
 

 

 

FCCweek2016 Roma, 
11-15 Aprile 2016  

 

12 Gennaio 2016 

Caro direttore, 

  ti invitiamo cortesemente a far affiggere l’annuncio del secondo workshop 
sul Future Circular Collider (FCC2016) che si terra’ a Roma dall’ 11 al 15 
Aprile p.v.  

Maggiori informazioni sul sito web della conferenza 

http://fccw2016.web.cern.ch/fccw2016/.  

Ringraziandoti anticipatamente,  

Il comitato organizzatore 

 

  

  

B. Di Micco - Università degli Studi di Roma Tre e I.N.F.N.

1 lepton

Biagio Di Micco

January 17, 2016

High-precision EW and QCD physics at FCC-ee
29th July 2021

Higgs boson measurements 
at Future Circular Colliders
Sylvie Braibant  
Bologna University 

65th ICFA Advanced Beam Dynamics Workshop on High 
Luminosity Circular e+e- Colliders (eeFACT2022) Paolo Franzini 

and Juliet Lee



B. Di Micco eeFACT2022

29th July 2021

Higgs boson measurements 
at Future Circular Colliders
Sylvie Braibant  
Bologna University 

High-precision EW and QCD physics at FCC-ee

,

The SM after the Higgs boson discovery and 
gravitational waves observation 
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still not observed

not observed in: e, μ, c, u, d, s

Higgs boson couplings to ordinary matter 
still need to be observed !!
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The Higgs boson and the inflation

Exponential expansion of the universe at the 
starting age, it involves one scalar  φ with a 
properly shaped energy potential V(φ). This 
energy behaves like dark-energy inducing 
universe acceleration (inflaton field)

V(h0)

Inflationary epoch

The Higgs potential could have such role if its 
potential is properly shaped

h >> h0

<φ>

V(φ)

fast exponential expansion

a(t) universe expansion parameter
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V (�) ⇠ ��4

λ  energy scale 
dependence is 
function  of Mh, Mt 
and the strong 
coupling constant 
at Mz

negative potential 
(false vacuumm and quantum tunnelling possible)

Exponential expansion of the universe at the 
starting age, it involves one scalar  φ with a 
properly shaped energy potential V(φ). This 
energy behaves like dark-energy inducing 
universe acceleration (inflaton field)

The Higgs potential could have such role if its 
potential is properly shaped
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It is critical for our understanding of universe evolution to 
measure the Higgs boson self-coupling, the Higgs, the W and 

the top mass with the highest possible accuracy
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Figure 3: Left: SM phase diagram in terms of Higgs and top pole masses. The plane is
divided into regions of absolute stability, meta-stability, instability of the SM vacuum, and non-
perturbativity of the Higgs quartic coupling. The top Yukawa coupling becomes non-perturbative
for Mt > 230 GeV. The dotted contour-lines show the instability scale ⇤I in GeV assuming
↵3(MZ) = 0.1184. Right: Zoom in the region of the preferred experimental range of Mh and Mt

(the grey areas denote the allowed region at 1, 2, and 3�). The three boundary lines correspond
to 1-� variations of ↵3(MZ) = 0.1184±0.0007, and the grading of the colours indicates the size
of the theoretical error.

The quantity �e↵ can be extracted from the e↵ective potential at two loops [111] and is explicitly
given in appendix C.

4.3 The SM phase diagram in terms of Higgs and top masses

The two most important parameters that determine the various EW phases of the SM are the
Higgs and top-quark masses. In fig. 3 we update the phase diagram given in ref. [4] with our
improved calculation of the evolution of the Higgs quartic coupling. The regions of stability,
metastability, and instability of the EW vacuum are shown both for a broad range of Mh and
Mt, and after zooming into the region corresponding to the measured values. The uncertainty
from ↵3 and from theoretical errors are indicated by the dashed lines and the colour shading
along the borders. Also shown are contour lines of the instability scale ⇤I .

As previously noticed in ref. [4], the measured values of Mh and Mt appear to be rather
special, in the sense that they place the SM vacuum in a near-critical condition, at the border
between stability and metastability. In the neighbourhood of the measured values of Mh and
Mt, the stability condition is well approximated by

Mh > 129.1GeV + 2.0(Mt � 173.10GeV)� 0.5GeV
↵3(MZ)� 0.1184

0.0007
± 0.3GeV . (64)

The quoted uncertainty comes only from higher order perturbative corrections. Other non-

19

Vacuum stability



B. Di Micco eeFACT2022

29th July 2021

Higgs boson measurements 
at Future Circular Colliders
Sylvie Braibant  
Bologna University 

High-precision EW and QCD physics at FCC-ee

8

Patrick Janot 

Energies	and	luminosities	at	the	FCC-ee	

6 March 2019 
Physics at FCC : CDR Symposium 

3 

q  The	FCC-ee	offers	the	largest	luminosities	in	the	88	→	365	GeV	√s	range	

	

◆  The	FCC-ee	precision	for	the	study	of	the	Higgs	boson	is	multiplied	by	the	presence	of	

the	four	heaviest	SM	particles	(Z,	W,	H,	and	top)	in	its	energy	range	

FCC-ee	

LEP3	

CEPC	

Z         WW     ZH     tt  

LEP	×	105	!	

ILC	

CLIC	

- 
q  Ultimate	precision:		

◆  100	000	Z	/	second	(!)	

●  1	Z	/	second	at	LEP	

◆  10	000	W	/	hour	

●  20	000	W	at	LEP	

◆  1	500	Higgs	bosons	/	day	

●  10	times	ILC	

◆  1	500	top	quarks	/	day	

in	each	detector	

…	in	a	clean	environment:		

•  No	pileup		

•  Beam	backgrounds	

under	control	

•  E,p	constraints	

PRECISION	and	SENSITIVITY			

to	rare	or	elusive	phenomena	(*) A study for a 4 IPs FCC-ee has been requested by the CERN 
 management and is foreseen to be conducted this year (2019)  

(*) 

double ring e+e- collider ~100 km
follows footprint of FCC-hh, except 

around IPs
asymmetric IR layout & optics to 

limit synchrotron radiation 
towards the detector 

presently 2 IPs (alternative layouts 
with 3 or 4 IPs are under study), 
large horizontal crossing angle 
30 mrad, crab-waist optics 

synchrotron radiation power 50 
MW/beam at all beam energies

top-up injection scheme; requires  
booster synchrotron in collider tunnel

K. Oide et al.

FCC-ee basic design choices

collider properties
• double accumulator ring, energy 

booster for acceleration, continuous 
injection, crossing angle (30 mrad),  
crab-waist techinque for luminosity 
optimisation 

• minimal setup 2IP, optimal one with 
4 IP

Patrick Janot 

The	FCC-ee	operation	model	and	statistics	
q  185	physics	days	/	year,	75%	efficiency,	10%	margin	on	luminosity		

6 March 2019 
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Working	point	 Z,	years	1-2		 Z,	later	 WW	 HZ	 tt	threshold…	 …	and	above	

√s	(GeV)	 88,	91,	94	 157,	163		 240	 340	–	350		 365	

Lumi/IP	(1034	cm-2s-1)	 100	 200	 25	 7	 0.8	 1.4	

Lumi/year	(2	IP)	 24	ab-1	 48	ab-1	 6	ab-1	 1.7	ab-1	 0.2	ab-1	 0.34	ab-1	

Physics	goal	 150	ab-1	 10	ab-1	 5	ab-1	 0.2	ab-1	 	1.5	ab-1	

Run	time	(year)	 2	 2	 2	 3	 1	 4	

5×1012	e+e�	�	Z	
					108		e+e� → W+W�

					106		e+e� → HZ	
					106		e+e� → tt	- 

Event statistics √s precision 

100	keV	
300	keV	
					2	MeV	
					5	MeV	

Total	:	15	years	

Transverse polarization (Ebeam calib.),  
No longitudinal polarization. 

proposed timeline , energies and luminosity

8

FCC-ee: Machine scheme and luminosity
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Measurement of mW

9

What to think of mW measurements?

The LEP results are based on 42 separate measurements with a healthy �2.

The LEP-combined (33 MeV), LHCb (32 MeV), D0 Run II (23 MeV),
ATLAS (19 MeV) and CDF Run II (9.4 MeV) measurements have a �2/DoF
= 17.1/4, with p-value of 0.2% for compatibility (neglecting correlations).

So reasonably strong evidence that the ensemble of experimental results are
inconsistent with each other independent of any SM prediction.

The standard PDG procedure is to add a scale factor “democratically” to all
measurements to parametrize our ignorance.

Graham W. Wilson (University of Kansas) CERN Precision Workshop/ECFA e+e� Seminar June 10, 2022 4 / 51

present status

• Large number of measurements from LEP, 
Tevatron, LHC 

• Recent CDF RunII results greatly reduce the 
error keeping the previous  central value 

• compatibility among the measurements at the 
0.2% level
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Fig. 1 (Left) Measurements of the W-boson mass by the LEP, Tevatron and LHC experiments [1]. (right) W-
pair production cross section as a function of the e+e− collision energy ECM as evaluatedwith YFSWW3 1.18
[12]. The central curve corresponds to the predictions obtainedwithmW = 80.385GeV andΓW = 2.085GeV.
Purple and green bands show the cross section curves obtained varying the W mass and width by ±1 GeV
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Fig. 2 W-pair cross section differential functions with respect to theWmass(left) and width(right), evaluated
with YFSWW3 1.18 [12]. Central mass and width values are set tomW = 80.385 GeV and ΓW = 2.085 GeV

The maximum sensitivity to the W width can be determined from the minima of the
curves displayed in Fig. 2 right. Note that these curves all diverge at ECM " 162.3 GeV,
where dσWW/dΓW = 0. The minima of the width differential curves are spread over a
larger ECM area, with the σWW (dΓW/dσWW) term decreasing at lower energies due to the
vanishing σWW. This is relevant in the context of an optimal data-taking strategy, if systematic
uncertainties become limiting factors, as discussed later.

If two cross section measurements σ1,2 are performed at two energy points E1,2, both the
W mass and width can be extracted with a fit to the cross section lineshape. The uncertainty
propagation is given by

123

Eur. Phys. J. Plus (2021) 136:1203Page 4 of 91203
FCC-ee can measure mW and ΓW using a scan of 

σ(e+e- → W+W-) as a function of √s

• the WW final state needs to be measured both in leptonic and 
hadronic channels to maximise statistics 

• measuring  the XS at a single energy point a statistical precision of 
0.3 MeV on mW can be obtained with 12 ab-1 of data, beam energy 
spread   ΔEbeam  < 0.35 MeV is needed; 

• using 2 energy points E1 = 157.1 GeV, E2 = 162.3 GeV, Lint = 12 
ab-1, 40% of the luminosity at E2 : ΔmW = 0.5 MeV , ΔΓW = 1.2 MeV 
(stat. only.) 

• It is crucial to have low beam-energy spread and accurate 
absolute beam energy measurement
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Absolute determination of √s
10

Continuous resonant depolarisation to 
measure the beam energies 

• electrons are transverse-polarised using Wigglers 
• spin precession frequency ν0  ∼ Ebeam 

• beams are depolarised by a kicker at frequency ν0  
• polarisation measurement through Compton backscattering

P. Janot

Absolute determination of √s at FCC-ee
q Continuous resonant depolarization to determine the beam energies

u Transverse polarization (with wigglers)

u Spin precession frequency n0 = Ebeam/0.4406486
l n0 = 103.5 at the Z peak (called ”spin tune”)

u Kicker with frequency n provokes sharp depolarization
l Simulation with CDR FCC-ee layout

7 June 2022
Precision Calculations for future e+e- Colliders 13

q Reach ppm precision or better on √s
u Realistic assumption:  < 100 keV

l Ultimate reach: 10 keV or better ? 

q Crossing angle a: √s = 2 E+E- cos a/2
u a (30 mrad) can be measured in situ 

l With e+e-➝ µ+µ- (g) events

I. Kopp

260 seconds sweep of the kicker frequency

±1ppm

https://arxiv.org/abs/1909.12245

P. Janot

Absolute determination of √s at FCC-ee
q More recent work presented at the FCC Week 2022 in Paris (I. Koop)

u Expected polarization  = f (n-n0)                                   Measured polarization (simulation)

l Precision of 0.1 ppm (0.00001) on n-n0 does not seem out of reach
è Would corresponds to about 10 keV on mZ

7 June 2022
Precision Calculations for future e+e- Colliders 14

Average Compton-polarimeter rate 1000 events/turn

±1ppm

1 ppm accuracy on beam energy is feasible
accuracy at level of 100 keV at the Z pole
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Measurement of the top mass

No#theory#uncertain.es#FCC2ee#projec.ons#
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LHC#?#
Patrizia Azzi - FCC-CDR, March 2019, CERN

TOP PRODUCTION @FCC COLLIDERS

�5

Ecom=365 GeV  

Lint=1.5 ab-1  

1M tt pairs 

Ecom=3.5 TeV  

Lint=1 ab-1  

10M single top 

Ecom=100 TeV  

Lint=20 ab-1  

1T tt pairs 

Patrizia Azzi - FCC-CDR, March 2019, CERN

TOP MEASUREMENTS FROM THRESHOLD SCAN @FCC-ee

�8

➤ Cross section shape depends strongly on top quark mass, width, αs and Yt allowing to extract 
directly these quantities with a threshold scan
➤ choice of fit points optimized based on theory uncertainties (F. Simon arXiv:1611:03399v1(2016))
➤ Threshold shape affected by ISR and machine beam energy spread

FCC Physics Opportunities

be measured below the percent level without the need of polarised beams. In addition, this clean sample
can be used to search for exotic production or decay of top quarks via flavour changing neutral currents
(FCNC). The anomalous single top production via the tZq and tgq vertices can be studied also with the
5 ab�1 collected at

p
s = 240 GeV.

6.2.1 Precision Measurements at the Threshold
The precise measurement of the top quark mass is a major goal of the FCC-ee physics programme. At
an e

+
e
� collider the possibility of performing an energy scan around the top pair production threshold

provides the highest accuracy. The tt̄ production cross-section shape at around twice the top mass de-
pends strongly on mtop, but also on the width of the top quark �top, the strong coupling constant and the
Yukawa coupling ytop. The theoretical uncertainties around the top threshold region have been reviewed
in Ref. [164], and they drive the optimum choice of the scan points in the centre of mass energy. The ex-
traction of the top mass value can be performed as a one parameter fit fixing the value of the other inputs
to their SM expectations, or as a simultaneous fit to measure the mass, width, or the Yukawa coupling
at the same time, as shown in Fig.6.2. The resulting statistical uncertainty on mtop (�top) is 17 MeV
(45 MeV). The corresponding systematic error due to the knowledge of the centre of mass energy (to be
known with a precision smaller than 10 MeV) is 3 MeV. The precise measurement of ↵s to 2x10�4 by
measurements at lower energies contributes with 5 MeV to the top mass uncertainty. The current status
of the theory uncertainty from the NNNLO calculations is of the order of 40 MeV for the mass and the
width. The top Yukawa coupling could be extracted indirectly with a 10% uncertainty.
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Figure 6.1: Production cross section of top quark pairs (left) in the vicinity of the production threshold,
with different values of the masses and widths.

6.2.2 Precision Measurement of the Top Electroweak Couplings
In many extensions to the standard model couplings of top quark pairs to Z/g⇤ can be enhanced. These
are directly probed at FCC-ee as they represent the main production mechanism for tt̄ production at
e
+
e
� colliders. It is essential to be able to disentangle the tt̄Z and tt̄g processes to provide separation

among different new physics models. In the case of linear e
+
e
� colliders this is one of the motivations to

implement longitudinal polarisation of the beams. However, it has been shown [165] that FCC-ee’s very
large statistics can fully compensate for the lack of polarisation. The information needed to disentangle
the contribution from the Z boson and photon can be extracted from the polarisation of the final-state
particles in the process e

+
e
� ! tt̄, as any anomalous coupling would alter the top polarisation as

well. In that case, this anomalous polarisation would be transferred in a maximum way to the top-
quark decay products via the weak decay t!Wb, leading to an observable modification of the final

68
PREPRINT submitted to Eur. Phys. J. C
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➤ Cross section shape depends strongly on top quark mass, width, αs and Yt allowing to extract 
directly these quantities with a threshold scan
➤ choice of fit points optimized based on theory uncertainties (F. Simon arXiv:1611:03399v1(2016))
➤ Threshold shape affected by ISR and machine beam energy spread

FCC Physics Opportunities

be measured below the percent level without the need of polarised beams. In addition, this clean sample
can be used to search for exotic production or decay of top quarks via flavour changing neutral currents
(FCNC). The anomalous single top production via the tZq and tgq vertices can be studied also with the
5 ab�1 collected at

p
s = 240 GeV.

6.2.1 Precision Measurements at the Threshold
The precise measurement of the top quark mass is a major goal of the FCC-ee physics programme. At
an e

+
e
� collider the possibility of performing an energy scan around the top pair production threshold

provides the highest accuracy. The tt̄ production cross-section shape at around twice the top mass de-
pends strongly on mtop, but also on the width of the top quark �top, the strong coupling constant and the
Yukawa coupling ytop. The theoretical uncertainties around the top threshold region have been reviewed
in Ref. [164], and they drive the optimum choice of the scan points in the centre of mass energy. The ex-
traction of the top mass value can be performed as a one parameter fit fixing the value of the other inputs
to their SM expectations, or as a simultaneous fit to measure the mass, width, or the Yukawa coupling
at the same time, as shown in Fig.6.2. The resulting statistical uncertainty on mtop (�top) is 17 MeV
(45 MeV). The corresponding systematic error due to the knowledge of the centre of mass energy (to be
known with a precision smaller than 10 MeV) is 3 MeV. The precise measurement of ↵s to 2x10�4 by
measurements at lower energies contributes with 5 MeV to the top mass uncertainty. The current status
of the theory uncertainty from the NNNLO calculations is of the order of 40 MeV for the mass and the
width. The top Yukawa coupling could be extracted indirectly with a 10% uncertainty.
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6.2.2 Precision Measurement of the Top Electroweak Couplings
In many extensions to the standard model couplings of top quark pairs to Z/g⇤ can be enhanced. These
are directly probed at FCC-ee as they represent the main production mechanism for tt̄ production at
e
+
e
� colliders. It is essential to be able to disentangle the tt̄Z and tt̄g processes to provide separation

among different new physics models. In the case of linear e
+
e
� colliders this is one of the motivations to

implement longitudinal polarisation of the beams. However, it has been shown [165] that FCC-ee’s very
large statistics can fully compensate for the lack of polarisation. The information needed to disentangle
the contribution from the Z boson and photon can be extracted from the polarisation of the final-state
particles in the process e

+
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� ! tt̄, as any anomalous coupling would alter the top polarisation as

well. In that case, this anomalous polarisation would be transferred in a maximum way to the top-
quark decay products via the weak decay t!Wb, leading to an observable modification of the final
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Patrick Janot 

The	top	Yukawa	coupling	
q  The	FCC-ee	will	have	some	standalone	sensitivity	(~10%)	

◆  Through	vertex	correction	with	a	top-pair	threshold	scan	@	350	GeV	
●  See	Patrizia	Azzi’s	presentation		

q  Much	better	prior	measurement	at	HL-LHC	

◆  Already	observed	with	a	5σ	significance	in	ATLAS	and	CMS	
◆  Precision	of	3.4%	,	obtained	with	usual	assumptions	(BRBSM	=	0,	Γtot	=	BRcc	=	SM)	

q  Again,	the	FCC-ee	breaks	the	model	dependence	
◆  With	absolute	coupling	and	width	measurements	

●  Absolute	precision	of	3.1	%	after	7	years	of	FCC-ee		as	a	Higgs	factory	

q  Conclusion:	There	is	no	need	for	an	e+e�	collider	run	at	√s	=	500-550	GeV		

6 March 2019 
Physics at FCC : CDR Symposium 
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√αs

√αs

λt

λt
Yukawa coupling and αS through  loop higher orfer corrections

TOP QUARK MEASUREMENTS
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Mass & Yukawa Coupling

�14

Extension of 1σ contour:  
mass: +29 MeV, - 26 MeV

yt: +0.12, -0.11

Theory uncertainty (symm.): 
mass: 36 MeV; yt: 0.11  
αs parametric uncertainty (0.0002)

mass: 3 MeV; yt: 0.02

• 2D Mass & Yukawa fit

For comparison: default 10 point scan: 
2D mass: +28.5 MeV, - 26.5 MeV; 47 MeV (theo)

2D Yukawa: +0.08, 0.12 MeV; 0.165 (theo) 

Figure 6.2: Statistical uncertainty contours of a two-parameter fit to the top threshold region combining
the mass and width (left) or the Yukawa coupling (right) for an integrated luminosity of 200 fb�1.

kinematics. The best variables to study are the angular and energy distributions of the leptons from
the W decays. A likelihood fit of the double-differential cross section of the lepton angle cos ✓ and the
reduced lepton energy x =

2E`

mtop

q
1��
1+� measured in top semi-leptonic decays at

p
s = 365 GeV with

one million tt̄ events allows a precision of 0.5% to be obtained for the vector and axial couplings of
the top to the Z and 1.5% for the ones to the photon. The fit includes conservative assumptions on the
detector performance, such as lepton identification and angular/momentum resolution and b quark jet
identification. The precision of these measurements would allow testing and characterisation of possible
new physics models that could affect the EW couplings of the top quark, see for example Fig.6.3.

Figure 6.3: FCC-ee measurement uncertainties in the left and right coupling of the top to the Z (left) and
to the photon (right) displayed as an ellipse. In the left plot the SM value at (0,0) is compared to predicted
deviations from various composite Higgs model for f  1.6 TeV. The 4DCHMM [166] benchmark point
A is represented with a cyan marker.

6.2.3 Search for FCNC in Top Production or Decay
The flavour-changing neutral currents (FCNC) interactions of top quarks are highly suppressed in the
SM, leading to branching ratios of the order of 10

�13-10
�14. However, several extensions of the SM are

able to relax the GIM suppression of the top quark FCNC transitions due to additional loop diagrams
mediated by new particles. Significant enhancements for the FCNC top quark rare decays can take
place, for example, in some supersymmetric two-Higgs-doublet models. Evidence of an FCNC signal

PREPRINT submitted to Eur. Phys. J. C
69
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APPENDIX B: THE OBLIQUE PARAMETERS
IN 2HDM

The renormalizable and CP invariant scalar potential for
a general two Higgs doublet model (2HDM) with a softly
broken Z2 parity is given by

VðΦ1;Φ2Þ ¼m2
11Φ

†
1Φ1 þm2

22Φ
†
2Φ2 −m2

12ðΦ
†
1Φ2 þΦ†

2Φ1Þ

þ λ1
2
ðΦ†

1Φ1Þ2 þ
λ2
2
ðΦ†

2Φ2Þ2

þ λ3ðΦ†
1Φ1ÞðΦ†

2Φ2Þ þ λ4ðΦ†
1Φ2ÞðΦ†

2Φ1Þ

þ λ5
2
½ðΦ†

1Φ2Þ2 þ ðΦ†
2Φ1Þ2&; ðB1Þ

where Φi¼1;2 are two scalar SUð2Þ doublets,
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After the electroweak symmetry breaking, there are five
physical Higgs bosons: two charged HiggsH', two neutral
Higgs H and h, and one neutral pseudoscalar A, whose
masses are as follows:
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The mixing of the neutral and charged Higgs fields is
described by the angles α and β, which meet the following
relations:

tan β ¼ v2
v1

;
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These two mixing angles at tree level control the couplings
of the scalars with other SM particles (using Type-I as an
example for Yukawa coupling):

gh0VV ∝ sinðβ − αÞ gH0VV ∝ cosðβ − αÞ ðB5Þ

gh0ff ∝
cos α
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¼ sinðβ − αÞ þ cosðβ − αÞ
tan β
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Under current experimental limits, the coupling of h0 (or
H0) should be close to the SM-like Higgs boson, which can
be achieved by considering the situation around alignment
limit where cosðβ − αÞ ¼ 0 [or sinðβ − αÞ ¼ 0]. In the
alignment limit, one of the neutral Higgs (either h0 or
H0) is aligned with the vacuum expectation values and
hence its coupling to gauge bosons tends toward the SM
limit. The alignment limit can be easily achieved in the
decoupling limit where all but the SM-like Higgs boson in
the model are heavy. On the other hand, the alignment limit
can also be attained when the other scalars are still light.

FIG. 3. The comparison of the “pull” defined in Table I between
EW fits using the PDG 2021 data set with the old value of mW
and the new CDF value of mW in the SM.

LU, WU, WU, and ZHU PHYS. REV. D 106, 035034 (2022)

035034-6

C.T. Lu et al., Phys. Rev. D 106, 035034 (2022)

• new CDFII measurement increases tension in the fit
• usual border-line measurements are still there
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• new CDFII measurement increases tension in the fit
• usual border-line measurements are still there
• new incompatibilities show up :-)
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035034-6

C.T. Lu et al., Phys. Rev. D 106, 035034 (2022)

• new CDFII measurement increases tension in the fit
• usual border-line measurements are still there
• new incompatibilities show up :-)
• hopefully LHC will clarify (or add confusion) to the mW puzzle
• other tensions will remain,  will it be the next e+e- collider to 

address this issue (and find new ones ?)

2.2 Results 11

140 150 160 170 180 190
 [GeV]tm

80.25

80.3

80.35

80.4

80.45

80.5 [G
eV

]
W

M

68% and 95% CL contours
 measurementst and mWFit w/o M

 measurementsH and M
t

, mWFit w/o M
 measurementst and mWDirect M

σ 1± comb. WM
 0.013 GeV± = 80.379 WM

σ 1± comb. tm
 = 172.47 GeVtm

 = 0.46 GeVσ
 GeV theo 0.50⊕ = 0.46 σ

 = 125 GeV

HM = 50 GeV

HM  = 300 GeV

HM  = 600 GeV

HM

Figure 5: Contours at 68% and 95% CL obtained from scans of MW versus mt for the fit including (blue)
and excluding the MH measurement (grey), as compared to the direct measurements (green vertical and
horizontal 1� bands, and two-dimensional 1� and 2� ellipses). The direct measurements of MW and mt are
excluded from the fits.

When evaluating sin2✓`
e↵

through the parametric formula from Ref. [69], an upward shift of 2 ·10�5

with respect to the fit result is observed, mostly due to the inclusion of MW in the fit. Using
the parametric formula the total uncertainty is larger by 0.6 · 10�5, as the global fit exploits the
additional constraint from MW . The fit also constrains the nuisance parameter associated with the
theoretical uncertainty in the calculation of sin2✓`

e↵
, resulting in a reduced theoretical uncertainty

of 4.0 · 10�5 compared to the 4.7 · 10�5 input uncertainty.

The mass of the top quark is indirectly determined to be

mt = 176.4± 2.1 GeV , (4)

with a theoretical uncertainty of 0.6 GeV induced by the theoretical uncertainty on the prediction of
MW . The largest potential to improve the precision of the indirect determination of mt is through
a more precise measurement of MW . Perfect knowledge of MW would result in an uncertainty on
mt of 0.9 GeV.

The strong coupling strength at the Z-boson mass scale is determined to be

↵S(M
2

Z) = 0.1194± 0.0029 , (5)

which corresponds to a determination at full next-to-next-to leading order (NNLO) for electroweak
and strong contributions, and partial strong next-to-NNLO (NNNLO) corrections. The theory
uncertainty of this result is 0.0009, which is shared in equal parts between missing higher orders
in the calculations of the radiator functions and the partial widths of the Z boson. The most
important constraints on ↵S(M2

Z
) come from the measurements of R0

`
, �Z and �

0

had
, also shown in

Fig. 6. The values of ↵S(M2

Z
) obtained from the individual measurements are 0.1237±0.0043 (R0

`
),

~mt2 ~log(mH)

W mass gets top and Higgs mass correction through loops

FIG. 5. Same as Fig. 3, but for 2D EW fit results in mt-mh plane.

FIG. 4. Same as Fig. 3, but for 1D EW fit results in mt, mZ, Δα
ð5Þ
had × 104, and mh.

ELECTROWEAK PRECISION FIT AND NEW PHYSICS IN … PHYS. REV. D 106, 035034 (2022)
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16/02/09 D. Trocino - Measurement of asymmetries in ee -> mumu  production 3

Fermion couplings to g  and Z
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Precisions on coupling ratio factors, Af 
  

Relative	precisions,	but	for	sin2θeff	

Profiting of the high available statistics hard cuts can be 
used to reduce the impact of systematic errors

LEP FCC-ee
statistics 0.00156 0.00002
unc. sys. 0.00061 orig. stat.
QCD corr 0.00030 tagli su pTl

AFB
bb		:	from	LEP	to	FCC-ee	

0.00002	

Most	of	this	depends	on	stat.	

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

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

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

Improved	measurements	also	for	
the	charm	sector:	AFB
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Parity-violating (L ≠ R) weak couplings at the Z pole

P. Janot

Asymmetries and sin2qℓeff
q Parity-violating (L ≠ R) weak couplings at the Z pole

u Longitudinally polarized incoming beams

u Longitudinally unpolarized beams produce longitudinally polarized fermions (Z couplings)
l Longitudinal polarization of the t’s obtained from the decay particle spectrum (p, r, etc.)
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• At linear colliders it is possible to increase the sensitivity using longitudinally polarised beams
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• Polarisation is present also in the final state fermions, it can be measured in the τ case using the angular 
distribution of the decay products

P. Janot
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t Longitudinal Polarisation: Ae and At

q Longitudinal polarisation measurement (all decay channels are used)
u t ➝ pnt : pion energy                                                                        t ➝ rnt : optimal observable wr

u Important: perform this fit in each bin of the t polar angle, cosqt

7 June 2022
Precision Calculations for future e+e- Colliders 22

tL tR tL tR

Non-t backgrounds

Fit to <P(t)>

example from LEP

Slide from P. Janot, Precision 
Calculations for future e+ e- 

colliders
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R𝓁 measurement and αS
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+ +
R𝓁 statistical precision at 3 × 10-6 level 

• allows a test of lepton universality and quark-lepton universality 
• allows the extraction of αS at mZ

Main systematics at LEP from detector acceptance 
• can be reduced increasing the fiducial volume |cos(θ)| < 0.95 → |cos(θ)| < 0.995; 
• providing a clean and simple design of the forward region

Table 9: Values of ↵S(mZ) extracted at N3LO accuracy from �tot

Z
, RZ, and �had

Z
individually, com-

bined, as well as from a global SM fit, with propagated experimental, parametric, and theoretical
uncertainties broken down. The last two rows list the expected values at the FCC-ee from all Z
pseudo-observables combined and from the corresponding SM fit (see text for details).

Z boson ↵S(mZ) uncertainties

observable extraction exp. param. theor.

�tot

Z
0.1192± 0.0047 ±0.0046 ±0.0005 ±0.0008

RZ 0.1207± 0.0041 ±0.0041 ±0.0001 ±0.0009

�had

Z
0.1206± 0.0068 ±0.0067 ±0.0004 ±0.0012

All combined 0.1203± 0.0029 ±0.0029 ±0.0002 ±0.0008

Global SM fit 0.1202± 0.0028 ±0.0028 ±0.0002 ±0.0008

All combined (FCC-ee) 0.12030± 0.00026 ±0.00013 ±0.00005 ±0.00022

Global SM fit (FCC-ee) 0.12020± 0.00026 ±0.00013 ±0.00005 ±0.00022
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Figure 1.12: Average over measurements of the hadronic cross-sections (top) and of the muon
forward-backward asymmetry (bottom) by the four experiments, as a function of centre-of-mass
energy. The full line represents the results of model-independent fits to the measurements, as
outlined in Section 1.5. Correcting for QED photonic effects yields the dashed curves, which
define the Z parameters described in the text.
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• mass and width are measured using the hadronic cross section as a 
function of Ecm 

• statistics error is negligible, main systematics from beam energy 
calibration ΔEcm = 10 keV (stat.) + 100 keV (syst) 

• beam energy calibration from resonant depolarisation technique 
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Table 3 Measurement of selected precision measurements at FCC-ee, compared with present precision.
Statistical errors are indicated in boed phase. The systematic uncertainties are initial estimates, aim is to
improve down to statistical errors. This set of measurements, together with those of the Higgs properties,
achieves indirect sensitivity to new physics up to a scale ! of 70 TeV in a description with dim 6 operators,
and possibly much higher in specific new physics (non-decoupling) models

Observable Present value ± error FCC-ee stat. FCC-ee syst. Comment and leading exp. error

mZ (keV) 91186700 ± 2200 4 100 From Z line shape scan

Beam energy calibration

"Z (keV) 2495200 ± 2300 4 25 From Z line shape scan

Beam energy calibration

sin2θeff
W (×106) 231480 ± 160 2 2.4 from Aµµ

FB at Z peak

Beam energy calibration

1/αQED(m2
Z)(×103) 128952 ± 14 3 Small From Aµµ

FB off peak

QED&EW errors dominate

RZ
% (×103) 20767 ± 25 0.06 0.2–1 Ratio of hadrons to leptons

Acceptance for leptons

αs(m2
Z) (×104) 1196 ± 30 0.1 0.4–1.6 From RZ

% above

σ 0
had (×103) (nb) 41541 ± 37 0.1 4 Peak hadronic cross section

Luminosity measurement

Nν (×103) 2996 ± 7 0.005 1 Z peak cross sections

Luminosity measurement

Rb (×106) 216290 ± 660 0.3 < 60 Ratio of bb̄ to hadrons

Stat. extrapol. from SLD

Ab
FB, 0 (×104) 992 ± 16 0.02 1–3 b-quark asymmetry at Z pole

From jet charge

Apol,τ
FB (×104) 1498 ± 49 0.15 <2 τ polarization asymmetry

τ decay physics

τ lifetime (fs) 290.3 ± 0.5 0.001 0.04 Radial alignment

τ mass (MeV) 1776.86 ±0.12 0.004 0.04 Momentum scale

τ leptonic
(µνµντ ) B.R. (%)

17.38 ±0.04 0.0001 0.003 e/µ/hadron separation

mW (MeV) 80350 ± 15 0.25 0.3 From WW threshold scan

Beam energy calibration

"W (MeV) 2085 ± 42 1.2 0.3 From WW threshold scan

Beam energy calibration

αs(m2
W)(×104) 1170 ± 420 3 Small from RW

%

Nν (×103) 2920 ± 50 0.8 Small Ratio of invis. to leptonic
in radiative Z returns

mtop (MeV/c2) 172740 ± 500 17 Small From tt̄ threshold scan
QCD errors dominate

"top (MeV/c2) 1410 ± 190 45 Small From tt̄ threshold scan

QCD errors dominate
λtop/λ

SM
top 1.2 ± 0.3 0.10 Small From tt̄ threshold scan

QCD errors dominate
ttZ couplings ± 30% 0.5–1.5% Small From

√
s = 365 GeV run
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Fig. 4 Expected uncertainty contour for the S and T parameters for various colliders in their first energy
stage. For ILC and CLIC, the projections are shown with and without dedicated running at the Z pole, with
the current (somewhat arbitrary) estimate of future experimental and theoretical systematic uncertainty (left,
from Ref. [36]); and with only statistical and parametric uncertainties (right, from Ref. [48])

Fig. 5 Electroweak (red) and Higgs (green) constraints from FCC-ee, and their combination (blue) in a
global EFT fit. The constraints are presented as the 95% probability bounds on the interaction scale, !/

√
ci ,

associated to each EFT operator. Darker shades of each colour indicate the results when neglecting all SM
theory uncertainties

higher energies would display increasing deviation from the SM in the dilepton, diquark or
diboson channels. The combination of these two effects would provide a tell-tale signature
and allow constraints on mass and couplings of this possible new object to be determined.

5 Opportunities: flavours

A total of 7 × 1011 bb̄ pairs, available with a sample of 5 × 1012 Z decays promised by
FCC-ee, provides many opportunities in flavour physics. The precisions of CKM matrix
element measurements expected from LHCb and Belle2 will be challenged, and the search
for unobserved phenomena will be pushed forward, such as CP-symmetry breaking in the
mixing of beautiful neutral mesons [14].

In parallel, searches for rare decays make FCC-ee a direct discovery machine. Lepton-
flavour-violating (LFV) Z decays; rare and LFV τ decays; searches for heavy neutral leptons;
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10. Electroweak model and constraints on new physics 35

and C = 1 (3) for color singlets (triplets). Eq. (10.56) taken together with Eq. (10.59)
implies the following constraint on the mass splitting at the 90% CL,

(16 GeV)2 <
∑

i

Ci

3
∆m2

i < (48 GeV)2, (10.61)

where the sum runs over all new-physics doublets, for example fourth-family quarks

or leptons,
(t′
b′
)
or
( ν′

"′−
)
, vector-like fermion doublets (which contribute to the sum in

Eq. (10.61) with an extra factor of 2), and scalar doublets such as
(t̃
b̃

)
in Supersymmetry

(in the absence of L–R mixing).

Non-degenerate multiplets usually imply ρ0 > 1. Similarly, heavy Z ′ bosons decrease
the prediction for MZ due to mixing and generally lead to ρ0 > 1 [209]. On the
other hand, additional Higgs doublets which participate in spontaneous symmetry
breaking [210] or heavy lepton doublets involving Majorana neutrinos [211], both of
which have more complicated expressions, as well as the vacuum expectation values of
Higgs triplets or higher-dimensional representations can contribute to ρ0 with either sign.
Allowing for the presence of heavy degenerate chiral multiplets (the S parameter, to be
discussed below) affects the determination of ρ0 from the data, at present leading to a
larger value.

A number of authors [212–217] have considered the general effects on neutral-current
and Z and W boson observables of various types of heavy (i.e., Mnew ! MZ) physics
which contribute to the W and Z self-energies but which do not have any direct coupling
to the ordinary fermions. In addition to non-degenerate multiplets, which break the
vector part of weak SU(2), these include heavy degenerate multiplets of chiral fermions
which break the axial generators.

Such effects can be described by just three parameters, S, T , and U , at the (EW)
one-loop level. (Three additional parameters are needed if the new physics scale is
comparable to MZ [218]. Further generalizations, including effects relevant to LEP 2,
are described in Ref. 219.) T is proportional to the difference between the W and
Z self-energies at Q2 = 0 (i.e., vector SU(2)-breaking), while S (S + U) is associated
with the difference between the Z (W ) self-energy at Q2 = M2

Z,W and Q2 = 0 (axial

SU(2)-breaking). Denoting the contributions of new physics to the various self-energies
by Πnew

ij , we have

α̂(MZ)T ≡
Πnew
WW (0)

M2
W

−
Πnew
ZZ (0)

M2
Z

, (10.62a)
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The	FCC-ee	as	a	Higgs	factory	

q  Higgsstrahlung	(e+e�	�	ZH)	event	rate	largest	at	√s	~	240	GeV	:	σ	~200	o	

◆  (2.4×)	106		e+e-	→	ZH	events	with	5	(12)	ab-1		

●  Target	:	(few)	per-mil	precision,	statistics-limited.	

●  Complemented	with	200k	(700k)	events	at	√s	=	350	–	365	GeV	

➨  Of	which	30%	in	the	WW	fusion	channel	(useful	for	the	ΓH	precision)	
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1.2 Theoretical structure of the Standard Model Higgs boson

Table 1.1. The Standard Model values of branching ratios of fermionic decays of the Higgs boson for each value of
the Higgs boson mass mh.

mh (GeV) bb̄ ·
+

·
≠

µ
+

µ
≠

cc̄ ss̄

125.0 57.7 % 6.32 % 0.0219 % 2.91 % 0.0246 %
125.3 57.2 % 6.27 % 0.0218 % 2.89 % 0.0244 %
125.6 56.7 % 6.22 % 0.0216 % 2.86 % 0.0242 %
125.9 56.3 % 6.17 % 0.0214 % 2.84 % 0.0240 %
126.2 55.8 % 6.12 % 0.0212 % 2.81 % 0.0238 %
126.5 55.3 % 6.07 % 0.0211 % 2.79 % 0.0236 %

Table 1.2. The Standard Model values of branching ratios of bosonic decays of the Higgs boson for each value of
the Higgs boson mass mh. The predicted value of the total decay width of the Higgs boson is also listed for each
value of mh.

mh (GeV) gg ““ Z“ W
+

W
≠

ZZ �H (MeV)
125.0 8.57 % 0.228 % 0.154 % 21.5 % 2.64 % 4.07
125.3 8.54 % 0.228 % 0.156 % 21.9 % 2.72 % 4.11
125.6 8.52 % 0.228 % 0.158 % 22.4 % 2.79 % 4.15
125.9 8.49 % 0.228 % 0.162 % 22.9 % 2.87 % 4.20
126.2 8.46 % 0.228 % 0.164 % 23.5 % 2.94 % 4.24
126.5 8.42 % 0.228 % 0.167 % 24.0 % 3.02 % 4.29

are listed for mh = 125.0, 125.3, 125.6, 125.9, 126.2 and 126.5 GeV [47]. In Table 1.2 the predicted
values of the total decay width of the Higgs boson are also listed. It is quite interesting that with
a Higgs mass of 126 GeV, a large number of decay modes have similar sizes and are accessible to
experiments. Indeed, the universal relation between the mass and the coupling to the Higgs boson for
each particle shown in Fig. 1.1 can be well tested by measuring these branching ratios as well as the
total decay width accurately at the ILC. For example, the top Yukawa coupling and the triple Higgs
boson coupling are determined respectively by measuring the production cross sections of top pair
associated Higgs boson production and double Higgs boson production mechanisms.

1.2.4 Higgs production at the ILC

At the ILC, the SM Higgs boson h is produced mainly via production mechanisms such as the
Higgsstrahlung process e

+
e

≠
æ Z

ú
æ Zh (Fig. 1.3 Left) and the the weak boson fusion processes

e
+

e
≠

æ W
+ú

W
≠ú

‹‹̄ æ h‹‹̄ (Fig. 1.3 (Middle)) and e
+

e
≠

æ Z
ú
Z

ú
e

+
e

≠
æ he

+
e

≠. The
Higgsstrahlung process is an s-channel process so that it is maximal just above the threshold of the
process, whereas vector boson fusion is a t-channel process which yields a cross section that grows
logarithmically with the center-of-mass energy. The Higgs boson is also produced in association with
a fermion pair. The most important process of this type is Higgs production in association with a top
quark pair, whose typical diagram is shown in Fig. 1.3 (Right). The corresponding production cross
sections at the ILC are shown in Figs. 1.4 (Left) and (Right) as a function of the collision energy by
assuming the initial electron (positron) beam polarization to be ≠0.8 (+0.2).

The ILC operation will start with the e
+

e
≠ collision energy of 250 GeV (just above threshold for

hZ production), where the Higgsstrahlung process is dominant and the contributions of the fusion
processes are small, as shown in Fig. 1.4 (Left) . As the center-o�-mass energy,

Ô
s increases, the
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Figure 1.3. Two important Higgs boson production processes at the ILC. The Higgsstrahlung process (Left), the
W-boson fusion process (Middle) and the top-quark association (Right).
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• maximum cross section √s = 250 GeV, 
luminosity decreases with √s: maximum event 
production  at  √s = 240 GeV

Patrick Janot 

Absolute	coupling	and	width	measurement	
q  Higgs	tagged	by	a	Z,	Higgs	mass	from	Z	recoil	

	
	
◆  Total	rate	∝	gHZZ

2																																																									→	measure	gHZZ		to	0.2%		
◆  ZH	→	ZZZ	final	state,	rate		∝	gHZZ

4	/	ΓH													→	measure	ΓH	to	a	couple	%	
◆  ZH	→	ZXX	final	state,	rate	∝	gHXX

2	gHZZ
2	/	ΓH		→	measure	gHXX		to	a	few	per-mil	/	per-cent	

◆  Empty	recoil	=	invisible	Higgs	width;					Funny	recoil	=	exotic	Higgs	decays	

q  Added	value	from	WW	fusion	(mostly	at	350-365	GeV)	
◆  Hνν	→	bbνν	final	state,	rate		R2	∝	gHWW

2	gHbb
2	/	ΓH	

●  bbνν	/	(Zbb	×	ZWW)	∝	gHZZ
4	/	ΓH																															→	ΓH	to	~1	%	

◆  Hνν	→	WWνν	final	state,	rate		R1	∝	gHWW
4	/	ΓH													→	gHWW	to	a	few	per	mil	

6 March 2019 
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e+e�→ HZ
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mH
2 = s+mZ

2 − 2 s(E+ +E− )
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• Higgs mass from lepton missing 
mass

total cross section ~gHZZ2,                                                     gHZZ ~ 0.2% 

• ZH → ZZZ  ~gHZZ2Br(H→ZZ) = gHZZ4/ΓH,              ΓH  ~ 2% 
• ZH → ZXX  ~gHZZ2Br(H→XX) = gHZZ2gHXX2/ΓH, gHXX ~ 2% 
• invisible decays (h → DM), unexpected decays (BSM9 

gHZZ

adding e+e- → Hνν 

• σ(Hνν,H→bb)/[σ(ZH,H→bb)σ(ZH,H→WW)]  ~ ΓH/gHZZ4, ΓH  ~ 1%  
• σ(Hνν,H→WW)/[σ(ZH,H→bb)σ(ZH,H→WW) ~ gHWW4/ΓH, gHWW  ~0.3%

Sylvie  Braibant - Higgs boson measurements at Future Circular Colliders /16

• Measurement through the recoil mass 
method in e+e- → HZ (Z → l+ l-) 

• recoil mass distribution exhibits 

sharp peak at Higgs mass  
 
 
→  decay-mode independent 
measurement of the HZ coupling  

• ➝ expected relative precision on gHZZ 
of ±0.17% 

@FCC-ee  
Higgs Boson Coupling to Z

7
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Sylvie  Braibant - Higgs boson measurements at Future Circular Colliders /16

• Recent efforts to optimise and tune signal parameterisation (2 Crystal-
Ball + Gaussian) and to include systematic uncertainties (BES, ISR, …)


• Negative log-Likelihood scans as a function of the signal strength and 
of the Higgs mass 
 
 
 
 
 
 
 
 

120 122 124 126 128 130 132 134 136 138 140
m leptonic recoil

0

200

400

600

800

1000

Ev
en

ts
 / 

(0
.1

 G
eV

)

2CBG pdf with data
alphaL =  3.1 +/- 1.7
alphaR = -0.1497 +/- 0.017
mean =  125.087 +/- 0.012
mean2 =  125.398 +/- 0.084
n_L =  1.3 +/- 3.2
n_R =  3.69 +/- 0.66
nsig =  18188 +/- 134
sigfrac1 =  0.465 +/- 0.020
sigfrac2 =  0.401 +/- 0.027
sigma =  0.413 +/- 0.010
sigma2 =  0.831 +/- 0.099

/NDF: 1.492χ

Sgn.: mumuH

-1L = 5 ab
Selection: sel23

mumu

Data

Sig. Only Fit

2CBG pdf with data

120 122 124 126 128 130 132 134 136 138 140

 [GeV]recoilM

10−

8−

6−

4−

2−

0

2

4

6

8

10

Er
ro

r
Da

ta
-F

it
Recent developments on the “recoil mass” method                                
Higgs Boson Cross Section and Mass

11

J. Eysermans - talk at the FCC week - June 2021

Precision on μ: 

± 1.9 %

Precision on mH: 

± 8.0 MeV

Preliminary Preliminary Preliminary 

Higgs mass from the lepton recoil mass distribution

Patrick Janot 

Absolute	coupling	and	width	measurement	
q  Higgs	tagged	by	a	Z,	Higgs	mass	from	Z	recoil	

	
	
◆  Total	rate	∝	gHZZ

2																																																									→	measure	gHZZ		to	0.2%		
◆  ZH	→	ZZZ	final	state,	rate		∝	gHZZ

4	/	ΓH													→	measure	ΓH	to	a	couple	%	
◆  ZH	→	ZXX	final	state,	rate	∝	gHXX

2	gHZZ
2	/	ΓH		→	measure	gHXX		to	a	few	per-mil	/	per-cent	

◆  Empty	recoil	=	invisible	Higgs	width;					Funny	recoil	=	exotic	Higgs	decays	

q  Added	value	from	WW	fusion	(mostly	at	350-365	GeV)	
◆  Hνν	→	bbνν	final	state,	rate		R2	∝	gHWW

2	gHbb
2	/	ΓH	

●  bbνν	/	(Zbb	×	ZWW)	∝	gHZZ
4	/	ΓH																															→	ΓH	to	~1	%	

◆  Hνν	→	WWνν	final	state,	rate		R1	∝	gHWW
4	/	ΓH													→	gHWW	to	a	few	per	mil	
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value of mh.
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126.5 8.42 % 0.228 % 0.167 % 24.0 % 3.02 % 4.29

are listed for mh = 125.0, 125.3, 125.6, 125.9, 126.2 and 126.5 GeV [47]. In Table 1.2 the predicted
values of the total decay width of the Higgs boson are also listed. It is quite interesting that with
a Higgs mass of 126 GeV, a large number of decay modes have similar sizes and are accessible to
experiments. Indeed, the universal relation between the mass and the coupling to the Higgs boson for
each particle shown in Fig. 1.1 can be well tested by measuring these branching ratios as well as the
total decay width accurately at the ILC. For example, the top Yukawa coupling and the triple Higgs
boson coupling are determined respectively by measuring the production cross sections of top pair
associated Higgs boson production and double Higgs boson production mechanisms.

1.2.4 Higgs production at the ILC

At the ILC, the SM Higgs boson h is produced mainly via production mechanisms such as the
Higgsstrahlung process e
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ú
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logarithmically with the center-of-mass energy. The Higgs boson is also produced in association with
a fermion pair. The most important process of this type is Higgs production in association with a top
quark pair, whose typical diagram is shown in Fig. 1.3 (Right). The corresponding production cross
sections at the ILC are shown in Figs. 1.4 (Left) and (Right) as a function of the collision energy by
assuming the initial electron (positron) beam polarization to be ≠0.8 (+0.2).

The ILC operation will start with the e
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≠ collision energy of 250 GeV (just above threshold for

hZ production), where the Higgsstrahlung process is dominant and the contributions of the fusion
processes are small, as shown in Fig. 1.4 (Left) . As the center-o�-mass energy,
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Figure 1.3. Two important Higgs boson production processes at the ILC. The Higgsstrahlung process (Left), the
W-boson fusion process (Middle) and the top-quark association (Right).
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a Higgs mass of 126 GeV, a large number of decay modes have similar sizes and are accessible to
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Higgs mass from ZH threshold scan
25

Fig. 5 Left: ZH production cross section as a function of
√
s around the production threshold. The full red

curve is obtained with the default Z and H masses and widths and the full green curve with a Higgs boson mass
increased by 1 GeV. The other three curves (full purple, dashed green, and dashed pink) correspond to 1 GeV
increases of the Higgs width, the Z mass, and the Z width respectively. Right: ZH cross section differential
functions with respect to the Z and Higgs boson masses and widths, for an integrated luminosity of 1 fb−1

and a fully efficient and pure ZH event selection

cross section. If several final states are combined, each with its efficiency εi and purity pi ,
the selection quality factor Q = √

εp is to be replaced by Q =
√∑

εi pi . This purely
statistical differential factor is shown in Fig. 5 (right), for an efficiency and a purity of 100%,
and an integrated luminosity of 1 fb−1. The statistical accuracy on mH reaches a minimum
at

√
s # mZ + mH + 0.6 GeV # 217 GeV, and at this point, it amounts to

(√
σZH

dmH

dσZH

)

min
# 350 MeV

√
fb−1 # 10 MeV

√
ab−1, (3)

i.e., just about a factor 10 larger than the 1 MeV
√

ab−1 accuracy predicted for the W mass
precision at the WW production threshold. The difference arises from both the overall smaller
ZH cross section and its slower rise with collision energy. It is also interesting to note that,
not unlike at the WW threshold [27], the small sensitivity of the cross section to the H and
Z widths vanishes at the point of maximal sensitivity to the masses.

Taking this formula at face value, an integrated luminosity of 5 ab−1 at
√
s # 217 GeV

would turn into a measurement of mH with a statistical precision of about 5 MeV. More
realistically, and still optimistically assuming a selection quality factor of 0.3 (efficiency and
purity values of 90% with the leptonic recoil and 25% with the hadronic recoil are typically
achieved with Monte Carlo studies), the statistical precision would already degrade to 9 MeV.
The hadronic recoil analysis might prove very challenging at this centre-of-mass energy, with
the Higgs and Z bosons produced at rest, and it is safer to assume a precision of 10 MeV
with the Z → $+$− channels alone. Propagated systematic uncertainties from the centre-of-
mass energy determination (between 1 and 2 MeV), from the Z mass and width knowledge
(negligible), from the knowledge of the residual background (supposedly well predictable
from control processes), from integrated luminosity (2 MeV if measured and predicted with
a per-mil accuracy), and from theory (again 2 MeV if the ZH cross section can be predicted
with a per-mil accuracy), seem to be manageable but need to be estimated accurately. Of
course, any new physics modifying, e.g., the Higgs boson coupling to the Z boson would
lead to unpredictable effects.
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Fig. 6 Expected ideal statistical uncertainties on the Higgs boson mass from the threshold cross section ratio
R (Eq. 4) assuming an integrated luminosity of 5 ab−1 at

√
s = 240 GeV and different integrated luminosities

accumulated at lower centre-of-mass energies around the ZH production threshold

A significant fraction of these statistical and systematic setbacks in the determination of
mH can be alleviated by using exclusive ZH channels, rather than using the recoil method, to
measure σZH × B(Z → ff)× B(H → XX) at

√
s = 217 GeV. On the one hand, most of the

ZH events can be included with a much better purity in each specific channel, which moves
the quality factor much closer to unity; and on the other, each measurement can be divided
by the corresponding measurement at

√
s = 240 GeV, to obtain a ratio

R =
σZH × B(Z → ff) × B(H → XX)|√s=217 GeV

σZH × B(Z → ff) × B(H → XX)|√s=240 GeV
= σZH(

√
s = 217 GeV)

σZH(
√
s = 240 GeV)

, (4)

strictly independent of the Higgs boson branching fractions and, at least at tree level, inde-
pendent of the Higgs boson coupling to the Z. Other systematic experimental and theoretical
uncertainties may also delicately cancel in the ratio. In addition, the sensitivity of R to the
Higgs boson mass is only slightly smaller than that of the ZH cross section itself, because
σZH(

√
s = 240 GeV) depends only mildly on mH.

Figure 6 shows the statistical uncertainty on mH from the measurement of the ratio R
with ideal event selections in all ZH final states (Q = √

εp = 1), assuming an integrated
luminosity of 5 ab−1 at

√
s = 240 GeV and 1, 2, 5 or 10 ab−1 collected at lower centre-of-

mass energies. A precision very close to 5 MeV can be obtained with 5 ab−1 at
√
s = 217 GeV.

The impact from the Q factor is expected to be much milder than with the recoil method, but
needs to be estimated and optimized for each of the exclusive ZH final states. This precision
can then be combined with the direct mH reconstruction in each of the exclusive ZH final
states at 217 GeV, and with that obtained at 240 GeV, which may allow the figure of 1 MeV
to be ultimately approached. Whether collecting 5 ab−1 at 217 and 240 GeV is better than
collecting 10 ab−1 at 240 GeV only (or whatever the optimal energy turns out to be for the
Higgs self-coupling determination) remains to be demonstrated.
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Higgs boson self-coupling determination
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Patrick Janot 

The	trilinear	Higgs	self-coupling	κλ	[1]	
q  Traditionally	κλ	is	measured	with	a	c.o.m.	energy	of	at	least	500	GeV.	

◆  At	the	FCC-ee,	a	different	method	can	be	used	with	single	Higgs	production	

	

q  Effect	on	σHZ	is	large	at	the	FCC-ee	
◆  With	respect	to	exp’tal	precision	on	σHZ	

q  ~12%	exclusive	precision	on	κλ	with	2	IPs	
◆  Reduced	to	9%	with	a	4	IP	scenario	

●  If	all	other	couplings	are	fixed	to	their	SM	values	

6 March 2019 
Physics at FCC : CDR Symposium 
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M.	McCullough	
arXiv:1312.3322	

κH	

κλ κλ

+

1.2 Theoretical structure of the Standard Model Higgs boson

Table 1.1. The Standard Model values of branching ratios of fermionic decays of the Higgs boson for each value of
the Higgs boson mass mh.

mh (GeV) bb̄ ·
+

·
≠

µ
+

µ
≠

cc̄ ss̄

125.0 57.7 % 6.32 % 0.0219 % 2.91 % 0.0246 %
125.3 57.2 % 6.27 % 0.0218 % 2.89 % 0.0244 %
125.6 56.7 % 6.22 % 0.0216 % 2.86 % 0.0242 %
125.9 56.3 % 6.17 % 0.0214 % 2.84 % 0.0240 %
126.2 55.8 % 6.12 % 0.0212 % 2.81 % 0.0238 %
126.5 55.3 % 6.07 % 0.0211 % 2.79 % 0.0236 %

Table 1.2. The Standard Model values of branching ratios of bosonic decays of the Higgs boson for each value of
the Higgs boson mass mh. The predicted value of the total decay width of the Higgs boson is also listed for each
value of mh.

mh (GeV) gg ““ Z“ W
+

W
≠

ZZ �H (MeV)
125.0 8.57 % 0.228 % 0.154 % 21.5 % 2.64 % 4.07
125.3 8.54 % 0.228 % 0.156 % 21.9 % 2.72 % 4.11
125.6 8.52 % 0.228 % 0.158 % 22.4 % 2.79 % 4.15
125.9 8.49 % 0.228 % 0.162 % 22.9 % 2.87 % 4.20
126.2 8.46 % 0.228 % 0.164 % 23.5 % 2.94 % 4.24
126.5 8.42 % 0.228 % 0.167 % 24.0 % 3.02 % 4.29

are listed for mh = 125.0, 125.3, 125.6, 125.9, 126.2 and 126.5 GeV [47]. In Table 1.2 the predicted
values of the total decay width of the Higgs boson are also listed. It is quite interesting that with
a Higgs mass of 126 GeV, a large number of decay modes have similar sizes and are accessible to
experiments. Indeed, the universal relation between the mass and the coupling to the Higgs boson for
each particle shown in Fig. 1.1 can be well tested by measuring these branching ratios as well as the
total decay width accurately at the ILC. For example, the top Yukawa coupling and the triple Higgs
boson coupling are determined respectively by measuring the production cross sections of top pair
associated Higgs boson production and double Higgs boson production mechanisms.

1.2.4 Higgs production at the ILC

At the ILC, the SM Higgs boson h is produced mainly via production mechanisms such as the
Higgsstrahlung process e

+
e

≠
æ Z

ú
æ Zh (Fig. 1.3 Left) and the the weak boson fusion processes
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Higgsstrahlung process is an s-channel process so that it is maximal just above the threshold of the
process, whereas vector boson fusion is a t-channel process which yields a cross section that grows
logarithmically with the center-of-mass energy. The Higgs boson is also produced in association with
a fermion pair. The most important process of this type is Higgs production in association with a top
quark pair, whose typical diagram is shown in Fig. 1.3 (Right). The corresponding production cross
sections at the ILC are shown in Figs. 1.4 (Left) and (Right) as a function of the collision energy by
assuming the initial electron (positron) beam polarization to be ≠0.8 (+0.2).

The ILC operation will start with the e
+

e
≠ collision energy of 250 GeV (just above threshold for

hZ production), where the Higgsstrahlung process is dominant and the contributions of the fusion
processes are small, as shown in Fig. 1.4 (Left) . As the center-o�-mass energy,
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s increases, the
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Figure 1.3. Two important Higgs boson production processes at the ILC. The Higgsstrahlung process (Left), the
W-boson fusion process (Middle) and the top-quark association (Right).

19

Double	Higgs	
production	

σHZ	

Z	 Z	

h	

h	

h	

h	

�
κλ	

Δσ

σ

Up	to	2%	effect	on	σHZ		

C.	Grojean	et	al.	
arXiv:1711.03978	

Patrick Janot 

The	trilinear	Higgs	self-coupling	κλ	[2]		
q  The	cross	section	depends	on	other	couplings	(HZZ,	HHZZ,	at	least)	

◆  …	and	of	the	overall	model	structure,	which	might	differ	from	SM	structure	
●  e.g.,	additional	eeZH	coupling,	or	e+e-	→	A	→	HZ	graphs	

q  Two	energy	points	lift	off	the	degeneracy	between	HZZ	and	HHH	

q  Additional	couplings	addressed	by	a	global	EFT	fit				(J.	De	Blas’	presentation)	
◆  All	FCC-ee	Higgs	measurements	are	important	in	this	fit	
◆  Most	FCC-ee	EW	precision	measurements	are	equally	important					(R.	Tenchini’s	talk)	

●  To	fix	extra	parameters	that	would	otherwise	enter	the	fit	and	open	flat	directions	

6 March 2019 
Physics at FCC : CDR Symposium 
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Electron Yukawa coupling
27

• Electron Yukawa coupling can be measured using e+e- → H 
→ all, ΓH = 4.1 MeV, knowledge of Higgs mass  at MeV level 
is needed before starting the run; 

• Event yield extremely low due to the low value of the electron 
coupling; 

• the beam energy spread strongly affects the cross section 
peak value
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Fig. 1 Typical diagrams for the direct Higgs channel production (left) decaying into electroweak bosons
(top) and fermions or gluons (bottom) and associated backgrounds (centre), considered in this work. Right:
Resonant Higgs production cross section, including ISR effects, for several values of the e+e− c.m. energy
spread δ√s = 0, 4.1, 7, 15, 30 and 100 MeV [17]

dedicated e+e− → H run. In addition, the FCC-ee beam energies will be monitored with
a relative precision of 10−6 [24], warranting a sub-MeV accuracy of the exact point in
the Higgs lineshape being probed at any moment. Taking mH = 125 GeV, Eq. (1) gives
σee→H = 4πB(H → e+e−)/m2

H = 1.64 fb as peak cross section. Two effects, however,
lead to a significant broadening of the Born-level result: (i) initial-state γ radiation (ISR)
reduces the cross section and generates an asymmetry of the Higgs lineshape, and (ii) the
actual beams are never perfectly monoenergetic, i.e. the collision

√
s has a spread δ√

s around
its centre value, further leading to a smearing of the BW peak. The reduction of the BW cross
section due to IS photon emission(s) is of factor of 0.35 and leads to σee→H = 0.57 fb
[17]. The additional impact of a given c.m. energy spread on the Higgs BW shape can
be quantified through the convolution of BW and Gaussian distributions, i.e. a relativistic
Voigtian function [25]. Figure 1 (right) shows the Higgs lineshape for various δ√

s values.
The combination of ISR plus δ√

s = ΓH = 4.1 MeV reduces the peak Higgs cross section
by a total factor of 0.17, down to σee→H = 0.28 fb. As a baseline study, we will use this
latter value as our default expectation for the signal production cross section and compute the
corresponding significance for a 1-year operation with 10 ab−1 integrated luminosities per
FCC-ee interaction point (IP). The computed signal yields and associated significances can
then be subsequently rescaled to any other choice of (δ√

s,Lint) values given by the chosen
beam monochromatization scheme [20,21].

2 Analysis strategy. Simulation of signal and background processes

The strategy to observe the resonant production of the Higgs boson is based on identifying
final states in e+e− collisions at

√
s = mH, consistent with any of the H decay modes, that

lead to a small increase (but, hopefully, statistically significant when combined together) of
the measured cross sections with respect to the theoretical expectation for their occurrence
via background processes alone, involving Z∗, γ ∗, or t-channel exchanges (Fig. 1, centre
diagrams). The assumption is that, after various years of FCC-ee operation at the Z pole and
HZ c.m. energies [26,27], the theoretical knowledge of the overwhelming background cross
sections will be at the 10−5 level or better [28], and that experimental systematic uncertain-
ties (detector acceptance, reconstruction efficiencies, luminosity, etc.) will be controlled at
the same level of precision [27,29] and/or will partially cancel out in ratios of number of
signal over backgrounds yields. Under such circumstances, the proposed measurement can
be considered as a very-rare “counting experiment” that aims at adding up the individual
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Fig. 1 Typical diagrams for the direct Higgs channel production (left) decaying into electroweak bosons
(top) and fermions or gluons (bottom) and associated backgrounds (centre), considered in this work. Right:
Resonant Higgs production cross section, including ISR effects, for several values of the e+e− c.m. energy
spread δ√s = 0, 4.1, 7, 15, 30 and 100 MeV [17]

dedicated e+e− → H run. In addition, the FCC-ee beam energies will be monitored with
a relative precision of 10−6 [24], warranting a sub-MeV accuracy of the exact point in
the Higgs lineshape being probed at any moment. Taking mH = 125 GeV, Eq. (1) gives
σee→H = 4πB(H → e+e−)/m2

H = 1.64 fb as peak cross section. Two effects, however,
lead to a significant broadening of the Born-level result: (i) initial-state γ radiation (ISR)
reduces the cross section and generates an asymmetry of the Higgs lineshape, and (ii) the
actual beams are never perfectly monoenergetic, i.e. the collision

√
s has a spread δ√

s around
its centre value, further leading to a smearing of the BW peak. The reduction of the BW cross
section due to IS photon emission(s) is of factor of 0.35 and leads to σee→H = 0.57 fb
[17]. The additional impact of a given c.m. energy spread on the Higgs BW shape can
be quantified through the convolution of BW and Gaussian distributions, i.e. a relativistic
Voigtian function [25]. Figure 1 (right) shows the Higgs lineshape for various δ√

s values.
The combination of ISR plus δ√

s = ΓH = 4.1 MeV reduces the peak Higgs cross section
by a total factor of 0.17, down to σee→H = 0.28 fb. As a baseline study, we will use this
latter value as our default expectation for the signal production cross section and compute the
corresponding significance for a 1-year operation with 10 ab−1 integrated luminosities per
FCC-ee interaction point (IP). The computed signal yields and associated significances can
then be subsequently rescaled to any other choice of (δ√

s,Lint) values given by the chosen
beam monochromatization scheme [20,21].

2 Analysis strategy. Simulation of signal and background processes

The strategy to observe the resonant production of the Higgs boson is based on identifying
final states in e+e− collisions at

√
s = mH, consistent with any of the H decay modes, that

lead to a small increase (but, hopefully, statistically significant when combined together) of
the measured cross sections with respect to the theoretical expectation for their occurrence
via background processes alone, involving Z∗, γ ∗, or t-channel exchanges (Fig. 1, centre
diagrams). The assumption is that, after various years of FCC-ee operation at the Z pole and
HZ c.m. energies [26,27], the theoretical knowledge of the overwhelming background cross
sections will be at the 10−5 level or better [28], and that experimental systematic uncertain-
ties (detector acceptance, reconstruction efficiencies, luminosity, etc.) will be controlled at
the same level of precision [27,29] and/or will partially cancel out in ratios of number of
signal over backgrounds yields. Under such circumstances, the proposed measurement can
be considered as a very-rare “counting experiment” that aims at adding up the individual
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Table 3 Minimal event final-state definition for each considered Higgs decay channel and associated prese-
lection efficiency (after acceptance, and reconstruction (in)efficiencies of Table 2). The !± symbol indicates
e±, µ±, τ±lep charged leptons

Target Higgs decay Final state definition Signal presel.
efficiency (%)

H → bb 2 (excl.) jets, 1 b-tagged jet, no τhad 80

H → gg 2 (excl.) gluon-tagged jets, 0 isolated !± 50

H → τhadτhad Exactly 2 τhad, 0 isolated !± 65

H → cc 2 (excl.) jets, 1 c-tagged jet, no τhad 70

H → WW∗ → !ν2 j 1 isolated !±, Emiss > 2 GeV, 2 (excl.) jets ∼100

H → WW∗ → 2!2ν 2 isolated opp.-charge !±, Emiss > 2 GeV,
0 non-isol.!±, 0 charged hadrons

∼100

H → WW∗ → 4 j 4 (excl.) jets, ≥ 1 c-tag jets, 0 b-,g-tag jets; 70

jets with m j1 j2 ≈ mW not both c-tagged,
0 τhad, 0 isolated !±

H → ZZ∗ → 2 j2ν 2 (excl.) jets, Emiss > 30 GeV,
0 isolated !±, 0 τhad

∼100

H → ZZ∗ → 2!2 j 2 isolated opposite-charge !±, 2 (excl.) jets,
0 τhad

∼100

H → ZZ∗ → 2!2ν 2 isolated opp.-charge !±, Emiss > 2 GeV,
0 non-isol.!±, 0 charged hadrons

∼100

H → γ γ 2 (excl.) isolated photons ∼100

4 Multivariate analysis (MVA) per channel

For each reconstructed event of all generated MC samples passing the aforementioned prese-
lection criteria per target Higgs channel, we define O(50) variables for single and combined
(n-wise) physics objects (jets, charged leptons, photons, neutrinos), as well as for global
event properties, in order to provide as much information as possible to a subsequent MVA
used to discriminate signal and the remaining backgrounds. The defined variables include
kinematic components (pT , η,φ, E), charge, mass (invariant and transverse) for each sin-
gle object—as well the same quantities for sums and differences of 4-momenta of selected
n-wise objects combinations—the maximum and minimum values of pi(i j)

T
, ηi,(i j),φi,(i j),

mi j , etc., in the event for all (pairs of) objects i (i j), as well as quantities associated with
global event topologies (sphericity, linearity, aplanarity, thrust max/min, etc.). Angular infor-
mation is particularly useful in diboson channels with decay leptons in order to separate
final states coming through the spin-0 Higgs resonance or proceeding through t-channel
processes or via spin-1 s-channel continuum and/or Z∗, γ ∗, W± decays. For such cases,
angular discrimination variables based on the Matrix Element Likelihood Analysis (MELA)
[39] are also defined and incorporated into the MVA. We used the TMVA framework [40]
to train and test boosted decision-tree (BDT) classifiers in order to provide statistical dis-
crimination between each Higgs decay channel and all relevant background final states, and
maximize the signal significance. Examples of the BDT variables used for a particular chan-
nel (H → WW∗ → !ν2 j) are shown in Fig. 2 (right) later, as well as listed with their
individual relative weights in the final signal significance in Table 5.
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Table 6 Individual significances (in std. deviations σ ) expected per decay channel for s-channel Higgs boson
production in e+e− collisions at FCC-ee for Lint = 10 ab−1 and δ√s = 4.1 MeV. The last column quotes the
combined significance

H → gg H → WW∗ →
#ν 2 j; 2# 2ν; 4 j

H → ZZ∗ →
2 j 2ν; 2# 2 j; 2# 2ν

H → bb H → τhadτhad;
cc; γ γ

Combined

1.1σ (0.53 ⊗ 0.34 ⊗ 0.13)σ (0.32 ⊗ 0.18 ⊗ 0.05)σ 0.13σ < 0.02σ 1.3σ

Fig. 3 Left: Significance contours (in std. dev. units σ ) in the c.m. energy spread vs. integrated luminosity
plane for the resonant σe+e−→H cross section at

√
s = mH. Right: Associated upper limits contours (95%

CL) on the electron Yukawa ye. The red curves show the range of parameters presently reached in FCC-ee
monochromatization studies [20,21]. The red star indicates the best signal strength monochromatization point
in the plane (the pink star over the δ√s = ΓH = 4.1 MeV dashed line, indicates the ideal baseline point
assumed in our default analysis). All results are given per IP and per year

values per channel. Such a result is equivalent to setting a 95% CL upper limit of 2.6 times
the SM Higgs s-channel cross section, per FCC-ee IP and per year. Since the cross section
depends on the square of the electron Yukawa, σe+e−→H ∝ y2

e , this corresponds to placing
an upper bound on the coupling at

√
2.6 = 1.6 times the SM value, i.e. |ye| < 1.6|ysme | (95%

CL).
The expected final significance of the σe+e−→H measurement and associated 95% CL

limits on |ye|, derived for a benchmark δ√
s = 4.1 MeV collision-energy spread and

Lint = 10 ab−1 integrated luminosities, can be easily derived for any other combination
of (δ√

s,Lint) values achievable through beam monochromatization. Figure 3 shows the bidi-
mensional maps for the significance of s-channel Higgs production (left) and the correspond-
ing 95% CL upper limits on the electron Yukawa (right), as a function of both parameters.
The signal significance and associated upper limits improve with the square root of the inte-
grated luminosity (along the x-axes of both plots) and diminish for larger values δ√

s (along
the y-axes of the maps) following the relativistic Voigtian dependence of the signal yield on
the energy spread shown in Fig. 1 (right).

The red curves in Fig. 3 show the current expectations for the range of (δ√
s,Lint) values

achievable at FCC-ee with the investigated monochromatization schemes [20,21]. Without
monochromatization, the FCC-ee natural collision-energy spread at

√
s = 125 GeV is about

δ√
s = 46 MeV due to synchrotron radiation. Its reduction to the few-MeV level desired

for the s-channel Higgs run can be accomplished by means of monochromatization, e.g.
by introducing nonzero horizontal dispersions at the IP (D∗

x ) of opposite sign for the two
beams in collisions without a crossing angle. The beam energy spread reduction factor is
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Fig. 4 Expected uncertainty contour for the S and T parameters for various colliders in their first energy
stage. For ILC and CLIC, the projections are shown with and without dedicated running at the Z pole, with
the current (somewhat arbitrary) estimate of future experimental and theoretical systematic uncertainty (left,
from Ref. [36]); and with only statistical and parametric uncertainties (right, from Ref. [48])

Fig. 5 Electroweak (red) and Higgs (green) constraints from FCC-ee, and their combination (blue) in a
global EFT fit. The constraints are presented as the 95% probability bounds on the interaction scale, !/

√
ci ,

associated to each EFT operator. Darker shades of each colour indicate the results when neglecting all SM
theory uncertainties

higher energies would display increasing deviation from the SM in the dilepton, diquark or
diboson channels. The combination of these two effects would provide a tell-tale signature
and allow constraints on mass and couplings of this possible new object to be determined.

5 Opportunities: flavours

A total of 7 × 1011 bb̄ pairs, available with a sample of 5 × 1012 Z decays promised by
FCC-ee, provides many opportunities in flavour physics. The precisions of CKM matrix
element measurements expected from LHCb and Belle2 will be challenged, and the search
for unobserved phenomena will be pushed forward, such as CP-symmetry breaking in the
mixing of beautiful neutral mesons [14].

In parallel, searches for rare decays make FCC-ee a direct discovery machine. Lepton-
flavour-violating (LFV) Z decays; rare and LFV τ decays; searches for heavy neutral leptons;
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Table 1 Advantageous attributes
for flavour physics studies at
Belle II (ϒ(4S)), the LHC (pp)
and FCC-ee (Z0)

Attribute ϒ(4S) pp Z0

All hadron species ! !
High boost ! !
Enormous production cross section !
Negligible trigger losses ! !
Low backgrounds ! !
Initial energy constraint ! (!)

Table 2 Yields of heavy-flavoured particles produced at FCC-ee for 5 × 1012 Z0 decays. The charge conju-
gate states have the same production yields. These yields are computed using the Z branching fractions and
hadronisation rate reported in Refs. [4,5]. The Bc hadronisation fraction is assumed to be fBc = 2 × 10−3

[6]

Particle species B0 B+ B0
s "b B+

c cc τ−τ+

Yield (×109) 310 310 75 65 1.5 600 170

Table 1 compares the advantages for flavour physics studies at an e+e− → ϒ(4S) → bb̄
experiment, such as Belle II, a pp → bb̄X experiment, such as LHCb, and an experiment
that relies on e+e− → Z0 → bb̄ production, such as would be the case at FCC-ee. It can be
seen that the Z0 environment combines most of the advantages of Belle II and LHCb. For
the former, these are the high signal to noise and fully efficient trigger, as well as a very high
geometrical acceptance; for the latter, they are the production of the full spectrum of hadrons,
and the high boost. The momenta of b and c hadrons produced at the Z0 are not known a priori,
in contrast to the ϒ(4S), although their distribution is very well understood. The momentum
of the produced tau leptons is of course perfectly known in both e+e− environments.

The one disadvantage that the Z0 has in comparison with the LHC is the production cross
section, but this is partially mitigated at FCC-ee by the enormous luminosity that is foreseen.
Table 2 gives the yields for each b-hadron species that will be produced in 5 × 1012 Z0

decays 1. The number of bb̄ pairs from which these yields arise is around fifteen times larger
than that expected at Belle II. As will be explained below, the particular advantages of the
Z0 environment will allow for many studies that are complementary or more sensitive to
those foreseen at LHCb and its upgrades. There will also be great opportunities in charm
and tau physics, for which yields are also listed in Table 2. In tau physics, in particular, the
FCC-ee will have unsurpassed physics reach in almost all measurements, as is discussed in
companion essays in this volume.

We also note that the proposed running strategy of FCC-ee, with the intention to collect
data at several collision energies, will open up flavour possibilities that are not restricted to
the Z pole. The decays of on-shell W bosons will provide a particularly rich laboratory for
studies of the CKM matrix, as is described in more detail below.

In this brief report, we first survey the likely landscape in quark-flavour physics in the
mid- to late 2030s, for both theory and experiment. We then outline the opportunities that
will exist in this domain at FCC-ee, highlighting certain key measurements. We conclude

1 Note that about a factor of two more Z0 decays can be recorded if the design of the FCC-ee evolves towards
a four-interaction point layout.
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The mixing of neutral mesons is sensitive to some of the highest scales probed in laboratory experiments.
In light of the planned LHCb Upgrade II, a possible upgrade of Belle II, and the broad interest in flavor
physics in the tera-Z phase of the proposed FCC-ee program, we study constraints on new physics
contributions to Bd and Bs mixings which can be obtained in these benchmark scenarios. We explore the
limitations of this program, and identify the measurement of jVcbj as one of the key ingredients in which
progress beyond current expectations is necessary to maximize future sensitivity. We speculate on possible
solutions to this bottleneck. Given the current tension with the standard model (SM) in semileptonic
B decays, we explore how its resolution may impact the search for new physics in mixing. Even if new
physics has the same Cabibbo-Kobayashi-Maskawa and loop suppressions of flavor changing processes as
the SM, the sensitivity will reach 2 TeV, and it can be much higher if any SM suppressions are lifted. We
illustrate the discovery potential of this program.

DOI: 10.1103/PhysRevD.102.056023

I. INTRODUCTION

The mixing of neutral mesons has provided severe
constraints on new degrees of freedom at high energies:
since measurements of mixing and CP violation in neutral
kaons in the 1960s, it has provided precious information on
charm and top quarks before their discovery. The hypoth-
esis of Kobayashi–Maskawa for the origin of CP violation
[1] observed in kaons was only tested experimentally when
BABAR and Belle around 2003–2004 established CP
violation in good agreement with the predictions of the
standard model (SM) [2,3]. These B-factory results showed
that the standard model (SM) source of CP violation in the
flavor sector was the dominant part. However, even after
BABAR and Belle, and the LHCb results of the last decade,
new physics (NP) is still allowed to contribute at the 20%–
30% level, compared to the SM, in flavor-changing neutral
current (FCNC) processes.

Since neutral-meson mixings are FCNC processes which
are suppressed in the SM, they provide strong constraints
on new physics. This led to the development of numerous
mechanisms to suppress such contributions, should NP
exist at the TeV scale. Low-energy supersymmetry is one
example, where the ansatz of degeneracy or alignment were
both motivated by constraints from neutral meson mixing
and other FCNC processes. In a large class of NP models
the unitarity of the Cabibbo-Kobayashi-Maskawa (CKM)
matrix is maintained, and the most significant NP effects
occur in observables that vanish at tree level in the SM
[4–7]. In such scenarios, which encompass a large class of
models, possible effects of heavy particles in each neutral
meson system can be described by two real parameters,

M12 ¼ ðM12ÞSM × ð1þ he2iσÞ; ð1Þ

where M12 relates to the time evolution of the two-state
neutral meson system (for a review, see [8]). However, the
extraction of NP contribution to meson mixing is entangled
with the determination of the SM parameters, namely the
CKM elements. It is not enough to measure the mixing
amplitude itself, only the combination of many measure-
ments can reveal a deviation from the SM. In the SM CKM
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input measurements to their best fit values in the SM global
fit of 2019, in order to eliminate tensions when moving
to smaller uncertainties in the future scenarios. The effect
of adjusting the central values is illustrated by the top left
plot in Fig. 2, which shows the fit with the adjusted central
values of Table I and the same uncertainties as in Fig. 1.
By construction, the p-value in Fig. 2 is maximal at
hd ¼ hs ¼ 0. It turns out that both fits yield similar 3σ
bounds on hd and hs.

C. Phase I exploration

As indicated in Table I, compared to the current status,
the uncertainties of many nonperturbative theoretical inputs
are anticipated to be improved by a factor of at least 1.5,
up to 4. In particular, uncertainties of the bag parameters
and decay constants, necessary for predicting the mass
differences of the two Bd and Bs mass eigenstates, will all

go below the percent level. At the same time, Belle II will
improve the determinations of the CKM matrix elements
jVcbj and jVubj, by measuring the semileptonic channels
B → Dð#Þlν̄, and B → πlν̄. The LHCb collaboration has
measured jVcbj for the first time at a hadronic machine [39]
and is expected to contribute to the final precision of the
world average. Yet, this is not taken into account in the
anticipated precision of this observable considered here.
Moreover, the uncertainties in the determinations of the
angles of the Bd unitary triangle will reach around the
1° level.
These improvements on theoretical inputs and data

translate into much better constraints on the hd − hs plane
parametrizing the size of NP in Bs and Bd meson-mixing,
as seen from the top right plot in Fig. 2, which assumes that
future measurements remain consistent with the SM. These
results are similar to the “Stage II” scenario shown in
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FIG. 2. Current (top left), Phase I (top right), Phase II (bottom left), and Phase III (bottom right) sensitivities to hd − hs in Bd and Bs
mixings, resulting from the data shown in Table I (where central values for the different inputs have been adjusted). The dotted curves
show the 99.7% CL (3σ) contours.
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FIG. 2. Current (top left), Phase I (top right), Phase II (bottom left), and Phase III (bottom right) sensitivities to hd − hs in Bd and Bs
mixings, resulting from the data shown in Table I (where central values for the different inputs have been adjusted). The dotted curves
show the 99.7% CL (3σ) contours.
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FIG. 2. Current (top left), Phase I (top right), Phase II (bottom left), and Phase III (bottom right) sensitivities to hd − hs in Bd and Bs
mixings, resulting from the data shown in Table I (where central values for the different inputs have been adjusted). The dotted curves
show the 99.7% CL (3σ) contours.

NEW PHYSICS IN B MESON MIXING: FUTURE … PHYS. REV. D 102, 056023 (2020)

056023-5

today before FCC-ee FCC-ee



B. Di Micco eeFACT2022

29th July 2021

Higgs boson measurements 
at Future Circular Colliders
Sylvie Braibant  
Bologna University 

High-precision EW and QCD physics at FCC-ee

QCD physics at e+e-
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e+e- collisions provide a clean environment also for QCD measurements  

LFC21, ECT*-Trento, Sept'21                                                               David d'Enterria (CERN)16/66

QCD in eQCD in e++ee-  -  collisionscollisions

■ e+e- collisions provide an extremely clean environment with fully-
   controlled initial-state to very precisely probe q,g dynamics:

Advantages compared to p-p collisions:

- QED initial-state with known kinematics

- Controlled QCD radiation (only in final-state)

- Well-defined heavy-Q, quark, gluon jets

- Smaller non-pQCD uncertainties:

  no PDFs, no QCD “underlying event”,…

  Direct clean parton fragmentation & hadroniz.

■ Plus QCD physics in �� (EPA) collisions:

(soft, VDM) (direct)

Ös ~ 91 GeV

Ös ~ 240 GeV

Ös ~ 160 GeV

LFC21, ECT*-Trento, Sept'21                                                               David d'Enterria (CERN)16/66
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■ Plus QCD physics in �� (EPA) collisions:

(soft, VDM) (direct)

Ös ~ 91 GeV

Ös ~ 240 GeV

Ös ~ 160 GeV

Slide from D. d’Entreria 
LFC ’21 Trento
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High precision gluon and jet studies

LFC21, ECT*-Trento, Sept'21                                                               David d'Enterria (CERN)42/66

High-precision gluon & quark jet studies (FCC-ee)High-precision gluon & quark jet studies (FCC-ee)

■  Exploit FCC-ee H(gg) as a ”pure gluon” factory:

    H→gg (BR~8% accurately known) provides 

    O(100.000) extra-clean digluon events.

■  Multiple handles to study gluon radiation & g-jet properties:

   ➧Gluon vs. quark via H→gg vs. Z→qq

      (Profit from excellent g,b separation)

    ➧ Gluon vs. quark via Z→bbg vs. Z→qq(g)

       (g in one hemisphere recoiling 

        against 2-b-jets in the other).

    ➧ Vary E
jet

 range via ISR: e+e-→Z*,g*→jj(g)

    ➧ Vary jet radius: small-R down to calo resolution

■  Multiple high-precision analyses at hand:
    – BSM: Improve q/g/Q discrimination tools

    – pQCD: Check NnLO antenna functions. High-precision QCD coupling.

    – non-pQCD: Gluon fragmentation: Octet neutralization? (zero-charge gluon 

       jet with rap gaps). Colour reconnection? Glueballs ? Leading h's,baryons?

LH angularities

[G.Soyez et al.] 

LFC21, ECT*-Trento, Sept'21                                                               David d'Enterria (CERN)41/66

■  MC parton showers differ on gluon (less so quark) radiation patterns:

Precise jet substructure & flavour taggingPrecise jet substructure & flavour tagging

(normalized En✕qn products)

(larger

 angular

 weigth)

[G.Soyez et al.] 

■  State-of-the-art jet 

    substructure studies 

    based on angularities: 

■  ”Sudakov”-safe variables of jet constituents:

    multiplicity, LHA, width/broadening, 

    mass/thrust, C-parameter,...

■  k=1: IRC-safe computable (NnLO+NnLL) via SCET

    (but uncertainties from non-pQCD effects)

e+e- Z uu e+e- H  gg u-quark vs gluon
discrimination 

power

(larger energy weigth)

Gluon rad.& frag.
poorly known

Slide from D. d’Entreria 
LFC ’21 Trento

jet substructure

θi
)

Zi = Ei/Ejet
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Color reconnection
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LFC21, ECT*-Trento, Sept'21                                                               David d'Enterria (CERN)45/66

Colour reconnectionColour reconnection

■ Colour reconnection among partons is source of uncertainty in m
W
, m

top
, 

aGC extractions in multijet final-states. Especially in pp (MPI cross-talk).

  ► CR impacts all FCC-ee multi-jet final-states

     (potentially shifted angular correlations):

     – e+e-→WW(4j), Z(4j), ttbar,

     – H(2j,4j) CP studies,…

     – String-drag effect on W mass 

       (Hinted at LEP: No-CR excluded at 99% CL).

 ► Exploit huge W stats ( 10✕ 4 LEP) to “turn the

    m
W
 measurement around”: Determine m

W
 

    leptonically and constrain CR in hadronic 

    WW: Colour reconnection controlled to <1%
Slide from D. d’Entreria 

LFC ’21 Trento
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Conclusions
33

•  FCC-ee has a rich and striking physics goal 

•  improving accuracy of EWK measurement by factors 10-100 

•  constraints Higgs potential related parameters mH, mt, mW, κλ 

•  providing the best measurement of the Higgs boson potential (check 
validity of the Higgs boson as inflation field, probe the vacuum 
instabilities, probe the nature of the Higgs boson) 

• if you think that a 27 km muon collider could be a valuable option after 
HL-LHC, think what could be a 100 km muon collider if a working muon 
cooling mechanism will be available at the end of the FCC-ee running
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Higgs boson couplings
34

Eur. Phys. J. Plus (2022) 137:92 Page 7 of 19 92

Table 2 Precision on the Higgs boson couplings from Ref. [37], in the κ framework without (first numbers)
and with (second numbers) HL-LHC projections, for the FCC-ee and the complete FCC integrated programme
(including both the FCC-hh and the FCC-ep option) [38]

Collider HL-LHC FCC-ee240→365 FCC-INT

Lumi (ab−1) 3 5 + 0.2 + 1.5 30

Years 10 3 + 1 + 4 25

gHZZ (%) 1.5 0.18/0.17 0.17/0.16

gHWW (%) 1.7 0.44/0.41 0.20/0.19

gHbb (%) 5.1 0.69/0.64 0.48/0.48

gHcc (%) SM 1.3/1.3 0.96/0.96

gHgg (%) 2.5 1.0/0.89 0.52/0.5

gHττ (%) 1.9 0.74/0.66 0.49/0.46

gHµµ (%) 4.4 8.9/3.9 0.43/0.43

gHγ γ (%) 1.8 3.9/1.2 0.32/0.32

gHZγ (%) 11 –/10 0.71/0.7

gHtt (%) 3.4 10./3.1 1.0/0.95

gHHH (%) 50 44/33 3–4

27/24

$H (%) SM 1.1 0.91

BRinv (%) 1.9 0.19 0.024

BREXO (%) SM (0.0) 1.1 1

The HL-LHC result is obtained by fixing the total Higgs boson width and the H → cc̄ branching fraction to
their Standard Model values, and by assuming no BSM decays. All numbers are in % and indicate 68% C.L.
sensitivities. Also indicated are the standalone precision on the total decay width, and the 95% C.L. sensitivity
on the “invisible” and “exotic” branching fractions. The precision on the Higgs self-coupling comprises the
value extracted from the ZH and WW → H cross sections for FCC-ee, with two (top line) or four (lower
line) interaction points. The precision for FCC-hh has been updated using the most recent projections from
double-Higgs production at FCC-hh [38]

uses in turn the FCC-ee measurement of the top electroweak couplings with e+e− → tt
production. Thus not only does FCC-ee provide new model-independent measurements, it
also renders more precise and model-independent those of the past and future hadron collid-
ers. The same comment applies to the measurements at the FCC-ep collider, which provides
additional statistical precision for several channels, in particular the H → WW∗ and cc̄, but
will benefit from the absolute normalisation from the FCC-ee measurements.

As explained in Refs. [39–42], the capability of FCC-ee to measure the ZH and WW → H
cross sections at two different centre-of-mass energies (240 and 365 GeV) offers a 2-to-4
σ sensitivity to the Higgs self-coupling, via a loop diagram. The FCC-ee Higgs and top
coupling measurements make it possible to measure the Higgs self coupling at the 100 TeV
collider, with a precision around ± 10% within a couple years running and eventually of
(3stat ± 1.6syst)% [38]. For the Higgs measurements as for many other aspects of the physics
program, the combination of FCC-ee and FCC-hh is outstanding [36].

Finally, the FCC-ee stands out among the “Higgs Factory” projects for its unique opportu-
nity to access the Higgs boson coupling to electrons [43–45] through the resonant production
process e+e− → H at

√
s = 125 GeV [46]. This measurement relies on the combination

of the high luminosity and monochromatization of the beams, and is under study. This is a
unique opportunity of FCC-ee, and one of its toughest challenges.
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