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FCC Physics Case:
the once, the now, the future 

FCC week 
Paris, May 30, 2022

Indirect limit to MH 

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

mH = 94 GeV + 29 
-24 

Chiara Mariotti 
Cargese August 2012   

Across the TeV frontier with LHC 

The search  
of the  

SM Higgs Boson  
at LHC 

PLB$cover$

1$

A possible future

5
3 

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

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

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

 

 

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

1992-19991964

20402020

2010 2012
Future Circular Collider (FCC): Feasibility Study

16.05.2022 J. Mnich | LHCP 2022 13

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

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

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

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

CERN has launched the FCC feasibility study to address 
these recommendations

mailto:christophe.grojean@desy.ch
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My key message

• The days of “guaranteed” discoveries or of no-lose theorems in 
particle physics are over, at least for the time being ....

• .... but the big questions of our field remain wild open (hierarchy 
problem, flavour, neutrinos, DM, BAU, .... )

• This simply implies that, more than for the past 30 years, future 
HEP’s progress is to be driven by experimental exploration, 
possibly renouncing/reviewing deeply rooted theoretical bias

• This has become particularly apparent in the DM-related 
sessions:

• Direct detection experiments and astrophysics are challenging the 
theoretical DM folklore as much as the LHC is challenging the 
theoretical folklore about the hierarchy problem.

• But great opportunities lie ahead, and the current challenges are 
simply hardening theorists’ ingenuity, creativity and skills

3

The HEP landscape after LHCI-II

Nicely summarised by MLM@Aspen’14:

The Higgs discovery sets a large part of the agenda for  
the theoretical and experimental HEP programs  

over the next couple of decades… 
unless a new major discovery happens soon (supersymmetry, DM...)

https://indico.cern.ch/event/276476/session/13/contribution/38/material/slides/0.pdf
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B(LH)C: We had a dream...
Theorists had a clear agenda for physics beyond the Standard Model

Higgs

TeV scale  
squarks & gluinos

extra Higgses

neutralino

➾

gauge  
coupling 

unification

➾

string  
theory

➾

Quantum 
gravity

There were many evidences that  
made this grand picture plausible

It could have been true!

It can still be true  
(modulo little tunings)

solution 
to hierarchy pb

DM  
relic abundance(g-2)µ

nice signatures in 
flavor physics  

(µ➛eγ, Bs➛µµ)

baryogenesis 
matter-antimatter 

asymmetry

But LHC data 
woke us up 

and derailed our dream

shorter 
distances
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Theorists had a clear agenda for physics beyond the Standard Model

the once

the now

the guaranteed future

 G. Giudice@DESY’22

The LHC has revolutionised our views on 
the particle world. 

It didn’t find (yet) any BSM physics.
But its results have forced us to think 

differently about BSM physics. 

LHC: driving cultural change forward

shorter 
distances

https://indico.desy.de/event/33443/
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Absence (so far) of new physics where it was expected (TeV)  
& 

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

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

LHC: driving cultural change forward

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

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

! ⟶							!(")

Axion:

Cosmological	constant:			Abbott,	Brown-Teitelboim,	etc.

Higgs	mass:			relaxion,	etc.

⟶	a

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

! ⟶							!(")

Axion:

Cosmological	constant:			Abbott,	Brown-Teitelboim,	etc.

Higgs	mass:			relaxion,	etc.

⟶	a

µ|H|2 ! g⇤�|H|2
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“Intensity frontier” is not only about precise measurements but 
it could reveal light and weakly coupled structures as solution to the main open HEP questions. 

We need a broad, versatile and ambitious programme that 
1. sharpens our knowledge of already discovered physics 

2. pushes the frontiers of the unknown in the intensity and energy frontiers 
— FCC-ee+eh+hh combine these different  aspects — 

more PRECISION, more ENERGY for more SENSITIVITY to New Physics 

This makes FCC-ee valuable on its own, though the synergy with FCC-hh remains invaluable.
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LHC: driving cultural change forward
Signature driven DM portals

5/25/22 Long Wang (UMD) 5

• DM searches at ATLAS and CMS are mostly signature-based;
• Analysis are designed around specific final states, feasible to probe multiple models.

• Simplified DM sectors utilize the signature of invisible final states recoiling against an SM object; 
• Rich DM sectors are probed by mixed visible-invisible final states - a test of dark sector structure.

'DUN�+LJJV

'DUN�3KRWRQ

'DUN�4&'

'0�+HDY\
)ODYRU

686<�'0

//3

+LJJV¬
LQYLVLEOH
GHFD\

'+�!EE

'+�!::

'+�!==

+�! '�9%)� +�! '�=+�

6HPL�YLVLEOH�-HWV��5HVROYHG�

6HPL�YLVLEOH�-HWV��%RRVWHG�

(PHUJLQJ�-HWV
68(3V

7UDFNOHVV�-HWV

W�'0

WW�'0

EE�'0

5�3DULW\�&RQYHUVHG�/63

:,03�'0

'LOHSWRQ�'LVSODFHG�9HUWH[

'LVSODFHG�9HUWLFHV

'LVSODFHG�/HSWRQV

'LVSODFHG�-HWV

'LVDSSHDULQJ�7UDFNV

6WRSSHG�//3V

JJ+��PRQR�-HW�

9+��PRQR�9�

9%)��GLMHW�

'DUN�6HFWRU
3UREHV�DW�/+&0RQR�;

(7PLVV�

(7PLVV�-HWV

(7PLVV�=

(7PLVV�:

(7PLVV�K

Beyond WIMP: signature-driven DM portals  

L. Wang@Blois’22

https://indico.cern.ch/event/1133536/contributions/4836559/attachments/2450744/4199800/probe%20of%20dark%20sector.pdf
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P1 P2 P3 P4 P5 P6 P7
Precision	Higgs	
measurements	
to	SM	par3cles

Measurements	
of	Higgs	self-
coupling(s)

Sensi3vity	to	
rare	and	exo3c	
Higgs	decays

New	Physics	
discovery	
poten3al

Direct	measure	
of	EW/Yukawa	
top	coupling

Indirect	
sensi3vity	to	
New	Physics

Improved	
measurements	

of	αs

— Physics Considerations —

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

— Technological Considerations —
T1 T2 T3 T4 T5 T6 T7

Range	of	
opera3ng	E/ease	
of	changing	E

Annual	integrated	
luminosity

Upgradability	to	
higher	energy/
luminosity

Extent	and	cost	of	
remaining	R&D

Ability	to	operate	
at	the	M	threshold

Ability	to	run	at	
the	Z	pole

Ability	to	run	at	
the	WW	
threshold

T8 T9 T10 T11 T12-T13 T14-T15 T16

Stability	and	
calibra3on	of	
collision	energy

Beam	stability	
and	luminosity	
calibra3on

Ability	to	control	
beam-related	
backgrounds

Ability	to	provide	
independent	

confirma3on	of	
new	discoveries

Ability	to	provide	
polarised	
electrons/
positrons

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

collider

Opportuni3es	for	
beam	dumps	
experiments

T17

Need	for,	and	scien3fic	u3lity	of,	technology	demonstrators

https://arxiv.org/abs/2203.06164
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FCC-ee Run Plan

23/11/2018 Alain Blondel The FCCs 7

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

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

Event statistics (2IP)

LEP x 105

LEP x 2.103

Never done
Never done
Never done

<100 keV
<300 keV

1 MeV
<< 1 MeV    

2 MeV

ECM errors:

04.02.22 6

Great energy range for the 
heavy particles of the Standard Model 

Alain Blondel  FCC-ee Physics

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

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

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

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

and before tt

T
o

ta
l

Z factory:
LEP x 105

ILC x 103

see back-ups for facility comparisons

FCC-ee

Event statistics (2IP)

LEP x 105

LEP x 2.103

Never done
Never done
Never done

<100 keV
<300 keV

1 MeV
<< 1 MeV    

2 MeV

ECM errors:

04.02.22 6

Great energy range for the 
heavy particles of the Standard Model 

Alain Blondel  FCC-ee Physics

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

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

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

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

and before tt

To
ta

l

Z factory:
LEP x 105

ILC x 103

see back-ups for facility comparisons

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

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

1500 Higgs/day, 1500 top/day 
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FCC-ee Physics Programme

FCC-ee
•Axion-like	par3cles,	dark	photons,		
Heavy	Neutral	Leptons	 
•	long	life3mes	-	LLPs	

direct searches  
of light new physics

"

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

! physics

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

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

"intensity  
frontier”

1

Higgs
mHiggs, ΓHiggs 

Higgs couplings 
self-coupling

2

mtop, Γtop 
EW top couplings

Top

3

detector req.

detector hermeticity 
tracking, calorimetry

particle flow 
energy resol. 

particle ID

momentum resol. 
tracker

vertexing, tagging 
energy resolution 

hadron identification

EW & QCD

•αS(mZ) with per-mil accuracy 
•Quark and gluon fragmentation  
•Clean non-perturbative QCD studies 

•mZ, ΓZ, N" 
•Rl, AFB  
•mW, ΓW
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FCC-ee Physics Programme

FCC-ee
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•	long	life3mes	-	LLPs	

direct searches  
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B physics
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"intensity  
frontier”

1

Higgs
mHiggs, ΓHiggs 

Higgs couplings 
self-coupling

2

mtop, Γtop 
EW top couplings

Top

3

detector req.

detector hermeticity 
tracking, calorimetry

particle flow 
energy resol. 

particle ID
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tracker
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hadron identification

EW & QCD

•αS(mZ) with per-mil accuracy 
•Quark and gluon fragmentation  
•Clean non-perturbative QCD studies 

•mZ, ΓZ, N" 
•Rl, AFB  
•mW, ΓW

P. Azzi - 1st FCC Italy Workshop, Rome 21-22 March 2022

Initial Physics Requirements 

W. Elmetenawee

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

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

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

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

7

Higgs sector definition imposes initial requirements on hadronic resolution, tracking and vertexing 
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FCC-ee Physics Programme
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•!-based EWPOs  
•lept. univ. violation tests 

B physics
•Flavour EWPOs (Rb, AFBb,c)  
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mHiggs, ΓHiggs 

Higgs couplings 
self-coupling
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mtop, Γtop 
EW top couplings

Top

3

detector req.
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tracking, calorimetry

particle flow 
energy resol. 

particle ID

momentum resol. 
tracker
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hadron identification

EW & QCD

•αS(mZ) with per-mil accuracy 
•Quark and gluon fragmentation  
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P1

P4

P2

P3

P5

P7

P6

P6

P6

P6
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Flavours		:	B	anomalies,	τ	physics,	…	
q  Lepton	flavour	universality	is	challenged	in	b	�	s	!+!�		transitions	@	LHCb	

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

➨  Decay	can	be	fully	reconstructed;	full	angular	analysis	possible	

	

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

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

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

20 

B0→ K* (892) τ+τ�  

~SM 

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

J.F.	Kamenik	et	al.	
arXiv:1705.11106	

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

S. Monteil Flavours @ FCC5

Particle production (109) B0 / B
0

B+ / B� B0
s / B

0
s ⇤b / ⇤b cc ⌧�/⌧+

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

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

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

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

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

1. Anticipated landscape of Flavours - at start of FCC

S. Monteil Flavours @ FCC6

1. Anticipated landscape of Flavours - at start of FCC

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

EW/H penguins

B
0 ! K

⇤
(892)e

+
e
� ⇠ 2000 ⇠ 150 ⇠ 5000 ⇠ 200000

B(B0 ! K
⇤
(892)⌧

+
⌧
�
) ⇠ 10 – – ⇠ 1000

Bs ! µ
+
µ
�

n/a ⇠ 15 ⇠ 500 ⇠ 800

B
0 ! µ

+
µ
� ⇠ 5 – ⇠ 50 ⇠ 100

B(Bs ! ⌧
+
⌧
�
)

Leptonic decays

B
+ ! µ

+
⌫mu 5% – – 3%

B
+ ! ⌧

+
⌫tau 7% – – 2%

B
+
c ! ⌧

+
⌫tau n/a – – 5%

CP / hadronic decays

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

Bs ! D
±
s K

⌥
n/a 6000 ⇠ 200000 ⇠ 30 · 106

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

6
(0.008) 16 · 106 (0.003)

•�The Belle II and LHCb experiments are complementary in their Physics reach. Belle II 
will mostly dominate the CP eigenstates measurements w/ B-mesons, LHCb’s realm will 
be on fully charged final states for all b-hadron species.  The FCC-ee experiments will 
compete favourably everywhere.
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https://indico.cern.ch/event/789349/contributions/3298832/attachments/1806342/2948136/FCC_Flavours_CDR_CERN_March2019.pdf
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5) BSM in ΔF = 2 quark from FCC-ee

With the other parameterisation (NP amplitude and phase) which I can 
be interpreted in an easier way as BSM energy scale. 

More than a factor 2 improvement for Bs.
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FIG. 3. The past (2003, top left) and present (top right) constraints on hs − σs in Bs mixing. The lower plots show future
sensitivities for the Stage I and Stage II described in the text, assuming measurements consistent with the SM. The dotted
curves show the 99.7%CL contours.

the ρ̄ < 0, η̄ < 0 solution is excluded at 68.2%CL, but it
is allowed at 95.5%CL.)

Figures 2 and 3 show the corresponding evolutions of
the constraints on (h, σ) in the Bd and Bs meson sys-
tems. Each plot is obtained by considering all the inputs
in Table I and treating ρ̄, η̄, and the other physics pa-
rameters not shown as nuisance parameters. This corre-
sponds to the case of generic NP, ignoring possible cor-
relations between different ∆F = 2 transitions. Since
we are interested in the future sensitivity of LHCb and
Belle II to NP, for Stage I and Stage II, we chose the
central values of future measurements to coincide with
their SM predictions using the current best-fit values of
ρ̄ and η̄. Thus, the future best fit corresponds to h = 0.
Figure 4 shows the projection on the (hd, hs) plane.

Future lattice QCD uncertainties for Stage I are taken

from Refs. [19, 20] (where they are given as expecta-
tions by 2018). These predicted lattice QCD improve-
ments will be very important, mainly for the deter-
mination of |Vub| and for the mixing matrix elements,
〈Bq|(b̄LγµqL)2|Bq〉 = (2/3)m2

Bq
f2
Bq

BBq
. The current ex-

pectation is that the uncertainties of fBq
will get below

1%, and may be significantly smaller than those of BBq
.

The reduction of the uncertainty of the latter to a sim-
ilar level would be important. Up to now, due to the
chiral extrapolations to light quark masses, more accu-
rate results were obtained for matrix elements involving
the Bs meson or for ratios between Bd and Bs hadronic
inputs, compared to the results for Bd matrix elements.
This leads us to use the former quantities as our lattice
inputs for decay constants and bag parameters in Ta-
ble I. This choice might not be the most suitable one

arXiv:1309.2293 [hep-ph]]
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5) BSM in ΔF = 2 quark from FCC-ee

With the other parameterisation (NP amplitude and phase) which I can 
be interpreted in an easier way as BSM energy scale. 

More than a factor 2 improvement for Bs.
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FIG. 3. The past (2003, top left) and present (top right) constraints on hs − σs in Bs mixing. The lower plots show future
sensitivities for the Stage I and Stage II described in the text, assuming measurements consistent with the SM. The dotted
curves show the 99.7%CL contours.

the ρ̄ < 0, η̄ < 0 solution is excluded at 68.2%CL, but it
is allowed at 95.5%CL.)

Figures 2 and 3 show the corresponding evolutions of
the constraints on (h, σ) in the Bd and Bs meson sys-
tems. Each plot is obtained by considering all the inputs
in Table I and treating ρ̄, η̄, and the other physics pa-
rameters not shown as nuisance parameters. This corre-
sponds to the case of generic NP, ignoring possible cor-
relations between different ∆F = 2 transitions. Since
we are interested in the future sensitivity of LHCb and
Belle II to NP, for Stage I and Stage II, we chose the
central values of future measurements to coincide with
their SM predictions using the current best-fit values of
ρ̄ and η̄. Thus, the future best fit corresponds to h = 0.
Figure 4 shows the projection on the (hd, hs) plane.

Future lattice QCD uncertainties for Stage I are taken

from Refs. [19, 20] (where they are given as expecta-
tions by 2018). These predicted lattice QCD improve-
ments will be very important, mainly for the deter-
mination of |Vub| and for the mixing matrix elements,
〈Bq|(b̄LγµqL)2|Bq〉 = (2/3)m2

Bq
f2
Bq

BBq
. The current ex-

pectation is that the uncertainties of fBq
will get below

1%, and may be significantly smaller than those of BBq
.

The reduction of the uncertainty of the latter to a sim-
ilar level would be important. Up to now, due to the
chiral extrapolations to light quark masses, more accu-
rate results were obtained for matrix elements involving
the Bs meson or for ratios between Bd and Bs hadronic
inputs, compared to the results for Bd matrix elements.
This leads us to use the former quantities as our lattice
inputs for decay constants and bag parameters in Ta-
ble I. This choice might not be the most suitable one
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5) BSM in ΔF = 2 quark from FCC-ee

With the other parameterisation (NP amplitude and phase) which I can 
be interpreted in an easier way as BSM energy scale. 

More than a factor 2 improvement for Bs.
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FIG. 3. The past (2003, top left) and present (top right) constraints on hs − σs in Bs mixing. The lower plots show future
sensitivities for the Stage I and Stage II described in the text, assuming measurements consistent with the SM. The dotted
curves show the 99.7%CL contours.

the ρ̄ < 0, η̄ < 0 solution is excluded at 68.2%CL, but it
is allowed at 95.5%CL.)

Figures 2 and 3 show the corresponding evolutions of
the constraints on (h, σ) in the Bd and Bs meson sys-
tems. Each plot is obtained by considering all the inputs
in Table I and treating ρ̄, η̄, and the other physics pa-
rameters not shown as nuisance parameters. This corre-
sponds to the case of generic NP, ignoring possible cor-
relations between different ∆F = 2 transitions. Since
we are interested in the future sensitivity of LHCb and
Belle II to NP, for Stage I and Stage II, we chose the
central values of future measurements to coincide with
their SM predictions using the current best-fit values of
ρ̄ and η̄. Thus, the future best fit corresponds to h = 0.
Figure 4 shows the projection on the (hd, hs) plane.

Future lattice QCD uncertainties for Stage I are taken

from Refs. [19, 20] (where they are given as expecta-
tions by 2018). These predicted lattice QCD improve-
ments will be very important, mainly for the deter-
mination of |Vub| and for the mixing matrix elements,
〈Bq|(b̄LγµqL)2|Bq〉 = (2/3)m2

Bq
f2
Bq

BBq
. The current ex-

pectation is that the uncertainties of fBq
will get below

1%, and may be significantly smaller than those of BBq
.

The reduction of the uncertainty of the latter to a sim-
ilar level would be important. Up to now, due to the
chiral extrapolations to light quark masses, more accu-
rate results were obtained for matrix elements involving
the Bs meson or for ratios between Bd and Bs hadronic
inputs, compared to the results for Bd matrix elements.
This leads us to use the former quantities as our lattice
inputs for decay constants and bag parameters in Ta-
ble I. This choice might not be the most suitable one

arXiv:1309.2293 [hep-ph]]
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5) BSM in ΔF = 2 quark from FCC-ee

With the other parameterisation (NP amplitude and phase) which I can 
be interpreted in an easier way as BSM energy scale. 

More than a factor 2 improvement for Bs.
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FIG. 3. The past (2003, top left) and present (top right) constraints on hs − σs in Bs mixing. The lower plots show future
sensitivities for the Stage I and Stage II described in the text, assuming measurements consistent with the SM. The dotted
curves show the 99.7%CL contours.

the ρ̄ < 0, η̄ < 0 solution is excluded at 68.2%CL, but it
is allowed at 95.5%CL.)

Figures 2 and 3 show the corresponding evolutions of
the constraints on (h, σ) in the Bd and Bs meson sys-
tems. Each plot is obtained by considering all the inputs
in Table I and treating ρ̄, η̄, and the other physics pa-
rameters not shown as nuisance parameters. This corre-
sponds to the case of generic NP, ignoring possible cor-
relations between different ∆F = 2 transitions. Since
we are interested in the future sensitivity of LHCb and
Belle II to NP, for Stage I and Stage II, we chose the
central values of future measurements to coincide with
their SM predictions using the current best-fit values of
ρ̄ and η̄. Thus, the future best fit corresponds to h = 0.
Figure 4 shows the projection on the (hd, hs) plane.

Future lattice QCD uncertainties for Stage I are taken

from Refs. [19, 20] (where they are given as expecta-
tions by 2018). These predicted lattice QCD improve-
ments will be very important, mainly for the deter-
mination of |Vub| and for the mixing matrix elements,
〈Bq|(b̄LγµqL)2|Bq〉 = (2/3)m2

Bq
f2
Bq

BBq
. The current ex-

pectation is that the uncertainties of fBq
will get below

1%, and may be significantly smaller than those of BBq
.

The reduction of the uncertainty of the latter to a sim-
ilar level would be important. Up to now, due to the
chiral extrapolations to light quark masses, more accu-
rate results were obtained for matrix elements involving
the Bs meson or for ratios between Bd and Bs hadronic
inputs, compared to the results for Bd matrix elements.
This leads us to use the former quantities as our lattice
inputs for decay constants and bag parameters in Ta-
ble I. This choice might not be the most suitable one

arXiv:1309.2293 [hep-ph]]
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5) BSM in ΔF = 2 quark from FCC-ee

With the other parameterisation (NP amplitude and phase) which I can 
be interpreted in an easier way as BSM energy scale. 

More than a factor 2 improvement for Bs.
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FIG. 3. The past (2003, top left) and present (top right) constraints on hs − σs in Bs mixing. The lower plots show future
sensitivities for the Stage I and Stage II described in the text, assuming measurements consistent with the SM. The dotted
curves show the 99.7%CL contours.

the ρ̄ < 0, η̄ < 0 solution is excluded at 68.2%CL, but it
is allowed at 95.5%CL.)

Figures 2 and 3 show the corresponding evolutions of
the constraints on (h, σ) in the Bd and Bs meson sys-
tems. Each plot is obtained by considering all the inputs
in Table I and treating ρ̄, η̄, and the other physics pa-
rameters not shown as nuisance parameters. This corre-
sponds to the case of generic NP, ignoring possible cor-
relations between different ∆F = 2 transitions. Since
we are interested in the future sensitivity of LHCb and
Belle II to NP, for Stage I and Stage II, we chose the
central values of future measurements to coincide with
their SM predictions using the current best-fit values of
ρ̄ and η̄. Thus, the future best fit corresponds to h = 0.
Figure 4 shows the projection on the (hd, hs) plane.

Future lattice QCD uncertainties for Stage I are taken

from Refs. [19, 20] (where they are given as expecta-
tions by 2018). These predicted lattice QCD improve-
ments will be very important, mainly for the deter-
mination of |Vub| and for the mixing matrix elements,
〈Bq|(b̄LγµqL)2|Bq〉 = (2/3)m2

Bq
f2
Bq

BBq
. The current ex-

pectation is that the uncertainties of fBq
will get below

1%, and may be significantly smaller than those of BBq
.

The reduction of the uncertainty of the latter to a sim-
ilar level would be important. Up to now, due to the
chiral extrapolations to light quark masses, more accu-
rate results were obtained for matrix elements involving
the Bs meson or for ratios between Bd and Bs hadronic
inputs, compared to the results for Bd matrix elements.
This leads us to use the former quantities as our lattice
inputs for decay constants and bag parameters in Ta-
ble I. This choice might not be the most suitable one

arXiv:1309.2293 [hep-ph]]
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5) BSM in ΔF = 2 quark from FCC-ee

With the other parameterisation (NP amplitude and phase) which I can 
be interpreted in an easier way as BSM energy scale. 

More than a factor 2 improvement for Bs.
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FIG. 3. The past (2003, top left) and present (top right) constraints on hs − σs in Bs mixing. The lower plots show future
sensitivities for the Stage I and Stage II described in the text, assuming measurements consistent with the SM. The dotted
curves show the 99.7%CL contours.

the ρ̄ < 0, η̄ < 0 solution is excluded at 68.2%CL, but it
is allowed at 95.5%CL.)

Figures 2 and 3 show the corresponding evolutions of
the constraints on (h, σ) in the Bd and Bs meson sys-
tems. Each plot is obtained by considering all the inputs
in Table I and treating ρ̄, η̄, and the other physics pa-
rameters not shown as nuisance parameters. This corre-
sponds to the case of generic NP, ignoring possible cor-
relations between different ∆F = 2 transitions. Since
we are interested in the future sensitivity of LHCb and
Belle II to NP, for Stage I and Stage II, we chose the
central values of future measurements to coincide with
their SM predictions using the current best-fit values of
ρ̄ and η̄. Thus, the future best fit corresponds to h = 0.
Figure 4 shows the projection on the (hd, hs) plane.

Future lattice QCD uncertainties for Stage I are taken

from Refs. [19, 20] (where they are given as expecta-
tions by 2018). These predicted lattice QCD improve-
ments will be very important, mainly for the deter-
mination of |Vub| and for the mixing matrix elements,
〈Bq|(b̄LγµqL)2|Bq〉 = (2/3)m2
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BBq
. The current ex-

pectation is that the uncertainties of fBq
will get below

1%, and may be significantly smaller than those of BBq
.

The reduction of the uncertainty of the latter to a sim-
ilar level would be important. Up to now, due to the
chiral extrapolations to light quark masses, more accu-
rate results were obtained for matrix elements involving
the Bs meson or for ratios between Bd and Bs hadronic
inputs, compared to the results for Bd matrix elements.
This leads us to use the former quantities as our lattice
inputs for decay constants and bag parameters in Ta-
ble I. This choice might not be the most suitable one
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the constraints on (h, σ) in the Bd and Bs meson sys-
tems. Each plot is obtained by considering all the inputs
in Table I and treating ρ̄, η̄, and the other physics pa-
rameters not shown as nuisance parameters. This corre-
sponds to the case of generic NP, ignoring possible cor-
relations between different ∆F = 2 transitions. Since
we are interested in the future sensitivity of LHCb and
Belle II to NP, for Stage I and Stage II, we chose the
central values of future measurements to coincide with
their SM predictions using the current best-fit values of
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Figure 4 shows the projection on the (hd, hs) plane.

Future lattice QCD uncertainties for Stage I are taken

from Refs. [19, 20] (where they are given as expecta-
tions by 2018). These predicted lattice QCD improve-
ments will be very important, mainly for the deter-
mination of |Vub| and for the mixing matrix elements,
〈Bq|(b̄LγµqL)2|Bq〉 = (2/3)m2

Bq
f2
Bq

BBq
. The current ex-

pectation is that the uncertainties of fBq
will get below

1%, and may be significantly smaller than those of BBq
.

The reduction of the uncertainty of the latter to a sim-
ilar level would be important. Up to now, due to the
chiral extrapolations to light quark masses, more accu-
rate results were obtained for matrix elements involving
the Bs meson or for ratios between Bd and Bs hadronic
inputs, compared to the results for Bd matrix elements.
This leads us to use the former quantities as our lattice
inputs for decay constants and bag parameters in Ta-
ble I. This choice might not be the most suitable one
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*TH progress (lattice)

FCC-ee: sensitivity of scale of new physics (with MVF  structure) > 20 TeV

Kamenik @ FCC Physics WS ‘22

https://indico.cern.ch/event/1066234/contributions/4721138/attachments/2389479/4084661/Kamenik_FCC-ee_Flavour_2022.pdf
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E.g.: (I) LFU tests in tau decays 
A. Pich '13

τ

ν ν

μt
W

τ

νμ

Z' ν “Model-independent” 
effect linked to 

present anomalies
b

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

SM theory precision ~ 10-5 

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

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

Higlights of FCC-ee in tau & b physics

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

ZU-TH-42/21

LFU violations in leptonic ⌧ decays and B-physics anomalies

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

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

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

I. INTRODUCTION

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

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

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

⇤
lukall@physik.uzh.ch

†
isidori@physik.uzh.ch

‡
nudzeim@physik.uzh.ch

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

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

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

II. EFT EXPRESSIONS FOR THE LFU RATIOS

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

���g(⌧)
e

/g(µ)
e

���
2

⌘
�(⌧ ! e⌫⌫̄)

�(µ ! e⌫⌫̄)


�SM(⌧ ! e⌫⌫̄)

�SM(µ ! e⌫⌫̄)

��1

, (1)

with |g(⌧)
µ /g(µ)

e |
2 and |g(⌧)

µ /g(⌧)
e |

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

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

LLEFT = �
2

v2

X

k

CkOk . (2)

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

LEFT can also be found, the operators contributing
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Allwicher, Isidori, Semilovic ’21 

FCC-ee flavour physics benchmarks & explorations

Part 5: tau physics 

• Several tau properties 
and decays could be 
determined more 
precisely  

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

• Would possibly require 
improved calculations

Flavours @ FCC-ee 7

2) Executive summary — Flavours at FCC-ee

4) Tau Physics
Visible Z decays 3 x 1012

Z ➝ τ+τ- 1.3 x 1011

1 vs. 3 prongs 3.2 x 1010

3 vs. 3 prong 2.8x 109

1 vs. 5 prong 2.1 x 108

1 vs. 7 prong < 67,000

1 vs 9 prong ?

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

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

Decay Current bound FCC-ee sensitivity

Z -> eμ 0.75 x 10-6 10-8

Z -> μτ 12 x 10-6 10-9

Ζ -> eτ 9.8 x 10-6 10-9

CLFV Z decays:

Decay Current bound FCC-ee sensitivity

τ -> μγ 4.4 x 10-8 2 x 10-9

τ -> 3μ 2 x 10-8 10-10

CLFV τ decays:

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

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

https://inspirehep.net/literature/1919150
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Figure 5. Regions in the stop physical mass plane that are/will be excluded at 2� by EWPT with oblique

corrections (left column), Rb at FCC-ee (mid column) and Higgs couplings (right column) for di↵erent choices

of Xt/
q

m2
t̃1

+m2
t̃2
: 0 (first row), 0.6 (2nd row), 1.0 (3rd row) and 1.4 (last row). We chose the mass eigenstate

with mt̃1
to be mostly left-handed while the mass eigenstate with mt̃2

to be mostly right-handed. For non-zero

choices of Xt, there are regions along the diagonal line which cannot be attained by diagonalizing a Hermitian

mass matrix [32]. Also notice that the vacuum instability bound constrains Xt/
q

m2
t̃1

+m2
t̃2

.
p
3 [76].
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126 CHAPTER 8. BEYOND THE STANDARD MODEL
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Fig. 8.11: Direct and indirect sensitivity at 95% CL to a heavy scalar singlet mixing with the SM
Higgs boson (left) and in the no-mixing limit (right). The hatched region shows the parameters
compatible with a strong first-order EW phase transition.

poses, Fig. 8.11 shows an example of the region compatible with a two-step phase transition,
where the singlet supports the Higgs in delivering a strong first-order phase transition [463].
Strongly first-order phase transitions are particularly interesting as they could also lead to size-
able gravitational wave signals at future experiments like LISA, linking discoveries at Earth-
based colliders with space interferometry (see Chapter 7). The case of a light singlet scalar,
with mass lower than 125 GeV, is discussed extensively in the section on feebly interacting
particles 8.6.
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Fig. 8.12: Direct and indirect sensitivity at 95% CL to heavy neutral scalars in minimal SUSY.

Another common extension of the SM Higgs sector is the addition of a second SU(2)
doublet, which naturally appears in supersymmetric extensions of the Higgs sector or in models
with a non-minimal pattern of symmetry breaking. In this case, the scalar sector contains two
CP-even scalars h and H, one CP-odd scalar A and a charged scalar H±. The direct mass reach
of lepton colliders for these scalars is generally close to

p
s/2 independent of tanb , mainly

Discovery Potential Beyond LHC

Examples of improved sensitivity wrt direct reach @ HL-LHC: SUSY
stops

Heavy neutral Higgses

Fan, Reece, Wang ‘14 ESU Physics BB ‘19

Precisely measured EW and Higgs observables are sensitive to heavy New Physics 

https://inspirehep.net/literature/1333670
https://inspirehep.net/literature/1761133
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Direct Searches for Light New Physics
• LLP searches with displaced vertices 

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

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

   

• ALPs@ colliders 
e.g.  

Craig et al, arXiv:1501.05310

K+ ! ⇡+a ! ⇡+�� (NA62)

KL ! ⇡0a ! ⇡0�� (KOTO)
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Figure 10. Branching ratio of KL æ fi
0
a (in black dashed), branching ratio of K

+
æ fi

+
a (in light

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

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

u + m
≠1

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

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

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

�(K+
æ fi

+
a) = 1

8fi
|gK+fi≠a|

2
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, (5.14)

�(KL æ fi
0
a) = 1

8fi
|
Ô

2‘KgK0fi0a|
2

|p̨a|

m
2

K

, (5.15)

where the CP violating parameter in the Kaon mixing is given by ‘K = 2.23 ◊ 10≠3, and |p̨a|
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Axion Like Particles

Associated production
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• ALP decay into photons

Patrick Janot 

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

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

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

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

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

Material from A. Thamm

Christophe Grojean Future Physics CHIPP, Jan. 23-24, 2019!86

Axion Like Particles

Associated production

Andrea Thamm

• ALP associated production with a H

e+

e−

Z

h

a

L = 0.5 ab�1
<latexit sha1_base64="Ya4aCgLGdsdrdWm7xtCinoYUNdk="></latexit><latexit sha1_base64="Ya4aCgLGdsdrdWm7xtCinoYUNdk="></latexit><latexit sha1_base64="Ya4aCgLGdsdrdWm7xtCinoYUNdk="></latexit><latexit sha1_base64="Ya4aCgLGdsdrdWm7xtCinoYUNdk="></latexit>

L = 1.5 ab�1
<latexit sha1_base64="AmYk/I2bvMaEmWf/n3Nm55cO2rI="></latexit><latexit sha1_base64="AmYk/I2bvMaEmWf/n3Nm55cO2rI="></latexit><latexit sha1_base64="AmYk/I2bvMaEmWf/n3Nm55cO2rI="></latexit><latexit sha1_base64="AmYk/I2bvMaEmWf/n3Nm55cO2rI="></latexit>

L = 3ab�1
<latexit sha1_base64="7tz6HfZnYI/sf1QaLWAOi7F0mDU="></latexit><latexit sha1_base64="7tz6HfZnYI/sf1QaLWAOi7F0mDU="></latexit><latexit sha1_base64="7tz6HfZnYI/sf1QaLWAOi7F0mDU="></latexit><latexit sha1_base64="7tz6HfZnYI/sf1QaLWAOi7F0mDU="></latexit>

��-� ��-� � ��
��-�

��-�

��-�

��-�

�

���

��-� ��-� � ��
��-�

��-�

��-�

��-�

�

���

0.1%

0.01%

10%

1%
0.1%

0.01%

10%

1%
0.1%

0.01%

10%
1%

��-� ��-� � ��
��-�

��-�

��-�

��-�

�

���

0.1%

0.01%

10%

1%

ma = 1GeVma = 10GeV ma = 100MeV

|Ce↵
Zh|/⇤ [TeV�1]

CLIC380

CLIC1500

CLIC3000

FCC-ee

 12

Cross-section ~ 1/s

• ALP decay into photons

Associated production

Andrea Thamm

• ALP associated production with a H

e+

e−

Z

h

a

Ce↵
Zh = 0.015

⇤

TeV

Ce↵
Zh = 0.1

⇤

TeV

Ce↵
Zh = 0.72

⇤

TeV

CLIC3000

CLIC380

FCC-ee

CLIC1500

��-�� ��-�� ��-� ��-� ��-� � ���

���

�

��-�

��-�

��-�

��-�� ��-�� ��-� ��-� ��-� � ���

���

�

��-�

��-�

��-�
e+e� ! ha e+e� ! ha

L = 0.5 ab�1
<latexit sha1_base64="Ya4aCgLGdsdrdWm7xtCinoYUNdk="></latexit><latexit sha1_base64="Ya4aCgLGdsdrdWm7xtCinoYUNdk="></latexit><latexit sha1_base64="Ya4aCgLGdsdrdWm7xtCinoYUNdk="></latexit><latexit sha1_base64="Ya4aCgLGdsdrdWm7xtCinoYUNdk="></latexit>

L = 1.5 ab�1
<latexit sha1_base64="AmYk/I2bvMaEmWf/n3Nm55cO2rI="></latexit><latexit sha1_base64="AmYk/I2bvMaEmWf/n3Nm55cO2rI="></latexit><latexit sha1_base64="AmYk/I2bvMaEmWf/n3Nm55cO2rI="></latexit><latexit sha1_base64="AmYk/I2bvMaEmWf/n3Nm55cO2rI="></latexit>

L = 3ab�1
<latexit sha1_base64="7tz6HfZnYI/sf1QaLWAOi7F0mDU="></latexit><latexit sha1_base64="7tz6HfZnYI/sf1QaLWAOi7F0mDU="></latexit><latexit sha1_base64="7tz6HfZnYI/sf1QaLWAOi7F0mDU="></latexit><latexit sha1_base64="7tz6HfZnYI/sf1QaLWAOi7F0mDU="></latexit>

 10

• ALP decay into photons

Associated production

Andrea Thamm

• ALP associated production with a photon or Z

e+

e−

Z

γ, Z

a e−

e+

γ

γ, Z

a

��-�� ��-�� ��-� ��-� ��-� � ���

���

�

��-�

��-�

��-�� ��-�� ��-� ��-� ��-� � ���

���

�

��-�

��-�

CLIC380

CLIC1500

CLIC3000

FCC-ee

e+e� ! �a e+e� ! Za

L = 0.5 ab�1
<latexit sha1_base64="Ya4aCgLGdsdrdWm7xtCinoYUNdk="></latexit><latexit sha1_base64="Ya4aCgLGdsdrdWm7xtCinoYUNdk="></latexit><latexit sha1_base64="Ya4aCgLGdsdrdWm7xtCinoYUNdk="></latexit><latexit sha1_base64="Ya4aCgLGdsdrdWm7xtCinoYUNdk="></latexit>

L = 1.5 ab�1
<latexit sha1_base64="AmYk/I2bvMaEmWf/n3Nm55cO2rI="></latexit><latexit sha1_base64="AmYk/I2bvMaEmWf/n3Nm55cO2rI="></latexit><latexit sha1_base64="AmYk/I2bvMaEmWf/n3Nm55cO2rI="></latexit><latexit sha1_base64="AmYk/I2bvMaEmWf/n3Nm55cO2rI="></latexit>

L = 3ab�1
<latexit sha1_base64="7tz6HfZnYI/sf1QaLWAOi7F0mDU="></latexit><latexit sha1_base64="7tz6HfZnYI/sf1QaLWAOi7F0mDU="></latexit><latexit sha1_base64="7tz6HfZnYI/sf1QaLWAOi7F0mDU="></latexit><latexit sha1_base64="7tz6HfZnYI/sf1QaLWAOi7F0mDU="></latexit>

 9

• ALP decay into photons

Associated production

Andrea Thamm

• ALP associated production with a photon or Z

e+

e−

Z

γ, Z

a e−

e+

γ

γ, Z

a

��-�� ��-�� ��-� ��-� ��-� � ���

���

�

��-�

��-�

��-�� ��-�� ��-� ��-� ��-� � ���

���

�

��-�

��-�

CLIC380

CLIC1500

CLIC3000

FCC-ee

e+e� ! �a e+e� ! Za

L = 0.5 ab�1
<latexit sha1_base64="Ya4aCgLGdsdrdWm7xtCinoYUNdk="></latexit><latexit sha1_base64="Ya4aCgLGdsdrdWm7xtCinoYUNdk="></latexit><latexit sha1_base64="Ya4aCgLGdsdrdWm7xtCinoYUNdk="></latexit><latexit sha1_base64="Ya4aCgLGdsdrdWm7xtCinoYUNdk="></latexit>

L = 1.5 ab�1
<latexit sha1_base64="AmYk/I2bvMaEmWf/n3Nm55cO2rI="></latexit><latexit sha1_base64="AmYk/I2bvMaEmWf/n3Nm55cO2rI="></latexit><latexit sha1_base64="AmYk/I2bvMaEmWf/n3Nm55cO2rI="></latexit><latexit sha1_base64="AmYk/I2bvMaEmWf/n3Nm55cO2rI="></latexit>

L = 3ab�1
<latexit sha1_base64="7tz6HfZnYI/sf1QaLWAOi7F0mDU="></latexit><latexit sha1_base64="7tz6HfZnYI/sf1QaLWAOi7F0mDU="></latexit><latexit sha1_base64="7tz6HfZnYI/sf1QaLWAOi7F0mDU="></latexit><latexit sha1_base64="7tz6HfZnYI/sf1QaLWAOi7F0mDU="></latexit>

 9

• ALP decay into photons

Patrick Janot 

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

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

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

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

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

19 

1712.07237	

Associated production

Andrea Thamm

• ALP associated production with a H

������-���-���-�

���

�

��-�

��-�

������-���-���-�

���

�

��-�

��-�

������-���-���-�

���

�

��-�

��-�

������-���-���-�

���

�

��-�

��-�

CLIC380

CLIC1500

CLIC3000

FCC-ee

e+e� ! ha e+e� ! hae+e� ! hae+e� ! ha

e+

e−

Z

h

a

L = 0.5 ab�1
<latexit sha1_base64="Ya4aCgLGdsdrdWm7xtCinoYUNdk="></latexit><latexit sha1_base64="Ya4aCgLGdsdrdWm7xtCinoYUNdk="></latexit><latexit sha1_base64="Ya4aCgLGdsdrdWm7xtCinoYUNdk="></latexit><latexit sha1_base64="Ya4aCgLGdsdrdWm7xtCinoYUNdk="></latexit>

L = 1.5 ab�1
<latexit sha1_base64="AmYk/I2bvMaEmWf/n3Nm55cO2rI="></latexit><latexit sha1_base64="AmYk/I2bvMaEmWf/n3Nm55cO2rI="></latexit><latexit sha1_base64="AmYk/I2bvMaEmWf/n3Nm55cO2rI="></latexit><latexit sha1_base64="AmYk/I2bvMaEmWf/n3Nm55cO2rI="></latexit>

L = 3ab�1
<latexit sha1_base64="7tz6HfZnYI/sf1QaLWAOi7F0mDU="></latexit><latexit sha1_base64="7tz6HfZnYI/sf1QaLWAOi7F0mDU="></latexit><latexit sha1_base64="7tz6HfZnYI/sf1QaLWAOi7F0mDU="></latexit><latexit sha1_base64="7tz6HfZnYI/sf1QaLWAOi7F0mDU="></latexit>

 11

• ALP decay into leptons

Material from A. Thamm

Knapen, Thamm  arXiv:2108.08949

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

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

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

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

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

Higgs.

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

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

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

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

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

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

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

now in a plot directly linked to naturalness.

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

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

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

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

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

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

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

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

6

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

colliders → short-lived ALPs MeV+

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

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

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

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

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

The processes e
+
e
�

! Za ! Z�� and e
+
e
�

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

+
e
�

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

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

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

Gori et al arXiv:2005.05170

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

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

+
e
� collider.

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

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

larger couplings. From Ref. [1]

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

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

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

larger than 10
�5

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

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

12

Direct observation
in Z decays   

 from LH-RH mixing  
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ESU Physics BB ‘19

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

3. if leptogenesis is realised

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

• GeV-scale RHNs → rich phenomenology

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

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

FCC-ee can probe large viable regions of leptogenesis

https://inspirehep.net/literature/1761133
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FCC-ee: the ultimate e+e- Higgs laboratory 

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

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

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

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

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

17.2 What are the Costs of Operating FCC-ee?

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

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

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

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

of our Field?

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

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

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

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

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

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

+
e
� linear colliders (reaching �

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

9For comparison, the LEP2 energy consumption ranged between 0.9 and 1.1 TWh/year.
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FCC-ee, 1906.02693

see talks by  

G. Durieux  

and  

J. Eysermans

https://indico.cern.ch/event/1066234/contributions/4708145/attachments/2390022/4085522/PED_wkshp_closing_2022.pdf
https://arxiv.org/pdf/1906.02693.pdf
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HL-LHC has no 
access to charm Yukawa

FCC-ee alone has no 
access to top Yukawa

FCC-ee is limited 
by statistics on rare decays

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

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

require tth threshold

Higgs @ FCC-ee: Complementarity with HL-LHC 

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

LHC brings statistics
FCC-ee adds a bit of sensitivity

https://arxiv.org/abs/1905.03764
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Impact of Z-pole Measurements

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

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

J. De Blas et al. 1907.04311
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Impact of Z-pole Measurements

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

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

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

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

– 32 –

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

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

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

�35

• Top Yukawa coupling not directly accessible at FCC-ee. Could be 
measured in single tH at FCC-eh 

• Can be measured at FCC-hh from σ(ttH)/σ(ttZ)  (boosted): 
• Similar production. Many uncertainties cancel.

• Requires precise knowledge of the normalization process ttZ.


• Robust determination by this method requires both FCC-hh & FCC-ee
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Figure 5: Reconstructed mbb of the Higgs and Z candidates in tt̄H and tt̄Z production with the default
BDRS tagger (left) and after using optimalR and the N -subjettiness cut ⌧2/⌧1 < 0.4 (right). In the
right panel we include the fitted Crystal Ball functions. The event numbers are scaled to L = 20 ab�1.

the expected value of �Rbb from a fit to Monte Carlo simulations,

�R
(calc)

bb
=

250 GeV

pT,filt

. (4)

This supports the choice of R = 1.2 for the C/A jet clustering for the Higgs Tagger requiring transverse
momenta of pT > 200 GeV. Unfortunately, for tt̄H production the relation between the expected and
the measured values of �Rbb does not significantly improve the analysis. However, the mass di↵erence

between the Higgs and the Z boson leads to a shifted peak in the �Rbb � �R
(calc)

bb
distribution for

tt̄Z. This shift allows for an additional reduction of tt̄Z if desired. In the final result shown in the
left panel of Fig. 6 we include a triple b-tag, the N -subjettiness variable ⌧2/⌧1, and a modified fat
jet radius for the Higgs candidate. Since the background region mbb 2 [160, 300] GeV is smooth and
untouched by any signal, we can use it to subtract the QCD continuum from the combined tt̄H and
tt̄Z signal. If the soft regime mbb 2 [0, 60] GeV can be useful in the same way needs to be checked by
a full experimental analysis.

For the signal region mbb 2 [104, 136] GeV we arrive at a signal-to-background ratio around
S/B ⇡ 1/3 and a Gaussian significance S/

p
B = 120, assuming an integrated luminosity of

L = 20 ab�1. The error on the number of nominally NS = 44700 signal events is given by two
terms. First, we assume that we can determine NS from the total number of events NS + NB using
a perfect determination of NB from the side bands. Second, the side band mbb 2 [160, 296] GeV
with altogether Nside = 135000 events and a relative uncertainty of 1/

p
Nside introduces a statistical

uncertainty �NB , altogether leading to

�NS =

⇣p
NS +NB

⌘2

+ (�NB)
2

�1/2

=

"⇣p
NS +NB

⌘2

+

✓
NB

p
Nside

◆2
#1/2

= 0.013NS . (5)

For the Yukawa coupling this translates into a relative error of around 1%. The first term alone would
give �NS = 0.010NS .

In the right panel of Fig. 6 we show a combined fit to the Z and Higgs peaks assuming a
perfect background subtraction. A combined analysis of both peaks (with known masses) serves as a
check of the jet substructure techniques [23, 6] and as a means to reduce systematic and theoretical
uncertainties, as discussed in Section 2. Given separate simulations for the Higgs and Z peaks, we
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Figure 3: Reconstructed mbb for the leading-J substructures in the fat Higgs jet. We require two
b-tags inside the fat Higgs jet (left) and an additional continuum b-tag (right). The event numbers are
scaled to L = 20 ab�1.

At the generator level we require pT,j,b,` > 10 GeV and �Rjj,bb,j` > 0.1. The tt̄+jets background
is generated as one hard jet with pT,j > 100 GeV at the hard matrix element level. We do not
consider merged samples since we found that the influence of tt̄+2j to our analysis is negligible. After
generator cuts we start with a signal cross section of 4.2 pb. Associated tt̄Z production yields 1.2 pb.
The continuum tt̄bb̄ background counts 121 pb and is at this stage dominated by tt̄+jets with 2750 pb.

Delphes3 provides isolated leptons as well as parton-level b-quarks needed for the tagging
procedure later-on. Leptons have to pass a minimum pT,` > 10 GeV. For their isolation we demand
a transverse momentum ratio (isolation variable) of I < 0.1 within �R < 0.3. Finally, we use the
energy flow objects for hadrons to cluster via the Cambridge/Aachen (C/A) jet algorithm [51]. The
jet clustering and the analysis are done with FastJet3 [52], a modified BDRS Higgs tagger [23, 6]
and the HEPTopTagger2 [22]. For all b-tags we require a parton-level b-quark within �R < 0.3.

First, we require one isolated lepton with |y`| < 2.5 and pT,` > 15 GeV. For the top tag [53, 54, 55],
we cluster the event into fat C/A jets with R = 1.8 and pT,j > 200 GeV. Provided we find at least

two fat jets we apply the HEPTopTagger2 with the kinematic requirement |y
(t)

j
| < 4. The recent

significant update of the HEPTopTagger2 relies on two additional pieces of information to achieve
a significant improvement [22]. One of them is N -subjettiness [56], which adds some sensitivity to the
color structure of the event. The other is the optimalR mode, which based on a constant fat jet mass
reduces the size of the fat jet [57] to the point where the fat jet stops containing all hard top decay
subjets. This minimal size can also be computed based on the transverse momentum of the fat jet.
Since the signal and all considered backgrounds include a hadronic top quark, changing the top tagging
parameters results only in an overall scaling factor. In this analysis we do not cut on the di↵erence
between the expected and the found optimal radius because the initial fat jet size is already chosen to
fit the expected transverse momenta. To have a handle on the QCD multi-jet background, we place a
mild cut on the filtered N -subjettiness ratio ⌧3/⌧2 < 0.8 which can be tightened at the cost of signal
e�ciency if desired. After identifying the boosted top we remove the associated hadronic activity and

apply a modified BDRS Higgs tagger to fat C/A jet(s) with R = 1.2, |y(H)

j
| < 2.5, and pT,j > 200 GeV.

Our decomposition of the fat jet into hard substructure includes a cuto↵ of msub > 40 GeV for the
relevant substructure and a mass drop threshold of 0.9. The hard substructures are then paired in all
possible ways and ordered by their modified Jade distance,

J = pT,1pT,2(�R12)
4
. (3)

The leading pairing we filter [23] including the three hardest substructures, to allow for hard gluon
radiation. For consistency we require a reconstructed transverse momentum above 200 GeV. Within

e.g. Fit and extract NH/NZ  
to 1% accuracy ⇒ δstat+th yt/yt ~ 1%

Assumes no NP in Ztt and  
BR(H→bb) known <<1% 

Both measurable at FCC-ee  
with required precision

M.L. Mangano et al., arXiv: 1507.08169 [hep-ph]M.L. Mangano et al., arXiv: 
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the expected value of �Rbb from a fit to Monte Carlo simulations,
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(calc)
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=

250 GeV

pT,filt

. (4)

This supports the choice of R = 1.2 for the C/A jet clustering for the Higgs Tagger requiring transverse
momenta of pT > 200 GeV. Unfortunately, for tt̄H production the relation between the expected and
the measured values of �Rbb does not significantly improve the analysis. However, the mass di↵erence

between the Higgs and the Z boson leads to a shifted peak in the �Rbb � �R
(calc)

bb
distribution for

tt̄Z. This shift allows for an additional reduction of tt̄Z if desired. In the final result shown in the
left panel of Fig. 6 we include a triple b-tag, the N -subjettiness variable ⌧2/⌧1, and a modified fat
jet radius for the Higgs candidate. Since the background region mbb 2 [160, 300] GeV is smooth and
untouched by any signal, we can use it to subtract the QCD continuum from the combined tt̄H and
tt̄Z signal. If the soft regime mbb 2 [0, 60] GeV can be useful in the same way needs to be checked by
a full experimental analysis.

For the signal region mbb 2 [104, 136] GeV we arrive at a signal-to-background ratio around
S/B ⇡ 1/3 and a Gaussian significance S/

p
B = 120, assuming an integrated luminosity of

L = 20 ab�1. The error on the number of nominally NS = 44700 signal events is given by two
terms. First, we assume that we can determine NS from the total number of events NS + NB using
a perfect determination of NB from the side bands. Second, the side band mbb 2 [160, 296] GeV
with altogether Nside = 135000 events and a relative uncertainty of 1/

p
Nside introduces a statistical

uncertainty �NB , altogether leading to

�NS =
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NS +NB

⌘2

+ (�NB)
2

�1/2

=

"⇣p
NS +NB

⌘2

+

✓
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p
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◆2
#1/2

= 0.013NS . (5)

For the Yukawa coupling this translates into a relative error of around 1%. The first term alone would
give �NS = 0.010NS .

In the right panel of Fig. 6 we show a combined fit to the Z and Higgs peaks assuming a
perfect background subtraction. A combined analysis of both peaks (with known masses) serves as a
check of the jet substructure techniques [23, 6] and as a means to reduce systematic and theoretical
uncertainties, as discussed in Section 2. Given separate simulations for the Higgs and Z peaks, we
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At the generator level we require pT,j,b,` > 10 GeV and �Rjj,bb,j` > 0.1. The tt̄+jets background
is generated as one hard jet with pT,j > 100 GeV at the hard matrix element level. We do not
consider merged samples since we found that the influence of tt̄+2j to our analysis is negligible. After
generator cuts we start with a signal cross section of 4.2 pb. Associated tt̄Z production yields 1.2 pb.
The continuum tt̄bb̄ background counts 121 pb and is at this stage dominated by tt̄+jets with 2750 pb.

Delphes3 provides isolated leptons as well as parton-level b-quarks needed for the tagging
procedure later-on. Leptons have to pass a minimum pT,` > 10 GeV. For their isolation we demand
a transverse momentum ratio (isolation variable) of I < 0.1 within �R < 0.3. Finally, we use the
energy flow objects for hadrons to cluster via the Cambridge/Aachen (C/A) jet algorithm [51]. The
jet clustering and the analysis are done with FastJet3 [52], a modified BDRS Higgs tagger [23, 6]
and the HEPTopTagger2 [22]. For all b-tags we require a parton-level b-quark within �R < 0.3.

First, we require one isolated lepton with |y`| < 2.5 and pT,` > 15 GeV. For the top tag [53, 54, 55],
we cluster the event into fat C/A jets with R = 1.8 and pT,j > 200 GeV. Provided we find at least

two fat jets we apply the HEPTopTagger2 with the kinematic requirement |y
(t)

j
| < 4. The recent

significant update of the HEPTopTagger2 relies on two additional pieces of information to achieve
a significant improvement [22]. One of them is N -subjettiness [56], which adds some sensitivity to the
color structure of the event. The other is the optimalR mode, which based on a constant fat jet mass
reduces the size of the fat jet [57] to the point where the fat jet stops containing all hard top decay
subjets. This minimal size can also be computed based on the transverse momentum of the fat jet.
Since the signal and all considered backgrounds include a hadronic top quark, changing the top tagging
parameters results only in an overall scaling factor. In this analysis we do not cut on the di↵erence
between the expected and the found optimal radius because the initial fat jet size is already chosen to
fit the expected transverse momenta. To have a handle on the QCD multi-jet background, we place a
mild cut on the filtered N -subjettiness ratio ⌧3/⌧2 < 0.8 which can be tightened at the cost of signal
e�ciency if desired. After identifying the boosted top we remove the associated hadronic activity and

apply a modified BDRS Higgs tagger to fat C/A jet(s) with R = 1.2, |y(H)

j
| < 2.5, and pT,j > 200 GeV.

Our decomposition of the fat jet into hard substructure includes a cuto↵ of msub > 40 GeV for the
relevant substructure and a mass drop threshold of 0.9. The hard substructures are then paired in all
possible ways and ordered by their modified Jade distance,

J = pT,1pT,2(�R12)
4
. (3)

The leading pairing we filter [23] including the three hardest substructures, to allow for hard gluon
radiation. For consistency we require a reconstructed transverse momentum above 200 GeV. Within
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FCC-hh without ee 
could still bound BRinv

but it could say nothing 
about BRunt
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FCC-hh is determining top Yukawa through ratio tth/ttZ 
So the extraction of top Yukawa heavily relies on the knowledge of ttZ from FCC-ee
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tt̄Z cross sections, performed in fiducial regions of acceptance that make them suitable for a realistic
experimental analysis. As we shall discuss here, the theoretical understanding of these processes,
including NLO QCD [31, 32, 33] and EW [34, 35] corrections, and including the current knowledge of
PDFs, allows already today to support an intrinsic overall theoretical accuracy at the percent level.
This precision will certainly be consolidated, and further improved, by future developments. Today,
this allows to start probing the experimental prospects of the 100 TeV collider, to put in perspective the
role of precision Higgs measurements at a such a facility, and to provide useful performance benchmarks
for the design of the future detectors. In this Section we shall motivate such accuracy claim. What will
be learned, can also contribute to improve the expectations for future runs of the LHC, by improving
the predictions for the relative size of the tt̄H signal and its irreducible tt̄Z background.

2.1. Total rates and ratios

The main observation motivating the interest in the study of the tt̄H/tt̄Z ratio is the close analogy
between the two processes. At leading order (LO) they are both dominated by the gg initial state, with
the H or Z bosons emitted o↵ the top quark. The qq̄-initiated processes, which at the 100 (13) TeV
amount for <⇠ 10% (<⇠ 30%) of the total rates, only di↵er in the possibility to radiate the Z boson from
the light-quark initial state. The di↵erence induced by this e↵ect, as we shall see, is not large, and is
greatly reduced at 100 TeV. At NLO, renormalization, factorization and cancellation of collinear and
soft singularities will be highly correlated between the two processes, since the relevant diagrams have
the same structure, due to the identity of the tree-level diagrams. This justifies correlating, in the
estimate of the renormalization and factorization scale uncertainties, the scale choices made for tt̄H

and tt̄Z. The uncertainties due to the mass of the top quark are also obviously fully correlated between
numerator and denominator. Furthermore, due to the closeness in mass of the Higgs and Z bosons
and the ensuing similar size of the values of x probed by the two processes, and given that the choice
of PDFs to be used in numerator and denominator in the scan over PDF sets must be synchronized,
we expect a significant reduction in the PDF systematics for the ratio. Finally, the similar production
kinematics (although not identical, as we shall show in the next Section), should guarantee a further
reduction in the modeling of the final-state structure, like shower-induced higher-order corrections,
underlying-event e↵ects, hadronization, etc.

The above qualitative arguments are fully supported by the actual calculations. All results are
obtained using the MadGraph5 aMC@NLO code [36], which includes both NLO QCD and EW
corrections. The default parameter set used in this study is:

Parameter value Parameter value
Gµ 1.1987498350461625 · 10�5

nlf 5
mt 173.3 yt 173.3
mW 80.419 mZ 91.188
mH 125.0 ↵

�1 128.930

MSTW2008 NLO [37] is the default PDF set and µR = µF = µ0 =
P

f2final states
mT,f/2 is the default

for the central choice of renormalization and factorization scales, where mT,f is the transverse mass
of the final particle f . This scale choice interpolates between the dynamical scales that were shown in
Ref. [31] to minimize the pT dependence of the NLO/LO ratios for the top and Higgs spectra.

�(tt̄H)[pb] �(tt̄Z)[pb]
�(tt̄H)
�(tt̄Z)

13 TeV 0.475+5.79%+3.33%

�9.04%�3.08%
0.785+9.81%+3.27%

�11.2%�3.12%
0.606+2.45%+0.525%

�3.66%�0.319%

100 TeV 33.9+7.06%+2.17%

�8.29%�2.18%
57.9+8.93%+2.24%

�9.46%�2.43%
0.585+1.29%+0.314%

�2.02%�0.147%

Table 1: Total cross sections �(tt̄H) and �(tt̄Z) and the ratios �(tt̄H)/�(tt̄Z) with
NLO QCD corrections at 13 TeV and 100 TeV. Results are presented together with the
renormalization/factorization scale and PDF+↵S uncertainties.
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Subsequently, the 1% sensitivity on tth is essential  
to determine h3 at O(5%) at FCC-hh3

uncertainty drops in ratio
Mangano+ ‘15
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Figure 10.4: Expected precision on the Higgs self-coupling modifier � with no systematic uncertainties
(only statistical), 1% signal uncertainty, 1% signal uncertainty together with 1% uncertainty on the Higgs
backgrounds (left) and assuming respectively ⇥1, ⇥2, ⇥0.5 background yields (right).)

defining such a control sample is more challenging and we therefore assume an uncertainty of 1% on the
normalisation, motivated by expected precision on this process at the FCC-hh [77]. In this scenario we
find an expected precision �� = 6.5%. Figure 10.4 (right) shows how the precision is affected by vary-
ing the overall background yields by factors of 2 and 0.5 and find an impact on the overall � precision
of ⇡ ±1%.

Figure 10.5 shows the dependence of sensitivity on the detector performance assumptions. The left
plot assumes a ggmass resolution �m�� = 2.9 GeV. The central plot modifies the photon reconstruction
efficiency, and the right one modifies the jet-to-photon fake rate. Each of these scenarios degrades the
precision on the self-coupling by 1-2%. These scenarios roughly match the expected performance of the
ATLAS and CMS detectors at HL-LHC [280, 281], and should therefore be considered as conservative.
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Figure 10.5: Expected precision on the Higgs self-coupling modifier � obtained by varying the photon
reconstruction performance. Left: Comparison of two scenarios with nominal (�m�� = 1.3 GeV) and
degraded (�m�� = 2.9 GeV) energy resolution. Center: Comparison of two scenarios with nominal
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DRAFT - NOT FOR DISTRIBUTION

Assumes all uncertainty goes into κλ 

But other NP parameters modify HH 
production and decays 

They can be measured at FCC-ee/eh/hh 
with ~1% precision
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λ = gmin

FIG. 1: Cartoon of the region in the plane (g⇤,�/g⇤), defined by Eqs. (13),(14), that can be probed
by an analysis including only dimension-6 operators (in white). No sensible e↵ective field theory
description is possible in the gray area (� < gmin), while exploration of the light blue region
(gmin < � <

p
g⇤gmin) requires including the dimension-8 operators.
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FIG. 2: Feyman diagrams contributing to double Higgs production via gluon fusion (an additional
contribution comes from the crossing of the box diagram). The last diagram on the first line
contains the t̄thh coupling, while those in the second line involve contact interactions between the
Higgs and the gluons denoted with a cross.

C. Cross section of double Higgs production

We can now discuss our parametrization of the cross section of double Higgs production

via gluon fusion. We will use the non-linear Lagrangian (4) and start by neglecting higher-

derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e↵ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di↵erential distributions and shown to be small in our

case due to the limited sensitivity on the high mhh region.

The Feynman diagrams that contribute to the gg ! hh process are shown in Fig. 2. Each
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The Global Higgs fit at FCC-ee/eh/hh

�37

• Higgs self-interaction: 

• Direct HH production at FCC-hh 

• Combination with other final states could further improve the 
precision on self-coupling. 

δκλ~5% 

Toy fit neglecting FCCee measurements  
and using simple HH inclusive observable

Precise determination  
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Htt interactions needed
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2 Plots by J. de Blas, ‘19

FCC-ee needed for absolute normalisation of Higgs couplings

Higgs @ FCC-ee: Pivot between LHC and FCC-hh 

https://arxiv.org/abs/1507.08169
https://indico.cern.ch/event/789349/contributions/3298726/attachments/1806157/2947778/Global_EFT_fits_FCC.pdf
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Heavy Flavour Tagging

b vs. c tagging
Precise knowledge of tagging rates are important to correct for cross contaminations in 
H→bb,cc,gg measurements 

b and c separation is particularly important due to the large H→bb and small H→cc BRs 
- ATLAS example, for a b-jet tagging efficiency of 80%, the rejection factors are about 100 for light-jets and 

only a factor of 4 for c-jets 

- Such low c-jet rejection will lead to a huge contamination of H → bb in H → cc candidate sample 

Also ongoing studies on strange tagging e.g. for BR(H → ss) 
- PID key ingredient

19

Jet energy determination from jet direction
Example: Z(qq)H(bb) four jet channel
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K. Peeters @ DESY ‘22

https://indico.desy.de/event/32821/contributions/114893/attachments/72079/92132/fcc_higgs.pdf
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Access to s Yukawa
Selvaggi @ FCC week 2021Improved jet flavour tagging opens up new opportunities

https://indico.cern.ch/event/995850/contributions/4415991/attachments/2273135/3861058/flavour_tagging_fccee.pdf
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Access to e- Yukawa

Patrick Janot

Comparisons with other scenarios
q Low-energy Higgs factories

u One million Higgs in three years at FCC-ee
u gHZZ and GH: typically twice better at FCC-ee

u Higgs self-coupling sensitivity only at FCC-ee

14 Novembre 2019
FCC France, LPNHE, Paris 8

q Unique to FCC-ee: Hee coupling
u 20 ab-1 / year at √s = 125 GeV   (not in baseline FCC-ee)

u Monochromatization s√s ~ 1-2 × GH ~ 6 to 10 MeV

l Resonant ee→ H production

l 2s excess in one year with 2 IP

l ±15% precion on ke in 3 years with 4 IP
è Not feasible at ILC or CLIC

# Higgs bosons:        500k        175k       1.1M           1.3M
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■ LHC can only measure 3rd (plus a few 2nd)-generation Yukawas. 
■ Can we prove mass generation for stable (u,d,e,n) matter in the Universe?

5/15Snowmass EF01 Higgs WG, Sept 2020                                                               David d'Enterria (CERN)

√s
spread 

= G
H 

= 4.2 MeV

~45% x-section reduction

■  s(e+e-H) = 1.64 fb for Breit-Wigner with natural G
H 

= 4.2 MeV width.
    But Higgs production greatly suppressed off resonant peak.

■ Convolution of Gaussian energy spread of each e± beam with Higgs
    Breit-Wigner leads to a (Voigtian) effective cross-section decrease:

              √              √ss
eeee

 spread (MeV) spread (MeV)

““Actual” s-channel eActual” s-channel e++ee--   H cross section H cross section

Reachable with beams 
monochromatization?
What luminosity loss price?

[F.Zimmermann, A.Valdivia:
 JACoW-IPAC2017-WEPIK015
 JACoW-IPAC2019-MOPMP035
 See F. Zimmemann’s slides]

6/15Snowmass EF01 Higgs WG, Sept 2020                                                               David d'Enterria (CERN)

■ Extra ~40% reduction 
    due to QED radiation:

s
spread+ISR

(e+e-H)=0.17´s(e+e-H)=290 ab 

√s
spread 

~ G
H 

= 4.2 MeV
■ Full convolution of both effects:

Reduction: ~45%
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e± energy loss due to 
QED (ISR+FSR)

Reduction: ~40%

[S.Jadach, R. Kycia, PLB755 (2016) 58]

““Actual” s-channel eActual” s-channel e++ee--   H cross section H cross section

Note: Higgs pole known to within ±5MeV
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Resonant Higgs production 

1.64 fb

0.6 fb 
with ISR

Electron Yukawa coupling

10

0.3 fb with 4.2 MeV 
c.m.e. spread

Reduce energy spread by mono-
chromatisation (https://cds.cern.ch/record/2159683)  

2(7) ab-1 per year with c.m.e spread of  
6 (10) MeV  

 

10 decay 
channels 
analysed

arXiv:1509.02406

15% precision on SM coupling 
with 4 IP, 3yr

Jadach+, arXiv: 1509.02406

x 260 SM
x 100 SM

Producing these Higgses is not enough.
One needs to “see” them too.

To distinguish them from offshell Z’s, 
better to look at decays to particles that don’t couple to Z’s

 

https://arxiv.org/abs/1509.02406
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»G
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= 4.2 MeV

Resonant Higgs production 

1.64 fb

0.6 fb 
with ISR

Electron Yukawa coupling

10

0.3 fb with 4.2 MeV 
c.m.e. spread

Reduce energy spread by mono-
chromatisation (https://cds.cern.ch/record/2159683)  

2(7) ab-1 per year with c.m.e spread of  
6 (10) MeV  

 

10 decay 
channels 
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arXiv:1509.02406

15% precision on SM coupling 
with 4 IP, 3yr

Jadach+, arXiv: 1509.02406

D. d’Enterria et al.: Electron Yukawa coupling via s-channel Higgs production at FCC-ee 3

124.99 124.995 125 125.005 125.01
 (GeV)s

0

0.1

0.2

0.3

0.4

0.5

(s
) (

fb
)

 H
→

ee
σ

Energy spread:
 = 0δ
 = 4.1 MeVδ
 = 7 MeVδ
 = 15 MeVδ
 = 30 MeVδ
 = 100 MeVδ

Fig. 1. Typical diagrams for the direct Higgs channel production (left) decaying into electroweak bosons (top) and fermions or
gluons (bottom), and associated backgrounds (center), considered in this work. Right: Resonant Higgs production cross section,
including ISR e↵ects, for several values of the e+e� c.m. energy spread �ps = 0, 4.1, 7, 15, 30, and 100MeV [17].

code at NLO accuracy [31]. The pythia 8 signal cross sections are absolutely normalized to match our benchmark
�ee!H = 0.28 fb value for ISR plus �ps = 4.1-MeV energy spread discussed above (second curve of Fig. 1 right). Higgs
decay modes not listed in Table 1 are either completely swamped by background (e.g. H ! ZZ⇤

! 4j) or have too low
B’s (e.g. H ! ZZ⇤

! 4`) and thereby have zero expected counts for any realistic integrated luminosity. The generator-
level background cross sections in Table 1 are indicatively quoted without ISR to avoid artificial enhancements of
their values due to radiative-returns to the Z pole, which can be easily removed experimentally (e.g. tagging the ISR
photon and/or imposing requirements on the total energy of the event). The last column lists the indicative signal-
over-background (S/B) expected for the dominant (irreducible) background of each channel, at the generator level
without any analysis cuts. Three broad categories can be identified:

i) Final states with pairs of jets or tau leptons, with very large backgrounds leading to S/B ⇡ 10�7–10�5, except
for the H ! gg case for which no actual physical background exists (Z⇤, �⇤ do not couple to gluons), but for an
experimental misidentification probability of light-quarks for gluons that we take as 1% (Table 2);
ii) Final states from intermediate WW⇤ decays, with S/B ⇡ 10�3;
iii) Final states from intermediate ZZ⇤ decays with S/B ⇡ 10�2, but very small signal cross sections.

In addition, the last row of the table lists the Higgs diphoton decay mode (discovery channel at the LHC) that
su↵ers from both, a tiny signal cross section and 8 orders-of-magnitude larger backgrounds. A swift analysis of this
table allows one to identify two channels with some potentiality in terms of statistical significances, H ! gg and
H ! WW⇤

! `⌫ 2j, which both feature ⇠25-ab cross sections and S/B ⇡ 10�3.

Table 1. Cross sections (including ISR and �ps = 4.1MeV) times branching fractions (B) for 11 final states in e+e� ! H(XX)

signal processes and associated dominant e+e� ! XX backgrounds (without ISR), and ratio of signal-over-background for each
channel before any analysis cuts (the digluon S/B quoted assumes a light-q ! g mistagging rate of 1%).

Higgs decay channel B � ⇥ B Irreducible background � S/B

e+e� ! H ! bb 58.2% 164 ab e+e� ! bb 19 pb O(10�5)
e+e� ! H ! gg 8.2% 23 ab e+e� ! qq 61 pb O(10�3)
e+e� ! H ! ⌧⌧ 6.3% 18 ab e+e� ! ⌧⌧ 10 pb O(10�6)
e+e� ! H ! cc 2.9% 8.2 ab e+e� ! cc 22 pb O(10�7)

e+e� ! H ! WW⇤
! `⌫ 2j 21.4%⇥67.6%⇥32.4%⇥2 26.5 ab e+e� ! WW⇤

! `⌫ 2j 23 fb O(10�3)
e+e� ! H ! WW⇤

! 2` 2⌫ 21.4%⇥32.4%⇥32.4% 6.4 ab e+e� ! WW⇤
! 2` 2⌫ 5.6 fb O(10�3)

e+e� ! H ! WW⇤
! 4j 21.4%⇥67.6%⇥67.6% 27.6 ab e+e� ! WW⇤

! 4j 24 fb O(10�3)

e+e� ! H ! ZZ⇤
! 2j 2⌫ 2.6%⇥70%⇥20%⇥2 2 ab e+e� ! ZZ⇤

! 2j 2⌫ 273 ab O(10�2)
e+e� ! H ! ZZ⇤

! 2` 2j 2.6%⇥70%⇥10%⇥2 1 ab e+e� ! ZZ⇤
! 2` 2j 136 ab O(10�2)

e+e� ! H ! ZZ⇤
! 2` 2⌫ 2.6%⇥20%⇥10%⇥2 0.3 ab e+e� ! ZZ⇤

! 2` 2⌫ 39 ab O(10�2)

e+e� ! H ! � � 0.23% 0.65 ab e+e� ! � � 79 pb O(10�8)

It is worth noting that the background cross sections computed with pythia 8 for two-particle final states (e+e� !

qq, cc, bb, ⌧⌧, � �) are found consistent with those obtained running alternative calculators, such as MadGraph 5 [32,
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Table 6. Individual significances (in std. deviations �) expected per decay channel for s-channel Higgs boson production in
e+e� collisions at FCC-ee for Lint = 10 ab�1 and �ps = 4.1MeV. The last column quotes the combined significance.

H ! gg H ! WW⇤
! `⌫ 2j; 2` 2⌫; 4j H ! ZZ⇤

! 2j 2⌫; 2` 2j; 2` 2⌫ H ! bb H ! ⌧had⌧had; cc; � � Combined
1.1� (0.53⌦ 0.34⌦ 0.13)� (0.32⌦ 0.18⌦ 0.05)� 0.13� < 0.02� 1.3�

for any other combination of (�ps,Lint) values achievable through beam monochromatization. Figure 3 shows the
bidimensional maps for the significance of s-channel Higgs production (left) and the corresponding 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 integrated luminosity (along the x axes of both plots), and diminish for
larger values �ps (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).

Fig. 3. Left: Significance contours (in std. dev. units �) in the c.m. energy spread vs. integrated luminosity plane for the
resonant �

e
+
e
�!H

cross section at
p
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 �ps = �H = 4.1MeV dashed
line, indicates the ideal baseline point assumed in our default analysis). All results are given per IP and per year.

The red curves in Fig. 3 show the current expectations for the range of (�ps,Lint) values achievable at FCC-ee with
the investigated monochromatization schemes [20,21]. Without monochromatization, the FCC-ee natural collision-
energy spread at

p
s = 125GeV is about �ps = 46MeV 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 given by � =
q

(D⇤
x
2�2

�)/("x�
⇤
x) + 1, where �⇤

x(y) denotes the

horizontal (vertical) beta function at the IP and "x(y) the corresponding emittance. The need to generate a significant
IP dispersion implies a change of beamline geometry in the interaction region and the use of crab cavities to compensate
for the existing, or remaining, crossing angle. A nonzero IP dispersion leads to an increase of the transverse horizontal
emittance from beamstrahlung, thereby impacting the beam luminosity. Optimization of the IP optics parameters (D⇤

x,
�⇤
x,y,...) yields the corresponding red curves of Fig. 3. For the lowest collision-energy spread achieved of �ps = 6MeV,

the anticipated monochromatized luminosity per IP exceeds 1035 cm�2s�1 [21]. This translates into an integrated
luminosity4 of at least 1.2 ab�1 per IP per year. One can reach larger integrated luminosities at the expense of a worse
beam energy spread. The point (red star) over the red curves that has the highest signal strength today corresponds to
(�ps,Lint) ⇡ (7MeV, 2 ab�1), to be compared to our original baseline point (pink star) over the �ps = �H = 4.1MeV
dashed line. For such a 7-MeV c.m. energy spread, the peak of the relativistic Voigtian distribution describing the
s-channel cross section is located at about 1MeV above the mass of the Higgs boson (Fig. 1, right). Therefore, the
optimal c.m. energy of the dedicated e+e� run needs also to be carefully chosen to maximize the resonant cross section
for any given monochromatization point.

4 Conversion from luminosity (L = 1035 cm�2s�1) to integrated luminosity (Lint = 1.2 ab�1/year/IP) assumes 185 physics
days per run with a 75% physics e�ciency [27].

d'Enterria+, arXiv: 2107.02686

w. 10/ab

w/ 10/ab: S~55, B~2400 → 1.1σ

x 260 SM
x 100 SM

https://arxiv.org/abs/1509.02406
https://arxiv.org/abs/2107.02686
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The future: other directions not explored yet 

J4 = ImTr
⇣
[YuY

†
u , YdY

†
d ]

3
⌘

inv. under U(1)Li
−U(1)Lj

when md → 0

Type of op. # of ops # real # im. # real # im. # real # im.

bi
lin

ea
rs Yukawa 3 27 27 21 21 6 6

Dipoles 8 72 72 60 60 15 15

current-current 8 51 30 42 21 18 0

all bilinears 19 150 129 123 102 39 21

4-
Fe

rm
i

LLLL 5 171 126 99 54 45 0

RRRR 7 255 195 186 126 24 0

LLRR 8 360 288 246 174 36 9

LRRL 1 81 81 27 27 0 0

LRLR 4 324 324 216 216 18 18

all 4-Fermi 25 1191 1014 774 597 123 27

all 1341 1143 897 699 162 48

Table 2: Number of flavorful real and imaginary parameters in SMEFT at dimension-six. The first
double column counts the number of physical parameters, the second one counts those which are physical
at leading order (see the text). The last column shows how the number of physical parameters reduces
when all dimension-4 down-type Yukawa couplings vanish, assuming generic and non-zero entries in Yu.

charged under U(1)ui and/or di
can only contribute to observables multiplied by appropriate

combinations of entries of the CKM matrix. Such aspects motivate the introduction of
CP-odd flavor invariants.

Before going further, let us discuss one subtlety associated to our definition of a minimal
set of CP-odd flavor-invariants, which has to do with the parameter space considered. In the
way it is stated, it suggests that one aims at characterizing CP-conserving points within
the largest possible set of parameters. However, one could also try to characterize CP-
conserving points within a given set, for instance for values of the quark masses which are
non-vanishing. This is the choice we make in the main body of this paper: we build flavor
invariants which vanish iff CP is conserved at leading order in SMEFT under the assumption
that quark masses are non-vanishing. Our methods also allow to identify minimal sets of
flavor-invariants when one allows for vanishing quark masses, but since the expression of
the required invariants is more intricate than for the simpler case of non-vanishing quark
masses, we leave the resolution of this question to appendix A. One could finally restrict
to characterizing CP-conservation for a smaller set of parameters, e.g. fixing the values of
the quark masses or taking them non-degenerate. Obviously, our sets of invariants work
in such a restricted case, but there usually exist simpler ones (which do not correspond to
minimal sets on larger sets of parameters). We will encounter explicit examples in the next
section.

Due to the SMEFT power counting, the conservation of CP at leading order first
demands that J4 = 0, which is therefore part of any minimal set. In order to build the rest
of the latter, it is natural to look for invariants which are linear with respect to the SMEFT

– 14 –

large parameter space,  
largely unconstrained 

—  
potentially large new physics effects 
since they do not suffer from same 

collective suppression factor of the SM

699 
new 

Jarlskog  
BSM invariants

Bonnefoy+  2112.03889 

• Non-diagonal flavour structures: 
1. in SM, no Higgs FCNC 
2. in BSM, Higgs FCNC are the rule rather than the exception 
3. combination with flavour data (irrelevant in diag. flavour structure) 

• CP violation couplings: 
1. in SM, a single CPV phase captured by Jarlskog invariant:  
2. how many at dim-6 level? 

• Beyond SMEFT analyses, e.g. HEFT 

on-going work

https://inspirehep.net/literature/1985604
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On-Going Studies

Join the team!

P. Janot, A. Blondel, C. Grojean
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� Updated status 

10 Mar 2022
FCC PED Coordination meeting 2
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Short-term Goals

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

• identify key topics and observables 
• propose new benchmark measurements 

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

3.A first list of coherent sets of detector requirements to fully exploit the FCC-ee 
physics opportunities, in particular to reduce the experimental systematic uncertainties 
towards matching the FCC-ee expected statistical precision for the most important 
measurements.

see talks by D. d’Enterria, J. Gluza, C. Paus
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Exemples of On-Going Studies
Flavour Physics at FCC (in progress)

5

with Gino IsidoriG. Isidori & J. Kamenik (conveners) 

see talks by  

J. Kamenik and S. Monteil
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Summary of Physics Potential

Patrick Janot

√s
Physics

mZ 2mW
HZ max.
240-250 GeV

2mtop
340-380 GeV

500 GeV 1.5 TeV 3 TeV
28 TeV
37 TeV
48 TeV

100 TeV
Leading Physics

Questions

Precision EW 
(Z, W, top)

Transverse
polarization

Transverse
polarization mW, aS

Existence of more SM-
Interacting particles

QCD (aS) 
QED (aQED) 5×1012 Z 3×108 W 105 H➝gg Fundamental constants

and tests of QED/QCD

Model-independent
Higgs couplings

1.2×106 HZ and 75k WW➝H
at two energies

<1% precision
(*) Test Higgs nature

Higgs rare decays
<1% precision

(*) Portal to new physics

Higgs invisible decays 10-4 BR 
sensitivity Portal to dark matter

Higgs self-coupling 3 to 5s from loop corrections
to Higgs cross sections

5% (HH prod)
(*) Key to EWSB

Flavours (b, t) 5×1012 Z
Portal to new physics

Test of symmetries

RHn’s, Feebly 
interacting particles 5×1012 Z 1011 W Direct NP discovery 

At low couplings

Direct search
at high scales

Mc<250GeV
Small DM

Mc<750GeV
Small DM

Mc<1.5TeV
Small DM Up to 40 TeV

Direct NP discovery
At high mass

Precision EW
at high energy Y W, Z Indirect Sensitivity to 

Nearby new physics

Quark-gluon plasma
Physics w/ injectors QCD at origins

e+e- collisions pp collisions

ee➝H
√s = mH

arXiv:1906.02693, FCC-ee: Your questions answered

14 Novembre 2019
FCC France, LPNHE, Paris 14Green = Unique to FCC; Blue = Best with FCC; (*) = if FCC-hh is combined with FCC-ee; Pink = Best with other colliders; 

FCC-ee note, 1906.02693

https://arxiv.org/abs/1906.02693
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Conclusions
A circular “Higgs factory” like FCC-ee has a rich potential: 

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

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

And FCC-ee is an essential part of an integrated programme to probe the energy frontier.

High-Energy Physics provides tools to others fields 
(medicine/climate/energy)  

It remains a good investment for the future of mankind 

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

We can learn a lot from nice pictures/observations (e.g. EHT Sgr A*) 
but experiments remain the driver of physics.
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