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Evolution	of	the	mass	of	some	fundamental	”bricks”	of	the	SM	with	time

LEP	mZ =	91.1876 ± 0.0021	GeV,	~	17	M	Z	

Sensitivity	to	EW	loops

Sensitivity	to	new	particles

The	SM	complete,	electroweak	sector	over-constrained

The	global	fit	is	one	accurate	test	of	the	internal	
consistency	of	the	SM	to	look	for	New	Physics

exquisite	precision	in	ew measurements	&
theoretical	calculations

Physics	of	the	Z	and	W	Bosons	- Roberto	Tenchini,	Claudio	Verzegnassi

https://arxiv.org/pdf/1803.01853.pdf

UA1
+

UA2

ATLAS	2018,
mW =	80.370	± 0.019	GeV
World	average:
mW =	80.379	± 0.012	GeV

considerable	improvement
since	1983

7/13/19
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Baseline	FCC-ee operation	model	(2	IPs)

Integrated	luminosity	goals	for	Z	&	W	physics
• 150	ab-1 around	the	Z	pole	(~100	at	the	pole)
• 10	ab-1 around	the	WW	threshold
(4	IPs	investigated)

LEP	4	IPs:
• 0.6	fb-1 around	the	the	Z	pole
• 2.4	fb-1 around	the	WW	threshold

Also	important	for	WW	physics!
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EW	Physics	Observables	at	FCC-ee

)
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I- Determination	of	Z	mass	and	width	

Requirements	on	the	detector	are	not	crucial	,	nevertheless:
• the	control	of	the	acceptance	over	√s	is	important
• angular	resolution	<	0.1	mrad

• momentum	resolution	DpT /	pT2	<	4	10-5 GeV-1

Most	critical	systematic	uncertainties:	

• Center-of-mass	energy	and	energy	spread
• Luminosity√s

b

√s- √s+

The	exact	choice	of	the	off-peak	energies	for	
mZ,	GZ is	not	as	crucial	at	FCC-ee*	as	at	LEP	
because	of	the	huge	statistics
But	instead	the	exact	choice	is	crucial	for	aQED(mZ),	
which	is	driving	the	choice	of:
√s- =	88	GeV	&	√s+ =	94	GeV	(slide	13)

√s0 *	nevertheless	± 1		GeV	(LEP)	sub-optimal	for	GZ
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Beam	energies	and	crossing	angle

Beam	crossing	angle	(a = 30 mrad)	,	energy	spread	(90	MeV)	can	be	measured	with
e+ e- ->	µ+ µ- events	copiously	produced	at	all	energies.												DGZ	≈	25	keV
From	E-p	conservation:

Beams	are	transversely	polarized	below	165	GeV	(Sokolov-Ternov effect)	
and	their	energies	are	continuously	measured		with	resonant	depolarization on	single	
non-colliding	bunches
Around	the	Z	pole D√s	≈	100	keV is	achievable															DmZ ≈	100	keV

γ
Longitudinal Boost, x

5− 4− 3− 2− 1− 0 1 2 3 4 5
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 = 0.1 mradφ,θσ

With ISR
 0.1%±Asymmetry = 

One million dimuon eventssq,f ~	100	µrad

~	5	mins
0.3	µrad

~	5	mins
0.1%

(FCC-ee Polarization and Center-of-mass Energy Calibration)
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Measurement	of	luminosity

The	reference		process	is	small	angle	Bhabha scattering
Realistic	goal	for	theoretical	uncertainty	from	higher	order	for	low	angle	Bhabha is	0.01%*

(Blondel,	Jadach &	al.,	arXiv:1812.01004)	– already	at	mid-road	:	0.04	%

Target	DLabs ≈	0.0001,				DL ≈	5	10-5	point-to-point
reduction	factor	8	in	uncertainty	on	number	of	light	neutrino	families,	Nn

*  (DNn =	0.001)

accuracy of	≈	1	µm	required	on	luminometer internal	radius

clever	acceptance	algorithms	(a	la	lep),	independent	from	beam	spot	position	
should	be	extended	to	beams	with	crossing	angle.

**	Measurement	of	Nn with	similar	precision	provided	by	Zg ,	Z	->	nn (above	the	Z)
Systematics	on	g selection,	luminosity,	etc cancel	in	the	ratio

* 0.01%		uncertainty also	reachable	with	1.4	ab-1 e+e- ->	gg,	theory	uncertainty	already	at	this		level
control	of	large	angle	Bhabha contamination
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II- Partial	widths	ratios

Rl =	Gl /	Ghad =	sl /	shad is	a	robust	measurement,	necessary	input	for	
a	precise	measurement	of	lepton	couplings and	(as(mZ))

Exploiting	FCC-ee potential	requires	an	accurate	control	of	acceptance,	particularly	for	leptons
• acceptance	uncertainties,	subdominant	at	LEP,	need	factor	5	reduction	to	match	

5.10-5	goal	on	Rl
*

*	corresponds	to	0.00015	absolute	uncertainty	on	as(mZ
2)

• knowledge	of	boundaries,	mechanical	precisions,	can	be	reached	by	exploiting	40	years	of	
improvements	in	technology

• fiducial	acceptance	is	asymmetric	at	FCC-ee :	
30	mrad X-angle	causing	a	boost	in	transverse	direction,
which	can	be	measured	event	by	event	for	e+e-,	µ+µ-
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Z	->	bb
Measurement	of	b-tagging	efficiency		(eb ) &	Rb with	double	tagging
fraction	of	single	tag:			F1 =	Rb (eb-euds)	+	Rc (ec-euds)	+	euds Rb =	CbF12 /	F2

fraction	of	double	tag:	F2 =	Rb (Cbe2b-e2uds)	+	Rc (e2c-e2uds)	+	e2uds eb =	F2 /	CbF1

LHC	detectors	and	current	taggers	can	reach	3	x	LEP	b-tagging	efficiency	at	same	c	and	uds suppression	
in	a	harsher	environment												sizeable	improvement	expected	at	FCC-ee
• statistical	uncertainty	from	double	tag	sample
• systematic	uncertainty	from	hemisphere	correlations	becomes	dominating

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

Other	sources	such	as	gluon	splitting	and	nasty	sources	of	correlations	can	be	studied		with	data	@LHC
(e.g.	momentum	correlations,	which	can	be	suppressed	by	keeping	b-tagging	efficiency	flat	in	momentum)

Improved	measurement	also	in	the	charm	sector

Z	decays	to	individual	quark	flavours	can	be	selected	when	the	decay	products	can	be	
efficiently	tagged.	
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Expected	precision	on	normalized	partial	widths

Rf =	sf /	shad

relative	precisions

FCC-CDR	presentation	– R.	Tenchini
https://indico.cern.ch/event/789349/
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III- Asymmetries,	t polarization,	couplings	and	sin2qeff
Forward-backward	asymmetry:			AFB

ff =	sF
ff	−	sB

ff

sF
ff	+	sB

ff	 unpolarized e	beams

at	the	Z	pole	AFB,	0
ff	≈	¾		Ae Af with	Af =	

2gVf	gAf
(gVf	)2	+	(gAf)2 =	

2gVf
	/	
gAf

1	+	(gVf
	/	
gAf	)2 ,			sin

2qeff ≡	
𝟏
𝟒
(𝟏 − gVe

gAe
)

AFB,	0
µµ ≈ (1 - 4 sin2qeff)2 Dsin2qeff ≈	5	10-6 (at	least)	

uncertainty	driven	by	knowledge	of	√s	(point	to	point	energy	uncertainties)
• assumes	muon-electron	universality

Tau	polarization	can	reach	similar	precision	without	universality	assumption
(rather	measures	e-t universality) Apol =	 sF,R	+	

sB,R	–	sF,L	–	sB,L
stot

= −	At	

Pt (cosq)	=
Apol	(1+cos2q)	+	8/3	AFBpol	cosq

(1+cos2q)	+	8/3	AFB	cosq AFB
pol =	 sF,R–	sB,R	–	sF,L	+	sB,L

stot
= −	3/4Ae	

it	measures	Ae &	At	,	which	used	as	input	to	AFB,	0
µµ e, µ, t couplings	separately

(together	with	Ge,	Gµ,	Gt)
• huge	statistics														improved	knowledge	of	t parameters	(Br,	decay	modeling)
• use	best	decay	channel,	e.g.	t ->	rn (very	clean)														detector	performance	for	g /	p0 mandatory

Dsin2qeff ≈	6	10-6

AFB,	0
bb, AFB,	0

cc provide	input	to	quark	couplings
(together	with	Gb,	Gc)	
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Expected	precision	on	coupling	ratio	factors

Af

relative	precisions	but	for	sin2qeff

Expected	precision	on	vector	and	axial	neutral	couplings

1-2	orders	of	magnitudes	improvement	w.r.t LEP,	depending	on	the	fermion
(still	need		to	explore	the	potential	for	the	measurement	of	the	s	quark	coupling)

FCC-CDR	presentation	– R.	Tenchini
https://indico.cern.ch/event/789349/
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IV- e.m coupling:	direct	measurement	of	aQED(mZ
2)

AFB
µµ =	NF

µµ	−	NB
µµ

NF
µµ+	NB

µµ ≈ AFB,	0
µµ + aQED(s	)	

s−mZ2
2s f(sin2qeff)	 DaQED /	aQED ≈	DAFB

µµ /	AFB
µµ

DAFB
µµ / AFB

µ (s-) < 0 
& DAFB

µµ / AFB
µµ (s+) > 0

large		cancellation	of	
systematic	uncertainties

when.																														com																		combining	measurements	
below	and	above	Z	peak

Z	exchange	dominant																																																																					s(a)/a for	1	year	of	running	at	any	√s
no	sensitivity	to	aQED

for	3	10-5 relative	
uncertainty
on	aQED:
√s- =	87.9	GeV

work	on	EWK	theoretical √s+ =	94.3	GeV
corrections	required
to	reach	3	10-5

(Patrick	Janot,	
JHEP	(2016)	53
arXiv:1512.05544

Now	aQED(M2
Z)	from	the	running	of	a           Da/a =	1.1	10-4
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V- W	mass	and	width (Paolo	Azzurri,Marina Béguin,	E.L.)

from	WW	cross-section from	WW	direct	reconstruction

fu
lly
	h
ad

ro
ni
c

se
m
i-l
ep

to
ni
c

@	√s1 =	157.1	GeV,	√s2 =	162.3	GeV,	f	=	0.4
DMW =	0.62	MeV	(210	MeV	@	LEP2)
DGW =	1.5	MeV
Systematics	control	to:

• DEB <	0.35	MeV	(4	10-6)
• De/e,	DL/L	<	2	10-4

• DsB <	0.7	fb	(2	10-3)

L from	Bhabha (requirement	similar	to	Z	pole)

More	in	Marina’s	talk

Stat.helps in	reducing	LEP	syst.(fragmentation,	jet	mass…)

D
M

W
	<
	1
	M

eV

• D√s ≈	300	keV@	162.6	GeV
• Need	to	use	Zg &	ZZ	events	to	control	√s at	√s	>	200	GeV	(no	resonant	depolarization)

or/and	measure	mW@	threshold	to	determine	√s	above	threshold
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VI- W	decay	Branching	Fractions

excellent	control	of	jet	reconstruction	and	lepton	id	are	needed
to	control	cross-contaminations	in	signal	channel	(t ->	e,µ n)

assuming	CKM	unitarity
DBrqq/Brqq =	10-4

Das ≈	9p/2	DBrqq ≈ 0.0002

with	Brqq &	as (ind.)	precisely	measured
CKM	unitarity tested	at	10-4	level

Flavour tagging	of	jets
W	coupling	to	b	&	c	quarks	
(Vcb,	Vcs)

Brtn >	Bren,	Brµn (2.8	s) @FCC-ee,	
lepton	universality	test	at	4	10-4 level

Also	rare	W	decays	can	be	probed
at	the	level	of	10-7 probability

(“FCC-ee Physics,	
Experiments	and	Detectors”,
coming	soon)
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VII- Probing	the	TGCs	at	high	precision (Jiayin Gu)

@	LEP2,TGCs	constrained	at	few	%	level	
@FCC-ee,	di-boson	process	will	be	measured

@	161,	240,	350,	365	GeV	with	much	higher	L

LSM LEFT =	LSM +	∑ ci
L2𝑂𝑖�
,

Focus	on	CP-even	dimension	6	operators
LTGC =	f	(dg1Z,	dkZ,	dkg,	lZ,	lg)
gauge	invariance	 dkZ =	dg1Z - tan2(qW) dkg , lZ =	lg

BSM

In	the	semi-leptonic channel:

prod.	polar	angle

W+	decay	angles

W- decay	angles

Differential	s =	f	(5	angles)

(also	QGCs	WWgg,	WWZg possible)

very	important	implications
on	BSM	physics

if	ci ≈	1,	
TGCs	sensitive
to	Multi-TeV
energy	scale
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Conclusions

FCC-ee has	a	considerable	physics	potential:	
With 5 1012 Z around the Z pole and 108 WW at and above the W-pair production threshold
a large number of electroweak observables (only a sample of them in this talk!) will be
measured with unprecedented statistical precision (1 to 2 order of magnitude w.r.t.
present measurements). Large statistics also impacts systematic uncertainties: theory
(parametric uncertainties) & detector (data-based studies, trading with statistics)!

In order to fully exploit this potential,
the systematic uncertainty must match the statistical uncertainty
• The beam energy calibration is the dominant source of systematic uncertainty for a

number of observables
DECM ≈ 100 keV @ the Z, 300 keV @ the WW threshold
other effects (beam energy spread and asymmetry, etc..) under control at required level

• Luminosity uncertainty critical for all measurements related to the Z cross-section
absolute accuracy ≈ 10-4 , relative (point to point) ≈ 10-5
requires precision of construction and metrology at the level of 1µm (internal radius)

• Also required: control of acceptance, lepton id, good g/p0 separation (granularity),
flavour-tagging
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Conclusions

A lot of interesting and challenging work both
• for experimentalists (new strategies & solutions). A unique opportunity to develop

creativity and skills in detection techniques, analysis!
• for theorists (higher orders calculations; on the good track to match experimental

uncertainties)

For more informations:
• CDR (mainly Vol.2)
• “Your Questions answered” arXiv:1906.02693
• FCC-ee Polarization and Center-of-mass Energy Calibration (soon out)
• talks @ FCC-week 2019
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W	&	Z
Observables

from
CDR- Vol	1

25

1-2
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2	or	4	Interaction	Points?
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FCC-ee can	be	built,	with	even	better	performance	than	originally	thought
&	parameters	much	more	robust
All	technologies	at	hand

FCC-ee can	be	built	with	the	proposed	luminosities	now!
as	included	in	an	integrated	FCC	programme

FCC-ee design	builds	up	on	50	years	of	experience	with	circular	e+e- colliders:
• LEP (beam	energy	calibration)
• SLC (strong	e+e- sources)
• VEPP-4 (precise	beam	energy	calibration)
• KEKB		&	PEP-II	B	factories,	BEPC-II	(separate	bins	for	e- and	e+	)							

larger	number	of	bunches,	continuous	injection,	mitigation	of	e-cloud	effects,	
highest	stored	e	current,	crossing	angle

• DA𝚽NE (crab-waist	optics)
• Super	B	factories	(strong	focusing)

recent,	novel	ingredients	to	reach	extremely	high	luminosities	at	high	energies



FCC integrated project technical schedule

• FCC	integrated	project	plan	is	fully	integrated	with	HL-LHC	exploitation	
• provides	for	seamless	further	continuation	of	HEP	in	Europe.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 34 35 36 37 38 39 40 41 42 43
15 years operation

Project preparation &
administrative processes

Funding & governance strategy

Geological investigations, 
infrastructure detailed design and 

tendering preparation

Tunnel, site and technical infrastructure 
construction

FCC-ee accelerator R&D and technical design

FCC-ee detector
construction, installation, commissioning

FCC-ee detector 
technical design,

collaborations

Permis-
sions

Detector R&D and
concept development

FCC-ee accelerator construction, 
installation, commissioning

FCC-hh detector
construction, installation, 

commissioning

FCC-hh detector 
R&D,

technical design

Update
Permission,

Funding

FCC-hh accelerator construction, 
installation, commissioning

FCC-ee dismantling, CE 
& infrastructure 

adaptations FCC-hh

~ 25 years operation

FCC-hh accelerator 
R&D and technical 

design

SC wire and HFM magnet R&D, model magnets, 
prototypes, preseries

HFM dipole magnet
series productionSuperconducting wire and high-field magnet R&D 

70

LS4LHC run 3 LS 3 LHC run 4 LS5LHC run 5 LHC run 6
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Circular	vs	Linear	e+e- colliders

Circular Linear

• Considerable	amount	of	experience

• design luminosities	are	conservative	
estimates	(always	exceeded	by	factors	2	to	4)

• Required	positron	production	rates	lower	
than	those	routinely	achieved	@ SLC	and	
those	expected.

• Low-emittance	e-beams	stored	&	
maintained	in	storage	rings	for	decades

• Extensive	simulations	and	paper	studies,	
but	limited	operational	experience

• SLC	reached	half	of	design	peak	
luminosity	after 10	years

• Larger than	expected	spot	sizes	@	SLC,	
FFTB,	ATF2	(not	entirely	understood).

• Required	positron	rates	exceed	present	
world	record	(factors	20	to	40).
new	scheme	of	high	energy	g conversion
@ILC	->	issues	of	radiation	&	cooling.

• Extraction	of	low-emittance	beam	from	a	
storage	ring	is	needed	(not	standard	mode)
->	emittance	increase

Circular	collider	technology	is	reliable	and	relatively	low-risk
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To	polarize	or	not	to	polarize?	(longitudinally)

• Transverse	polarization	enables	accurate	beam	energy	calibration	with	resonant	
depolarization	(unique	to	circular	colliders!)

The	precision	could	be	affected	by	longitudinal	polarization	

• Longitudinal	polarization	would	lead	to	a	loss	of	luminosity	(factor	50)
• For	Z,	W,	t	(produced	and	decaying	via	parity	violating	weak	interactions),	longitudinal

polarization	brings	no	information	that	could	not	be	obtained	otherwise
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Costs

Operation	costs
• 27	TWh for	14	years	of	FCC-ee research	program	->	1.9	TWh/year	

(1.2	for	CERN	today,	1.4	for	HL-LHC))

Price	of	the	FCC-ee Higgs	Boson	=	255	euros	(<<	CLIC	&	ILC	)

Construction	costs
• 4				GCHF FCC-ee collider	&	injector
• 17		GCHF FCC-hh collider	&	injector	(9.4	GCHF	for	the	magnets)
• 7.6	GCHF FCC-ee common	civil	engineering	&	technical	infrastructure
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Detectors	&	Beam	Background

L@	FCC-ee >	106 x	L@	LEP	(Z	pole)	
but	
• spread	over	a	large	number	of	bunches	(16,640	vs	4)	->	similar	bunch	intensities
• asymmetric	design	of	IP	->	similar	synchrotron	radiation	->	negligible	related	background	

Detailed	simulations
e.g vertex	detector	occupancy	<	10-5 @	Z	pole,	a	few	10-4 @365GeV
• negligible	background
• detectors	satisfying	the	requirements	are	feasible	
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Beam	polarization	&	Resonant	depolarization
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Beam	polarization	&	Resonant	depolarization

The	spin	precession	(fsp)	frequency	is	
determined by	resonant	depolarization

Resonant depolarization is produced
by exciting the beam with an oscillating
magnetic field generated by a vertical
kicker magnet (field in the horizontal plane)

If the frequency of the resulting spin kick is
in phase with the spin precession,
a resonance condition occurs. The electron
spins are coherently swept away from the
vertical direction, and polarization disappears

fsp =	n frev


