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e+e- Z pole pgme 
—Overview—

(‘WHY?’ and ‘HOW?’)

ECFA HTE meeting on Z pole physics 
Sept. 23, 2022

Indirect limit to MH 

Cargese$2012$ Chiara$Mario4,$INFN$Torino$&$CERN$25$

mH = 94 GeV + 29 
-24 

Chiara Mariotti 
Cargese August 2012   

Across the TeV frontier with LHC 

The search  
of the  

SM Higgs Boson  
at LHC 

PLB$cover$

1$

A possible future

5
3 

Future Circular Collider Study 
Michael Benedikt 
CERN – Scientific Policy Committee 9th December 2013 

15 T ⇒ 100 TeV in 100 km 
20 T ⇒ 100 TeV in 80 km 

•  80-100 km tunnel infrastructure in Geneva area 
•  design driven by pp-collider requirements  
•  with possibility of e+-e- (TLEP) and p-e (VLHeC) 
•  CERN-hosted study performed in international collaboration 

 

 

FCC Study (Future Circular Colliders) 
CDR and cost review for the next ESU (2018) 

1992-19991964

20402020

2010 2012
Future Circular Collider (FCC): Feasibility Study

16.05.2022 J. Mnich | LHCP 2022 13

European Strategy for Particle Physics:
� An electron-positron Higgs factory is the highest-priority

next collider. For the longer term, the European particle 
physics community has the ambition to operate a proton-
proton collider at the highest achievable energy. 

� ³(XURSH��WRJHWKHU�ZLWK�LWV�LQWHUQDWLRQDO�SDUWQHUV��VKRXOG�
investigate the technical and financial feasibility of a future 
hadron collider at CERN with a centre-of-mass energy of at 
least 100 TeV and with an electron-positron Higgs and 
electroweak factory as a possible first stage. 

� Such a feasibility study of the colliders and related 
infrastructure should be established as a global endeavour 
and be completed on the timescale of the next Strategy 
update�´

CERN has launched the FCC feasibility study to address 
these recommendations

mailto:christophe.grojean@desy.ch
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LHC: driving cultural change forward
Absence (so far) of new physics where it was expected (TeV)  

& 
progresses in string theory/quantum gravity (swampland, no global symmetries) 

question our description of Nature in terms of effective quantum field theories 
(non-locality, IR/UV correlation)

cosmological naturalness power counting

⇠
✓
µ2M2

⇤

⇤2q

H

◆2

⇥ (gH⇤H)4(2q�1)�2·2q

(16⇡2)2q�1

Figure 4.27: Schematic diagram giving loop corrections to the potential V� from two insertions
of VH�. The scalar � is denoted by a continuous line, the 2q Higgs propagators by dashed lines.

for QCD (note that f⇡ depends on hhi). A similar result holds for BSM gauge groups whose
quarks get part of their mass from the Higgs. 2) �nH1H2 [153]:

ṽ2q�jhhij = sin 2�

2
hhi2 (4.180)

and 3) �n|H|2 [285,319,369]: ṽ2q�jhhij = hhi2.
To select the weak scale, we need the Higgs-induced part of the potential VhHi� to be com-

parable to the Higgs-independent part V� when hhi ' v, as sketched in Fig. 4.26. Alternatively,
if the mechanism involves, for instance, stopping a slow-rolling scalar, we want the first deriva-
tives with respect to � to be comparable [118]. With our parametrization of the potential these
two conditions lead parametrically to the same result

m2

�

µ2
' ṽ2q�jvj

⇤2q

H

. v2q

⇤2q

H

. (4.181)

This shows that the separation between the weak scale and the Higgs cuto↵ is given by an
approximate symmetry on � that protects its mass and potential. Furthermore, it gives a
smoking-gun signature for these models. If we measure the � mass, its coupling to the SM µ
and the Higgs cuto↵ ⇤H , we can test Eq. (4.181).

We can go even further and obtain an upper bound on m� that depends only on the cuto↵
scales M⇤, ⇤H , by noticing that µ2 has two upper bounds. One is determined by experiment,
since µ2 sets the strength of � interactions with the SM. The other one comes from quantum
corrections, since integrating out the SM beyond tree-level can generate contributions to V�,
but to select the weak scale V� cannot be too large (i.e. it has to be comparable to the tree-level
Higgs-induced potential VhHi� when hhi ' v). We now use these constraints to derive upper
bounds on m� for three di↵erent types of couplings of � to the SM.

The simplest example is given by the �|H|2 coupling. Let us first consider the impact of
quantum corrections on µ. In this case the leading contribution to V� is from a single insertion
of VH�,

VH� = µ2M⇤ �
|H|2
⇤2

H

. (4.182)

By closing the Higgs loop we see that (barring fine-tuning) m2

�
& g2

H
µ2/16⇡2, with gH being a

coupling in the Higgs sector. This takes into account that Higgs loop integrals are cut o↵ by a
mass scale gH⇤H (and not a vev ⇤H). Eq. (4.181) supplemented by this condition on µ shows
that a cosmological selection mechanism with the trilinear coupling �|H|2 can solve only the
little hierarchy problem

gHµ . 4⇡m� ! gH⇤H . 4⇡v . (4.183)

128

mass of the  
cosmological mediator

its coupling to SM Higgs cutoff

EW scale

q = integer defines the BSM model

IR parameters are functions of some fields whose value vary during the cosmological history or 
throughout a complex vacuum structure 

Ingredient	1:
Some	parameters	of	the	microscopic	theory	are	promoted	
to	functions	of	one	or	more	scalar	fields.

! ⟶							!(")

Axion:

Cosmological	constant:			Abbott,	Brown-Teitelboim,	etc.

Higgs	mass:			relaxion,	etc.

⟶	a

Ingredient	1:
Some	parameters	of	the	microscopic	theory	are	promoted	
to	functions	of	one	or	more	scalar	fields.

! ⟶							!(")

Axion:

Cosmological	constant:			Abbott,	Brown-Teitelboim,	etc.

Higgs	mass:			relaxion,	etc.

⟶	a

µ|H|2 ! g⇤�|H|2

“Weak Scale Triggers”
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LHC: driving cultural change forward
Absence (so far) of new physics where it was expected (TeV)  

& 
progresses in string theory/quantum gravity (swampland, no global symmetries) 

question our description of Nature in terms of effective quantum field theories 
(non-locality, IR/UV correlation)

“Intensity frontier” is not only about precise measurements but 
it could reveal light and weakly coupled structures as solution to the main open HEP questions. 

This makes FCC-ee valuable on its own and not only through the synergy with FCC-hh.

IR parameters are functions of some fields whose value vary during the cosmological history or 
throughout a complex vacuum structure 
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Some	parameters	of	the	microscopic	theory	are	promoted	
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“Weak Scale Triggers”
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The precise values of the Higgs couplings control the structure of matter/Universe

2

   mW, mZ  ↔ Higgs couplings

lifetime of stars
(why tSun~ tlife evolution?)

✓
nuclei stabilitysize of atoms

?
   me, mu, md  ↔ Higgs couplings

?
       matter/anti-matter ↔ CPV in Higgs sector

?
EW @ t~10-10s ↔ Higgs self-coupling

Why More Precision?

Indirect sensitivity to New Physics (see quantitative concrete examples later)1

c

⇤2
< �

LEP 
(106 Z)

FCC-ee 
(1012 Z)

c

⇤2
< 10�3� i.e. improve bounds by 

a factor 1000 on c

a factor 30 on  Λ

stat. dominated

observables
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Why More Precision?

Effective Field Theory

(can be easily seen by counting powers of             )

= field operators of dimension-D

Expansion in physical scale of new physics      :

Wilson coefficients: number of fields in 
independently of D 

Cohen,Kaplan,Nelson’97; Luty’97 
Giudice,Grojean,Pomarol,Rattazzi,’07

Motivation for precision tests:
Organisation

Why EFT?

Self-Consistency Check

SM test ➙ New Physics Search
e.g. E/Λ  expansion = hierarchy between departures from SM

Perturbativity (E/⇤, coupling ⇥ v/⇤) ⌧ 1

relevant experiment energy

Under what conditions does it faithfully describe some BSM at low-energy?
When is it justified to truncate the EFT expansion at dimension-6? Exceptions?

Operator Naive (maximal) Symmetry/Selection Rule

scaling with g⇤ and corresponding suppression

Oy = |H|
2 ̄LH R g3⇤ Chiral: yf/g⇤

OT = (1/2)

✓
H†

$
DµH

◆2

g2⇤ Custodial: (g0/g⇤)2, y2t /16⇡
2

OGG = |H|
2Ga

µ⌫G
aµ⌫

OBB = |H|
2Bµ⌫Bµ⌫

g2⇤

Shift symmetry: (yt/g⇤)2

Elementary Vectors: (gs/g⇤)2 (for OGG)

(g0/g⇤)2 (for OBB)

Minimal Coupling: g2⇤/16⇡
2

O6 = |H|
6 g4⇤ Shift symmetry: �/g2⇤

OH = (1/2)(@µ|H|
2
)
2 g2⇤ Coset Curvature: ✏c

OB = (i/2)

✓
H†

$
DµH

◆
@⌫Bµ⌫

g⇤
Elementary Vectors: g0/g⇤ (for OB)

g/g⇤ (for OW )

OW = (i/2)

✓
H†�a

$
DµH

◆
@⌫W a

µ⌫

OHB = (i/2)
�
DµH†D⌫H

�
Bµ⌫

OHW = (i/2)
�
DµH†�aD⌫H

�
W a

µ⌫

g⇤

Elementary Vectors: g0/g⇤ (for OHB)

g/g⇤ (for OHW )

Minimal Coupling: g2⇤/16⇡
2

Table 1: Some operators relevant for Higgs physics and the impact of approximate symmetries

on the estimated size of their coe�cient [6]. The coe�cient ✏c parametrizes the possibility that

the Higgs doublet originates as a PNGB from the flat coset ISO(4)/SO(4) [36] (see also [37]).

A suppression gV /g⇤ for every field strength (referred to as Elementary Vectors in the table),

applies to all models where the transverse components of gauge bosons are elementary. See

Ref. [36] for a construction where transverse gauge bosons are composite and have strong

dipole interactions.

These inequalities determine the region of the plane (⇤, g⇤) which is excluded consistently with

the EFT expansion for a given . This is a conservative bound, since it is obtained by using

only a subset of the events (e↵ectively only those with relevant energy up to Mcut = ⇤). It

is thus less stringent than the bound one would obtain in the full theory with the full dataset,

but it is by construction consistent with the EFT expansion. Compared to the constraint

implied by the full theory with the same reduced dataset, that of Eq. (2.2) has an error of

order 2. For constraints obtained in this way, and for a valid EFT description in general, no

question of unitarity violation arises (see for example Ref. [38] for a discussion of this issue

in the context of anomalous triple gauge couplings).

An analysis of the experimental results based on the multiple cut technique proposed here

6

Examples of symmetries leading to different selection rules
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c(D)
i ⇠ (coupling)ni�2

Dimensional arguments impose
ni=number of fields in operator  

   (independant of D)

generically, (coupling ~ g*) coupling of New Physics to SM 
but there might exist “selection rules” that lead to other scaling

O
(D)
i

The values of the EFT interactions among SM fields will reveal the “selection 
rules” of the SM, with intimate links to new structure/symmetries3

Precision physics exp. (EDMs, g-2…) usually constrains one operator.  
Need a collider to have access to several of them and  

then understand the underlying structure.

https://arxiv.org/abs/1604.06444
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ee Higgs Factory Luminosity

Christophe Grojean Future Physics CHIPP, Jan. 23-24, 2019!30

FCC-ee Run Plan

23/11/2018 Alain Blondel The FCCs 7

from the CDR

Future Circular Collider (18 Dec. 2018)  The Lepton Collider (FCC-ee) 

Page 4 of 18 

The associated discovery potential is sufficiently strong for the necessary theoretical developments to be recog-
nised as a strategic R&D activity for this project.  

 
Figure 1: FCC-ee baseline luminosities summed over all in-
teraction points as a function of the centre-of-mass energy 
(√s), compared to other e+e- collider proposals (ILC, CLIC, 
and CEPC). 

 

 
Figure 2: FCC-ee operation model showing the integrated 
luminosity in ab-1, accumulated as a function of time in 
years at the Z pole (black), the WW threshold (blue), the 
Higgs factory (red) and the top-pair threshold (green). The 
hatched area indicates the shutdown time to prepare for 
the highest energy runs. 

With 20 to 50-fold improved precision on all EW observables and with up to 10-fold more precise and 
model-independent Higgs couplings and width determination in a complementary way, the FCC-ee 
probes new physics effects at scales as high as 10 to 100 TeV, potentially guiding the physics programme of a 
subsequent energy-frontier hadron collider FCC-hh, and providing a quantum leap in the understanding of the 
Higgs boson. Furthermore, the high-statistics samples generated by the FCC-ee programme (5 ´ 1012 Z – about 
105 times the LEP sample, 108 WW, 106 HZ, and 106 top pairs) offer unique opportunities far beyond precision 
electroweak and Higgs measurements. Other signals of new physics could arise from the observation of mi-
nute flavour-changing neutral currents or lepton-flavour-violating decays, from the observation of dark matter in 
Z and Higgs invisible decays, or by the direct discovery of particles with extremely weak couplings in the 5 to 100 
GeV mass range, such as right-handed neutrinos and other exotic particles. These are well-motivated and, in spite 
of their low mass, consistent with the constraints imposed by precision measurements. 
In 2013, the ESPP also inferred that a lepton collider with “energies of 500 GeV or higher could explore the Higgs properties 
further, for example the coupling to the top quark, the self-coupling, and the total width”. As a consequence, the strategic 
question was raised whether the FCC-ee ought to consider a 500 GeV upgrade in its scientific objectives. The 
ESPP 2013 statement was revisited quantitatively with the following conclusions: 

• The FCC-ee can measure the total width of the Higgs boson with a precision of 1.3% (the best achiev-
able precision on a foreseeable time scale) at 240 and 365 GeV, without the need of an upgrade to 500 GeV. 

• The top Yukawa coupling will already have been determined with a 2.4% precision at the HL-LHC, albeit 
with some model dependence. The FCC-ee breaks the model dependence and improves the precision 
to about 2.3%, without the need of an upgrade to 500 GeV. 

• The FCC-ee offers a model-independent precision of 34% on the Higgs self-coupling kl (reduced to 
12% if only kl is allowed to vary) from the precise measurement of the Higgs boson cross sections at 240 and 
365 GeV, to be compared to the 27% precision obtained from di-Higgs production with 4 ab-1 at 500 
GeV, in the context of the Standard Model.  

Indeed, in a way similar to di-Higgs production, the next-to-leading order graphs of Fig. 3 (left) depend on the 
Higgs self-couplings, and interfere with the tree-level diagrams, impacting the Higgs production cross section by 
up to 2% at 240 GeV and 0.5% at 365 GeV. The centre-of-mass energy dependence allows for a 3σ sensitivity 
to the Higgs self-coupling at the FCC-ee, as illustrated in Fig. 3 (right). Probes of the Higgs self-coupling are 
also accessible by other e+e- colliders that can reach centre-of-mass energies of 500 GeV or higher, but only with 
a much longer time of operation. The 3s evidence could become the first 5s discovery of the Higgs self-coupling 
if the luminosity of the FCC-ee were increased at high energy, e.g. with four detectors instead of two. Such an 
upgrade of the FCC-ee baseline would be significantly more efficient than an upgrade of the centre-of-mass 

FCC-ee

LEPx105!

Z       WW    HZ     tt 

Event statistics :
Z peak Ecm :   91 GeV 5 1012    e+e-Æ Z   
WW threshold Ecm : 161 GeV 108       e+e-Æ WW
ZH threshold Ecm : 240 GeV 106       e+e-Æ ZH
Ctt  threshold Ecm : 350 GeV 106       e+e-ÆCtt

LEP x 105

LEP x 2.103

Never done
Never done

100 keV
300 keV
1 MeV
2 MeV

ECM errors:

Great energy range for the heavy particles of the Standard Model. 

Material from A. Blondel, P. Janot et al.

Linear collider can achieve Z-pole programme (106 Z) via radiative return or dedicated low luminosity run (109 Z). 
Circular collider can collect 1012 Z in only a few years.
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FCC-ee Run Plan

23/11/2018 Alain Blondel The FCCs 7

from the CDR— Superb statistics achieved in only 15 years —  

LEP data accumulated in first 3 mn. Then exciting & diverse programme with different priorities every few years.FCC-ee

Event statistics (2IP)

LEP x 105

LEP x 2.103

Never done
Never done
Never done

<100 keV
<300 keV

1 MeV
<< 1 MeV    

2 MeV

ECM errors:

04.02.22 6

Great energy range for the 
heavy particles of the Standard Model 

Alain Blondel  FCC-ee Physics

Z peak Ecm :   91 GeV 4yrs 5  1012 e+e- ! Z   
WW threshold Ecm ³ 161 GeV 2yrs >108      e+e- !WW
ZH maximum       Ecm : 240 GeV 3yrs > 106     e+e- ! ZH
s-channel H         Ecm : mH (3yrs?)   O(5000) e+e- ! H  

`tt   Ecm : ³ 350 GeV 5yrs 106        e+e- !`tt

notes:
-- 4IP  increases Total Lumi by  1.7
-- 2IP assumed in all numbers below
-- order and duration of  Z/WW/ZH  

can be decided at a later stage
-- ee! H must be after both Z and ZH 

and before tt

T
o

ta
l

Z factory:
LEP x 105

ILC x 103

see back-ups for facility comparisons

FCC-ee

Event statistics (2IP)

LEP x 105

LEP x 2.103

Never done
Never done
Never done

<100 keV
<300 keV

1 MeV
<< 1 MeV    

2 MeV

ECM errors:

04.02.22 6

Great energy range for the 
heavy particles of the Standard Model 

Alain Blondel  FCC-ee Physics

Z peak Ecm :   91 GeV 4yrs 5  1012 e+e- ! Z   
WW threshold Ecm ³ 161 GeV 2yrs >108      e+e- !WW
ZH maximum       Ecm : 240 GeV 3yrs > 106     e+e- ! ZH
s-channel H         Ecm : mH (3yrs?)   O(5000) e+e- ! H  

`tt   Ecm : ³ 350 GeV 5yrs 106        e+e- !`tt

notes:
-- 4IP  increases Total Lumi by  1.7
-- 2IP assumed in all numbers below
-- order and duration of  Z/WW/ZH  

can be decided at a later stage
-- ee! H must be after both Z and ZH 

and before tt

To
ta

l

Z factory:
LEP x 105

ILC x 103

see back-ups for facility comparisons

(order of the different stages still subject to discussion/optimisation)

in each detector:  
105 Z/sec, 104 W/hour,  

1500 Higgs/day, 1500 top/day 



Christophe Grojean ee Z pole pgme, Sept. 23, 20227

FCC-ee Physics Programme

FCC-ee
•Axion-like	par/cles,	dark	photons,		
Heavy	Neutral	Leptons	 
•	long	life/mes	-	LLPs	

direct searches  
of light new physics

"

flavour factory 
(1012 bb/cc; 1.7x1011 !!) 

! physics

•!-based EWPOs  
•lept. univ. violation tests 

B physics
•Flavour EWPOs (Rb, AFBb,c)  
•CKM matrix,  
•CP violation in neutral B mesons 
•Flavour anomalies in, e.g., b ➝ s!! 

"intensity  
frontier”

1

Higgs
mHiggs, ΓHiggs 

Higgs couplings 
self-coupling

2

mtop, Γtop 
EW top couplings
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P. Azzi - 1st FCC Italy Workshop, Rome 21-22 March 2022

Initial Physics Requirements 

W. Elmetenawee

➢ Higgs boson sector: Higgs sector definition imposes initial requirements on hadronic 
resolution, tracking and vertexing 

➢ EWK 
▪ Extreme definition of detector acceptance. 
▪ Extreme EM resolution (crystals). 

➢ Heavy Flavour: 
▪ PID to accurately classify final states and 

flavour tagging.  
Physics at Tera-Z pushes the requirements to another level… don’t forget BSM!

7

Higgs sector definition imposes initial requirements on hadronic resolution, tracking and vertexing 
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P1 P2 P3 P4 P5 P6 P7
Precision	Higgs	
measurements	
to	SM	par/cles

Measurements	
of	Higgs	self-
coupling(s)

Sensi/vity	to	
rare	and	exo/c	
Higgs	decays

New	Physics	
discovery	
poten/al

Direct	measure	
of	EW/Yukawa	
top	coupling

Indirect	
sensi/vity	to	
New	Physics

Improved	
measurements	

of	αs

— Physics Considerations —

Snowmass 2021 Higgs Factory Considerations
J. Bagger+ arXiv:2203.06164 

— Technological Considerations —
T1 T2 T3 T4 T5 T6 T7

Range	of	
opera/ng	E/ease	
of	changing	E

Annual	integrated	
luminosity

Upgradability	to	
higher	energy/
luminosity

Extent	and	cost	of	
remaining	R&D

Ability	to	operate	
at	the	P	threshold

Ability	to	run	at	
the	Z	pole

Ability	to	run	at	
the	WW	
threshold

T8 T9 T10 T11 T12-T13 T14-T15 T16

Stability	and	
calibra/on	of	
collision	energy

Beam	stability	
and	luminosity	
calibra/on

Ability	to	control	
beam-related	
backgrounds

Ability	to	provide	
independent	

confirma/on	of	
new	discoveries

Ability	to	provide	
polarised	
electrons/
positrons

Possibility	to	
reconfigure	as	γγ,	
e-γ,	e-e-,	ep,	pp	

collider

Opportuni/es	for	
beam	dumps	
experiments

T17

Need	for,	and	scien/fic	u/lity	of,	technology	demonstrators

https://arxiv.org/abs/2203.06164
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Flavours		:	B	anomalies,	τ	physics,	…	
q  Lepton	flavour	universality	is	challenged	in	b	�	s	!+!�		transitions	@	LHCb	

◆  This	effect,	if	real,	could	be	enhanced	for		!	=	τ,	in	B→	K(*)	τ+τ- 	
●  Extremely	challenging	in	hadron	colliders	
●  With	1012	Z	→	bb,	FCC-ee	is	beyond	any	foreseeable	competition	

➨  Decay	can	be	fully	reconstructed;	full	angular	analysis	possible	

	

q  Not	mentioning	lepton-flavour-violating	decays		
◆  BR(Z	→	eτ,	µτ)	down	to	10-9	(improved	by	104)	

◆  BR(τ	→	µγ, µµµ)	down	to	a	few	10-10	
◆  	τ lifetime	vs	BR(τ	→	eνeντ,µνµντ)	:	lepton	universality	tests	

CERN, 7-11 Jan 2019 
FCC-ee workshop: Theory and Experiment 

20 

B0→ K* (892) τ+τ�  

~SM 

- Also	100,000	BS → τ+τ� @	FCC-ee	
Reconstruction	efficiency	under	study 

J.F.	Kamenik	et	al.	
arXiv:1705.11106	

Talk from A. Bondar 
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Z-Factories are great Flavour Factories

S. Monteil Flavours @ FCC5

Particle production (109) B0 / B
0

B+ / B� B0
s / B

0
s ⇤b / ⇤b cc ⌧�/⌧+

Belle II 27.5 27.5 n/a n/a 65 45
FCC-ee 1000 1000 250 250 1000 500

Working point Lumi. / IP [1034 cm�2.s�1] Total lumi. (2 IPs) Run time Physics goal

Z first phase 100 26 ab�1 /year 2
Z second phase 200 52 ab�1 /year 2 150 ab�1

•�The baseline parameters and the operation model yields the following production rates of 
b-hadrons and tau leptons assumed for the CDR.

• Direct comparison with LHCb yields requires a more involved approach (mode by mode) 
to take into account trigger and reconstruction efficiencies.

1. Anticipated landscape of Flavours - at start of FCC

S. Monteil Flavours @ FCC6

1. Anticipated landscape of Flavours - at start of FCC

Decay mode/Experiment Belle II (50/ab) LHCb Run I LHCb Upgr. (50/fb) FCC-ee

EW/H penguins

B
0 ! K

⇤
(892)e

+
e
� ⇠ 2000 ⇠ 150 ⇠ 5000 ⇠ 200000

B(B0 ! K
⇤
(892)⌧

+
⌧
�
) ⇠ 10 – – ⇠ 1000

Bs ! µ
+
µ
�

n/a ⇠ 15 ⇠ 500 ⇠ 800

B
0 ! µ

+
µ
� ⇠ 5 – ⇠ 50 ⇠ 100

B(Bs ! ⌧
+
⌧
�
)

Leptonic decays

B
+ ! µ

+
⌫mu 5% – – 3%

B
+ ! ⌧

+
⌫tau 7% – – 2%

B
+
c ! ⌧

+
⌫tau n/a – – 5%

CP / hadronic decays

B
0 ! J/ KS (�sin(2�d)) ⇠ 2. ⇤ 106 (0.008) 41500 (0.04) ⇠ 0.8 · 106 (0.01) ⇠ 35 · 106 (0.006)

Bs ! D
±
s K

⌥
n/a 6000 ⇠ 200000 ⇠ 30 · 106

Bs(B
0
) ! J/ � (��s rad) n/a 96000 (0.049) ⇠ 2.10

6
(0.008) 16 · 106 (0.003)

•�The Belle II and LHCb experiments are complementary in their Physics reach. Belle II 
will mostly dominate the CP eigenstates measurements w/ B-mesons, LHCb’s realm will 
be on fully charged final states for all b-hadron species.  The FCC-ee experiments will 
compete favourably everywhere.
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2

Makes possible  
a topological rec.  

of the decays  
w/ miss. energy 

out of reach 
at LHCb/Belle

boosted b’s/!’s
at FCC-ee

Flavours @ FCC

A- Particle production at the Z pole: 

• About 15 times the nominal Belle II anticipated statistics for B0 and B+.
• All species of b-hadrons are produced. 
• Expect ~4.109  Bc-mesons assuming 

   

7S. Monteil

2) FCC-ee ABCD specifics for Flavour Physics.

Working point Lumi. / IP [1034 cm�2.s�1] Total lumi. (2 IPs) Run time Physics goal

Z first phase 100 26 ab�1 /year 2
Z second phase 200 52 ab�1 /year 2 150 ab�1

fBc/(fBu + fBd) ⇠ 3.7 · 10�3

Particle production (109) B0 / B
0

B+ / B� B0
s / B

0
s ⇤b / ⇤b cc ⌧�/⌧+

Belle II 27.5 27.5 n/a n/a 65 45
FCC-ee 300 300 80 80 600 150

https://indico.cern.ch/event/1186057/contributions/5014277/attachments/2506354/4306588/FCC_FlavoursTheory_monteil_20220912.pdf
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2) FCC-ee ABCD specifics for Flavour Physics.

Working point Lumi. / IP [1034 cm�2.s�1] Total lumi. (2 IPs) Run time Physics goal

Z first phase 100 26 ab�1 /year 2
Z second phase 200 52 ab�1 /year 2 150 ab�1

fBc/(fBu + fBd) ⇠ 3.7 · 10�3

Particle production (109) B0 / B
0

B+ / B� B0
s / B

0
s ⇤b / ⇤b cc ⌧�/⌧+

Belle II 27.5 27.5 n/a n/a 65 45
FCC-ee 300 300 80 80 600 150

Flavours @ FCC

B- The Boost at the Z:

• Fragmentation of the b-quark: 
• Makes possible a topological rec. of the decays w/ miss. energy.

C- Versatility : the Z pole does not saturate all Flavour possibilities. Beyond 
the obvious flavour-violating Higgs and top decays, the WW operation will 
enable to collect several 108 W decays on-shell AND boosted. Direct 
access to CKM matrix elements.

D- Comparison w/ LHC and B-factory. Advantageous attributes:

8S. Monteil

2) FCC-ee ABCD specifics for Flavour Physics.
hEXbi = 75%⇥ Ebeam; h��i ⇠ 6.

Flavour @ FCC vs Belle/pp

https://indico.cern.ch/event/1186057/contributions/5014277/attachments/2506354/4306588/FCC_FlavoursTheory_monteil_20220912.pdf
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E.g.: (I) LFU tests in tau decays 
A. Pich '13

τ

ν ν

μt
W

τ

νμ

Z' ν “Model-independent” 
effect linked to 

present anomalies
b

NP expectation from current anomalies in the range (0.2 – 4.0) × 10-3 

SM theory precision ~ 10-5 

Belle-II can (at most) reach an error ~ 0.3 × 10-3

FCC-ee could go below 10-4 ! Unique opportunity !

Higlights of FCC-ee in tau & b physics

G. Isidori – Flavor Physics @ FCC-ee                                                                                 FCC-CH – Geneva, 7 Sept. 2021Probing New Physics w/ ! Decays

ZU-TH-42/21

LFU violations in leptonic ⌧ decays and B-physics anomalies

Lukas Allwicher,1, ⇤ Gino Isidori,1, † and Nudžeim Selimović1, ‡

1Physik-Institut, Universität Zürich, CH-8057 Zürich, Switzerland

We present a complete analysis of Lepton Flavor Universality (LFU) violations in leptonic ⌧ decays
in motivated models addressing the B-physics anomalies, based on the SU(4)⇥SU(3)⇥SU(2)⇥U(1)
gauge group. We show that the inclusion of vector-like fermions, required by B-physics data, leads
to sizable modifications of the leading-log results derived within an E↵ective Field Theory approach.
In the motivated parameter-space region relevant to the B-physics anomalies, the models predict a
few per-mil decrease of the e↵ective W -boson coupling to ⌧ , within the reach of future experiments.

I. INTRODUCTION

The per-mil level tests of Lepton Flavor Universality
in ⌧ decays [1] are among the most stringent constraints
on physics beyond the Standard Model (SM) close to
the electroweak scale. These tests are particularly inter-
esting and challenging in view of the hints of LFU vio-
lations reported in semileptonic B decays, the so-called
B-physics anomalies, whose evidence has been rising over
the years [2, 3]. Already in the early attempts to address
the B anomalies, these constraints provided serious lim-
itations on the proposed new physics (NP) explanations
(see e.g. Ref. [4]). In this context, a key observation was
made in Ref. [5, 6]: even if ⌧ decays are not a↵ected at
the tree level by NP models addressing the B anomalies,
the latter necessarily a↵ect ⌧ decays at the one-loop level.
More precisely, NP models addressing b ! c⌧ ⌫̄ anoma-
lies via a modification of the left-handed (semileptonic)
b-decay amplitudes, lead to sizable one-loop corrections
in ⌧ decays. The leading-log contribution is model in-
dependent, and is determined by the RG evolution of
the semileptonic operators in SM E↵ective Field Theory
(SMEFT) [7]. The size of the discrepancy between data
and theory in b ! c⌧ ⌫̄ transitions naturally implies LFU
violations in purely leptonic ⌧ decays at the few per-mil
level.

So far, all analyses of these e↵ects have been based on
leading-log E↵ective Field Theory (EFT) results. How-
ever, finite one-loop corrections arising from matching
conditions at the NP scale might be relevant, both given
the large values of the e↵ective couplings in the most
motivated NP models and the small separation between
electroweak and NP scales. This is particularly true in
ultraviolet (UV) complete models which predict a non-
trivial spectrum for the heavy states.

In this paper we analyse such finite corrections in the
so-called 4321 models, i.e. models based on the gauge
group SU(4) ⇥ SU(3) ⇥ SU(2) ⇥ U(1) [8–14], where the

⇤
lukall@physik.uzh.ch

†
isidori@physik.uzh.ch

‡
nudzeim@physik.uzh.ch

color group, SU(3)c, is the diagonal (unbroken) subgroup
of SU(4) ⇥ SU(3). The spontaneous symmetry breaking
4321 ! SM leads to a massive vector leptoquark (LQ),
U1, which is a very e↵ective tree-level mediator for the B
anomalies [15, 16]. We focus in particular on flavor non-
universal 4321 models [9, 10, 12–14], where only third-
generation fermions are charged under SU(4), providing
a natural justification for the flavor structure of the U1

couplings [15].
The one-loop structure of 4321 models, which natu-

rally include also vector-like fermions and scalar fields,
has been investigated in [13, 17, 18]. Recent phenomeno-
logical analyses [19] suggest a non-trivial hierarchy in the
spectrum of the di↵erent NP states, with heavy vectors
and relatively light vector-like fermions. As we shall see,
the latter can play a relevant role in the LFU breaking
e↵ects in ⌧ decays.

II. EFT EXPRESSIONS FOR THE LFU RATIOS

The observables we are interested in are the purely
leptonic LFU ratios

���g(⌧)
e

/g(µ)
e

���
2

⌘
�(⌧ ! e⌫⌫̄)

�(µ ! e⌫⌫̄)


�SM(⌧ ! e⌫⌫̄)

�SM(µ ! e⌫⌫̄)

��1

, (1)

with |g(⌧)
µ /g(µ)

e |
2 and |g(⌧)

µ /g(⌧)
e |

2 defined in complete
analogy. By construction, these ratios are expected to
be equal to one within the SM. Their current experimen-
tal world averages can be found in Ref. [1].

We work under the assumption that the new degrees
of freedom modifying ⌧ (and µ) decays occur above the
electroweak scale. Under this assumption, we can de-
scribe the relevant NP contributions via the so-called
low-energy EFT (LEFT) Lagrangian, obtained by inte-
grating out new degrees of freedom and heavy SM fields
(W , Z, t, and H):

LLEFT = �
2

v2

X

k

CkOk . (2)

Using the notation of Ref. [20], where the RG structure
of L

LEFT can also be found, the operators contributing
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sensitivity good enough 
to probe BSM models
“explaining” current
flavour RK anomalies

 (b→c!")

Allwicher, Isidori, Semilovic ’21 

FCC-ee flavour physics benchmarks & explorations

Part 5: tau physics 

• Several tau properties 
and decays could be 
determined more 
precisely  

• Interesting implications 
for LFU (in tau decays)    
& CKM unitarity 

• Would possibly require 
improved calculations

Flavours @ FCC-ee 7

2) Executive summary — Flavours at FCC-ee

4) Tau Physics
Visible Z decays 3 x 1012

Z ➝ τ+τ- 1.3 x 1011

1 vs. 3 prongs 3.2 x 1010

3 vs. 3 prong 2.8x 109

1 vs. 5 prong 2.1 x 108

1 vs. 7 prong < 67,000

1 vs 9 prong ?

Property Current WA FCC-ee stat FCC-ee syst
Mass [MeV] 1776.86 +/- 0.12 0.004 0.1 

Electron BF [%] 17.82 +/- 0.05 0.0001 0.003
Muon BF 17.39 +/- 0.05 0.0001 0.003
Lifetime [fs] 290.3 +/- 0.5 0.005 0.04

Decay Current bound FCC-ee sensitivity

Z -> eμ 0.75 x 10-6 10-8

Z -> μτ 12 x 10-6 10-9

Ζ -> eτ 9.8 x 10-6 10-9

CLFV Z decays:

Decay Current bound FCC-ee sensitivity

τ -> μγ 4.4 x 10-8 2 x 10-9

τ -> 3μ 2 x 10-8 10-10

CLFV τ decays:

Tau properties
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Mass [MeV] 1776.86 +/- 0.12 0.004 0.1 

Electron BF [%] 17.82 +/- 0.05 0.0001 0.003
Muon BF 17.39 +/- 0.05 0.0001 0.003
Lifetime [fs] 290.3 +/- 0.5 0.005 0.04

Decay Current bound FCC-ee sensitivity

Z -> eμ 0.75 x 10-6 10-8

Z -> μτ 12 x 10-6 10-9

Ζ -> eτ 9.8 x 10-6 10-9

CLFV Z decays:

Decay Current bound FCC-ee sensitivity

τ -> μγ 4.4 x 10-8 2 x 10-9

τ -> 3μ 2 x 10-8 10-10

CLFV τ decays:

Tau properties

see e.g. 
Allwicher, Isidori, Semilovic, 2109.03833 
M. Dam, SciPostPhys.Proc.1,041(2019) 

Eur. Phys. J. Plus 136, 963 (2021)  
 talk by A. Lusiani

“3 more tau’s than at Belle II”

aka measurement of GF with taus

https://inspirehep.net/literature/1919150
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Example of EW measurements @ Tera Z

8

relative ĮQED uncertainty with 80 ab-1

Why 4 years and ~150 ab-1 at & around the Z pole ?

Excellent experimental control of off-peak di-muon 
asymmetry motivates campaign to collect 50-80 ab-1

off peak to gain highest sensitivity to Z-Ȗ interference  

Allows for clean determination of ĮQED(mZ
2), which 

is a critical input for mW closure tests (see later).

Goal: measure 1/ĮQED(mZ
2) to +/- 0.003.

This dependence, & location of 
half-integer spin tunes, guides the choice 

of off-peak energies: 87.8 & 93.9 GeV. 
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Factor 4
improvement

=�ĺ�ȝȝ�IRUZDUG�EDFNZDUG�DV\PPHWU\�VHQVLWLYH�WR�Į4('�P=
���GXH�WR�=�Ȗ�LQWHUIHUHQFH�

3HUIRUP�OLQH�VFDQ�DURXQG�=�SROH�WR�PD[LPLVH�=�Ȗ�LQWHUIHUHQFH�DQG�PHDVXUH�$)%��

� 1RPLQDO������*H9������DE

� 2II�SHDN�������DQG������*H9��HDFK�����DE

=�OLQHVKDSH�±�Į4('�P=
��

�

)DFWRU���
LPSURYHPHQW

ĺ�VWURQJO\�GHSHQGV�RQ�¥V
ĺ�GLUHFW�PHDVXUHPHQW�RI�Į4('�V��DW�¥V�� �P=
ĺ�PHDVXUH�VLQ�ș:�WR�KLJK�SUHFLVLRQ��ODWHU�

ĺ�0HDVXUH�Į4('�P=
���WR��[�����UHO��SUHFLVLRQ��FXUUHQWO\����[�����

ĺ�6WDW��GRPLQDWHG��V\VW��XQFHUWDLQWLHV���������GRPLQDWHG�E\�¥V�FDOLE��

ĺ�7KHRUHWLFDO�XQFHUWDLQWLHV�a�������KLJKHU�RUGHU�FDOFV�QHHGHG

$)%

=�ĺ�ȝȝ�IRUZDUG�EDFNZDUG�DV\PPHWU\�VHQVLWLYH�WR�Į4('�P=
���GXH�WR�=�Ȗ�LQWHUIHUHQFH�

3HUIRUP�OLQH�VFDQ�DURXQG�=�SROH�WR�PD[LPLVH�=�Ȗ�LQWHUIHUHQFH�DQG�PHDVXUH�$)%��

�1RPLQDO������*H9������DE

�2II�SHDN�������DQG������*H9��HDFK�����DE

=�OLQHVKDSH�±�Į4('�P=
��

�

)DFWRU���
LPSURYHPHQW

ĺ�VWURQJO\�GHSHQGV�RQ�¥V
ĺ�GLUHFW�PHDVXUHPHQW�RI�Į4('�V��DW�¥V�� �P=
ĺ�PHDVXUH�VLQ�ș:�WR�KLJK�SUHFLVLRQ��ODWHU�

ĺ�0HDVXUH�Į4('�P=
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=�ĺ�ȝȝ�IRUZDUG�EDFNZDUG�DV\PPHWU\�DOVR�XVHG�WR�PHDVXUH�HZN�PL[LQJ�DQJOH�VLQ�ș:�DW�=�SROH� ������*H9�

7DX�SRODUL]DWLRQ�XVHG�WR�FRQVWUDLQ�WKH�PL[LQJ�DQJOH�WR�D�VLPLODU�SUHFLVLRQ

� 1R�DVVXPSWLRQ�RQ�OHSWRQ�XQLYHUVDOLW\��GLUHFW�VHSDUDWLRQ�$H�DQG�$Ĳ�

� $Ĳ�IURP�3Ĳ��EHQHILW�IURP�KLJK�VWDWLVWLFV�DQG�YHU\�UREXVW�PHDVXUHPHQW

=�SHDN�±�VLQ�ș:

�

ĺ�0HDVXUH�VLQ�ș:�WR��[��
���DEV��SUHFLVLRQ��FXUUHQWO\����[�����

ĺ�$VVXPHV�OHSWRQ�XQLYHUVDOLW\��$H� �$ȝ

ĺ�0DLQO\�GRPLQDWHG�E\�HQHUJ\�FDOLEUDWLRQ��SRLQW�WR�SRLQW�

ǻ�����������a��[������VWDW�����[������V\VW�

Example of EW measurements @ Tera Z
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Example of EW measurements @ Tera Z
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ĺ�0DVV�������NH9��VWDW��������NH9��V\VW�� >/(3�����0H9@

� 6\VWHPDWLFV�OLPLWHG�GXH�WR�EHDP�FDOLEUDWLRQ�XQFHUWDLQWLHV��5'3�a�����NH9�

ĺ�:LGWK��� ����NH9��VWDW�������NH9��V\VW� >/(3�����0H9@

� 6\VWHPDWLFV�GRPLQDWHG�E\�

� 5HODWLYH��SRLQW�WR�SRLQW��XQFHUWDLQW\�RQ�WKH�¥V�a����NH9

� ,PSDFW�RQ�EHDP�HQHUJ\�VSUHDG�XQFHUWDLQW\�a����NH9

� $EVROXWH�XQFHUWDLQW\�RQ�%(6�a����0H9

� &RQVWUDLQHG�XVLQJ�H�H��ĺ�ȝ�ȝ��Ȗ��HYHQWV�

ĺ�+DGURQLF�FURVV�VHFWLRQ�ı�KDG������SE >/(3����SE@

ĺ�1XPEHU�RI�QHXWULQR�IDPLOLHV���[������DEV�� >/(3��[����@

� 'RPLQDWHG�E\�OXPLQRVLW\�XQFHUWDLQW\

=�OLQHVKDSH�±�PDVV��ZLGWK�DQG�ı�KDG

�

/LQHVKDSH�FURVV�VHFWLRQ

ĺ�&RQVWUDLQ�%(6�XQFHUWDLQW\�WR�SHU�PLOOH�OHYHO
ĺ�7DNLQJ�LQWR�DFFRXQW�DV\PPHWULF�EHDP�RSWLFV��[�DQJOH�Į����PUDG��DQG�Ȗ�,65
ĺ�0XRQ�DQJXODU�UHVROXWLRQ�a�����PUDG�UHTXLUHG
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Example of EW measurements @ Tera Z
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imposed U(2) in 1&2 gen quarks
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Figure 4: Global one-sigma reach on electroweak couplings for the same scenarios as in
figure 2. Higgs and triple-gauge coupling modifications are marginalized over. Trapezoidal
and green marks respectively indicate the prospects obtained with Higgs and WW threshold
measurements excluded. The numerical results are reported in table 2.

absolute constraints. This is a consequence of the fact that high centre-of-mass energies
drastically improve constraints only on specific combinations of parameters including elec-
troweak coupling modifications [54]. Relative degeneracies are thus e�ectively enhanced.

Besides e+e≠
æ W +W ≠, other electroweak measurements could help controlling elec-

troweak uncertainties in the centre-of-mass energy range envisioned for future linear col-
liders. One could for instance exploit the lower tail of the beam energy spectrum to access
the Z pole through radiative return [76], or resolved photon emission in association with a
Z boson (e+e+

æ Z“), or di-Z production. Radiative return to the Z pole has for instance
been considered with measurements of the left-right production asymmetry ALR, as well
as improvements in the measurements of Z decays and asymmetries in final states with
charged leptons, b- and c-quarks. Preliminary prospects for the determination of ALR at
Ô

s = 250 GeV claim the relative statistical error can be reduced to about 0.1% [77], a
factor of 15 improvement with respect to the 1.5% one obtained by SLD [50]. The dom-
inant uncertainties associated to the knowledge of polarization are included and seem to
be smaller than the statistical ones. Still this estimate will need to be confirmed after full
detector simulation, resolved photon production, and minute systematic uncertainties are
fully accounted for. As illustration, we nevertheless display the improvement that would
be brought by such a measurement with yellow marks in figure 2. It would mostly benefit
the triple-gauge coupling ”Ÿ“ . If additional electroweak measurements appear insu�cient
to control EW uncertainties contaminations to a satisfactory level, collecting some amount
of luminosity at lower centre-of-mass energies might be advantageous.

Other than the prospects on the Higgs and triple-gauge couplings provided in figure 2,
we present in figure 4 projections for the rest of electroweak couplings in the same run
scenarios. Numerical results are provided in table 2. Note that the only electroweak
measurements included in HL-LHC projections only are that of diboson production [57]
and of the W mass [78]. They are combined with LEP and SLD ones. The latter will
continue to dominate the constraints on Z-boson couplings to fermions until until a new

– 17 –

Sensitivity on EW couplings
J. De Blas, G. Durieux, C. Grojean, J. Gu, A. Paul 1907.04311
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Figure 4: Global one-sigma reach on electroweak couplings for the same scenarios as in
figure 2. Higgs and triple-gauge coupling modifications are marginalized over. Trapezoidal
and green marks respectively indicate the prospects obtained with Higgs and WW threshold
measurements excluded. The numerical results are reported in table 2.

absolute constraints. This is a consequence of the fact that high centre-of-mass energies
drastically improve constraints only on specific combinations of parameters including elec-
troweak coupling modifications [54]. Relative degeneracies are thus e�ectively enhanced.

Besides e+e≠
æ W +W ≠, other electroweak measurements could help controlling elec-

troweak uncertainties in the centre-of-mass energy range envisioned for future linear col-
liders. One could for instance exploit the lower tail of the beam energy spectrum to access
the Z pole through radiative return [76], or resolved photon emission in association with a
Z boson (e+e+

æ Z“), or di-Z production. Radiative return to the Z pole has for instance
been considered with measurements of the left-right production asymmetry ALR, as well
as improvements in the measurements of Z decays and asymmetries in final states with
charged leptons, b- and c-quarks. Preliminary prospects for the determination of ALR at
Ô

s = 250 GeV claim the relative statistical error can be reduced to about 0.1% [77], a
factor of 15 improvement with respect to the 1.5% one obtained by SLD [50]. The dom-
inant uncertainties associated to the knowledge of polarization are included and seem to
be smaller than the statistical ones. Still this estimate will need to be confirmed after full
detector simulation, resolved photon production, and minute systematic uncertainties are
fully accounted for. As illustration, we nevertheless display the improvement that would
be brought by such a measurement with yellow marks in figure 2. It would mostly benefit
the triple-gauge coupling ”Ÿ“ . If additional electroweak measurements appear insu�cient
to control EW uncertainties contaminations to a satisfactory level, collecting some amount
of luminosity at lower centre-of-mass energies might be advantageous.

Other than the prospects on the Higgs and triple-gauge couplings provided in figure 2,
we present in figure 4 projections for the rest of electroweak couplings in the same run
scenarios. Numerical results are provided in table 2. Note that the only electroweak
measurements included in HL-LHC projections only are that of diboson production [57]
and of the W mass [78]. They are combined with LEP and SLD ones. The latter will
continue to dominate the constraints on Z-boson couplings to fermions until until a new
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Figure 4: Global one-sigma reach on electroweak couplings for the same scenarios as in
figure 2. Higgs and triple-gauge coupling modifications are marginalized over. Trapezoidal
and green marks respectively indicate the prospects obtained with Higgs and WW threshold
measurements excluded. The numerical results are reported in table 2.

absolute constraints. This is a consequence of the fact that high centre-of-mass energies
drastically improve constraints only on specific combinations of parameters including elec-
troweak coupling modifications [54]. Relative degeneracies are thus e�ectively enhanced.

Besides e+e≠
æ W +W ≠, other electroweak measurements could help controlling elec-

troweak uncertainties in the centre-of-mass energy range envisioned for future linear col-
liders. One could for instance exploit the lower tail of the beam energy spectrum to access
the Z pole through radiative return [76], or resolved photon emission in association with a
Z boson (e+e+

æ Z“), or di-Z production. Radiative return to the Z pole has for instance
been considered with measurements of the left-right production asymmetry ALR, as well
as improvements in the measurements of Z decays and asymmetries in final states with
charged leptons, b- and c-quarks. Preliminary prospects for the determination of ALR at
Ô

s = 250 GeV claim the relative statistical error can be reduced to about 0.1% [77], a
factor of 15 improvement with respect to the 1.5% one obtained by SLD [50]. The dom-
inant uncertainties associated to the knowledge of polarization are included and seem to
be smaller than the statistical ones. Still this estimate will need to be confirmed after full
detector simulation, resolved photon production, and minute systematic uncertainties are
fully accounted for. As illustration, we nevertheless display the improvement that would
be brought by such a measurement with yellow marks in figure 2. It would mostly benefit
the triple-gauge coupling ”Ÿ“ . If additional electroweak measurements appear insu�cient
to control EW uncertainties contaminations to a satisfactory level, collecting some amount
of luminosity at lower centre-of-mass energies might be advantageous.

Other than the prospects on the Higgs and triple-gauge couplings provided in figure 2,
we present in figure 4 projections for the rest of electroweak couplings in the same run
scenarios. Numerical results are provided in table 2. Note that the only electroweak
measurements included in HL-LHC projections only are that of diboson production [57]
and of the W mass [78]. They are combined with LEP and SLD ones. The latter will
continue to dominate the constraints on Z-boson couplings to fermions until until a new

– 17 –

• At circular colliders:
Z-pole run improves Zee couplings by almost factor 10

• At linear colliders:
EW measurements via Z radiative return give a factor 3

Z rad. return

J. De Blas, G. Durieux, C. Grojean, J. Gu, A. Paul 1907.04311
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Figure 4: Global one-sigma reach on electroweak couplings for the same scenarios as in
figure 2. Higgs and triple-gauge coupling modifications are marginalized over. Trapezoidal
and green marks respectively indicate the prospects obtained with Higgs and WW threshold
measurements excluded. The numerical results are reported in table 2.

absolute constraints. This is a consequence of the fact that high centre-of-mass energies
drastically improve constraints only on specific combinations of parameters including elec-
troweak coupling modifications [54]. Relative degeneracies are thus e�ectively enhanced.

Besides e+e≠
æ W +W ≠, other electroweak measurements could help controlling elec-

troweak uncertainties in the centre-of-mass energy range envisioned for future linear col-
liders. One could for instance exploit the lower tail of the beam energy spectrum to access
the Z pole through radiative return [76], or resolved photon emission in association with a
Z boson (e+e+

æ Z“), or di-Z production. Radiative return to the Z pole has for instance
been considered with measurements of the left-right production asymmetry ALR, as well
as improvements in the measurements of Z decays and asymmetries in final states with
charged leptons, b- and c-quarks. Preliminary prospects for the determination of ALR at
Ô

s = 250 GeV claim the relative statistical error can be reduced to about 0.1% [77], a
factor of 15 improvement with respect to the 1.5% one obtained by SLD [50]. The dom-
inant uncertainties associated to the knowledge of polarization are included and seem to
be smaller than the statistical ones. Still this estimate will need to be confirmed after full
detector simulation, resolved photon production, and minute systematic uncertainties are
fully accounted for. As illustration, we nevertheless display the improvement that would
be brought by such a measurement with yellow marks in figure 2. It would mostly benefit
the triple-gauge coupling ”Ÿ“ . If additional electroweak measurements appear insu�cient
to control EW uncertainties contaminations to a satisfactory level, collecting some amount
of luminosity at lower centre-of-mass energies might be advantageous.

Other than the prospects on the Higgs and triple-gauge couplings provided in figure 2,
we present in figure 4 projections for the rest of electroweak couplings in the same run
scenarios. Numerical results are provided in table 2. Note that the only electroweak
measurements included in HL-LHC projections only are that of diboson production [57]
and of the W mass [78]. They are combined with LEP and SLD ones. The latter will
continue to dominate the constraints on Z-boson couplings to fermions until until a new
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Figure 4: Global one-sigma reach on electroweak couplings for the same scenarios as in
figure 2. Higgs and triple-gauge coupling modifications are marginalized over. Trapezoidal
and green marks respectively indicate the prospects obtained with Higgs and WW threshold
measurements excluded. The numerical results are reported in table 2.

absolute constraints. This is a consequence of the fact that high centre-of-mass energies
drastically improve constraints only on specific combinations of parameters including elec-
troweak coupling modifications [54]. Relative degeneracies are thus e�ectively enhanced.

Besides e+e≠
æ W +W ≠, other electroweak measurements could help controlling elec-

troweak uncertainties in the centre-of-mass energy range envisioned for future linear col-
liders. One could for instance exploit the lower tail of the beam energy spectrum to access
the Z pole through radiative return [76], or resolved photon emission in association with a
Z boson (e+e+

æ Z“), or di-Z production. Radiative return to the Z pole has for instance
been considered with measurements of the left-right production asymmetry ALR, as well
as improvements in the measurements of Z decays and asymmetries in final states with
charged leptons, b- and c-quarks. Preliminary prospects for the determination of ALR at
Ô

s = 250 GeV claim the relative statistical error can be reduced to about 0.1% [77], a
factor of 15 improvement with respect to the 1.5% one obtained by SLD [50]. The dom-
inant uncertainties associated to the knowledge of polarization are included and seem to
be smaller than the statistical ones. Still this estimate will need to be confirmed after full
detector simulation, resolved photon production, and minute systematic uncertainties are
fully accounted for. As illustration, we nevertheless display the improvement that would
be brought by such a measurement with yellow marks in figure 2. It would mostly benefit
the triple-gauge coupling ”Ÿ“ . If additional electroweak measurements appear insu�cient
to control EW uncertainties contaminations to a satisfactory level, collecting some amount
of luminosity at lower centre-of-mass energies might be advantageous.

Other than the prospects on the Higgs and triple-gauge couplings provided in figure 2,
we present in figure 4 projections for the rest of electroweak couplings in the same run
scenarios. Numerical results are provided in table 2. Note that the only electroweak
measurements included in HL-LHC projections only are that of diboson production [57]
and of the W mass [78]. They are combined with LEP and SLD ones. The latter will
continue to dominate the constraints on Z-boson couplings to fermions until until a new
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• At circular colliders:
Z-pole run improves Zee couplings by almost factor 10

• At linear colliders:
EW measurements via Z radiative return give a factor 3

• At linear colliders, at high energy:
Higgs measurements improves EW measurements

Higgs
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Besides e+e≠
æ W +W ≠, other electroweak measurements could help controlling elec-

troweak uncertainties in the centre-of-mass energy range envisioned for future linear col-
liders. One could for instance exploit the lower tail of the beam energy spectrum to access
the Z pole through radiative return [76], or resolved photon emission in association with a
Z boson (e+e+

æ Z“), or di-Z production. Radiative return to the Z pole has for instance
been considered with measurements of the left-right production asymmetry ALR, as well
as improvements in the measurements of Z decays and asymmetries in final states with
charged leptons, b- and c-quarks. Preliminary prospects for the determination of ALR at
Ô

s = 250 GeV claim the relative statistical error can be reduced to about 0.1% [77], a
factor of 15 improvement with respect to the 1.5% one obtained by SLD [50]. The dom-
inant uncertainties associated to the knowledge of polarization are included and seem to
be smaller than the statistical ones. Still this estimate will need to be confirmed after full
detector simulation, resolved photon production, and minute systematic uncertainties are
fully accounted for. As illustration, we nevertheless display the improvement that would
be brought by such a measurement with yellow marks in figure 2. It would mostly benefit
the triple-gauge coupling ”Ÿ“ . If additional electroweak measurements appear insu�cient
to control EW uncertainties contaminations to a satisfactory level, collecting some amount
of luminosity at lower centre-of-mass energies might be advantageous.

Other than the prospects on the Higgs and triple-gauge couplings provided in figure 2,
we present in figure 4 projections for the rest of electroweak couplings in the same run
scenarios. Numerical results are provided in table 2. Note that the only electroweak
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and of the W mass [78]. They are combined with LEP and SLD ones. The latter will
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fully accounted for. As illustration, we nevertheless display the improvement that would
be brought by such a measurement with yellow marks in figure 2. It would mostly benefit
the triple-gauge coupling ”Ÿ“ . If additional electroweak measurements appear insu�cient
to control EW uncertainties contaminations to a satisfactory level, collecting some amount
of luminosity at lower centre-of-mass energies might be advantageous.
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Z rad. return

• At linear colliders, at high energy: 
EW measurements via Z-radiative return has a large 
impact on Zqq couplings 

• Improvements depend a lot on hypothesis on systematic 
uncertainties 

Yellow: LEP/SLD systematics / 2 
Blue: small EXP and TH systematics

J. De Blas, G. Durieux, C. Grojean, J. Gu, A. Paul 1907.04311
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• Global fit to electroweak precision measurements at FCC-ee 

Jorge de Blas 
INFN - University of Padova

Physics at FCC: Overview of the Conceptual Design Report 
CERN, March 5, 2019

The Global EW fit at FCC-ee
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Impact of theory uncertainties

Theory uncertainties have a  
significant impact in the sensitivity  

to New Physics  
(not easy to see in this global fit  

due to correlations)

Current
FCC-ee

No Th-unc.

95% Prob. Limits

Current FCCee
Exp. SM Exp. SM (par.) SM (th.)

�MW [MeV] ±15 ±8 ±1 ±0.6/±1 ±1
��Z [MeV] ±2.3 ±0.73 ±0.1 ±0.1 ±0.2
�A` [⇥10�5] ±210 ±93 ±2.1 ±8/±14 ±11.8
�R

0
b
[⇥10�5] ±66 ±3 ±6 ±0.3 ±10

Table 19: UPDATED.

↵s �↵
(5)
had MZ mt Total FCCee

�MW [MeV] ±0.14 ±0.92 ±0.1 ±0.3 ±0.98 ±1
��Z [MeV] ±0.099 ±0.05 ±0.01 ±0.01 ±0.11 ±0.1
�A` [⇥10�5] ±0.54 ±14 ±0.56 ±1.2 ±14 ±2.1
�R

0
b
[⇥10�5] ±0.22 ±0.07 ±0.003 ±0.17 ±0.29 ±6

Table 20: Future param uncertaintities

↵s ↵QED/�↵
(5)
had MZ mt Total FCCee

�MW [MeV] ±0.14 ±0.53/± 0.92 ±0.1 ±0.3 ±0.64/± 0.98 ±1
��Z [MeV] ±0.099 ±0.03/± 0.05 ±0.01 ±0.01 ±0.1 /± 0.11 ±0.1
�A` [⇥10�5] ±0.54 ±8 /± 14 ±0.56 ±1.2 ±8.1 /± 14 ±2.1
�R

0
b
[⇥10�5] ±0.22 ±0.04/± 0.07 ±0.003 ±0.17 ±0.28/± 0.29 ±6

Table 21: Future param uncertaintities

Current FCCee
Exp. SM Exp. SM (par.) SM(par.+th.)

�MW [GeV] ±0.015 ±0.0080 ±0.001 ±0.00098 ±0.
��W [GeV] ±0.042 ±0.00079 ±0.005 ±0.0001 ±0.
��Z [GeV] ±0.0023 ±0.00073 ±0.0001 ±0.00011 ±0.
��

0
h
[nb] ±0.037 ±0.0062 ±0.025 ±0.00099 ±0.

� sin2
✓
lept
e↵ (QFB) ±0.0012 ±0.00012 ±0.0001 ±0.00002 ±0.

�P
pol
⌧

= A` ±0.0033 ±0.00093 ±0.0002 ±0.00014 ±0.
�A` ±0.0021 ±0.00093 ±0.000021 ±0.00014 ±0.
�Ac ±0.027 ±0.00041 ±0.01 ±0.00006 ±0.
�Ab ±0.020 ±0.000076 ±0.007 ±0.00001 ±0.
�A

0,`
FB ±0.0010 ±0.00021 ±0.0001 ±0.00003 ±0.

�A
0,c
FB ±0.0035 ±0.00052 ±0.0003 ±0.00008 ±0.

�A
0,b
FB ±0.0016 ±0.00067 ±0.0001 ±0.0001 ±0.

�R
0
`

±0.025 ±0.0077 ±0.001 ±0.0013 ±0.
�R

0
c

±0.0030 ±0.000026 ±0.0003 ±0.000004 ±0.
�R

0
b

±0.00066 ±0.000030 ±0.00006 ±0.000003 ±0.

Table 22:

16

5

March 4, 2019

EFT analyses with FCC precision

J. de Blasa†

aINFN, Sezione di Roma, Piazzale A. Moro 2, I-00185 Rome, Italy

Abstract

Materials for the talk presented at the FCC-ee physics workshop.
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Flavour universal fit 
(Sensitive to 8 comb. of operators) 

^ ^ ^ ^ ^ ^ ^ ^

Impact of TH uncertainties
J. de Blas, FCC CDR overview ‘19

https://indico.cern.ch/event/789349/contributions/3298726/attachments/1806157/2947778/Global_EFT_fits_FCC.pdf
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Improvements of EW measurements
H Consistency of electroweak precision data

Put some text here....
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Figure 18. Constraints on mW and mtop from direct measurements (horizontal and vertical lines)
and indirect constraints (ellipses). In all cases the constraints from current data plus HL-LHC are
compared to the ones expected for the e+e� collider.

I Improvement with respect to HL-LHC

Figures 19 and 20 give a graphic comparison of the improvement with respect to HL-LHC
in the Kappa-3 and SMEFT-ND frameworks. This improvement is shown as the ratio of the
precision at the HL-LHC over the precision at the future collider, with more darker colors
corresponding to larger improvement factors. The kappa-3 result shows large improvements,
up to an order of magnitude, for all future ee colliders for the measurement of the couplings
to Z, W and b and the limits on the invisible branching ratio, and an ’infinite’ improvement

– 97 –

The importance of improved EW measurements is threefold: 
1) improve mass reach in indirect search for NP (S~10-2 → M~70 TeV) 

2) reduced parametric uncertainties for other measurements  
3) reduced degeneracies in a global fit for Higgs couplings

Exquisite measurements of mZ (100 keV) , ΓZ (25 keV), mW (<500 keV), αQED(mZ) (3.10-5) (all unique to FCC-ee)
w/. stat.+ param. + th-exp syst.

Table 37. Comparison of the sensitivity at 68% probability to new physics contributions to
EWPO in the form of the oblique S and T parameters, under different assumptions for the SM
theory uncertainties. We express the results in terms of the usually normalised parameters: S =
4 sin2 ✓wŜ/↵ and T = T̂ /↵.

HL-LHC HL-LHC+

CLIC380 CLIC380 ILC250 ILC250 CEPC FCC-ee

(+GigaZ) (+GigaZ)

S Full ThIntr Unc. 0.053 0.032 0.013 0.015 0.012 0.01 0.0079
No ThIntr Unc. 0.053 0.032 0.011 0.012 0.009 0.0068 0.0038

No ThPar+Intr Unc. 0.052 0.031 0.0091 0.011 0.0067 0.0031 0.0013
T Full ThIntr Unc. 0.041 0.023 0.013 0.015 0.014 0.0094 0.0058

No ThIntr Unc. 0.041 0.023 0.012 0.014 0.013 0.0072 0.0022
No ThPar+Intr Unc. 0.039 0.022 0.01 0.011 0.0091 0.0041 0.0019

2-� region
HL-LHC
HL+CLIC380
HL+ILC250
HL+CEPC
HL+FCCee

HL+CLIC380,Giga Z
HL+ILC250,Giga Z
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Figure 17. (Left) 2-� regions in the S � T plane at the different future colliders, combined with
the HL-LHC (including also the LEP/SLD EWPO programme). We express the results in terms
of the usually normalised parameters: S = 4 sin2 ✓wŜ/↵ and T = T̂ /↵. The results include the
future projected parametric uncertainties in the SM predictions of the different EWPO, but not the
intrinsic ones. (Right) The same illustrating the impact of neglecting such intrinsic theory errors.
For each project (including the Giga-Z option for linear colliders) the solid regions show the results
in the left panel, to be compared with the regions bounded by the dashed lines, which include the
full projected theory uncertainty.
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stress-test of SM 

∂mW ~ 0.5 MeV (vs 8 MeV @ LHC)
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Improvements of EW measurements
H Consistency of electroweak precision data
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Figure 18. Constraints on mW and mtop from direct measurements (horizontal and vertical lines)
and indirect constraints (ellipses). In all cases the constraints from current data plus HL-LHC are
compared to the ones expected for the e+e� collider.

I Improvement with respect to HL-LHC

Figures 19 and 20 give a graphic comparison of the improvement with respect to HL-LHC
in the Kappa-3 and SMEFT-ND frameworks. This improvement is shown as the ratio of the
precision at the HL-LHC over the precision at the future collider, with more darker colors
corresponding to larger improvement factors. The kappa-3 result shows large improvements,
up to an order of magnitude, for all future ee colliders for the measurement of the couplings
to Z, W and b and the limits on the invisible branching ratio, and an ’infinite’ improvement
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The importance of improved EW measurements is threefold: 
1) improve mass reach in indirect search for NP (S~10-2 → M~70 TeV) 

2) reduced parametric uncertainties for other measurements  
3) reduced degeneracies in a global fit for Higgs couplings

Exquisite measurements of mZ (100 keV) , ΓZ (25 keV), mW (<500 keV), αQED(mZ) (3.10-5) (all unique to FCC-ee)

Patrick Janot

2-� region
(EWPO: stat. unc. only)
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A couple physics plots from FCC France
q Fit to S and T parameters (representing loop corrections to the Z andW propagators)

u From Jorge de Blas, with only statistical and parametric uncertainties

l The true potential of FCC-ee is one order of magnitude better
è Next step: Devise experimental and theoretical methods to match statistics !

21 Nov. 2019
FCC-ee physics coordination meeting

10

w/ stat. and param. only

stress-test of SM 

∂mW ~ 0.5 MeV (vs 8 MeV @ LHC)
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Impact of Z-pole Measurements

Contamination EW/TGC/Higgs can be 
understood by looking at correlations

Without Z-pole runs, there are large 
correlations between EW and Higgs

J. De Blas et al. 1907.04311

EW

Higgs

TGC
LEP/LHC
EW measurements
are a limiting factor to 
precision programme

https://arxiv.org/abs/1907.04311
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Impact of Z-pole Measurements

Contamination EW/TGC/Higgs can be 
understood by looking at correlations

With Z-pole runs, only correlations 
between EW and TGC remain

J. De Blas et al. 1907.04311

EW

Higgs

TGC
w/. Z-pole 
EW uncertainties 
are not a limit to  
precision programme

https://arxiv.org/abs/1907.04311
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Impact of Z-pole Measurements

Contamination EW/TGC/Higgs can be 
understood by looking at correlations

Figure 12: Changes in correlations between couplings depending on the precision of EW
measurements assumed. The top row is for CEPC and the bottom two rows are for FCC-ee.
HL-LHC projections are included for all scenarios.

and FCC-ee .
The change in the correlations from one EW scenario to another for both CEPC and

FCC-ee can also be seen from figure 12. For both the colliders at 240 GeV, meshes of
significant correlations can be identified between the Higgs and the EW sectors. With the
inclusion of the Z-pole these two sectors get decoupled. While we see from table 1 that the
assumption of perfect EW measurements and the case for the inclusion of a Z-pole run give
numerically similar bounds for both the colliders, from figure 12 we see that the correlation
maps are di�erent. It can then be understand from these variations of the correlation map
why ”Ÿ“ is still a�ected by the EW assumptions made even after the inclusion of EW
measurements from a Z-pole run at the lepton colliders since the bound on it is diluted by
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Figure 12: Changes in correlations between couplings depending on the precision of EW
measurements assumed. The top row is for CEPC and the bottom two rows are for FCC-ee.
HL-LHC projections are included for all scenarios.

and FCC-ee .
The change in the correlations from one EW scenario to another for both CEPC and

FCC-ee can also be seen from figure 12. For both the colliders at 240 GeV, meshes of
significant correlations can be identified between the Higgs and the EW sectors. With the
inclusion of the Z-pole these two sectors get decoupled. While we see from table 1 that the
assumption of perfect EW measurements and the case for the inclusion of a Z-pole run give
numerically similar bounds for both the colliders, from figure 12 we see that the correlation
maps are di�erent. It can then be understand from these variations of the correlation map
why ”Ÿ“ is still a�ected by the EW assumptions made even after the inclusion of EW
measurements from a Z-pole run at the lepton colliders since the bound on it is diluted by
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Z-pole runs at circular colliders isolate 
EW and Higgs sectors from each others

w/o Z-pole run w/ Z-pole run

J. De Blas et al. 1907.04311

EW

Higgs

TGC
w/. Z-pole 
EW uncertainties 
are not a limit to  
precision programme

https://arxiv.org/abs/1907.04311
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Direct Searches for Light New Physics
• LLP searches with displaced vertices 

 e.g. in twin Higgs models glueballs that mix with the Higgs and decay back to b-quarks 
                                          
  

• Rare decays 
 e.g.  ALP mixing w/ SM mesons:  

   

• ALPs@ colliders 
e.g.  

Craig et al, arXiv:1501.05310
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Figure 10. Branching ratio of KL æ fi
0
a (in black dashed), branching ratio of K

+
æ fi

+
a (in light

blue, dashed) and proper lifetime of the ALP in meters (in red) of the GG̃ coupled ALP. The mass
range ≥ (135 ≠ 150) MeV is not plotted for a better illustration.

where we have defined �≠1
© (mu + md)(m≠1

u + m
≠1

d + m
≠1
s ), and Ffi is the pion decay

constant given by Ffi ¥ 93 MeV. ◊÷÷Õ is the ÷-÷Õ mixing, whose value has a large uncertainty
and lies in the range ƒ ≠(10¶-20¶) (see e.g. [85–87]). Note the di�erent ma dependence in the
ALP-÷ mixing of the cos ◊÷÷Õ and sin ◊÷÷Õ terms. This is due to the fact that the sin ◊÷÷Õ term
arises from mass mixing, the cos ◊÷÷Õ from kinetic mixing. At the same order in the chiral
Lagrangian, the physical masses of the ALP, pion, and eta mesons are una�ected.

From the ALP mixing with neutral light mesons and the known operators for hadronic
decays of the Kaons in the chiral Lagrangian (see Appendix C), we can calculate the Kaon
decay widths at the leading order (similar calculations can be found in [88]). For simplicity,
in the following we will fix sin ◊÷÷Õ = ≠1/3 [49]. We will comment in the text, how the results
will change if we had fixed a di�erent value of ◊÷÷Õ in the ≠(10¶-20¶) range.

�(K+
æ fi

+
a) = 1

8fi
|gK+fi≠a|

2
|p̨a|

m
2

K

, (5.14)

�(KL æ fi
0
a) = 1

8fi
|
Ô

2‘KgK0fi0a|
2

|p̨a|

m
2

K

, (5.15)

where the CP violating parameter in the Kaon mixing is given by ‘K = 2.23 ◊ 10≠3, and |p̨a|
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• ALP decay into photons

Patrick Janot 

Direct	discoveries	(cont’d)	
q  Discover	the	dark	sector	

◆  A	very-weakly-coupled	window	to	the	dark	sector	is	through	light	“Axion-Like	
Particles”	(ALPs)	

➨  γ	+	EMISS	for	very	light	a	
➨  γγ	for	light	a
➨  γγγ		for	heavier	a	

●  Orders	of	magnitude	of	parameter	space	accessible	at	FCC-ee	

CERN, 7-11 Jan 2019 
FCC-ee workshop: Theory and Experiment 
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• ALP decay into leptons

Material from A. Thamm

Knapen, Thamm  arXiv:2108.08949

FIG. 1: Example of a Twin Higgs collider event. The SM-like Higgs decays through a loop of

the twin tops into a pair of twin gluons, which subsequently hadronize to produce various twin

glueballs. While some glueballs are stable at the collider scale, G0+ decay to Standard Model

particles is su�ciently fast to give LHC-observable e↵ects, including possible displaced vertices.

The hĝĝ coupling, indicated by a black dot, is generated by small mixing of the Higgs and the twin

Higgs.

the gluino. With large color charge and spin, the gluino is phenomenologically striking over

much of motivated parameter space, almost independent of its decay modes [12–14]. In Twin

Higgs models, the analogous two-loop role is played by twin gluons, which can again give rise

to striking signatures over a large part of parameter space, not because of large cross-sections

but because they, along with any light twin matter, are confined into bound states: twin

hadrons. Together with the Higgs portal connecting the SM and twin sectors, the presence

of metastable hadrons sets up classic “confining Hidden Valley” phenomenology [15–21],

now in a plot directly linked to naturalness.

A prototypical new physics event is illustrated in Fig. 1. The scalar line represents the

recently discovered 125 GeV Higgs scalar. This particle is primarily the SM Higgs with

a small admixture of twin Higgs; it is readily produced by gluon fusion. But because of

its twin Higgs content, it has at least one exotic decay mode into twin gluons, induced

by twin top loops, with a branching fraction of order 0.1%. The twin gluons ultimately

hadronize into twin glueballs, which have mass in the ⇠ 1 � 100 GeV range within the

minimal model. While most twin glueballs have very long lifetimes and escape the detector

as missing energy, the lightest 0++
twin glueball has the right quantum numbers to mix with

6

e+e� ! �a
Astro/Cosmo → long-lived ALPs 

colliders → short-lived ALPs MeV+

Simon Knapen, Andrea Thamm: Direct discovery of new light states at the FCCee 3
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Fig. 2. Tree-level Feynman diagram for the production of an axion in association with a photon or Z-boson.
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Fig. 3. Projected sensitivity of the FCCee (in purple) in the process e+e� ! �a on the ALP-photon coupling (left) and the
ALP-lepton coupling (right). Existing bounds on the parameter space are shown in grey. Reproduced from [19] with permission
of the authors.

with gs, e the strong and electromagnetic couplings respectively. ✓w is the Weinberg angle and ⇤ is proportional to
the axion decay constant fa. cff , cGG, cWW , c�� , c�Z and cZZ are model dependent parameters.

Explicit models relate these parameters to each other in model-specific ways and reduce the number of free pa-
rameters. One hereby generally expects the couplings to gauge bosons to be loop suppressed and of the same order,
such that the gluon couplings dominate since gs � e. However this does not imply that a hadron collider is always the
most sensitive machine: For ma . 100 GeV, the QCD backgrounds at e.g. the LHC are often simply too large, and the
discovery mode could very well be through the electroweak couplings at the FCCee. Moreover, there exist models for
which cGG ⌧ cWW , c�� , c�Z , cZZ [17], and for which a high energy lepton collider is the only viable probe. Specifically
at the FCCee, ALPs can be produced either in exotic Z decays (left panel of Fig. 2) or in association with a photon
or a Z-boson via an intermediate photon (right panel of Fig. 2). The FCCee is expected to produce an unprecedented
number of 1012

Z-bosons during its run at the Z-pole,
p

s = mZ , which will let us search for extraordinarily small
branching fractions for Z ! a� decays. Once produced, the presence of an ALP can lead to di↵erent signatures inside
the detector. ALPs can either be long-lived and travel through the detector unscathed or they can decay further into
leptons, quarks or gauge bosons. Depending on their lifetime, ALPs may decay promptly at the interaction point or
after they have travelled a certain distance inside the detector leading to a plethora of di↵erent signatures.

The processes e
+
e
�

! Za ! Z�� and e
+
e
�

! �a ! 3� [18, 19], where the latter includes the production and
decay of an on-shell Z-boson at the Z-pole, depend on the couplings c�� , c�Z , cZZ , all of which can be related to each
other in more concrete models. However, at the FCCee it is even possible to access c�� and c�Z separately. The run
at the Z-pole enhances the contribution of c�Z to the process e

+
e
�

! �a with respect to c�� and thus c�Z can be
accessed at the Z-pole run while c�� can be measured at runs with a higher center-of-mass energy. Fig. 3 shows the
parameter space that can be explored by the FCCee. Masses between hundreds of MeV and hundreds of GeV can be
probed and the FCCee can push to very small values of c�� .

The FCC also has great potential to probe the axion coupling to leptons, c``, which can be present in DFSZ
type models. Interestingly, the dominant production mode at the FCCee is still in association with a photon or Z-
boson where the ALP now couples to photons via a lepton loop. The ALP then decays to the heaviest lepton that is
kinematically accessible. We show the expected sensitivity of the FCCee on the ALP mass and its coupling to leptons
in the right panel of Fig. 3.

In addition to direct measurements, the FCCee can probe electroweak precision observables and the electromagnetic
coupling constant with unprecedented precision leading to further stringent constraints on c�� and c�Z .

Gori et al arXiv:2005.05170

https://arxiv.org/abs/1501.05310
https://inspirehep.net/literature/1908207
https://arxiv.org/abs/2005.05170
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Search for νRH

illustrated in Fig.7, and demonstrates the typical complementarity between the Z factory FCC-ee
and a high-energy linear e

+
e
� collider.

Figure 7: Expected sensitivity to Axion-like particles in various future facilities. The reach of FCC-ee

is at very small couplings in Z decays, while the reach of linear colliders is at higher masses for somewhat

larger couplings. From Ref. [1]

Figure 8: Expected sensitivity to Heavy-Neutral Leptons (a.k.a. Right Handed Neutrinos) in various

future facilities. The reach of FCC-ee is for very small heavy-light mixing angle in Z decays, down to the

see-saw limit; it is complemented up to very high masses (60 TeV or more) for heavy-light neutrino mixing

larger than 10
�5

by constraints from Electroweak and tau decay precision measurements. See [1], Fig 8.19.

Another well-motivated example of new physics is provided by neutrinos. Many neutrino mass
models naturally predict the existence of heavy neutrino states, called Heavy Neutral Leptons
(HNL, mostly of right-handed chirality or “sterile”) which mix with the known light, active neutrinos
with a typical mixing angle |✓⌫N|2 / m⌫/mN. Since both light and heavy neutrino masses are
unknown, a rather large range of mixing angles should be explored. These scenarios have several
possible consequences: (i) the direct observation of a long-lived HNL in Z, W, and Higgs decays
and in tau, b- or c-hadron semi-leptonic decays, both mass and mixing sensitive; (ii) the mixing of
the light neutrinos with heavier states, which leads to a violation of the SM relations in EWPOs;

12

Direct observation
in Z decays   

 from LH-RH mixing  

02.07.2021 Alain Blondel  FCC PE&D; Summary 36

Physics Highlights

Rebeca Gonzalez Suarez:  LLP at FCC-ee
(possibility of direct discovery HNL, ALPs)

ESU Physics BB ‘19

Important to understand 
1. how neutrinos acquired mass 
2. if lepton number is conserved 

3. if leptogenesis is realised

https://inspirehep.net/literature/1761133
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Leptogenesis via Oscillations with 2 RHNs 

• GeV-scale RHNs → rich phenomenology

⌫↵ = U↵i⌫i +⇥↵IN
c
I
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4 masses, 4 angles, 3 phases (2 masses + 3 angles + 1 phase measured)

Casas & Ibarra, Nucl.Phys. B618 (2001) 171-204
(2 masses + 3 angles + 1 phase from oscillation data  5 free parameters⟹

FCC-ee can probe large viable regions of leptogenesis

https://inspirehep.net/literature/1761133


Christophe Grojean ee Z pole pgme, Sept. 23, 202221

Short-term Goals

1.Documentation of the specificities of the FCC-ee and FCC-hh physics cases and their 
complementarity for the characterisation of the Standard Model Higgs boson and 
beyond; 

• identify key topics and observables 
• propose new benchmark measurements 

2.Strategic plans for improved theoretical calculations needed to reduce the theoretical 
uncertainties towards matching the FCC-ee expected statistical precision for the most 
important measurements: QCD and EW sectors 

3.A first list of coherent sets of detector requirements to fully exploit the FCC-ee 
physics opportunities, in particular to reduce the experimental systematic uncertainties 
towards matching the FCC-ee expected statistical precision for the most important 
measurements.
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Conclusions
A circular “Higgs factory” like FCC-ee has a rich potential: 

* Direct and indirect sensitivity to New Physics. 
* Establish new organising principles of Nature (LEP→ gauge symmetries, FCC→??). 

* Probe the HEP-Cosmo connections thanks to the high statistics of the Z-pole run 
(omitting this exploration would be ignoring the outcome of LHC. 

10+ years of LHC have changed the HEP landscape). 

We have profound questions and we need create opportunities to answer them. 
— FCC-ee will for sure contribute —

FCC-ee is an essential part of an integrated programme to probe New Physics.
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Experimental Inputs

Jorge de Blas 
INFN - University of Padova

Open Symposium - Update of the European Strategy for Particle Physics 
Granada, May 14, 2019

Higgs (and EW) physics at Future Colliders

�19

• Inputs included in the fits (from ESU documents and Refs. therein):


Higgs aTGC EWPO Top EW

FCC-ee Yes (μ, σΖΗ)

(Complete with HL-LHC) Yes (aTGC dom.) Yes Yes (365 GeV, Ztt)

ILC Yes (μ, σΖΗ)

(Complete with HL-LHC) Yes (HE limit) LEP/SLD (Z-pole) + 

HL-LHC + W (ILC) Yes (500 GeV, Ztt)

CEPC Yes (μ, σΖΗ)

(Complete with HL-LHC) Yes (aTGC dom) Yes No

CLIC Yes (μ, σΖΗ) Yes (Full EFT 
parameterization)

LEP/SLD (Z-pole) + 
HL-LHC + W (CLIC) Yes 

HE-LHC Extrapolated from 
HL-LHC N/A → LEP2 LEP/SLD 


+ HL-LHC (MW, sin2θw) -

FCC-hh
Yes (μ, BRi/BRj) 


Used in combination 
with FCCee/eh

From FCC-ee From FCC-ee -

LHeC Yes (μ) N/A → LEP2 LEP/SLD 

+ HL-LHC (MW, sin2θw) -

FCC-eh
Yes (μ) 


Used in combination 
with FCCee/hh

From FCC-ee From FCC-ee 

+ Zuu, Zdd -

Warning

Warning

Warning

A circular ee Higgs factory 
starts as a Z/EW factory 

(TeraZ)  

A linear ee Higgs factory 
operating above Z-pole 

can also preform  
EW measurements  

via Z-radiative return

A linear ee Higgs factory 
could also operate on the 

Z-pole though at lower lumi 
(GigaZ) 

Not included in the analyses yet
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EW Precision  
Measurements  

at FCC-ee 

Blondel, Janot 
arXiv: 2106.13885

https://arxiv.org/abs/2106.13885
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Example of measurements @ WW threshold
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Example of measurements @ WW threshold
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Example of measurements @ WW threshold
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Higgs @ FCC-ee
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FCC-ee: the ultimate e+e- Higgs laboratory 

Central goal of FCC-ee:  model-independent measurement of Higgs width and 
couplings with (<)% precision.   Achieved through operation at two energy points.

Sensitivity to both processes very helpful in improving precision on couplings.

5 ab-1 at 240 GeV
106 HZ events
��N�::ĺ+�HYHQWV

1.5 ab-1 at 365 GeV
200k HZ events
��N�::ĺ+�HYHQWV

target costs, and that the additional time given to the hadron collider by the FCC-ee programme
may well result, by virtue of a longer R&D period, in some combination of lower cost and higher
performance, that could be set off against the FCC-ee cost. The physics case of the FCC-ee,
however, justifies the initial investment in its own right.

17.2 What are the Costs of Operating FCC-ee?

The total electrical energy consumption over the fourteen years of the FCC-ee research programme
is estimated to be around 27 TWh [58], corresponding to an average electricity consumption of 1.9
TWh/year over the entire operation programme, to be compared with the 1.2 TWh/year consumed
by CERN today and the expected 1.4 TWh/year for HL-LHC9. At the CERN electricity prices
from 2014/15, the electricity cost for FCC-ee collider operation would be about 85 MEuro per
year. In the HZ running mode, about one million Higgs bosons are expected to be produced in
three years, which sets the price of each FCC-ee Higgs boson at 255 Euros. A similar exercise can
be done for the first stage of CLIC, expected to consume 0.8 TWh/year over 8 years at 380GeV
to produce about 150,000 Higgs bosons, which sets the price of a CLIC Higgs boson at about 2000
Euros. Finally, with the official ILC operation cost in Japan of 330 MEuro per year [10], its 11.5 to
18.5 years of operation (Section 5), and the 500,000 Higgs bosons produced in total, the price of an
ILC Higgs boson is between 7,000 and 12,000 Euros, i.e., between 30 and 50 times more expensive
than at FCC-ee. These operation costs are summarized in Table 8.

Table 8: Operation costs of low-energy Higgs factories, expressed in Euros per Higgs boson.

Collider ILC250 CLIC380 FCC-ee240
Cost (Euros/Higgs) 7,000 to 12,000 2,000 255

18 Can FCC-ee be the First Stepping Stone for the Future

of our Field?

This question is key in the choice for the next facility. It is often argued that high-energy physics
needs an e

+
e
� Higgs factory; that it should preferably be built with a technology that is important

for the future of the field; that circular e+e� colliders are limited in centre-of-mass energy because of
synchrotron radiation; that therefore linear colliders are the only way to go to higher energies, and
hence the next machine should be a linear collider. However, there are strong counterarguments.

18.1 Is a linear collider the best “Electroweak and Higgs Factory" that
can be built?

Figure 3 gives the answer for a low-energy Higgs Factory: circular colliders are an order-of-
magnitude superior in luminosity than the linear colliders that are on the table, namely CLIC
and ILC. The cross-over in luminosity occurs at a centre-of-mass energy around 400 GeV. All the
other particles of the Standard Model, and specifically the four heaviest ones, the Z, the W, the
Higgs and the top, can be produced below this energy. Besides, the availability of two (and per-
haps four) collision points, of exquisite beam energy calibration to one part per million, and the
huge luminosities at the Z pole and the WW threshold, are all in favour of a circular machine.
Control of the e

± beam helicity is very interesting and convenient but, in most cases, equivalent
information can be obtained by other means, such as final-state polarization measurements or an-
gular distributions, as discussed above (Section 8). High-energy e

+
e
� linear colliders (reaching �

500 GeV) can measure directly the top Yukawa coupling and the Higgs self-coupling. As already
mentioned in Section 7, however, the ttH coupling will be more precisely measured already at
the HL-LHC, and the Higgs self-coupling can be better measured at the 100TeV FCC-hh than at
any of the proposed linear colliders, thanks to the much greater statistics. Other measurements,

9For comparison, the LEP2 energy consumption ranged between 0.9 and 1.1 TWh/year.
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HL-LHC has no 
access to charm Yukawa

FCC-ee alone has no 
access to top Yukawa

FCC-ee is limited 
by statistics on rare decays

https://arxiv.org/abs/1905.03764
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Important synergy HL-LHC — low energy lepton 
colliders 

1. Top/Charm Yukawa 
2. Statistically limited channels: γγ, µµ
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Thanks to HL-LHC, 
top Yukawa doesn’t 

require tth threshold

Higgs @ FCC-ee: Complementarity with HL-LHC 

FCC-ee can reconstruct charm 
and gain access to charm Yukawa

LHC brings statistics
FCC-ee adds a bit of sensitivity

https://arxiv.org/abs/1905.03764
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Impact of Diboson Systematics

parison with the prospects obtained without Higgs measurements, shown with trapezoidal
marks. Sizeable e�ects are only seen, at linear colliders, on the Z-boson couplings to
electrons. Those would also be the most a�ected by an improvement of the left-right
polarization asymmetry ALR mentioned earlier. At the HL-LHC, the impact of Higgs mea-
surements on EW couplings is only visible for the gauge couplings of the light quarks, of
down type in particular (d and s), which are poorly constrained at LEP and SLD. The
V h and diboson production processes, mostly initiated by light quarks at the LHC, are
sensitive to these couplings [55].

In addition to the precision reach of each coupling, the correlations among them also
contain important information, and are particularly relevant for understanding the inter-
play of Higgs and EW measurements. To avoid showing a large set of 28 ◊ 28 matrices,
we present a scheme-ball illustration in figure 5, which highlights large correlations with
lines connecting pairs of couplings in its inner circle. The circular collider projections in-
clude both Z-pole and WW threshold measurements. At linear colliders, the EW and the
Higgs sector appear clearly connected due to the absence of new Z-pole measurements.
Strong correlations are present between aTGCs and other electroweak couplings. This
clearly shows again that the electroweak, triple-gauge, and Higgs sectors of the e�ective
field theory would become significantly entangled with the advent of future lepton colliders.

We further investigate the impacts of diboson measurements and beam polarizations
in the rest of this section.

3.1 Impact of W W measurements

�gH
ZZ �gH

WW �gH
�� �gH

Z� �gH
gg �gH

tt �gH
cc �gH

bb �gH
�� �gH
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precision reach with different assumptions on e+e-�WW measurements
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ILC 250GeV
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light shade: �=0.01 (�WW
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2 )
solid shade: �=0.5 (default)

: �=1
lepton colliders are combined with HL-LHC & LEP/SLD
imposed U(2) in 1&2 gen quarks

Figure 6: Impact of diboson measurement precision on Higgs and triple-gauge couplings.
Our default assumption, adopted in figure 2, is also shown here as dark-shaded bars. It
corresponds to an overall e�ciency ‘ of 50% (see section 2.3). The results obtained with
an ideal 100% and a lower 1% e�ciency are shown as vertical lines and light shaded bars
respectively. The run scenarios of the future lepton colliders are summarized in figure 1.

As explained in section 2.3, our prospects for WW measurements neglect backgrounds,
detector e�ects and systematic uncertainties but assume a conservative overall e�ciency
‘ of 50%. We examine in figure 6 the impact of di�erent assumptions for ‘ on Higgs and
triple-gauge coupling prospects. This exercise also more generally allows us to visualize
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�: signal selection efficiency
: individual fit

Figure 13: A comparison of the reach on aTGCs from the binned method used in ref. [58]
and the optimal observables for the diboson measurement at CEPC 240 GeV. To match
ref. [58], we use both the total rate and the normalized distributions of the semileptonic
channel, and impose the TGC dominance assumption. A 80% signal selection e�ciency is
assumed in ref. [58].

As an illustration of the power of the optimal observables, we show in figure 13 a
comparison with the conventional binned distribution method used in ref. [58] for CEPC
240 GeV. To match the inputs and assumptions of ref. [58], we use both the total rate and
the normalized distributions of the semileptonic channel of e+e≠

æ WW , make the TGC
dominance assumption and perform a global fit among the three aTGCs. If a 80% signal
selection e�ciency is assumed as in ref. [58], we observe a factor of 4-5 improvement in
”g1,Z and ⁄Z with the use of optimal observables, and a some what smaller improvement
(by a factor of ≥ 2) for ”Ÿ“ . In particular, a better discrimination between ”g1,Z and ⁄Z

is achieved using optimal observables, which reduced the strong correlation between them
from ≠0.9 (of the binned distribution method) to ≠0.6. The improvement is still outstand-
ing even with the conservative 50% e�ciency used in our analysis. Note however that they
remain degeneracies between Higgs and EW parameters that cannot be resolved with WW

measurements alone, even with optimal use of the available di�erential information.

Treatment of Higgsstrahlung production The three relevant angles in the process
e+e≠

æ hZ, Z æ ¸+¸≠ are the production polar angle and the Z decay polar and azimuthal
angles. In refs. [71, 72], the information contained in angular distributions was extracted
using asymmetries. While this approach captures all the essential information, the corre-
lations among the asymmetry observables are omitted, which results in a reduction in the
sensitivity. We instead construct statistically optimal observables from these three angles
using equation (D.6) and (D.7), keeping only the linear CP-even EFT dependences. We
use only the h æ bb̄ and Z æ e+e≠/µ+µ≠ channel, which is almost background free after
the selection cuts. The ‰2 is computed analytically, including only statistical uncertainties
with a universal 40% signal e�ciency. Note that the bb̄ pair is only used for tagging the

– 35 –
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Impact of Beam Polarisation (@250GeV)

massless fermions to a vector is given by [41, 51]

‡Pe+ Pe≠ = ‡0(1 ≠ Pe+Pe≠)
5
1 ≠ ALR

Pe≠ ≠ Pe+

1 ≠ Pe+Pe≠

6
(2.10)

where ‡Pe+ Pe≠ is the cross section corresponding to a beam polarization of Pe+ and Pe≠

for the e+ and e≠ beam respectively and ‡0 is the unpolarized cross section. ALR is
the intrinsic left right asymmetry of the production cross section. For the SM e+e≠

æ

Zh production channel ALR = 0.1516. The e�ective luminosity, which scales as 1/2(1 ≠

Pe+Pe≠), is enhanced over that for unpolarized beams or that for the positron beam with
no polarization giving a corresponding reduction of statistical uncertainties.

For the ‹‹h production mode, which is driven by W boson fusion, the scaling for the
polarization is simpler. It depends only on the polarization since the reaction is driven
by left-handed fermions and right-handed anti-fermions (i.e. ALR = 1 in equation (2.10)).
Therefore, the scaling from the unpolarized cross section (‡LR) is given by:

‡Pe+ Pe≠ = 1
4‡LR(1 ≠ Pe≠)(1 + Pe+) (2.11)

In this case it is clear that a negative polarization for the electron and a positive polarization
for the positron will enhance the cross-section and the contrary will reduce it.

The prescriptions we adopt for the scaling of statistical uncertainties from one polar-
ization to the other are the following:

• e+e≠
æ Zh : As described in ref. [10], ALR being small, the enhancement in lu-

minosity for the P (e≠, e+) = (≠80%, +30%) beam polarization configuration over
the (+80%, ≠30%) is cancelled out by the slightly lower background in the latter.
Hence, the e�ective di�erence due to the term proportional to ALR in equation (2.10)
is evened out. So we assume that the statistical uncertainties will be the same for the
configurations (±80%, û30%) and can be scaled to other polarization configurations
using equation (2.10) with ALR set to 0.

• e+e≠
æ ‹‹h : Being driven by W boson fusion, we use equation (2.11) to scale the

statistical errors for the di�erent polarizations.

On the other hand, systematic uncertainties are assumed to be polarization independent.
For unpolarized beams, no uncertainty is however associated with the determination of the
polarization.

2.6 Fitting procedures

Two di�erent statistical frameworks were used to implement the global fits performed for
this work. The two procedures were implemented completely separately and the fits were
performed with the same inputs. We describe here the two frameworks and their di�erences.

6
Given left- and right-handed couplings of charged lepton to the Z are respectively proportional to

≠1 + 2s2
W and 2s2

W , this polarization asymmetry is approximated by (1 ≠ 4s2
W )/(1 ≠ 4s2

W + 8s4
W ) and is

very sensitive to the sine of the weak mixing angle sW .

– 12 –

Statistical gain from increased rates

From ee→Zh,  ALR~0.15 so ��80,+30 ⇠ 1.4�0

overall, one could expect  
O(6%) increased coupling sensitivity

Gain is much higher in global EFT fit 
since polarisation removes  

degeneracies among operators

Polarisation benefit diminishes  
when other runs at higher energies are added 

and basically left only with statistical gain
increased sensitivities Polarised vs. Unpolarised scenarios @ 250GeV

Figure 8: Strengthening in global constraints arising from the introduction of P (e≠, e+) =
(û80%, ±30%) and (û80%, 0%) beam polarizations at a centre-of-mass energy of 250 GeV
(in red and green, respectively) quantified as ”g(unpolarized)/”g(polarized)≠1 expressed in
percent. For comparison, the improvement of constraints brought by a factor 1.12 increase
in luminosity in shown in orange. This factor is the purely statistical gain on e+e≠

æ hZ

and e+e≠
æ ‹‹h rate incurred with (û80%, ±30%) beam polarization. The grey band is

representative of a 5.6% gain (
Ô

1.24 ◊ 0.9 ≠ 1). The numerical inputs for P (e≠, e+) =
(û80%, ±30%) and unpolarized beams are taken from table 1.

imate degeneracies. Including higher-energy runs also reduces degeneracies and therefore
limits the relative impact of beam polarization. Imposing perfect EW measurements only
a�ects ”g1,Z and ”Ÿ“ , increasing the improvement brought by polarization to 40–50% level
as for ”gZZ

H
and ”gW W

H
. Considering EW couplings, the gain on ”gl‹

W
coupling precisions is

commensurate with the purely statistical one and small in the case of and ”gee

Z,R
.

From figure 9 we get some insight into the di�erence in the correlation maps between
the case of the polarized beams and the unpolarized ones. Removing positron polarization
does not change the correlation map of for the polarized beams. It can be seen that ”Ÿ“

is always correlated with ”gee

Z,L
and ”gee

Z,R
. The latter are progressively better constrained

with the growth of energy for the case of polarized beams when compared to unpolarized
as is apparent from table 2. The correlation between ”g1,Z and ”ge‹

W
at all energies is also

distinctive for the case of the polarized beams and absent for unpolarized beams.
Beam polarization also helps controlling systematic uncertainties, an aspect we have
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• Positron polarisation doesn’t play a big role (for Higgs couplings determination)

• If 250GeV run only: electron polarisation improves significantly (>50%) hVV determination

• Polarisation-benefit diminishes (in relative and absolute terms) when other runs at higher energies are added
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Figure 7: Global one-sigma reach on Higgs and triple-gauge couplings at the ILC, for three
di�erent beam polarization configurations. Electroweak measurements from LEP and SLD
as well as HL-LHC projections are included in all scenarios. Electroweak parameters (not
shown) are marginalized over.

”gZ“

H
su�ers from an accidental suppression for unpolarized beams. The h æ Z“ measure-

ment at the HL-LHC however e�ectively constrain this coupling, so that the loss in reach
incurred without beam polarization is limited. Additional measurements of the hZ process
at higher energies improve the reach on ”gZ“

H
but also make it more sensitive to the polar-

izations. For ”g1,Z and ”Ÿ“ , the discriminating power provided by the higher-energy runs
is also insu�cient to o�set the enhanced degeneracies in the diboson process, as observed
previously in figure 2. Losing the handle of beam polarizations thus further enhances the
degeneracies and reduces the reach.

Focusing on the 250 GeV run, figure 8 further highlights the complementarity of op-
posite beam polarization configurations for lifting approximate degeneracies. It shows the
relative improvement obtained between polarized and unpolarized scenarios. The cases of
P (e≠, e+) = (û80%, ±30%) and (û80%, 0%) beam polarization configurations are respec-
tively displayed in red and green. For reference, the gain expected from the increase in sheer
rate is displayed as orange lines. It is obtained by artificially augmenting luminosities by a
factor of 1.24◊0.9 ƒ 1.12 in our default unpolarized beam scenario. The factor of 1.24 is the
statistical increase in the precision of the hZ cross-section determination when adopting a
P (e≠, e+) = (û80%, ±30%) configuration (following the prescription of equation (3.3)) and
the same for ‹‹h. Note that no such statistical gain is obtained in the absence of positron
polarization. The factor of 0.9 is compensating for the 10% of luminosity collected with
same-sign polarization configuration and not used in our prospects.

As already noted above, polarized beams induce sizeable improvement (up to 80%) in
the precision achievable on several Higgs couplings, while positron beam polarization has a
marginal impact. As seen in the figure, this improvement is often much larger than the bare
statistical gain in hZ and ‹‹h rate due to polarization (up to 5.6% shown by the grey line).
Runs with two di�erent polarization configurations are indeed e�ective in reducing approx-
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