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PHYSICS AT e+e- COLLIDERS

2
20

Physics at e+e− Colliders
√s Processes Physics Goals Observables

91 GeV • e+e− → Z ultra-precision EW physics
sin2θeff 

MZ, ΓZ, Nν 
α, αS

125 GeV • e+e− → H limit on s-channel H production? ye

160 GeV • e+e− → W+W− ultra-precision W mass MW, ΓW

>160 GeV
• e+e− → W+W− 

• e+e− → qq,  (γ)
precision W mass and couplings
precision EW (incl. Z return)

MW, aTGC 
Nν

250 GeV • e+e− → ZH
ultra-precision Higgs mass
precision Higgs couplings

MH  
κV, κf, ΓH

360 GeV • e+e− → tt ultra-precision top mass Mtop

>360 GeV
• e+e− → tt precision top couplings
• e+e− → ZH
• e+e− → Hνν precision Higgs couplings

500+ GeV

• e+e− → ttH
• e+e− → ZHH
• e+e− → Z’ → ff
• e+e− → χχ
• e+e− → AH, H+H−

Higgs coupling to top
Higgs self-coupling
search for heavy Z’ bosons
search for supersymmetry (SUSY)
search for new Higgs bosons

ytop  
λHHH 

flavour 
BSM

Special program
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HIGGS PRODUCTION AT LEPTON COLLIDERS

➤ Dominant production processes for √s ≤ 500 GeV 

➤ Higgsstrahlung: e+e- → ZH: 𝜎 ∼ 1/s, dominant up to ≈ 450 GeV

➤ WW fusion: e+e- → H𝜈e𝜈e: 𝜎 ∼ log(s), dominant above 450 GeV. Large statistics at high energy

3

Higgs-strahlung

Boson fusion

FCC-ee/CEPC

The centre-of-mass energy is chosen so as to maximize the number of ZH events. 
At FCC-ee, the luminosity steeply increases as the centre-of-mass energy 
decreases, so that the centre-of-mass energy was fixed to 240 GeV, approximately 
15 GeV below the value that maximizes the theoretical ZH cross section
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EFFECT OF POLARIZATION ON HIGGS PRODUCTION (ILC)

➤ Higgs-strahlung cross section 
multiplied by  


➤ 1 − P−P+ − Ae × (P− − P+)

➤ Boson fusion cross section 

multiplied by (1−P−) × (1+P+)

4

ILC

• For CC the gains from 
polarization are not worth the 
induced luminosity loss  
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HIGGS PRODUCTION AT HIGHER ENERGIES

➤ ttH production: e+e- → ttH

➤ Accessible √s≥ 500 GeV, maximum ≈ 800 

GeV

➤ Direct extraction of top Yukawa coupling


➤ ZHH and HH𝜈e𝜈e production

➤ From √s=500 GeV (ZHH) and ≈800 GeV 

(HH𝜈e𝜈e ), dual Higgs production

➤ Sensitivity to Higgs self coupling

5
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HIGGS DECAYS

➤ mH = 125 GeV is a very good place to be

6
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INTERESTING HIGGS PHYSICS GOALS FOR  e+e- COLLIDERS VS LHC

7

➤ Higgs kinematic parameters:  and 

➤ Reduce parametric uncertainties in XS and BR 

➤ Control the fate of the EW vacuum within the SM 

➤ Constrain new physics models 


➤ Precise and model-independent access to Higgs couplings 

➤ <1% level 

➤ Identification of correlation patterns among deviations

➤ Indirect tests of extended Higgs sector/composite nature 


➤ Access to decay modes that are background dominated @LHC

➤ Bb/cc/gg

➤ Exotic decay modes (portal of Dark Matter) 


➤ Constraints on Higgs flavour violating couplings

➤ Smoking gun of BSM physics

mH ΓH
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HIGGS PHYSICS BACKGROUNDS

➤ Physics backgrounds are “small”: examples at √s=240GeV

➤ “Blue” cross sections decrease like 1/s

➤ “Green” cross sections increase slowly with s

8

200 fb

❑ Only one to two orders of magnitude smaller 
❖ vs. 11 orders of magnitude in pp collisions
▪ Trigger is 100% efficient 

Add e+e- → tt  
for √s > 345 GeV

-

0.6 pb

e+e− → qq, l+l−
γγ → qq, 𝓁+𝓁− 
m > 30 GeV e+e− → W+W− e+e− → Ze+e− e+e− → Weν e+e− → ZZ e+e− → Zνν- - -

60 pb 30 pb 16 pb 3.8 pb 1.3 pb1.4 pb 32 fb
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HIGGS EVENTS

➤ Example of a Higgs 
boson event at a ee 
collider


➤ Tagged with a Z boson

➤ Very clean signature

9

e+e−→ HZ → ggµ+µ−

√s = 240 GeV

µ+

µ-

-6 m                 -3 m                 0                   3 m                   6 m
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MODEL-INDEPENDENT MEASUREMENT OF σHZ AND gHZZ

➤ The Higgs boson in HZ events is tagged by the presence of the 

➤ Select events with a lepton pair, same flavor, opposite sign  with mass compatible with mZ


➤ Apply total energy-momentum conservation to determine the “recoil mass”   
           


➤ Plot the recoil mass distribution – resolution proportional to momentum resolution

➤ No requirement on the Higgs decays: measure σHZ × BR(Z→ e+e−, μ+μ−)


➤ Provides an absolute measurement of gHZZ and sets required detector performance

Z → e+e−, μ+μ−

MH2 = s + M2
Z − 2 s(pμ+ + pμ−)

10

ILC simulation
FCC-ee simulation
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MEASURING THE HIGGS DECAY BR

➤ Repeat the procedure for all possible final states

➤ For all exclusive decays, YY, of the Higgs boson: measure σHZ × BR(H → YY)


➤ Including invisible decays: event containing only the lepton pair with correct (mmiss, mrecoil), 
otherwise empty


➤ For all decays of the Z (hadrons, taus, neutrinos) to increase statistics [detector requirements]

➤ For the WW fusion mode (Hνν final state): measure σWW→H × BR(H → YY)

11

ZH → qq bb, 0.25 ZH → 𝓁+𝓁- + nothing, 0.5 
- -
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HIGGS WIDTH 

➤ Model independent determination of the total Higgs decay width 
down to 1.3% with runs at √s=240 and √s=365 GeV 

12

e+

e−
Z∗

Z

H

Z∗

Z
gHZ

gHZ

❖ σHZ is proportional to gHZZ
2  

❖ BR(H → ZZ) = Γ(H → ZZ) / ΓH is proportional to 
gHZZ

2 /ΓH 

▪ σHZ × BR(H → ZZ)  is proportional to gHZZ
4 / ΓH 

❖ Infer the total width ΓH

Analysis

The final step: look at missing mass distribution:
400

300

200

100

0

50 100 150 200 250

nu
m

be
r o

f e
ve

nt
s/

50
0 

fb
-1 WW-Fusion

missing mass (GeV)

sqrt(s) = 350 GeV
mH =      120 GeV Higgsstrahlung

Interference
Background

Determine the rate for WW-fusion from a shape fit to the con-
tributions of WW-Fusion, Higgs-Strahlung and background.

Interference currently treated as constant (could be fit as well)

Systematics: background shape can be checked from
anti-b-tagged selection

Higgs-Strahlung shape can be checked with
events after removing the leptons

Running with different beam polarisation has different effects
on the background and Higgsstrahlung contributions!

K. Desch Measurement of the Cross Section for WW–Fusion, LCWS2000 – Fermilab, 25/10/200 Page 7

-

ee →HZ & H → ZZ  at √s = 240 GeV 

WW → H νν→ bbνν  at √s = 365 GeV 

ΓH ∝
σWW→H

BR(H → WW)
=

σWW→H→bb̄

BR(H → WW) × BR(H → bb̄)
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THE TOP YUKAWA COUPLING

➤ The coupling between the top and Higgs is an extremely 
interesting quantity. 

➤ The HL-LHC is expected to reach a precision of 3.4%.

➤ At the FCC-ee the λtop is accessible only indirectly: at 

threshold the virtual Higgs boson exchange that can give an 
effect up to 10% on the cross section


➤ Combining with HL-LHC, obtain 3.1% (no model dep.)

➤  production needs at least √s>500 GeV


➤ Reaching the sub-% will be a job for FCC-hh!
e+e− → tt̄H

13

M. Vos, The future of top physics, 2-8-2018 marcel.vos@ific.uv.es47

ttH at lepton colliders

Requires at least 500 GeV
(550 GeV has 3x higher rate)

Complex multi-jet events: 
ttH, H → bb

0 leptons → 8 jets, 
1 lepton   → 6 jets

Z⇤/ g⇤

e�

e+

t

t

(a) e+e� ! tt

W�⇤
W+⇤

e�

e+

ne

t

t

ne

(b) e+e� ! ttnene

Z⇤/ g⇤

e�

e+

t

H

t

(c) e+e� ! ttH

Z⇤/ g⇤

e�

e+

t

Z0

t

(d) e+e� ! ttZ

n⇤
e

W+⇤

e�

e+

W�

b

t

(e) e+e� ! tbW� (tbW+)

Figure 4: Representative diagrams for top-quark production processes relevant at CLIC; (a) tt , (b)
ttnene , (c) ttH, (d) ttZ, (e) single-top. The blob in Figure 4b represents the complete amplitude of
the W+W� ! tt Feynman diagram, including potential new physics effects.

The cross sections and expected numbers of events for some of the processes discussed above are
summarised in Table 2.

4 Theoretical description of top-quark production and decay

This section reports on the theoretical tools and concepts that we employ to describe top-quark
physics within the SM and beyond. We start by summarising the status of SM calculations for
top-quark production at the threshold and in the continuum regions. The choice of top-quark mass
scheme plays a major role in the former. Next, we introduce the Effective Field Theory (EFT)
framework that we use to parametrise new physics effects in the top-quark electroweak interactions.
Its relation with the more canonical language of anomalous couplings is also discussed. Finally we
discuss possible new physics effects inducing flavour changing neutral current top-quark decays.

– 7 –

LCWS18, Arlington, October 2018 marcel.vos@ific.uv.es19

ILC    : 3% with 4 ab-1 at 550 GeV

ILC    : 4% with 1 ab-1 at 1 TeV

 

CLIC : 3.8% with 1.5 ab-1 at 1.4 TeV

Top quark Yukawa coupling 

Challenges: 
Small signal sample

Large (x100) background rejection
Jet reconstruction and pairing

arXiv:1807.02441

arXiv:1409.7157

arXiv:1506.05992

Bonus: CP properties of the Higgs 
arXiv:1809.07127, arXiv:1807.02441
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FIRST GENERATION COUPLING: e+e− → H

➤ e+e-  H @ 125.xxx GeV requires:

➤ Higgs mass to be known to <5 MeV from 240 GeV run (CEPC group almost there)

➤ Huge luminosity 

➤ monochromatization (opposite sign dispersion using magnetic lattice) to reduce σECM


➤ continuous monitoring and  adjustment of ECM  to  MeV precision (transverse Polarisation)

➤ an extremely sensitive event selection against backgrounds 

➤ a generous lab director to spend 3 years doing this and neutrino counting: can reach SM sensitivity in about 5 years 

→

14

HUGE CHALLENGE
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TWO DIFFERENT TYPES OF FITS

15

Patrick Janot 

Two	different	sorts	of	Higgs	fits	
q  The	“kappa”	fits	

◆  Assume	the	Standard	model	structure	(no	new	coupling,	no	new	processes)	

●  The	SM	couplings	are	gHXX	allowed	to	scale	by	a	factor	κx	

◆  Nine	free	parameters	:	κW	,	κZ	,	κt	,	κb	,	κt	,	κg	,	κγ ,	Γtot	,	BREXO	

●  Or	more:	κc	,	κµ ,	κγZ	,	κλ	,	…	

●  Or	less:	κW	=	κZ,	universal	κf,	Γtot	=	ΓSM	

◆  Simple	parameterization,	transparent	interpretation,	free	from	theoretical	bias	

●  But	violates	gauge	invariance	...		

Results	in	this	presentation	

q  The	“EFT”	fits	
◆  Expand	Standard	Model	in	gauge	and	Lorentz	invariant	dim.	6	operators	(up	to	2500!)	

●  Only	valid	for	new	physics	scale	much	larger	than	mH	or	√s	

◆  Consistent	theoretical	description,	but	still	involves	theoretical	assumptions	

●  New	operators	modify	Higgs	kinematics,	add	energy	dependence	

●  Includes	correlation	with	Electroweak	Precision	Observables	

➨  FCC-ee	runs	at	the	Z	pole,	WW	and	tt	thresholds	play	an	important	role	

See	Jorge	de	Blas’	presentation	

6 March 2019 
Physics at FCC : CDR Symposium 

20 
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RESULTS OF KAPPA3: INCLUDING HL-LHC

16
M. Cepeda (CIEMAT)  Open Symposium on the Update of European Strategy for Particle Physics  

Kappa-3: +HL-LHC  

�17

modified version (x-scale) of the plot in the report for illustration purposes 

Statistically limited @ee
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SYNERGIES WITH HADRON COLLIDERS: HL-LHC OR FCC-hh 

➤ The HL-LHC is a Higgs factory: will produce 109 Higgs but…

➤ 


➤ σprod is uncertain and ΓH is largely unknown

➤ Difficult/impossible to extract absolute couplings from the kappa fit

➤ Best to do physics with ratios of additional assumptions:


➤ Γtot and gHcc fixed to their SM values

➤ No exotic decays 


➤ Lepton colliders absolute measurement of gHZZ and ΓH solve the model 
dependence

➤ Rare decay modes allow absolute determination of gHμμ, gHγγ, gHZγ in 

combination with lepton colliders

➤ A higher energy hadron collider will profit even more of a lepton 

collider machine beforehand 

σobserved
i→f ∝ σprod(gHi)2(gHf)2/ΓH

17
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GLOBAL EFT FITS: HIGGS EFFECTIVE COUPLINGS

18
Christophe Grojean Future Colliders WHEPS, Aug. 26-28, 2019!72

Global fit results

�22
Jorge de Blas 
INFN - University of Padova

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

 beyond HL-LHC  

ECFA Higgs study group ‘19

ArXiv ePrint: 1905.03764 

Higgs “effective” 
couplings: k- 

modifiers of EFT 
couplings 

more precise
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EFT FIT SENSITIVITY 

more precision on 
the EFT operators
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 HIGGS SELF-COUPLING WITH SINGLE HIGGS

➤ Higgs self-coupling, λ3, is a fundamental parameter of the SM whose value should be 
checked against prediction


➤ e+e- colliders with  √s<500 GeV can profit of the significant effect on single Higgs production 

20Patrick 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 

27 

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

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

Z

Z
He+

e< i

i<

W

W
H

e+

e<

e
+

e
−

H

t

t
-

γ/Z

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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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	

250 300 350 400 450 500
0.000

0.005

0.010

0.015

0.020

0.025

s [GeV]

C
1

e+e-→hZ

e+e-→ννh

Figure 2: Left: Value of C1 as a function of the center of mass energy
Ô

s for the e
+

e
≠

æ hZ and
e

+
e

≠
æ ‹‹̄h single Higgs production processes. Right: The linear dependence of production

and decay rates on the ”Ÿ⁄, ”cZ , cZZ and cZ⇤ parameters (see Section 2.2 for details on the
meaning of these parameters). For e

+
e

≠
æ ‹‹̄h, only the WW -fusion contribution is included.

The dependence on ”Ÿ⁄ is amplified by a factor of 500.

The value of C1 in Higgsstrahlung (e+
e

≠
æ hZ) and WW -fusion (e+

e
≠

æ ‹‹̄h)
processes are shown in the left panel of Fig. 2 as functions of the center-of-mass energy
Ô

s. Very di�erent energy dependences are observed for the two processes. A quick
decrease is seen in Higgsstrahlung, from C1 ƒ 0.022 at threshold to about C1 ƒ 0.001 at a
center-of-mass energy of 500 GeV. On the other hand, a nearly constant value C1 ƒ 0.006
is observed for the WW -fusion process over the same range of energy. Further numerical
values are provided in Appendix A for both production and decay processes. Beside the
inclusive production and decay rates, we also checked the impact of a correction to ”Ÿ⁄

on the angular asymmetries that can be exploited in e
+

e
≠

æ hZ æ h¸
+

¸
≠ measurements

(see Refs. [29, 30]). We found that these e�ects are almost negligible and have no impact
on the fits.

To conclude this section, we show in the right panel of Fig. 2 the linear dependences of
a set of production rates and Higgs partial widths on ”Ÿ⁄ and on three EFT parameters
that encode deviations in the Z-boson couplings, ”cZ , cZZ and cZ⇤ (see Section 2.2 for
a detailed discussion of the full set of BSM e�ects we are considering). Only leading-
order dependences are accounted for, at one loop for ”Ÿ⁄ and at tree level for the other
parameters. One can see that the various observables have very di�erent dependences
on the EFT parameters. For instance, ”cZ a�ects all the production processes in an
energy-independent way.5 On the contrary, the e�ects of cZZ and cZ⇤ grow in magnitude
for higher center-of-mass energy in both Higgsstrahlung and WW -fusion cross sections.
It is apparent that the combination of several measurements can allow us to e�ciently
disentangle the various BSM e�ects and obtain robust constraints on ”Ÿ⁄. From the sensi-
tivities shown in Fig. 2, we can roughly estimate that a set of percent-level measurements

5In the language of the dimension-six operators, ”cZ is generated by the operator OH = 1
2 (ˆµ|H

2
|)2,

which modifies all Higgs couplings universally via the Higgs wave function renormalization.

7

Measurements at 
different √s also help to 
lift degeneracy between 
processes

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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-4 -2 0 2 4

-0.02

-0.01

0.00

0.01

0.02

FCC-ee, from EFT global fit

Δχ2=1

5/ab at 240 GeV
+0.2/ab at 350 GeV
+1.5/ab at 365 GeV

350 GeV alone
365 GeV alone

δκ
Z	

C.	Grojean	et	al.	
arXiv:1711.03978	

Δσ

σ

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

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

Z

Z
He+

e< i

i<

W

W
H

e+

e<

e
+

e
−

H

t

t
-

γ/Z

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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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	

Precision on kλ

FCC-ee 33 %

FCC-ee(4IP) 24 %
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❑ In both cases, three interfering diagrams 
❖ Higgs self coupling, λ3, extracted from fit to 

production cross section 
▪ At 1400 GeV: relatively strong dependence 
▪ At 500 GeV: weak(er) dependence

HIGGS SELF-COUPLING WITH DI-HIGGS PRODUCTION

➤ For √s ≳ 500 GeV, direct access 
to di-Higgs production (linear 
colliders or muon collider) 

21

𝛌3

𝛌3

From 500 GeV

From ≈800 GeV
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FCC SYNERGIES: TRIPLE HIGGS COUPLING 

22

Projected precision of λ3 
measurements 

FCC integrated 
program will measure 

λ3 to the 5% level 

Muon Collider of 
10TeV λ3 ~3-5% 
30TeV λ3 ~1%  
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SUMMARY OF HIGGS COUPLINGS AT MUON COLLIDER VS √S

23

➤ Main production process 
is the WW fusion 
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H→INVISIBLE @FCC-hh

➤ Higgs invisible width can 
be measured in large 
missing-ET signatures 


➤ Derive the BR(H→invisible) 
from a fit to the missingET 
spectrum


➤ Constrain background with 
data driven method using 
SM W/Z+jets 


➤  
can be seen after ~1ab-1
H → 4ν, with BR = 1.1 × 10−3

24

 12

H→invisible
• Measure it from H + X at large pT(H)

• Derive BR(H→inv)  by precisely fitting the ETmiss spectrum 

• Constrain background pT spectrum from Z→νν to the % level using NNLO QCD/EW to 
relate to measured Z, W and γ spectra

• BR(H→inv) ≲ 2.5 10-4  

30 ab-1

 FCC-ee

  H→ZZ→νννν

Χ (inv)

H

Χ (inv)

jet(s)

P. Harris

Sensitivity down to 2x10-4 with 
full statistics 



Physics with Tera-Z 

25
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PHYSICS AT e+e- COLLIDERS

26
20

Physics at e+e− Colliders
√s Processes Physics Goals Observables

91 GeV • e+e− → Z ultra-precision EW physics
sin2θeff 

MZ, ΓZ, Nν 
α, αS

125 GeV • e+e− → H limit on s-channel H production? ye

160 GeV • e+e− → W+W− ultra-precision W mass MW, ΓW

>160 GeV
• e+e− → W+W− 

• e+e− → qq,  (γ)
precision W mass and couplings
precision EW (incl. Z return)

MW, aTGC 
Nν

250 GeV • e+e− → ZH
ultra-precision Higgs mass
precision Higgs couplings

MH  
κV, κf, ΓH

360 GeV • e+e− → tt ultra-precision top mass Mtop

>360 GeV
• e+e− → tt precision top couplings
• e+e− → ZH
• e+e− → Hνν precision Higgs couplings

500+ GeV

• e+e− → ttH
• e+e− → ZHH
• e+e− → Z’ → ff
• e+e− → χχ
• e+e− → AH, H+H−

Higgs coupling to top
Higgs self-coupling
search for heavy Z’ bosons
search for supersymmetry (SUSY)
search for new Higgs bosons

ytop  
λHHH 

flavour 
BSM

Special program
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TERA-Z/GIGA-Z  EWK PRECISION PROGRAM 

➤ From data collected in a lineshape energy scan around the Z pole: 


➤ Z mass: key for jump in precision for EWK fits 

➤ Z width: jump in sensitivity to EWK radiative correction 

➤ Rl=hadronic/leptonic width: αs(mZ2), lepton couplings, precise universality test 

➤ Peak cross section: invisible width, Nν

➤ AFB(μμ): sin2θeff, αQED(mZ2), lepton couplings,

➤ Tau polarization: sin2θeff, lepton couplings, αQED(mZ2)

➤ Rb, Rc, AFB(bb), AFB(cc): quark couplings


➤ Difference between circular and linear collider is: statistics and 
control of the beam energy vs polarization capabilities

27
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NUMBER OF Z AND W EVENTS 

➤ Number of Z bosons and 
W+W− boson pairs at past 
and future e+e− colliders. 


➤ The numbers are summed 
over experiments (four for 
LEP, two for FCC-ee and 
CEPC and one for the other 
colliders). 


➤ For LEP the number of W 
pairs shown includes all 
energies     √s ≥2MW . 

28
* = exploits polarization

*

* *
* *

Now  
increased
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SELECTED ELECTROWEAK QUANTITIES (FROM FCC-ee) 

29

474 Page 38 of 161 Eur. Phys. J. C (2019) 79 :474

Table 3.1 Measurement of selected electroweak quantities at the FCC-ee, compared with the present precisions

Observable Present value ± error FCC-ee Stat. FCC-ee Syst. Comment and dominant exp. error

mZ (keV) 91,186,700 ± 2200 5 100 From Z line shape scan Beam energy calibration

!Z (keV) 2,495,200 ± 2300 8 100 From Z line shape scan Beam energy calibration

RZ
" (×103) 20,767 ± 25 0.06 0.2–1.0 Ratio of hadrons to leptons acceptance for leptons

αs (mZ) (×104) 1196 ± 30 0.1 0.4–1.6 From RZ
" above [43]

Rb (×106) 216,290 ± 660 0.3 < 60 Ratio of bb̄ to hadrons stat. extrapol. from SLD [44]

σ 0
had (×103) (nb) 41,541 ± 37 0.1 4 Peak hadronic cross-section luminosity measurement

Nν (×103) 2991 ± 7 0.005 1 Z peak cross sections Luminosity measurement

sin2θeff
W (×106) 231,480 ± 160 3 2–5 From Aµµ

FB at Z peak Beam energy calibration

1/αQED (mZ) (×103) 128,952 ± 14 4 Small From Aµµ
FB off peak [34]

Ab,0
FB (×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 Polarisation and charge asymmetry τ decay physics

mW (MeV) 80,350 ± 15 0.5 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 (mW) (×104) 1170 ± 420 3 Small From RW
" [45]

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

mtop (MeV) 172,740 ± 500 17 Small From tt̄ threshold scan QCD errors dominate

!top (MeV) 1410 ± 190 45 Small From tt̄ threshold scan QCD errors dominate

λtop/λ
SM
top 1.2 ± 0.3 0.1 Small From tt̄ threshold scan QCD errors dominate

ttZ couplings ± 30% 0.5–1.5% Small From ECM = 365 GeV run

asymmetries. Also the tau lepton branching fraction and lifetime measurements, especially if a more precise tau mass
becomes available, will provide another dimension of precision measurements.

– While statistical precisions follow straightforwardly from the integrated luminosities, the systematic uncertainties do not.
It is quite clear that for the Z and W mass and width the centre-of-mass energy uncertainty will dominate, and that for the
total cross-sections (thus the determination of the number of neutrinos) the luminosity measurement error will dominate.
These have been the subject of considerable work already. However there is no obvious limit in the experimental precision
reachable for such observables as RZ

" or Rb or the top quark pair cross-section measurements.

– While the possible experimental systematic error levels for RZ
" , Rb, Ab

FB, 0, Apol,τ
FB have been indicated, these should be

considered as indicative, and are likely to change, hopefully improve, with closer investigation. Heavy flavour quantities
will readily benefit from the improved impact parameter resolution available at FCC-ee due to the smaller beam pipe
and considerable improvements in silicon trackers. Also since LEP and SLD the knowledge of both τ and b physics has
benefited considerably from the b-factories and will benefit further with SuperKEKB.

Table 3.1 clearly sets the requirements for theoretical work: the aim should be to either provide the tools to compare
experiment and theory at a level of precision better than the experimental errors, or to identify which additional calculation
or experimental input would be required to achieve it. Another precious line of research to be done jointly by theoreticians
and experimenters will be to try to find observables or ratios of observables for which theoretical uncertainties are reduced.

The work that experiment requires from the theoretical community can be separated into a few classes.

– QED (mostly) and QCD corrections to cross-sections and angular distributions that are needed to convert experimentally
measured cross-sections back to ‘pseudo-observables’: couplings, masses, partial widths, asymmetries, etc. that are close
to the experimental measurement (i.e. the relation between measurements and these ‘pseudo-observables’ does not alter
the possible ‘new physics’ content). Appropriate event generators are essential for the implementation of these effects in
the experimental procedures.

– Calculation of the pseudo-observables with the precision required in the framework of the SM with the required precision
so as to take full advantage of the experimental precision.

123

In this context would need from theory full 3-loop calculations for 
the Z pole and propagator EWK corrections and probably 2-loop for 
EWK corrections to the WW cross section.  Matching these 
experimental precisions motivates a significant theoretical effort. 

Orders of magnitudes of reduction of statistical uncertainties
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EWK VARIABLES TO BE MEASURED: LC VS CC 

30

  

10
Roman Pöschl

LCWS  2019

Rates and asymmetries

● Sensitive to sum of coupling constants
● Available at linear and circular colliders

Partial fermion width:

Forward-backward asymmetry:

Left-right asymmetry:

● Direct sensitivity to Zee vertex  
● Only available at linear colliders due to beam polarisation
● Circular colliders need auxiliary measurement

● e.g. P
τ
 ~ A

e

● “Classical” observable to study P-violating effects in ee->ff
● Available at circular and linear colliders
● Without beam polarisation interpretation is always model dependent

Left-right-forward-backward asymmetry:
● Combination of asymmetries above
● Only available linear colliders due to beam polarisation
● Direct and model independent measurement of A

f

https://arxiv.org/pdf/1801.02840.pdf

needs extra inputs
Like at a Circular collider
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NEUTRAL COUPLINGS AND EWK ANGLE

➤  can be measured at circular colliders with 5x10-6 (at least) from: 


➤ Muon forward-backward asymmetry at pole  assuming muon-
electron universality  
➤ uncertainty driven by knowledge of CM energy (point to point errors)


➤ Tau polarization  without assuming lepton universality 

➤ Tau polarization measures Ae and Aτ, can input to   to measure 
separately e,  and  coupling (with ) 

➤ Very large tau statistics and improved knowledge of parameters (BF, decay 

modeling). 

➤ Asymmetries  provide input to quark couplings (together with 

)

sin2 θeff

Aμμ
FB(mZ)

Aμμ
FB =

3
4

AeAμ
μ τ Γe, Γμ, Γτ

Abb
FB, Acc

FB
Γb, Γc

31

Ae =
2gVe

gAe

(gVe
)2 + (gAe

)2
=

2gVe
/gAe

1 + (gVe
/gAe

)2
At linear collider use 

polarisation to extract Ae
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PRECISION MEASUREMENTS AT Z: A COMPARISON LC VS CC

➤ ILC ten times better 
than LEP/SLD and 
competitive with FCC


➤ Polarisation 
compensate for ~30 
times luminosity 


➤ No assumption on 
lepton universality at 
LC


➤ Excellent 
measurement of 
quark asymmetries  

32

LCWS 2019 18

Roman Pöschl

Precision on Z-pole 

● Precise measurement of

● Ten times better than LEP/SLD and competitive with FCC

● Polarisation compensates for ~30 times luminosity

● ... and A
LR

 at LC can benefit from hadronic Z decays

● No assumption on lepton universality at LC

● Complete test of lepton universality 
● Precisions of order 0.05%

● Note excellent measurement of quark asymmetries
● See above for ee->bb at 250 GeV
● More details in talks by A. Irles and R.P. in 

parallel sessions

arxiv: 1905.00220

10^9

/TeraZ 10^12
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OKU-W (108 WW) EWK PRECISION PROGRAM e+e− → W+W−

➤ From data collected around and above the WW threshold: 


➤ W mass: key for jump in precision of EWK fits 

➤ W width: first precise direct measurement 

➤ RW=Γhad/Γlep needed for αS(m2Z)

➤ Γe, Γμ, Γτ : for precise universality test 

➤ Triple and Quartic Gauge couplings: jump in precision, especially for 

charged couplings 


➤ Only Circular Colliders consider a run at the WW threshold

33
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W MASS AND WIDTH AT THRESHOLD 

34

MW at WW threshold

Optimal energy : E = 161.4 GeV
�MW = 0.23 MeV

Marina Béguin W study at FCC-ee June 25, 2019 5 / 15

Paolo Azzurri

LEP : �MW = 210 MeVL = 10 pb−1

�MW ,stat = � d�

dMW

�−1
√
�√L

1√
✏p

⊕ � d�

dMW

�−1 ��B

✏

⊕ � d�

dMW

�−1 � ��✏

✏
⊕ �L
L �

YFSWW3 1.18

✏ = 0.75
�B = 0.3 pb
L = 12 ab−1

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

MW at WW threshold

Optimal energy : E = 161.4 GeV
�MW = 0.23 MeV

Marina Béguin W study at FCC-ee June 25, 2019 5 / 15

Paolo Azzurri

LEP : �MW = 210 MeVL = 10 pb−1

�MW ,stat = � d�

dMW

�−1
√
�√L

1√
✏p

⊕ � d�

dMW

�−1 ��B

✏

⊕ � d�

dMW

�−1 � ��✏

✏
⊕ �L
L �

YFSWW3 1.18

✏ = 0.75
�B = 0.3 pb
L = 12 ab−1
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W MASS DIRECT RECONSTRUCTION

➤ Precise M(W) from threshold run 

➤ M(W) direct reconstruction from decay 

products useful/needed at any √s>threshold 
➤ Competitive as statistical uncertainty but 

different challenges to be considered:

➤ Event reconstruction, choice of jet algorithms 

➤ Lepton momentum scale and resolution 

➤ Kinematical fitting 

35

Direct reconstruction of MW and �W

Hadronic decay channel

Study at 162.6 GeV, 240 GeV and 365 GeV

PYTHIA simulation

Reconstruction with Heppy
(CLD detector, Durham
algorithm)

40 50 60 70 80 90 100 110 120
  (smaller dijet mass)  [GeV]WM

0

0.01

0.02

0.03

0.04

0.05

Mean    82.38
Std Dev     9.568

Mean    74.65
Std Dev        10

Mean    73.13
Std Dev     9.977

Mean    74.39
Std Dev     10.21

240 GeV
 qqqq→WW 

5C kinematic fit
4C kinematic fit
4C rescaling
Raw Mass

Marina Béguin W study at FCC-ee June 25, 2019 8 / 15

W mass estimators :

Raw mass

4C jets momenta rescaling

Kinematic fit with energy-momentum conservation (4C) and W
masses equality (5C)

Fully hadronic channel 

Semi-leptonic channel
M. Beguin

1MeV
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EFFECTIVE FIELD THEORY INTERPRETATION (SMEFT)

36
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GLOBAL FIT TO EWK COUPLINGS

37https://arxiv.org/pdf/1907.04311.pdf
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Impact of Z pole run

38

Global Higgs-TGC constraints

�gHZZ �gHWW �gH
��

�gH
Z� �gH

gg �gHtt �gHcc �gHbb �gH�� �gH
�� �g1,Z ��� �Z

10-4

10-3

10-2

10-1

1

10-5

10-4

10-3

10-2

10-1
H
ig
gs
co
up
lin
gs

aTG
C
s

precision reach on effective couplings from full EFT global fit
HL-LHC S2 + LEP/SLD
CEPC Z/WW/240GeV
FCC-ee Z/WW/240GeV
FCC-ee Z/WW/240GeV/365GeV

ILC 250GeV
ILC 250GeV/350GeV
ILC 250GeV/350GeV/500GeV

CLIC 380GeV
CLIC 380GeV/1.5TeV
CLIC 380GeV/1.5TeV/3TeV

P(e-,e+)=(�0.8,±0.3) P(e-,e+)=(�0.8, 0)

light shade: CEPC/FCC-ee without Z-pole
CEPC/FCC-ee without WW threshold
perfect EW perfect EW&TGC

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

Z@250GeV Z@380GeV

10

2

20
10

2

20

Ratios, real EW / perfect EW

�gH
ZZ �gH

WW �gH
��

�gH
Z� �gH

gg �gH
tt �gH

cc �gH
bb �gH

�� �gH
�� �g1,Z ��� �Z

1

1.5

1

1.5

20 20/

EW
re

al/
pe

rfe
ct

2

�gH
ZZ �gH

WW1

1.5

20 /

Z -pole

15 EW param. also marginalized over

O

assumed perfectly constrained

· Z -pole run has a big impact

· WW threshold run has marginal impact

· polarization helps compensating for the absence of Z -pole run

· new electroweak measurement help (e.g. ALR in radiative Z -pole return)
· higher energy runs help (in specific directions)

Gauthier Durieux – LCWS, Sendai – 29 October 2019 6
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COMBINED FCC-ee SMEFT FIT

➤EW precision observables complementary to precise Higgs coupling measurements

39

Electroweak + Higgs precison measurements

~scale of new decoupled physics

Dimension-6 operatorsStandard Model

Today’s limits on new physics scale 𝜦 > 4-10TeV



Pa
tri

zi
a 

Az
zi

 - 
O

tra
nt

o 
20

22
THE INTENSITY FRONTIER  - FLAVOR PHYSICS 
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Flavours @ FCC-ee 2

Executive summary — Flavours at FCC-ee

1) Heavy Flavours Production — Comparison w/ Belle II 

2) Flavour anomalies — b—> sll yields and  B0 → K*0�τ+τ-. 

CHAPTER 7

2c, GeV/0
dBm

4.5 5 5.5 6 6.5
)2 c

Ev
en

ts
 / 

(0
.0

2 
G

eV
/

0

20

40

60

80

100

120
eeFCC-

4.5 5 5.5 6 6.5
5�

4�

3�

2�

1�

0

1

2

3

4

5

Figure 7.1: Invariant mass reconstruction of B̄
0 ! K

⇤0
(892)t+t� candidates (green line), where

t!3pn⌧ and K⇤ !K+p�, allowing to reconstruct the decay vertices. The two dominant backgrounds
are included: B̄s ! D

+
s D

�

s K
⇤0

(892) (red) and B̄
0 ! D

+
s K̄

⇤0
(892)t�n⌧ (pink).

B̄
0 ! K

⇤0
(892)t+t� are therefore obvious candidates to study. The excellent knowledge of the de-

cay vertices, thanks to the multibody hadronic t decays, allows to fully solve the decay kinematics in
spite of the final-state neutrino. The decay B̄

0 ! K
⇤0

(892)t+t� has been studied using Monte Carlo
events propagated through a fast simulation featuring a parametric FCC-ee detector, with tracking and
vertexing performance inspired from the ILD detector design [191].

Figure 7.1 shows the reconstructed invariant mass distribution of simulated SM signal and back-
ground events corresponding to 5 ⇥ 10

12 Z-bosons. More than a thousand reconstructed events can be
expected at the FCC-ee, opening the way to measurements of the angular properties of the decay [192].
Table 7.1 compares the (anticipated) reconstructed yields for these decay modes, at the Belle II, LHCb
upgrade and FCC-ee experiments.

Table 7.1: Comparison of orders of magnitude for expected reconstructed yields of a selection of
electroweak penguin and pure dileptonic decay modes in Belle II, LHCb upgrade and FCC-ee exper-
iments. Standard model branching fractions are assumed. The yields for the electroweak penguin decay
B̄

0 ! K
⇤0

(892)e+e� are given in the low q2 region.

Decay mode B
0 ! K

⇤
(892)e

+
e
�

B
0 ! K

⇤
(892)t+t� Bs(B

0
) !µ+µ�

Belle II ⇠ 2 000 ⇠ 10 n/a (5)
LHCb Run I 150 - ⇠ 15 (–)

LHCb Upgrade ⇠ 5000 - ⇠ 500 (50)
FCC-ee ⇠ 200000 ⇠ 1000 ⇠1000 (100)

Similar decays, such as L0
b !L⇤(1520)t+t�, benefit from the same topological reconstruction

advantages. Likewise, in view of completing the LFUV tests, the study of the decay B
0 ! K

⇤
(892)e

+
e
�

can be performed with unrivalled statistics.
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b !L⇤(1520)t+t�, benefit from the same topological reconstruction
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0 ! K
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(892)e

+
e
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can be performed with unrivalled statistics.
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Working point Lumi. / IP [1034 cm�2.s�1] Total lumi. (2 IPs) Run time Physics goal

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

Particle production (109) B0 B� B0
s ⇤b cc ⌧�⌧+

Belle II 27.5 27.5 n/a n/a 65 45
FCC-ee 400 400 100 100 800 220
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Working point Lumi. / IP [1034 cm�2.s�1] Total lumi. (2 IPs) Run time Physics goal

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

Particle production (109) B0 B� B0
s ⇤b cc ⌧�⌧+

Belle II 27.5 27.5 n/a n/a 65 45
FCC-ee 400 400 100 100 800 220

~15 times Belle’s stat 
Boost at the Z!

Yelds for flavor anomalies studies:  

b→sll yelds and 👍  
Full reconstruction possible

B0 → K*0τ+τ−

• Enormous statistics 1012 bb, cc 
• Clean environment, favourable kinematics (boost) 
• Small beam pipe radius (vertexing)

1. Flavour EWPOs (Rb, AFBb,c) : large 
improvements wrt LEP 

2. CKM matrix, CP violation in neutral B mesons 
3. Flavour anomalies in, e.g., b ➝ sττ
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THE INTENSITY FRONTIER - TAU PHYSICS 
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Detector Requirements 

• Momentum resolution for Mass measurement, LFV search 
• Precise knowledge of vertex detector dimensions for lifetime measurement 
• Tracker and ECAL granularity and e/µ/π separation: BR measurements, EWPOs

Flavours @ FCC-ee 4

Executive summary — Flavours at FCC-ee

4) Tau Physics
Visible Z decays 3 x 1012

Z ➝ τ+τ- 1.3 x 1011

1 vs. 3 prongs 3.2 x 1010

3 vs. 3 prong 2.8x 109

1 vs. 5 prong 2.1 x 108

1 vs. 7 prong < 67,000

1 vs 9 prong ?

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

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

Decay Current bound FCC-ee sensitivity

Z -> eμ 0.75 x -6 10-8

Z -> μτ 12 x 10-6 10-9

Ζ -> eτ 9.8 x 10-6 10-9

CLFV Z decays:

Decay Current bound FCC-ee sensitivity

τ -> μγ 4.4 x 10-8 2 x 10-9

τ -> 3μ 2 x 10-8 10-10

CLFV τ decays:

Tau properties
➤ Enormous statistics: 1.7 1011 ττ events

➤ Clean environment, boost, vertexing

➤ Much improved measurement of tau mass, lifetime, 

BR’s will be crucial for: 

➤ τ-based EWPOs (Rτ, AFBpol, Pτ)

➤ Lepton universality violation tests

➤ PMNS matrix unitarity

➤ Constraints on Light-heavy neutrino mixing
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A WORD ON THE DETECTORS FOR CC (HERE FCC-ee)

➤ Two main design considered for now (FCC-ee, but CEPC is similar)

➤ Major point for B physics in a detector: the lightness of the tracker, 

excellent vertexing and tagging capabilities, particle ID. 

➤ Possibility to develop a detector optimized for B-physics needs 

(especially if a CC could have four collision points)
42

Flavours @ FCC 15S. Monteil

1. A word on FCC e+e- detectors

• Two designs have been studied so far. 
• Robust towards performance, intricate MDI, beam backgrounds. 
• The key point for all the Physics program is the lightness …  
• Personal note: FCC project aims at providing four detector proposals by 

2026. Among those proposals, there is room for a dedicated design for 
Flavours, in particular for hadron identification.

SILICON TRACKER LIGHT DRIFT CHAMBER
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TERA-Z TAU STATISTICS AND CLFV DECAYS
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Flavours @ FCC-ee 11S. Monteil

F) CDR: Lepton Flavour Violating-τ decays  

Decay Current bound FCC-ee sensitivity

τ -> μγ 4.4 x 10-8 2 x 10-9

τ -> 3μ 2 x 10-8 10-10

Mogens Dam / NBI Copenhagen 28/09/2018Tau2018, Amsterdam
20

LFV τ decays

π-

τ+

τ-

π+

π-ν
Tag side

μ+

γ
Signal side

π-

τ+

τ-

π+

π-ν Tag side

μ+

Signal side
μ+

μ-

Visible Z decays 3 x 1012

Z ➝ τ+τ- 1.3 x 1011

1 vs. 3 prongs 3.2 x 1010

3 vs. 3 prong 2.8x 109

1 vs. 5 prong 2.1 x 108

1 vs. 7 prong < 67,000

1 vs 9 prong ?

Bottomline: the current limits can be pushed by one to two orders of magnitude.  

• Benefits from the huge statistics and boosted topologies.  
• Calorimetric performance as ILD. 
• Main backgrounds are initial and final state radiative events.
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…BUT ALSO LFV Z DECAYS 

44
Mogens Dam / NBI Copenhagen 14-15 May, 2020FCC-France Workshop 21

LFV Z decays

π-

μ+

τ-

π+

π-ν

e+

τ-

π0

π-ν

μ+

e+
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BSM PHYSICS: RARE PROCESSES  FIP 

➤ Intensity frontier offers the opportunity to directly observe new 
feebly interacting particles below m(Z). They could be also DM 
candidates. 


➤ Signatures explored: photons and long lifetimes (LLP’s). 

➤ Axion-like particles

➤ Dark photons

➤ Heavy Neutral Leptons

45

Detector Requirements 

• Sensitivity to far-detached vertices (mm ➝ m) 
1. Tracking: more layers, continuous tracking 
2. Calorimetry: granularity, tracking capability 

• Larger decay lengths ⇒ extended detector volume 
• Full acceptance ⇒ Detector hermeticity

More “extravagant” 
signatures can be 
studied in the future 
profiting of the clean 
environment 
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cosmology limits of around 0.2 eV and the lower 
limits given by (square-root of) the measured 
oscillation mass differences Δm12

2 = 7.58±0.24 10-5 
eV2  and |Δm23

2|= 2.35±0.12 10-5 eV2. Other constraints 
stem from the requirement that neutrinos generate the 
baryon asymmetry of the Universe and do not modify 
excessively Big-Bang Baryogenesis.  
 
A three family analysis of these constraints for right-
handed neutrinos with masses below 10 GeV is found 
in [10]. In Fig. 3 we extend the range up to the mass of 
the intermediate vector boson W. The see-saw line 
gives a lower limit on the mixing angle of right-
handed neutrinos with active neutrinos. Below this 
line, the active neutrino mass differences observed in 
neutrino experiments cannot be accounted for in the 
GeV scale see-saw mechanism. Above the BAU line 
the reactions with right-handed neutrinos are in 
thermal equilibrium during the relevant period of the 
Universe expansion, making the baryogenesis due to 
right-handed neutrino oscillations impossible. For mN 
close to MW and above MW the rate of reactions with 
N's is enhanced due to the kinematically allowed 
decay N→  l W, leading to stronger constrains on the 
mixing.  The BAU curve intersects with the see-saw-
line at mN = MW, so that the parameter-space is bound 
on all sides.  
 
For even large masses of N another mechanism of 
baryogenesis - resonant leptogenesis can operate 
[pilaftsis].  
This part of the parameter space cannot be directly 
studied with FCC-ee in Z-resonance. 
 

 
Figure 3 Interesting domains in the Heavy Neutrino masses, as 

described in [10].  
 
The production and decay of the heavy neutrino in Z 
decays has already been undertaken at LEP by the L3 
and DELPHI collaborations[14]. It is largely 
determined by the mixing angle. When a Left-Handed 
neutrino is produced e.g. in Z decay it is actually a 
mixture of the light and heavy state:  
νννν! "  $  cosθθθθ  +  % &'(θθθθ   with θ2 ≈ mν/mN .  
 
Thus the decay width of the Z into a pair of light and 
heavy neutrino will be given by  

 
Γ)→νΝ "  3.Γ)→νν ,-./. |1|2 (1-(mN/mZ)2 )2  (1+(mN/mZ)2 ) 
 

with |U|2~θ2. The best existing limits are around |U|2 

< 10−5 in the mass range relevant to high energy 
investigations (Figure 3). The mixing of sterile 
neutrinos with the active neutrinos of each flavour i is 
defined as |Ui|2, where i = e, mu or tau. The total 
mixing |U|2 is defined as |U|2=Σi|Ui|2. The measurement 
of the partial width is sensitive to |U|2, while in direct 
searches the final state depends on the relative strength 
of the partial |Ui|2. In our analysis we consider the 
combination of |Ui|2 allowed by present constrains 
from neutrino oscillations that maximises the BAU. 
 
 
The heavy neutrino N decays as shown in Figure 4. At 
large masses the fully visible decay N!  l+(W! qq) 
account to more than 50% of the decays.  

 
Figure 4 Decay mode of a heavy neutrino, via mixing with the 

light one. (a) the charged current decay  N! charged lepton + W,  
(b) the neutral current decay  N! neutrino + γ/Z.  
 
The decay rate of the Heavy Neutrino depends very 
strongly on the mass, both via the three body phase 
space (in the fifth power of mass) but also through the 
mixing angle. The average decay length is given by  
 

3~ 3 5678
|1|2. ,795:;<8 /= 

 
The existence of heavy neutrinos in the accessible 
mass range would manifest itself in many different 
ways in high energy colliders.  
 
             

BSM DIRECT SEARCHES - HEAVY NEUTRAL LEPTONS

➤ HNL more new studies in progress  

➤ Test minimal type I seesaw hypotesis

➤ Together with ΔM also tests the compatibility with leptogenesis
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The decay rate of the Heavy Neutrino depends very 
strongly on the mass, both via the three body phase 
space (in the fifth power of mass) but also through the 
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The existence of heavy neutrinos in the accessible 
mass range would manifest itself in many different 
ways in high energy colliders.  
 
             

L~1m for mN=50GeV and |U|2=10-12
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BSM DIRECT SEARCHES - ALPS

➤ Similar situation for Axion-like-particles: luminosity is key to the game

➤ Complementarity with high energy lepton collider 

➤ Fertile ground for development of innovative detector ideas!
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Backup Material 
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THE « KAPPA » FRAMEWORK

49

M. Cepeda (CIEMAT)  Open Symposium on the Update of European Strategy for Particle Physics  

•Well known and widely used characterisation of Higgs coupling properties in terms of a 
series of Higgs coupling strength modifier parameters κ 


•Simplest parametrisation which can probe the deviation from the SM induced by new 
physics 

• We fit for κW, κZ, κc, κb, κt , κτ , κμ  and effective coupling modifiers κg, κγ and κZγ 


•Higgs couplings assumed to keep the same helicity structures as in the SM

•Directly related to experimental measurements of the Higgs production and decay 

•It only compares the experimental measurements to their best SM predictions and does 
not require any new BSM computations per se 

•Blind to analysing power of polarisation 

•This framework captures the leading corrections in several classes of well motivated 
scenarios (susy with R-parity, composite Higgs, some portal models…) and offers a 
simple yet robust exploration tool for new physics - but has limitations (further 
discussion tomorrow in the EFT talk by J. de Blas)

Kappa Framework

�11
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HIGGS SELF-COUPLING @MUON COLLIDER 

50

High Rate (but Low-Energy) Precision

HZ

VBF � H

VBF � HH

tt

ttH
5 10 15 20 25 30

0.001

0.010

0.100

1

10

100

1000

s [TeV]

�
[fb

]
Huge VBF Higgs: ~ 107 Higgses, 30’000 Higgs pairs [at 10 TeV]

Rate large because process soft:    σ∝1/EW2

��������

30 TeV Sens. Degradation NSM [90 ab-1] Degradation
NSM

[90 ab-1]

Total HH 3.8792 216726. �b
0.00833272

�b

After �>5° 2.03452 64812. �b
0.0152375

�b

PT>30 GeV on top 2.08392 41492.2 �b
0.0102305

�b

PT>50 GeV on top 1.88029 17637.2 �b
0.0141583

�b

PT>80 GeV on top 1.24629 5513.52 �b
0.0167844

�b

��������

10 TeV Sens. Degradation NSM [10 ab-1] Degradation
NSM

[10 ab-1]

Total HH 2.44826 10476.8 �b
0.023919

�b

After �>5° 1.79402 5386.76 �b
0.0333575

�b

PT>30 GeV on top 1.81422 3346.09 �b
0.0313633

�b

PT>50 GeV on top 2.42269 1291.06 �b
0.0674256

�b

PT>80 GeV on top 1.35534 328.448 �b
0.0747853

�b

Huge VBF Higgs: ~ 107 Higgses, 30’000 Higgs pairs [at 10 TeV]

10 TeV: 
 δλ3= 3%

30 TeV: 
 δλ3= 1%

High Rate (but Low-Energy) Precision

If reasonable detector 
performances. First 
detector benchmark.

Extrapolation to 10TeV muon Collider
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HIGGS AT THE FCC-HH 

51

• Huge Higgs production rates:
• access (very) rare decay modes (eg. 2nd gen,), complementary to FCC-ee
• push to %-level Higgs self-coupling measurement

• Large dynamic range for H production (in pTH, m(H+X) , …):
• new opportunities for reduction of syst. uncertainties (TH and EXP)
• different hierarchy of production processes
• develop indirect sensitivity to BSM effects at large Q2 , complementary to 

that emerging from precision studies (e.g. decay BRs) at Q~mH

• High energy reach:
• direct probes of BSM extensions of Higgs sector (e.g. SUSY)
• Higgs decays of heavy resonances
• Higgs probes of the nature of EW phase transition (strong 1st order? 

crossover?)

 2

Why Higgs at the FCC-hh?
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SUMMARY OF DIRECT HIGGS MEASUREMENTS - COMPARISON

52

Summary direct measurements

HL-LHC FCC-ee FCC-hh
δΓH / ΓH (%) SM 1.3 tbd
δgHZZ / gHZZ (%) 1.5 0.17 tbd
δgHWW / gHWW (%) 1.7 0.43 tbd
δgHbb / gHbb (%) 3.7 0.61 tbd
δgHcc / gHcc (%) ~70 1.21 tbd
δgHgg / gHgg (%) 2.5 (gg->H) 1.01 tbd
δgHττ / gHττ (%) 1.9 0.74 tbd
δgHμμ / gHμμ (%) 4.3 9.0 0.65 (*)
δgHγγ / gHγγ (%) 1.8 3.9 0.4 (*)
δgHtt / gHtt (%) 3.4 – 0.95 (**)
δgHZγ / gHZγ (%) 9.8 – 0.91 (*)
δgHHH / gHHH (%) 50 ~30 (indirect) 7

BRexo (95%CL) BRinv < 2.5% < 1% BRinv < 0.025%

* From BR ratios wrt B(H→4l) @ FCC-ee

** From pp→ttH / pp→ttZ, using B(H→bb) and ttZ EW coupling @ FCC-ee  18
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HIGGS COUPLINGS AT A 10TEV MUON COLLIDER 

➤ Main production 
process is the WW 
fusion 

53



Pa
tri

zi
a 

Az
zi

 - 
O

tra
nt

o 
20

22
MEASUREMENT OF ALR (LEFT-RIGHT ASYMMETRY) AT SLC

➤ “Just” a counting experiment at the Z pole with a longitudinally polarized e− beam


➤ Many advantages

➤ALR = Ae ~ 14% for a 100% polarized electron beam (Pe = 1)


➤ i.e., almost 10 times more sensitive to sin2θW than AFBleptons = ¾ AeAl ~ 1.5% 

➤ALR is independent of the final state


➤Use all Z decays into hadrons, τ+τ−, µ+µ−, e+e−
➤ALR is independent of the detector acceptance


➤Cancels in the ratio: just count the events with neg’ve and pos’ve Pe

➤Most theoretical uncertainties cancel in the ALR ratio 

54
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A LC achieve the same sin2θW precision of a CC with 100 times less statistics 
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55

IMPACT OF EWPO ON HIGGS COUPLINGS

- FCC-ee/CEPC mild 
difference b/c Z run

- Red-line: Giga-Z at LC


more precise
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MEASUREMENT OF  αs

56
5/18FCC week, Rome, April 2016                                                               David d'Enterria (CERN)

Status of Status of aa
ss
 determination (PDG 2015) determination (PDG 2015)

■ Determined by comparing 6 experimental observables to pQCD 

   NNLO, N3LO predictions, and performing a global average of 

   their propagated values at the Z pole scale:

(2) tau

     decays

(5) Z decays

(6) pp ttbar➞

(1) lattice
PDG'15

(3) PDFs

(4) e+e- jets (shapes, rates)
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 FROM HADRONIC Z DECAYS αs

57
10/18FCC week, Rome, April 2016                                                               David d'Enterria (CERN)

(5) (5) aa
ss
 from hadronic Z decays from hadronic Z decays

a
s
 (M

z
) = 0.1196 ± 0.0030  (±2.5%)

➧Prospects:  – Huge Z stats at FCC-ee will lead to: da
s 
< 0.3%

   – Improved parametric (sin2q
eff

,m
W

,m
t
) and TH (N4LO, EW, mixed) uncert.

➧Computed at N3LO:

➧Experim.: G
Z
 = 2.4952±0.0023 GeV (±0.1%),

➧After Higgs discovery, a
s
 can be directly determined from full fit of SM:

➧
[K.Mönig et. al.]
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 FROM W HADRONIC DECAYS (NOT USED IN PDG YET) αs

58

15/18FCC week, Rome, April 2016                                                               David d'Enterria (CERN)

Hadronic W width & branching ratioHadronic W width & branching ratio

➧Width (BR) known at N
3
LO (NNLO). Small sensitivity to a

s
 (beyond Born)

➧TH improvements: finite quark-mass effects included (LO), updated PDG

    values, careful evaluation of parametric (V
i,j
, m

W
) & theoretical uncert.

➧Calculation dominated by ±1.5% parametric (mostly V
cs

) uncertainty:

➧TH uncertainty (missing a
s

5
 terms, non-pQCD (L

QCD
/m

W
)

4
 power corrs., 

    finite quark masses beyond LO, CKM matrix renorm. scheme): ±0.03% 

[D.d'E, M.Srebre, arXiv:1603.06501]

96.60% 3.78%
a

s
(1-4)|V

i,j
|2

  + -0.05%
aa

s

  + 

[EWK: -0.35%]

      G
W

(MeV)       = 1428.67 ± 22.40
(par) 

± 0.04
(th)

      (exp. CKM)

                              1411.40 ±   0.96
(par) 

± 0.04
(th)      

  (CKM=1)

     BR
W 

= G
W

/G
tot

 = 0.6820 ± 0.0110
(par) 

± 0.0002
(th) 

 (exp. CKM)

                                                  
0.6742 ± 0.0001

(par) 
± 0.0002

(th)
  (CKM=1)

17/18FCC week, Rome, April 2016                                                               David d'Enterria (CERN)

aa
ss
 from hadronic W decays from hadronic W decays

➧LHC prospects:

   Improved measurement of G
W

:

   da
s
~10%

[D.d'E, M.Srebre, arXiv:1603.06501]

➧FCC-ee prospects:
   Huge eeWW stats (108, ×103 LEP):

   da
s 
< 0.2%

➧Combined FCC-ee from W & Z decays:

   da
s
(exp) < 0.15%. Parametric (V

i,j
, m

W
) & TH uncert. to be improved too.

a
s
 (M

z
) = 0.1190 ± 0.0002 

➧

17/18FCC week, Rome, April 2016                                                               David d'Enterria (CERN)

aa
ss
 from hadronic W decays from hadronic W decays

➧LHC prospects:

   Improved measurement of G
W

:

   da
s
~10%

[D.d'E, M.Srebre, arXiv:1603.06501]

➧FCC-ee prospects:
   Huge eeWW stats (108, ×103 LEP):

   da
s 
< 0.2%

➧Combined FCC-ee from W & Z decays:

   da
s
(exp) < 0.15%. Parametric (V

i,j
, m

W
) & TH uncert. to be improved too.

a
s
 (M

z
) = 0.1190 ± 0.0002 

➧
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CURRENT TENSIONS IN FLAVOR PHYSICS (2021 UPDATE) 

➤ Current tensions (3.1 σ deviations) of LHCb data with SM 
predictions (Moriond 2021) 


➤ In particular, lepton flavour universality is challenged in b 
→ s 𝓵+𝓵−  transitions RK

➤ For example, the rates of B0 (B+) → K*0 (K+) 𝓵+𝓵− are 

different for 𝓵 = e and  𝓵 = μ 

➤ Differences are also observed in the lepton angular 

distributions

➤ This effect, if real, could be enhanced for  𝓵 = τ, in                   

B → K(*) τ+τ− 

➤ With 1012 Z → bb, FCC-ee can solve this issue

➤ Decay can be fully reconstructed

➤ Full angular analysis possible

59

RK(*) = Γ(B → K(*)μ+μ−)/Γ(B → K(*)e+e−)

RD(*) = Γ(B → D(*)τν̄)/Γ(B → D(*)lν̄)
l = e, μ


