated		uncertainty	on	the	centre-of-mass	
energy	at	the	two	off	peak	points	

	
	
•  the	off	peak	point-to-point	anti-correlated	
uncertainty	has	a	similar	impact	(≈	100	KeV)	on	ΓZ	

	

at	FCC-ee	continuous	ECM	calibration	(resonant	depolarization)	
gives	∆	ECM	≈	10	KeV	(stat)	+	100	KeV	(syst)		

The	exact	choice	of	the	off	peak	energies	for	mZ	, ΓZ	is	not	very	crucial	
at	FCC-ee	(differently	from	LEP)	because	of	the	high	statistics.	
Instead	the	exact	choice	is	crucial	for		αQED(mZ

2)	which	is	driving	the	
choice	of	√s-	≈	88	GeV	and	√s+	≈	94	GeV		

FCC-ee precision calls for a model independent fit of the lineshape (S-matrix) 
where γ-Z interference is measured independently, A	measurement	of	the	γ-Z	
interference	term	for	100	keV	precision	for	mZ,	ΓZ	requires	100	fb-1	collected	at	
CM	energy	of		≈	60-70	GeV		...	or	use	the	160	GeV	run	!	
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ΓZ and beam energy spread 

•  The	size	of	the	energy	spread	(≈	60	MeV)	and	its	impact	on	
ΓZ	(≈4	MeV)	is	similar	to	LEP,	but	the	approach	to	tackle	
the	corresponding	systematic	uncertainty	different	
because	of	FCC-ee	beam	crossing	angle	

• At	LEP	it	was	controlled	at	1%	level	by	measuring	the	
longitudinal	size	of	the	beam	spot,	at	FCC-ee		can	be	
measured	with	similar	precision	from	the	scattering	angles	
of	µ+µ-	events	

•  The	beam	energy	spread	affects	the	
lineshape	changing	the	cross	section	by	 Δσ/σ (%)	

Eb	(GeV)	



Control of energy spread with µ+µ- 

•  FCC-ee:	Asymmetric	optics	with	
beam	crossing	angle	α	of	30	mrad	

•  α	is	measured	in	e+e-àµ+µ-(γ) 	

	
together	with	γ	(ISR)	energy,	both	
distributions	sensitive	to	energy	
spread.	
•  Energy	spread	measured	at	0.1%	
with	106	muons	(4	min	at	FCC-ee)	

•  Current	calculations	of	ISR	
emission	spectrum	sufficient	

•  Detector	requirement	on	muon	
angular	resolution	0.1	mrad	

	

Can	keep	related	systematic	
uncertainty	on	ΓZ	at	less	than	30	keV	

γ
Longitudinal Boost, x

5− 4− 3− 2− 1− 0 1 2 3 4 5
3−10×

E
ve

n
ts

210

310

410

510
Spread (no BS)
Spread (BS)

 = 0.1 mradφ,θσ

With ISR
 0.1%±Asymmetry = 

One million dimuon events

BS=beamstrahlung	

Patrick	Janot,	FCC	Week	Amsterdam	



σhad, Z invisible width, number of neutrino families 
• Goal	on	theoretical	uncertainty	from	higher	order	for	low	angle	Bhabha	is	
0.01%,	corresponding	to	a	reduction	of	a	factor	8	in	uncertainty	on	number	
of	light	neutrino	families	(we	are	already		not	far	≈	0.02%	)	

•  Another	goal	is	a	point	to	point	relative	normalization	of	5	10-5	for	ΓZ	

• Can	potentially	reach	an	uncertainty	of	0.01%	also	with	e+e-àγγ , 
statistically	1.4	ab-1	are	required	(theory	uncertainty	already	at	this	level,	
requires	control	of	large	angle	Bhabha)	

• A	precise	measurement	of	the	the	invisible	width	is	also	obtained	from	single	
photon	events	at	higher	centre-of-mass	energy	from	Zàννγ

Table 2.2: Relative precision on the normalized Z partial widths (Rf ) at FCC-ee. Expected
statistical and systematic precisions for 150/ab are shown. The last column highligts the im-
provement on precision with respect to LEP.

Statistical uncertainty Systematic uncertainty improvement w.r.t. LEP
Rµ (R`) 10

�6
5 ⇥ 10

�5 20
R⌧ 1.5 ⇥ 10

�6
10

�4 20
Re 1.5 ⇥ 10

�6
3 ⇥ 10

�4 20
Rb 5 ⇥ 10

�5
3 ⇥ 10

�4 10
Rc 1.5 ⇥ 10

�4
15 ⇥ 10

�4 10

5 The Z invisible width and the number of neutrino species
The effect of invisible decays on the Z lineshape is to reduce the peak cross section and increase
of the total width of the resonance. A convenient way to determine the Z invisible width is to
measure the hadronic cross section at peak, which was the observable used at LEP for the
determination of the number of light neutrino families. One of the advantage of the use of the
hadronic peak cross section its the very small dependence on other electroweak parameters, such
as the top mass, the Higgs mass or the strong-coupling constant, making it an ideal variable to
measure Z decays to additional invisible modes or to probe deviations from the Standard Model
without the uncertainty related to the lack of knowledge in some of its parameters. The main
contribution to the error on the hadronic cross section at peak is given by the theoretical error
on the small-angle Bhabha cross section used for the luminosity calculation (Section 2).

The width of the Z to invisible states , �inv, can be written as

�inv = �Z � �h � 3�l.

The number of light neutrino families N⌫ can be obtained from the ratio of the invisible width
to the leptonic width, assuming that the invisible width is only due to neutrino final states:

�inv

�l
=

�Z

�l
� Rl � 3 = (

12⇡Rl

�0
hadM

2
Z

)
1/2 � Rl � 3 = N⌫ · �⌫

�l
(2.8)

where the dependence on �0
had has been made explicit. Using the Standard Model prediction for

�⌫/�l the LEP result was N⌫ = 2.984± 0.008 in agreement (within 2 � !) with the existence of
3 light neutrino families and with a precision dominated by the uncertainty of LEP luminosity.
From the expected precision on the small-angle Bhabha scattering cross section discussed in
Section 2 and the size of the experimental systematic uncertainties related to the measurement
of the instantaneous luminosity, one can estimate that at FCC-ee the number of neutrino families
will be determined at the 0.001 level.

The invisible width and the number of light neutrino families can be measured also from
the rate of single photon events above the Z peak. These events, showing only a photon of
energy

E� =
s � M2

Z

2

p
(s)

in the apparatus, originate from the initial state radiation process e+e� ! �⌫⌫̄ and their rate is
proportional to the number of families. At LEP This direct method gave an uncertainty on the
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Patrick	Janot:				JHEP	02	(2016)	53	

-e

+e

, Zγ

-µ

+µAt	LEP	hadronic	contributions	to	the	vacuum	
polarization	as	external	input	(dispersion	relations+	
lower	energy	experiments)	∆rel	≈	10-4		

FCC-ee:	direct	measurement	with	better	precision	
	
	

σ(α)/α plot,	for	a	year	of	running	at	any	√s	

Optimal	centre-of-mass	energies	for	a	3×10-5	uncertainty	
on	αQED	:√s-	=	87.9	GeV	and	√s+	=	94.3	GeV	

Work	on	EWK	
theoretical	
corrections	
required	to	reach	
≈	3	10-5	
		

AFB
µµ =

NF
µ+ − NB

µ+

NF
µ+ + NB

µ+
≈ f (sin2ϑW

eff )+αQED (s)
s−mZ

2

2s
g(sin2ϑW

eff )



FCC-ee strategy for neutral couplings and sin2θeff   

• Muon	forward	backward	asymmetry	at	pole,	AFB
µµ	(mZ)	gives	sin2θeff	with	5	10-6	

precision	
•  uncertainty	driven	by	knowledge	on	CM	energy	
•  assumes	muon-electron	universality	

•  Tau	polarization	can	reach	similar	precision	without	universality	assumption	
•  tau	pol	measures	Ae	and	Aτ,	can	input	to	AFB

µµ	=3/4	Ae	Aµ to	measure	separately	electron,	
muon	and	tau	couplings,	(together	with	Γe	,	Γµ ,	Γτ)	

•  	Asymmetries	AFB
bb,	AFB

cc	provide	input	to	quark	couplings	together	with	Γb,	Γc	

NOTE	that	LEP	approach	was	different:	all	asymmetries	were	
limited	by	statistics	and	primarily	used	to	measure	sin2θeff					



tau polarization plays a central role at FCC-ee  

•  Separate measurements of 
Ae and Aτ from

€ 

Apol =
σF ,R +σB ,R −σF ,L −σB ,L

σ tot

= −Af

Apol
FB =

σF ,R −σB ,R −σF ,L +σB ,L

σ tot

= − 3
4 Ae

At	FCC-ee		
•  very	high	statistics:	improved	knowledge	of	tau	

parameters	(e.g.	branching	fraction,	tau	decay	
modeling)	with	FCC-ee	data	

•  use	best	decay	channels	(e.g.	τà ρντ	decay	
very	clean),	note	that	detector	performance	for	
photons	/	π0 very	relevant	

àmeasure	sin2θeff	with	6.6	10-6	precision		



Precisions on vector and axial neutral couplings 
Relative	precisions	

Improvements	1	–	2	orders	of	magnitudes	with	respect	to	LEP,	depending	on	the	fermion	
(Still	need	to	explore	the	potential	for	a	measurement	of	the	s	quark	coupling)	

From	Asymmetries	(gv/ga)	

From	partial	widhts	(gv2+ga2)	



W mass and width from WW cross section 

At	LEP2		√s=161	GeV	
with	11/pb	
è	mW=80.40±0.21	GeV	

Sensitivity	to	mass	and	width	is	different	at	
different	ECM:	can	optimize	mass	AND	width	
by	choosing	carefully	two	energy	points.	
•  Same	concept	can	be	used	to	minimize	

systematics	(e.g.	due	to	backgrounds)	
•  Centre-of-mass	known	by	resonant	

depolarization	(available	at	≈	160	GeV)	
•  Luminosity	from	Bhabha,	requirements	

similar	to	Z	pole	case	

luminosity fraction
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with	E1=157.1	GeV 		E2=162.3	GeV		f=0.4	
ΔmW=0.62	ΔΓW=1.5	(MeV)	

need	syst	control	on	:	
•  ΔE(beam)<0.35	MeV	(4x10-6)	
•  Δε/ε,	ΔL/L	<	2	10-4	
•  ΔσB<0.7	fb		(2	10-3)	



αs via hadronic W decays 

αs (Mz) = 0.117 ± 0.040    (±35%) 

➧FCC-ee: – Huge W stats (✕104 LEP) will lead to: :	∆rel αs < 0.3% 
   – TH uncertainty: Δ|Vcs| to be significantly improved (10-4) 

➧Computed at N2,3LO: 
 

➧LEP: ΓW = 1405±29 MeV (±2%), BRW = 0.6741±0.0027 (±0.4%) 
                           Extraction with large exp. & parametric 
   (CKM Vcs) uncertainties today: 

➧ 

[D.d'Enterria, M.Srebre, PLB763(2016)465] 

Can	measure	αs	at	<	0.1%	uncertainty	
combining	Z,	W,	tau	hadronic	decays	and	
jets	rates	&	shapes	



FCC-ee : probing the TGCs at high precision 
Jiayin	Gu		

•  Based	on	expected	luminosity	at	161,	240,	
350	and	365	GeV		

•  Consider	CP-even	dimension	6	operators,	
SU(2)XU(1)	symmetry	leaves	three	
independent	anomalous	couplings	

•  Include	both	total	cross	section	and	angles	
•  For	the	moment	only	statistical	uncertainties	
•  One	order	of	magnitude	improvement	with	

respect	to	LEP	



Higgs couplings precision and sensitivity  
to new physics 

(HL-	LHC	measurements	are	model	dependent)	

Example	from	Composite	Higgs	Models	(4HDM)	 in	%	 HL-LHC	 FCC-ee	

gHZ	 2-4	 0.21	
gHW	 2-5	 0.43	
gHb	 5-7	 0.64	
gHc	 -	 1.0	
gHg	 3-5	 1.2	
gH𝛕 5-8	 0.81	
gHμ 5	 8.8	
gH𝛄	 2-5	 2.1	
ΓH	 5-8%	 1.5	



Higgs couplings studies with realistic 
simulations and detectors 

•  Ultimate	precision	on	Higgs	couplings	
below	1%	(and	measurement	of	the	total	
width)	a	milestone	of	the	FCC	physics	
program.			

•  Model	independent	determination	of	the	
total	Higgs	decay	width		

•  New	estimates	of	Higgs	coupling	precision	
made	with	custom	simulation	(PAPAS)	
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•  CLD	performs	10-35%	better	
compared	to	results	with	CMS	
simulation	

•  now	ready	to	study	variation	in	
detector	design	cost/performance	

	



Higgs boson and first generation: s-channel 
production 

Unique	opportunity	to	measure	the	electron	
Yukawa	coupling,	highly	challenging:	σ(ee→H)	=	1.6	
fb,	further	reduced	to	≈	0.3	fb	accounting	for	the	
finite	energy	spread	and	ISR	of	the	e±	beams.	
	
Requires	beam	“monochromatization”	at	62.5	GeV	

Two	monochromatization	options	studied	for	FCC-ee	

http://jacow.org/ipac2016/papers/wepmw009.pdf	



The TOP quark 
•  Precise	measurements	of	top	quark	properties	at	the	

FCC-ee,	coupled	with	precise	theoretical	calculation	
provide	excellent	discovery	potential	

•  Threshold	region	allows	most	precise	measurements	of	
mass,	width,	and	estimate	of	Yukawa	coupling.	NEW	
Study	of	optimizing	the	scan	strategy.		

•  Running	at	365	GeV	to	be	used	for	other	
measurements	such	as	top	couplings,	FCNC	etc.		
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Patrizia	Azzi	-	FCC-Week	Berlin	2017	

Electroweak couplings of the top quark 

28	

➤  Fit includes conservative 
assumptions detector 
performance 

➤  Theory uncertainty on 
production mechanism 
dominates

• Large	statistics	and	final	state	polarization	allow	
a	full	separation	of	the	ttZ/γ	couplings	with	NO	
need	for	polarization	in	the	initial	state.		

• Optimal		√s=	365-370	GeV			

FCC-ee expected precision of order 10-2 to 10-3 
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Global ewk fit and sensitivity to new physics 

Jorge	de	Blas	

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 
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Precision calculations for the FCC-ee 

poster	by	Dubovyk,	Freitas,	Gluza,	Grzanka,	Jadach,	Riemann,	Usovitsch			

Matches	the	demand	in	
precision	by	the	experiment	!	

•  From	Workshop	on	EW	precision	
calculations	held	in	January.	

•  Next	decade:	complete	3	loop	
calculation,	will	provide	the	
needed	precision	

•  Need	to	invest	adequate	
resources	

Bottom	line:	YES	we	will	be	able	to	
use	EWPO	with	the	precision	
provided	by	the	experiments	!	
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Example	of	B	physics	at	FCC-ee	-	B0	→	K*0	τ+τ-		

•  Persistent tensions seen in FCNC 
decays b → s	l+l-  w.r.t. SM / QCD, 
e.g.           B0 → K*0	μ+ μ- , B0 → 
K*0	e+e- 

•  A challenging channel: B0 → K*0	
τ+τ- 

•  At baseline Tera Z luminosity, 103 

events of reconstructed signal.  
Angular analysis possible. 

•  Makes use of partial reconstruction 
technique to solve the kinematics of 
the decay. Sensitivity relies on 
vertexing performance (crucial) 

•  Another interesting and more 
challenging mode is Bs → τ+τ-  

•  Also FCNC in Z decays: Z → μe, 
μτ, eτ

Backgrounds (pink) and (red), signal in green.   
Conditions: baseline luminosity, SM calculations of signal 
and background BF, vertexing and tracking performance 
as ILD detector. 
 



BSM	Physics	with	TeraZ			
•  Search	for	sterile	neutrinos	in	Z	decays:	Number	
of	events	depends	on	mixing	between	N	and	ν,	
and	mN	

(Very)	Displaced	SV	
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FCC-ee

•  Search	for	axions	in	Z	decays:	Axion	
Like	Particles	(ALPS)	appear	in	several	
extensions	of	the	SM		

Filippo Sala (DESY Hamburg)                         “10-100 GeV ALPs”                           2nd FCC Workshop 14

FCC-ee with no gluon coupling
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Conclusions 
• The	efforts	of	the	past	2-3	years	have	shown	that	FCC	
is	not	just	a	repetition	of	LEP	with	huge	statistics:	the	
considerable	physics	potential	has	required,	and	will	
require	 new	 strategies,	 new	 solutions	 and	 a	 lot	 of	
interesting	work	for	experiment	and	theory.	

• The	prize	 is	 a	gain	of	 1	–	 2	 orders	 of	magnitude	 in	
precision	 for	 observables	 in	 the	 Z,	 W,	 Higgs,	 top	
sector:	a	change	of	scenario	for	eletroweak	physics	

• Extend	considerably	 the	explored	 territory	 for	new	
physics	(direct	and	indirect)	

	



Backup slides 



FCC-ee baseline layout 

11.9m	

30	mrad	

9.4m	

FCC-hh/	
Booster	

IP	(A)	

RF	

IP	(G)	

FCC-hh	/	Booster	

Asymmetric	beam	crossing	at	the	IPs	
Minimize	synchrotron	radiation			

•  Asymmetric	optics	with	beam	crossing	angle	of	30	
mrad		

•  IP	displaced	by	about	9.4	m	wrt	proton	beam	line		
•  Maximum	magnetic	field	2T	(compensation)		
•  Beam	pipe	radius	15	mm		
•  Last	quadrupole	L*	=2.2	m	
•  Detector	has	to	“stay	above”	the	100	mrad	line		



AFB
bb		:	from	LEP	to	FCC-ee	

0.00002	

Most	of	this	depends	on	stat.	

Can	 be	 reduced	 with	
improved	 calculations	
and	 proper	 choices	 of	
analysis	 methods	 (e.g.	
measure	 the	 asymmetry	
as	 a	 function	 of	 jet	
parameters,	etc.)	

LEP	combination	dominated	by	statistics,	projection	for	FCC-ee	considers	conservative	reduction	of	
various	uncertainty	components	

Simple	method	to	reduce	QCD	
corrections	for	lepton	analysis:	
raise	cut	un	lepton	momentum,	
as	statistics	is	no	longer	
dominant	 Improved	measurements	also	for	

the	charm	sector:	AFB
cc		



Precisions on coupling ratio factors, Af 
  

Relative	precisions,	but	for	sin2θeff	



Partial widths ratio (Rl)  

•  Rl	=	Γl/Γhad=σl/σhad	is	a	robust	measurement,	necessary	
input	for	a	precise	measurement	of	lepton	couplings	
(and	αs(m2

Z))	
	
•  Exploiting	FCC-ee	potential	requires	an	accurate	control	
of	acceptance,	particularly	for	the	leptons	
•  acceptance	uncertainties	were	sub-dominant	at	LEP,	but	need	
to	be	reduced	by	a	factor	≈	5	to	match	precision	goal	on	Rl	of	5	10-5	

•  knowledge	of	boundaries,	mechanical	precisions:	need	to	
exploit	40	years	of	improvements	in	technology,	need	to	use	
clever	selections	(at	LEP	was	necessary	only	for	luminosity)	

•  fiducial	acceptance	is	asymmetric	in	azimuth	at	FCC-ee	because	
of	30	mrad	cross	angleà	boost	in	trasverse	direction	βx	=	tg(α/2)	≈	0.015,	however	can	measure	φ*	and	cos(θ*)	event	by	event	
for	dileptons	!	



Measurement of Rb : double tagging 
Divide	event	in	two	hemispheres	according	to	thrust	direction		
• F1	fraction	of	single	tag	
• F2	fraction	of	double	tag	
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εLHC	detectors	and	current	taggers	can	
reach	three	times	b	tagging	efficiency	at	
same	suppression	of	charm	and	uds,	in	a	
more	harsh	environment	à	sizeable	
improvement	possible	at	FCC-ee	

• 	statistical	uncertainty	coming	from	
double	tag	sample		
• 	systematic	uncertainty	from	
hemisphere	correlations	becomes	
dominating	

	

Efficient	 and	 pure	 secondary	 vertex	
finding	 will	 be	 important	 to	 study	
gluon	 splitting	 and	 nasty	 sources	 of	
correlat ions	 (e.g.	 momentum	
cor re l a t ions )	 à	 keep	 b - tag	
efficiency	flat	in	momentum	

FCC-ee	projections	conservatively	consider	reduction	of	uncertainty	on	hemisphere	correlations	from	≈0.1%	(LEP)	to	≈0.03%		

Improved	measurements	also	for	the	charm	sector:		Rc	



Precisions on normalized partial widths 
Rf =σf/σhad 

Relative	precisions	



W decay Branching Fractions  

41	

23/02/2005
W Leptonic Branching Ratios
ALEPH 10.78 ±  0.29
DELPHI 10.55 ±  0.34
L3 10.78 ±  0.32
OPAL 10.40 ±  0.35

LEP W→eν 10.65 ±  0.17
ALEPH 10.87 ±  0.26
DELPHI 10.65 ±  0.27
L3 10.03 ±  0.31
OPAL 10.61 ±  0.35

LEP W→µν 10.59 ±  0.15
ALEPH 11.25 ±  0.38
DELPHI 11.46 ±  0.43
L3 11.89 ±  0.45
OPAL 11.18 ±  0.48

LEP W→τν 11.44 ±  0.22

LEP W→lν 10.84 ±  0.09
χ2/ndf = 6.3 / 9

χ2/ndf = 15.4 / 11

10 11 12
Br(W→lν) [%]

Winter 2005 - LEP Preliminary

23/02/2005

W Hadronic Branching Ratio

ALEPH 67.13 ±  0.40

DELPHI 67.45 ±  0.48

L3 67.50 ±  0.52

OPAL 67.91 ±  0.61

LEP 67.48 ±  0.28
χ2/ndf = 15.4 / 11

66 68 70

Br(W→hadrons) [%]

Winter 2005 - LEP Preliminary

lepton	universality	test	at	2%	level	
tau		BR		2.8	σ	larger	than	e/µ

è	FCCee		@	4	10-4	level		

quark/lepton	universality	at	0.6%	
è	FCCee		@	10-4	level		

requires	excellent	control	of	lepton	id	
i.e.	cross	contaminations	in	signal	channels		
(e.g.,		τàe,μ	versus	e,μ	channels	)	

8/ab@160GeV	+	5/ab@240GeV		
è  30M+	80M		W-pairs		

è  ΔBR(qq)	(stat)	=[1]	10-4	(rel)	
è  	ΔαS≈(9	π/2)ΔBR≈	2	10-4	

		
è  ΔBR(e/μ/τv)(stat)=[4]10-4	(rel)	

Flavor	tagging	àW	coupling	to	c	&	
b-quarks	(Vcs,	Vcb	CKM	elements	)		



W mass from di-jet invariant mass (standard at LEP) 
Marina	Béguin		

•  Work	in	progress,	started	
with	the	4-quark	channel,	
exploring	resolution	and	
kinematic	fits	(knowledge	
of	beam	energy	crucial	
here,	too	!)	

•  Statistical	uncertainty	at	
the	≈	1	MeV	level	

•  Need	to	investigate	how	
statistics	can	help	in	
reducing	LEP	systematics	
(e.g.	fragmentation,	jet	
mass)	

•  Best	result	will	be	
provided	by	the	lvqq	
channel	(no	color	
reconnection)	

Statistical	uncertainties	with	various	
kinematic	fit	option,	as	a	function	of	the	
centre-of-mass	

Smaller	dijet	mass		
	

Larger	dijet	mass		


