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OperaFon	model	assumed	for	CDR		
•  150	ab-1 around	the	Z	pole		
•  25	ab-1	off	peak		(≈	88	and	94	GeV)		
•  100	ab-1	at	peak	(≈	91	GeV)	
•  five-six	orders	of	magnitude	compared	to	total	LEP	int	lumi		
•  à	precision	typically	driven	by	systemaFcs	

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

total	luminosity	(2	IPs)/	yr	 physics	goal	 run	Fme	
[years]	

Z	first	2	years	 100	 26	ab-1/year	 150	ab-1	 4	

Z	later		 200	 52	ab-1/year	

W	 32	 8.3	ab-1/year	 10	ab-1	 1	

H	 7.0	 1.8	ab-1/year	 5	ab-1	 3	

top	(350	GeV)	 0.8	 0.2	ab-1/year	 0.2	ab-1	 1	

top	later	(365	GeV)	 1.5	 0.38	ab-1/year	 1.5	ab-1	 4	



EW	Physics	observables	at	TeraZ	

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

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

Z),	lepton	couplings)	
•  peak	cross	secFon	(invisible	width,	Nν	)	
•  AFB(µµ)	(sin2θeff	,	 αQED(mZ

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

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



DeterminaFon	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	anF-

correlated	uncertainty	has	a	
similar	impact	(≈	100	KeV)	on	ΓZ	

	

at	FCC-ee	conFnuous	ECM	calibraFon	(resonant	
depolarizaFon)	gives	∆	ECM	≈	10	KeV	(stat)	+	100	KeV	(syst)		

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

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

Next	talk:	Alain		



Lineshape:	radiator,	γ-Z	interference	
•  The lineshape is highly 

asymmetric (ISR), radiator 
function  H(s’,s) used for de-
convolution know at leading 
O(α3) equivalent to ≈ 100 KeV 
on mass and width (need higher 
orders). 

•  At LEP1 model independent fit 
(S-matrix) employed data 
collected at Venus (60 GeV) or 
LEP2  

 

A	measurement	of	the	γ-Z	interference	term	for	100	keV	
precision	for	mZ,	ΓZ	requires	100	n-1	collected	at	CM	energy	
of		≈60	GeV		...	or	use	the	160	GeV	run	!	



ΓZ	and	beam	energy	spread	

•  The	beam	energy	spread	affects	the	lineshape	
changing	the	cross	secFon	by	

•  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	systemaFc	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	
scaqering	angles	of	µ+µ-	events	



Control	of	energy	spread	with	µ+µ-	
•  FCC-ee:	Asymmetric	opFcs	with	

beam	crossing	angle	α	of	30	mrad	
•  α	is	measured	in	e+e-àµ+µ-(γ) 	

	
together	with	γ	(ISR)	energy,	both	
distribuFons	sensiFve	to	energy	spread.	
•  Energy	spread	measured	at	0.1%	

with	106	muons	(20	s	at	FCC-ee)	
•  Current	calculaFons	of	ISR	emission	

spectrum	sufficient	
•  Detector	requirement	on	muon	

angular	resoluFon	0.1	mrad	
	

Patrick	Janot	

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



ParFal	widths	raFo	(Rl)		

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

Z))	
•  ExploiFng	FCC-ee	potenFal	requires	an	accurate	control	of	

acceptance,	parFcularly	for	the	leptons	
•  acceptance	uncertainFes	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	selecFons	(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	direcFon	βx	=	tg(α/2)	≈	0.015,	
however	can	measure	φ*	and	cos(θ*)	event	by	event	for	dileptons	!	



Measurement	of	luminosity	and	σhad		

•  Goal	on	theoreFcal	uncertainty	from	higher	order	for	
low	angle	Bhabha	is	0.01%,	corresponding	to	a	
reducFon	of	a	factor	8	in	uncertainty	on	number	of	
light	neutrino	families	

•  To	match	this	goal	an	accuracy	on	detector	
construcFon	and	boundaries	of	≈	2	µm	is	required	
–  clever	acceptance	algorithms,	a	la	LEP,	with	independence	
on	beam	spot	posiFon	should	be	extended	to	beam	with	
crossing	angle	

•  Can	potenFally	reach	an	uncertainty	of	0.01%	also	with							
e+e-àγγ , staFsFcally	1.4	ab-1	are	required.	



Strategy	for	asymmetries,	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	polarizaFon	can	reach	similar	precision	without	
universality	assumpFon	
–  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	Re,	Rµ,	Rτ)	

•  	Quark	couplings	AFB
bb,	AFB

cc	provide	input	to	quark	
couplings	together	with	Rb,	Rc	



tau polarization 

•  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

ProjecFon	for	FCC-ee	takes	into	
account	very	high	staFsFcs	and	
improved	knowledge	of	tau	
branching	fracFon	and	tau	decay	
modeling:	
measure	sin2θeff	with	6.6	10-6	
precision		



AFB
bb  : from LEP to TLEP (FCC-ee) 

0.00002	
Most	of	this	depends	on	stat.	

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

LEP	combinaFon	dominated	by	staFsFcs,	projecFon	on	FCC-ee	consider	conservaFve	
reducFon	of	various	uncertainty	components	

Simple	method	to	reduce	
QCD	correcFons	for	lepton	
analysis:	raise	cut	un	lepton	
momentum,	as	staFsFcs	is	
no	longer	dominant	



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

• 	staFsFcal	uncertainty	coming	from	double	
tag	sample		
• 	systemaFc	uncertainty	from	hemisphere	
correlaFons	becomes	dominaFng	

	

Efficient	and	pure	secondary	vertex	finding	
will	be	important	to	study	gluon	spliwng	
and	nasty	sources	of	correlaFons	(e.g.	
momentum	correlaFons)	à	keep	b-tag	
efficiency	flat	in	momentum	

FCC-ee	projecFons	conservaFvely	consider	reducFon	of	uncertainty	on	hemisphere	
correlaFons	from	≈0.1%	(LEP)	to	≈0.03%		



Precisions	on	normalized	parFal	widths	
Rf	=σf/σhad	

RelaFve	precisions	



Precisions	on	coupling	raFo	factors,	Af	
		

RelaFve	precisions,	but	for	sin2θeff	



Precisions	on	vector	and	axial	neutral	
couplings	from	Rf,	Af	

RelaFve	precisions	

Improvements	1	–	2	orders	of	magnitudes	with	respect	to	LEP,	
depending	on	the	fermion	



Currently	wriFng	the	CDR	...	
...	to	decribe	the	great	potenFal	of	

FCC-ee	at	the	Z	pole	...	



BACKUP	
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+µAt	LEP	hadronic	contribuFons	to	the	vacuum	
polarizaFon	as	external	input	(dispersion	relaFons+	
lower	energy	experiments)	∆rel	≈	10-4		

FCC-ee:	direct	measurement	with	beqer	precision	
	
	

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

The variation of Aµµ
FB as a function of the centre-of-mass energy, as obtained from

Eq. 2.10, is shown in Fig. 3. In the above expressions, the photon-exchange term is totally
symmetric, hence is absent from the numerator. Because v4/a4 ' 3⇥10

�5, the Z-exchange
term contribution to the asymmetry is minute, except at the Z pole where the interference
term vanishes and the asymmetry is small: Aµµ

FB,0 = (3/4) ⇥ 4v2a2/(a2 + v2)2 ' 0.016.
The interference term, on the other hand, is almost 100% anti-symmetric and contributes
mostly to the numerator. (The contribution of the interference term to the denominator,
i.e., to the total cross section, can be neglected as shown in Fig. 2.)
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Figure 3. The muon forward-backward asymmetry in e

+
e

� ! µ+µ� as a function of the centre-
of-mass energy.

The off-peak muon forward-backward asymmetry can therefore be expressed as follows:

Aµµ
FB = Aµµ

FB,0 +
3

4

a2

v2

I
G + Z . (2.11)

At a given
p
s, a small variation �↵ of the electromagnetic coupling constant translates to

a variation �Aµµ
FB of the muon forward-backward asymmetry:

�Aµµ
FB =

�↵

↵
⇥ 3

4

a2

v2

I(Z � G)
(G + Z)

2
=

⇣
Aµµ

FB �Aµµ
FB,0

⌘
⇥ Z � G

Z + G ⇥ �↵

↵
. (2.12)

In first approximation, the asymmetry is therefore not sensitive to ↵QED when the Z-
and photon-exchange terms are equal, i.e., at

p
s = 78 and 112GeV (Fig. 2), where the

– 6 –

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

5 Conclusions and outlook

In this paper, it has been shown that the measurement of the muon forward-backward
asymmetry at the FCC-ee, with six months of data taking just below (

p
s = 87.9GeV) and

just above (
p
s = 94.3GeV) the Z peak, as part of the Z resonance scan, would open the

opportunity of a direct measurement of the electromagnetic constant ↵QED(m
2
Z), with a

relative statistical uncertainty of the order of 3⇥ 10

�5.
A comprehensive list of sources for experimental, parametric, theoretical systematic

uncertainties has been examined. Most of these uncertainties have been shown to be under
control at the level of 10

�5 or below, as summarized in Table 1. A significant fraction
of those benefits from a delicate cancellation between the two asymmetry measurements.
The knowledge of the beam energy, both on- and off-peak, turns out to be the dominant
contribution, albeit still well below the targeted statistical power of the method.

Type Source Uncertainty
Ebeam calibration 1⇥ 10

�5

Ebeam spread < 10

�7

Experimental Acceptance and efficiency negl.
Charge inversion negl.
Backgrounds negl.
mZ and �Z 1⇥ 10

�6

Parametric sin

2 ✓W 5⇥ 10

�6

GF 5⇥ 10

�7

QED (ISR, FSR, IFI) < 10

�6

Theoretical Missing EW higher orders few 10

�4

New physics in the running 0.0

Total Systematics 1.2⇥ 10

�5

(except missing EW higher orders) Statistics 3⇥ 10

�5

Table 1. Summary of relative statistical, experimental, parametric and theoretical uncertainties to
the direct determination of the electromagnetic coupling constant at the FCC-ee, with a one-year
running period equally shared between centre-of-mass energies of 87.9 and 94.3GeV, corresponding
to an integrated luminosity of 85 ab�1.

The fantastic integrated luminosity and the unique beam-energy determination are the
key breakthrough advantages of the FCC-ee in the perspective of a precise determination of
the electromagnetic coupling constant. Today, the only obstacle towards this measurement
– beside the construction of the collider and the delivery of the target luminosities – stems
from the lack of higher orders in the determination of the electroweak corrections to the
forward-backward asymmetry prediction in the standard model. With the full one-loop
calculation presently available for these corrections, a relative uncertainty on Aµµ

FB of the
order of a few 10

�4 is estimated. An improvement deemed adequate to match the FCC-ee
experimental precision might require a calculation beyond two loops, which may be beyond

– 20 –

Work	on	
EWK	
theoreFcal	
correcFons	
required	to	
reach	≈	3	10-5	
		


