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I want to start by reassuring my UK colleagues:  
the “PartyGate” emerged out of a total misunderstanding! 

BJ didn’t mean “Bring your booze” but rather “Bring your boozon” 
(when you spend too much time in Brussels, you tend to forget Shakespeare English! )

Let’s remember why we need a Higgs/top/EW factory

Why a Higgs Factory?
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Today HEP Status
 SM is now confirmed to high accuracy up to energies of (several) TeV 
 Higgs boson discovered 
 No direct evidence of new physics at colliders, maybe few indirect hints (B physics, (g-2)µ…) 
 SM is *consistent* but *incomplete* in describing the whole Universe 
 SM is only a low-energy approximation energy/effective field theory but we don’t know 

the scale of New Physics 
 We need experiments to probe the laws of Nature further and further

One century of tremendous successes brings fundamental questions: 
Why something rather than nothing? How did matter dominate over antimatter? 
What was the dynamics of the early Universe a nanosecond after the Big-Bang?  

Is there exo-matter, i.e. matter that can interact with us? 
Are the SM particles really all elementary?

Remarkably, we can build a machine to answers these questions!
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Today HEP Status
 SM is now confirmed to high accuracy up to energies of (several) TeV 
 Higgs boson discovered 
 No direct evidence of new physics at colliders, maybe few indirect hints (B physics, (g-2)µ…) 
 SM is *consistent* but *incomplete* in describing the whole Universe 
 SM is only a low-energy approximation energy/effective field theory but we don’t know 

the scale of New Physics 
 We need experiments to probe the laws of Nature further and further

One century of tremendous successes brings fundamental questions: 
Why something rather than nothing? How did matter dominate over antimatter? 
What was the dynamics of the early Universe a nanosecond after the Big-Bang?  

Is there exo-matter, i.e. matter that can interact with us? 
Are the SM particles really all elementary?

Remarkably, we can build a machine to answers these questions!

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

2. push the frontiers of the unknown 
— FCC-ee+eh+hh combine these 2 aspects — 

more PRECISION, more ENERGY for more SENSITIVITY to New Physics 
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FCC-ee Run Plan
Future Circular Collider (18 Dec. 2018)  The Lepton Collider (FCC-ee) 

Page 4 of 18 

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

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

 

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

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

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

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

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

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

To
ta

l

Z factory:
LEP x 105

ILC x 103

see back-ups for facility comparisons
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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)
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FCC-ee Physics Programme

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

direct searches  
of light new physics

"

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

! physics

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

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

"intensity  
frontier”

1

Higgs
mHiggs, ΓHiggs 

Higgs couplings 
self-coupling

2

mtop, Γtop 
EW top couplings

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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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.

Se
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9

out of reach 
at LHCb/Belle

boosted b’s/!’s
at FCC-ee

https://indico.cern.ch/event/789349/contributions/3298832/attachments/1806342/2948136/FCC_Flavours_CDR_CERN_March2019.pdf
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E.g.: (I) LFU tests in tau decays 
A. Pich '13

τ

ν ν

μt
W

τ

νμ

Z' ν “Model-independent” 
effect linked to 

present anomalies
b

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

SM theory precision ~ 10-5 

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

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

Higlights of FCC-ee in tau & b physics

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

ZU-TH-42/21

LFU violations in leptonic ⌧ decays and B-physics anomalies

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

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

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

I. INTRODUCTION

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

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

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

⇤
lukall@physik.uzh.ch

†
isidori@physik.uzh.ch

‡
nudzeim@physik.uzh.ch

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

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

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

II. EFT EXPRESSIONS FOR THE LFU RATIOS

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

���g(⌧)
e

/g(µ)
e

���
2

⌘
�(⌧ ! e⌫⌫̄)

�(µ ! e⌫⌫̄)


�SM(⌧ ! e⌫⌫̄)

�SM(µ ! e⌫⌫̄)

��1

, (1)

with |g(⌧)
µ /g(µ)

e |
2 and |g(⌧)

µ /g(⌧)
e |

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

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

LLEFT = �
2

v2

X

k

CkOk . (2)

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

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

 (b→c!")

Allwicher, Isidori, Semilovic ’21 

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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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.

310 410
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)β
ta

n(

 coupling:ττhbb / h
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HE-LHC
LHeC
CEPC
FCC-ee

500ILC
FCC-ee/eh/hh

1000ILC
3000CLIC

Direct:
-τ+τ →HL-LHC, A 

FCC-hh

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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Fig. 8.4: Left panel: exclusion reach on the Composite Higgs model parameters of FCC-hh,
FCC-ee, and of the high-energy stages of CLIC. Right panel: the reach of HE-LHC, ILC,
CEPC and CLIC380. The reach of HL-LHC is the grey shaded region.
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Fig. 8.5: Exclusion reach of different colliders on the inverse Higgs length 1/`H = m⇤ (orange
bars, left axis) and the tuning parameter 1/e (blue bars, right axis), obtained by choosing the
weakest bound valid for any value of the coupling constant g⇤.

Unfortunately, no direct reach projection is currently available for the HE-LHC.
The information in Fig. 8.4 can be projected into a single number, as displayed in Fig. 8.5.

The orange bars show the maximum m⇤ (or, equivalently, the minimum Higgs size `H) a given
collider is sensitive to, independently of the value of g⇤. The blue bars show the tuning param-
eter 1/e (which is equal to the conventional tuning parameter D), obtained as follows. Higgs
compositeness can address the naturalness problem, provided it emerges at a relatively low
scale, but the parameter m⇤ is not the most appropriate measure of the degree of fine-tuning re-
quired to engineer the correct Higgs mass and EWSB scale. A better measure is (see e.g., [450])
1/e > (mT /500GeV)2 > m2

⇤/g2
⇤v2, where v = 246 GeV and mT is the top-partner mass. The

second inequality provides the estimate of the reach on e reported in Fig. 8.5. The equation
also displays the impact of fermionic top-partner searches on e . The discovery reach of these
particles at HL-LHC, HE-LHC and FCC-hh are of 1.5, 2 and 4.7 TeV, respectively. These
correspond to a reach on 1/e of 10, 16 and 88.

8.3 Supersymmetry
Supersymmetry (SUSY) remains the only known dynamical solution to the Higgs naturalness
problem that can be extrapolated up to very high energies, in a consistent and calculable way.

Discovery Potential Beyond LHC
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Fig. 8.4: Left panel: exclusion reach on the Composite Higgs model parameters of FCC-hh,
FCC-ee, and of the high-energy stages of CLIC. Right panel: the reach of HE-LHC, ILC,
CEPC and CLIC380. The reach of HL-LHC is the grey shaded region.
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Fig. 8.5: Exclusion reach of different colliders on the inverse Higgs length 1/`H = m⇤ (orange
bars, left axis) and the tuning parameter 1/e (blue bars, right axis), obtained by choosing the
weakest bound valid for any value of the coupling constant g⇤.

Unfortunately, no direct reach projection is currently available for the HE-LHC.
The information in Fig. 8.4 can be projected into a single number, as displayed in Fig. 8.5.

The orange bars show the maximum m⇤ (or, equivalently, the minimum Higgs size `H) a given
collider is sensitive to, independently of the value of g⇤. The blue bars show the tuning param-
eter 1/e (which is equal to the conventional tuning parameter D), obtained as follows. Higgs
compositeness can address the naturalness problem, provided it emerges at a relatively low
scale, but the parameter m⇤ is not the most appropriate measure of the degree of fine-tuning re-
quired to engineer the correct Higgs mass and EWSB scale. A better measure is (see e.g., [450])
1/e > (mT /500GeV)2 > m2

⇤/g2
⇤v2, where v = 246 GeV and mT is the top-partner mass. The

second inequality provides the estimate of the reach on e reported in Fig. 8.5. The equation
also displays the impact of fermionic top-partner searches on e . The discovery reach of these
particles at HL-LHC, HE-LHC and FCC-hh are of 1.5, 2 and 4.7 TeV, respectively. These
correspond to a reach on 1/e of 10, 16 and 88.

8.3 Supersymmetry
Supersymmetry (SUSY) remains the only known dynamical solution to the Higgs naturalness
problem that can be extrapolated up to very high energies, in a consistent and calculable way.

Exclusion reach

ESU Physics BB ‘19

Examples of improved sensitivity wrt direct reach @ HL-LHC: Composite Higgs
Precisely measured EW and Higgs observables are sensitive to heavy New Physics 

https://inspirehep.net/literature/1333670
https://inspirehep.net/literature/1761133


Christophe Grojean FCC-ee Physics FCC workshop, Feb. 2022 10

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)
L =

↵s

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

+
æ fi

+
a (in light

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

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

u + m
≠1

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

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

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

�(K+
æ fi

+
a) = 1

8fi
|gK+fi≠a|

2
|p̨a|

m
2

K

, (5.14)

�(KL æ fi
0
a) = 1

8fi
|
Ô

2‘KgK0fi0a|
2

|p̨a|

m
2

K

, (5.15)

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

19 

1712.07237	

Associated production

Andrea Thamm

• ALP associated production with a H
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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
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Cross-section ~ 1/s

• ALP decay into photons

Associated production

Andrea Thamm

• ALP associated production with a H
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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 

19 

1712.07237	

Associated production

Andrea Thamm

• ALP associated production with a H
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• ALP decay into leptons

Material from A. Thamm

Knapen, Thamm  arXiv:2108.08949

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

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

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

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

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

Higgs.

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

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

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

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

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

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

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

now in a plot directly linked to naturalness.

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

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

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

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

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

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

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

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

6

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

colliders → short-lives ALPs MeV+

Simon Knapen, Andrea Thamm: Direct discovery of new light states at the FCCee 3

Z

e
+

e
�

�/Z

a

�

e
+

e
�

�/Z

a

Fig. 2. Tree-level Feynman diagram for the production of an axion in association with a photon or Z-boson.

��-�� ��-�� ��-� ��-� ��-� � ���

���

�
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������-���-���-�

���

�

��-�

��-�

Fig. 3. Projected sensitivity of the FCCee (in purple) in the process e+e� ! �a on the ALP-photon coupling (left) and the
ALP-lepton coupling (right). Existing bounds on the parameter space are shown in grey. Reproduced from [19] with permission
of the authors.

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

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

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

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

The processes e
+
e
�

! Za ! Z�� and e
+
e
�

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

+
e
�

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

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

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

Gori et al arXiv:2005.05170

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

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

+
e
� collider.

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

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

larger couplings. From Ref. [1]

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

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

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

larger than 10
�5

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

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

12

Direct observation
in Z decays

from LH-RH mixing

02.07.2021 Alain Blondel  FCC PE&D; Summary 36

Physics Highlights

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

ESU Physics BB ‘19

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

https://inspirehep.net/literature/1761133
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Exotics/Long Lived Particles
The Higgs could be a good portal to Dark Sector 

— rich exotic signatures —

Z. Liu @ CEPC 2020

10/26/2020Zhen Liu                  Higgs Exotic Decays                 CEPC 2020 9

Picture of pp vs ee
LHC’s strength
Hard at LHC due to
missing energy
Hard at LHC due to
hadronic
background

ZL et al, 1810.09037

Lepton colliders’ strength

https://indico.ihep.ac.cn/event/11444/session/2/contribution/202/material/slides/0.pptx
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ZL et al, 1810.09037

Lepton colliders’ strength
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Exotic Decay summary

We visualize the sensitivity on Higgs exotic decay branching factions with some reasonable choice of model 
parameters. 

The HL-LHC are from various studies and projections available in the literature;
The lepton collider sensitivities (except for the first channel, ℎ → EFG) are from our study with different ;; →
<6 integrated luminosities and beam polarizations for different colliders.

How to improve? 
> Dedicated detectors, see e.g. talk by R. Gonzalez Suarez @ FCC week 2021

https://indico.ihep.ac.cn/event/11444/session/2/contribution/202/material/slides/0.pptx
https://indico.cern.ch/event/995850/contributions/4406347/attachments/2273713/3862016/FCC-week-LLP.pdf
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Kappa-2: allowing BSM and Invisible

�16

Higgs @ FCC-ee: Pivot between LHC and FCC-hh 
ECFA Higgs study group ‘19
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Important synergy HL-LHC — low energy lepton 
colliders 

1. Top/Charm Yukawa 
2. Statistically limited channels: γγ, mumu, Zγ
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With HL-LHC, 
yt doesn’t 

require tth threshold

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

Measuring the Top Yukawa Coupling at 100 TeV 9
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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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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
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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

Measuring the Top Yukawa Coupling at 100 TeV 4

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
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production and decays 

They can be measured at FCC-ee/eh/hh 
with ~1% precision
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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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• Higgs self-interaction: 

• Direct HH production at FCC-hh 

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

δκλ~5% 
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FCC-ee needed for absolute normalisation of Higgs couplings

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

First number: kappa fit / Second number: EFT fit
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3

⇠ hFF̃ �

h

S

FIG. 1. Left: the diagram that gives rise to fermionic EDMs via the insertion of the operator hF F̃ from Eq. (2). Right: the
two-loop diagram that leads to fermion EDMs in the model involving a VL lepton,  , coupled to a singlet, S, that mixes with
the Higgs. The cross on the scalar line indicates that this contribution is proportional to the mixing term, A, in the scalar
potential.
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where the loop function is given by
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which satisfies g(1) ⇠ 1.17 and g ⇠
1
2 ln z for large z. We

show the Feynman diagram responsible for this contribu-
tion on the right of Fig. 1.

It is instructive to consider di↵erent limits of
(13). When mh ⌧ m ,mS , to logarithmic accuracy
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is the smaller of mS and m . In this limit, the heavy
fields can be integrated out sequentially, with S and  
first, and h second. The first step is simplified by the
use of the chiral anomaly equation for  , @µ ̄�µ�5 =
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Apart from a smaller value for the logarithmic cuto↵,
the result in this limit di↵ers little from the contact op-
erator case above. Even if the value of the logarithm is
not enhanced, ln(m2

min/m
2
h
) ⇠ O(1), the corrections to

the Higgs diphoton rate will be limited to at most the
sub-percent level unless a fine-tuned cancellation of de is
arranged with some other CP -odd source.

We now consider a di↵erent near-degenerate limit,
|mh � mS | ⌧ mh, which turns out to be more inter-
esting as it allows the EDM constraints to be bypassed.
If the di↵erence between the masses is small, we can ap-
proximate
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where in the final step we made use of the large m limit.
The limiting case (17) receives no logarithmic enhance-

ment. Moreover, the value of the A parameter can be
very small, comparable to the mass splitting between h
and S or less. An O(1 GeV) mass splitting would nat-
urally place Av2/(m2

h
m ) in the O(10�2

� 10�3) range,
suppressing the EDM safely below the bound.
At the same time, as explicitly shown in Ref. [5], mod-

ifications to the h ! �� rate can be significant, and
enhancement can come from the Fµ⌫ F̃µ⌫ amplitude. Un-
like corrections to the Fµ⌫Fµ⌫ amplitudes that can en-
hance or suppress the e↵ective rate, the CP -odd chan-
nel always adds to R�� . Assuming that the mass di↵er-
ence between the singlet and the Higgs is small enough
that they cannot be separately resolved (which requires
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< 3 GeV with current statistics [5]), the ap-

parent increase in the diphoton rate in this model is
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Ŝ!��

(20)

and �
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The rate for the weak eigenstate Ŝ to decay to two pho-
tons via its pseudoscalar coupling to the VL fermions is
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Constrained indirectly: one-loop impact on Electric Dipole 
Moments (EDM): 

e.g.  de < 8.7 10-29 e cm  (ACME 13)

too strong to compete!

CP-violating Higgs couplings

HEFT2013, Oct 10 2013J. Zupan     Constraints on CPV Higgs...

electron EDM
• dominant contribution from 

2-loop Barr-Zee type diagram

• depends on electron yukawa

• setting ye=1 is then quite constraining

• the constraint vanishes, if the Higgs does not couple to electrons 

• e.g. if it only couples to the 3rd gen.

7

exp

δghtt ≲ 0.01~

Brod,Haisch,Zupan 13

ΛCPV > 2.5 TeV

�g̃htt  0.01

e e
h

Why this measurement is important?
Constraints on CPV from EDM measurements

would vanish if hee is zero!
2/15Snowmass EF01 Higgs WG, Sept 2020                                                               David d'Enterria (CERN)
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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%

              √              √ss
eeee

 spread (MeV) spread (MeV)

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
         Monochrom. goal: √s

spread
»G

H 
= 4.2 MeV

http://arxiv.org/abs/arXiv:1208.4597
http://arxiv.org/abs/arXiv:1310.1385
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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

First number: kappa fit / Second number: EFT fit
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Why this measurement is important?
Constraints on CPV from EDM measurements

would vanish if hee is zero!

Interpreting the Electron EDM Constraint

Cari Cesarotti,a Qianshu Lu,a Yuichiro Nakai,b Aditya Parikh,a and Matthew Reecea
a Department of Physics, Harvard University, Cambridge, MA, 02138

b Department of Physics and Astronomy, Rutgers University, Piscataway, NJ 08854

January 7, 2020

Abstract

The ACME collaboration has recently announced a new constraint on the electron EDM,
|de|< 1.1⇥ 10�29

e cm, from measurements of the ThO molecule. This is a powerful constraint
on CP-violating new physics: even new physics generating the EDM at two loops is constrained
at the multi-TeV scale. We interpret the bound in the context of di↵erent scenarios for new
physics: a general order-of-magnitude analysis for both the electron EDM and the CP-odd
electron-nucleon coupling; 1-loop SUSY, probing sleptons above 10 TeV; 2-loop SUSY, probing
multi-TeV charginos or stops; and finally, new physics that generates the EDM via the charm
quark or top quark Yukawa couplings. In the last scenario, new physics generates a “QULE
operator” (qf�

µ⌫
ūf ) · (`�µ⌫ ē), which in turn generates the EDM through RG evolution. If the

QULE operator is generated at tree level, this corresponds to a previously studied leptoquark
model. For the first time, we also classify scenarios in which the QULE operator is generated at
one loop through a box diagram, which include (among others) SUSY and leptoquark models.
The electron EDM bound is the leading constraint on a wide variety of theories of CP-violating
new physics interacting with the Higgs boson or the top quark. We argue that any future
nonzero measurement of an electron EDM will provide a strong motivation for constructing new
colliders at the highest feasible energies.

1 Introduction

The ACME collaboration has used ThO molecules to constrain the electron electric dipole moment
(EDM) to be [1]

|de|< 1.1⇥ 10�29
e cm. (1.1)

This is about an order of magnitude improvement on the previous bound from ACME [2] and from
studies of HfF+ at JILA [3]. A nonzero electron EDM would establish physics beyond the Standard
Model. The electron EDM violates CP (or equivalently, T) symmetry. In the Standard Model, this
symmetry is violated by a handful of parameters: the CKM phase, which generates an electron
EDM only at four loops with |de|⇠ 10�44

e cm but also a CP-odd electron-nucleon interaction that
can mimic an EDM of size |de|⇠ 10�38

e cm [4] (see [5,6] for earlier work); the strong phase ✓̄, which
generates an electron EDM |de|. 10�37

e cm [7, 8]; and phases associated with the lepton sector,
which give contributions at two loops suppressed by neutrino masses [9] with an expectation that
|de|. 10�43

e cm or, in the presence of severe fine-tuning, at most |de|. 10�33
e cm [10]. As a result,

it is of great interest to continue searching for a smaller electron EDM consistent with (1.1) but
inconsistent with the Standard Model.

The recent progress in EDM searches comes at a key time in the field of particle physics. The
discovery of the Higgs boson at the LHC filled in the last missing piece of the Standard Model. While
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Future EDM experiments

from slide by N. Hutzler

Polyatomic EDMTo improve, need more 
molecules, longer coherence 
times. Need special molecules:

Laser cooling can produce 
many slow-moving molecules to 
study. Avoid exciting molecular 
rotational, vibrational modes.

EDM systematics need 
“internal co-magnetometer.”

Hutzler & Kozyryev 2017: 
polyatomic molecules can 
give both! (ex: YbOH)

Other planned experiments: trapped molecular ions (Cornell, Ye, JILA), YbF (Hinds, 
Imperial), EDM3 (Vutha, Horbatsch, Hessels, Toronto/York), … 

|de | ≲ 10−32 e cm
1-loop, PeV scale sensitivity

Time scale of 5-10 years:

M. Reece @ Pheno2020
Snowmass LOI

Electric	Dipole	Moment
“Has	killed	more	SUSY	models	than	anything	
else”	(I.	Hinchliffe)

25

• Current	limits:	3.6x10-26 for	neutron,	1.1x10-29 for	electron
– Lepton	and	quark	EDMs	are	complementary	tests	of	new	physics

• Advancements	planned	in	future	experiments:	factors	~10-1000
• Observation	would	be	clear	evidence	for	new	physics

ESU, arXiv:1910.11775

2/15Snowmass EF01 Higgs WG, Sept 2020                                                               David d'Enterria (CERN)
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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?
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√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%

              √              √ss
eeee

 spread (MeV) spread (MeV)

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
         Monochrom. goal: √s

spread
»G

H 
= 4.2 MeV

https://arxiv.org/abs/2010.08709
https://indico.cern.ch/event/858682/contributions/3840424/attachments/2032715/3402456/Reece_Pheno_2020.pdf
https://arxiv.org/abs/1910.11775
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CP Violation in Higgs Sector
Searching for source of CPV that can trigger matter-antimatter imbalance 

SM: only 1 CPV invariant (Jarlskog) 
BSM: 707 new sources of CPV at leading order

J4 = ImTr
⇣
[YuY

†
u , YdY

†
d ]

3
⌘

CPV is a Collective effect: CPV is accidentally small in the SM

⇠ �36 ⇠ 10�24SM:

BSM: 
(dim.6 Yukawa)

| Emanuele Gendy Abd El Sayed25 January 2022 4

Given a SMEFT dimension-6 operator containing fermions, we can build a set of CP-odd 
flavor invariants by giving it spurionic transformation properties.

For example turn on only

CP-odd invariants

<latexit sha1_base64="AsoUucJC5+4xxR6xk9dVWIr8s3U="></latexit>

OuH =
CuH,ij

⇤2
|H|

2
Q̄L,iuR,jH̃

<latexit sha1_base64="RttQPeJESNWkRElSNYTisBJsZXw=">AAACE3icbVDLTsJAFJ3iC+sLdemmkZi4IKRFIiwJLGSJRh4JEDKd3sLI9JGZqQlp+g9uXOivuDNu/QD/xKVDYaHgSSY5Oefe3DPHDhkV0jS/tMzG5tb2TnZX39s/ODzKHZ90RBBxAm0SsID3bCyAUR/akkoGvZAD9mwGXXvamPvdR+CCBv69nIUw9PDYpy4lWCqp0xjFUTMZ5fJm0UxhrBNrSfJoidYo9z1wAhJ54EvCsBB9ywzlMMZcUsIg0QeRgBCTKR5DX1EfeyCGcZo2MS6U4hhuwNXzpZGqvzdi7Akx82w16WE5EaveXPzP60fSrQ5j6oeRBJ8sDrkRM2RgzL9uOJQDkWymCCacqqwGmWCOiVQF6QMHXFViGif2ZhycJL67qSdx6apSsCyzUK0kuq6qslaLWSedUtG6LpZvy/lafVlaFp2hc3SJLFRBNdRELdRGBD2gJ/SCXrVn7U171z4WoxltuXOK/kD7/AHqx5zN</latexit>

CuH

all suppressed by v2/(New Physics scale)2 but no big collective suppression 

| Emanuele Gendy Abd El Sayed25 January 2022 9

CPV in the SMEFT
The number of independent CP-violating parameters in  at fixed order in the  
expansion changes depending on the flavor assumption

CuH λ

8

O(�12)

sizes of CPV sources depend on flavour symmetry of BSM interactions
Bonnefoy et al: arXiv:2112.03889

https://arxiv.org/abs/2112.03889
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The number of independent CP-violating parameters in  at fixed order in the  
expansion changes depending on the flavor assumption

CuH λ

8

O(�12)

sizes of CPV sources depend on flavour symmetry of BSM interactions
Bonnefoy et al: arXiv:2112.03889

CPV Yukawa could still be the source of EW baryogenesis 

LHCP, 05/28/2020 Elina Fuchs (Fermilab&UChicago) – TeV-scale BSM models 31

SMEFT: dim-6 complex Yukawas
 Consider dim-6 Yukawa with real and imaginary part (only 1 EFT term)

 Ratio of dim-6/dim-4: 

cf de Vries, Postma, van de Vies ‘18 where             ,  EF, Losada, Nir, Viernik ‘19 ‘20

G for more general 
EFT see next talk by 
K. Mimasu

suYcient baryon 
asymmetry within 
LHC & EDM limits?
τ: yes
t, b, μ: no

EDM        μ( hG μμ)<1.7

EFT Cut-oB scales
Minimal scales   maximally allowed T (collider, EDM)↔
   , b: 1 - 3 TeV; t: 1 TeV (LHC), 9 TeV (EDM)τ
   : 10 – 12 TeVμ

Maximal scales  minimally required T↔ I (EWBG) 
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 Ratio of dim-6/dim-4: 

cf de Vries, Postma, van de Vies ‘18 where             ,  EF, Losada, Nir, Viernik ‘19 ‘20

G for more general 
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τ: yes
t, b, μ: no
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Minimal scales   maximally allowed T (collider, EDM)↔
   , b: 1 - 3 TeV; t: 1 TeV (LHC), 9 TeV (EDM)τ
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— continue the exploration, especially in the tau sector — 

Fuchs et al. ’20

see also 
de Vries et al. ’17

https://arxiv.org/abs/2112.03889
https://arxiv.org/abs/2003.00099
https://arxiv.org/abs/1710.04061
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Physics Performance On-Going Works

• Common software framework is becoming the "standard" for analyses 
• First usage of Full Simulation in analyses will be presented this week 
• Several efforts that have started recently will presented for the first time; status 
reports on other analyses will be given as well.

Join the efforts! Volunteers welcome!
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Physics Performance On-Going Works

FCC Week  - 28/06/2021

Flavour physics

15

Measurement Constraining Person-power

Bs to Ds K Many things.. Vertexing, 
PID, EM resolution

Saclay / Ferrara 
(CERN)

Bc -> tau nu Flight distance resolution 
(vertexing)

EPFL / CERN / Orsay

B -> K* tau tau Flight distance resolution 
(vertexing)

Former work at Clermont

Modes with pi0’s EM resolution

Flavour

FCC Week  - 28/06/2021

Tau physics

17

Measurement Constraining Person-power

Tau Lifetime Construction and alignement of vertex detector

Tau mass Track momentum scale (in multi-track collimated 
environment) 

Tau leptonic BR Electron and muon ID 

Tau polarisation and 
exclusive BR

Photon, Pi0, neutrals, K/pi separation Milano/Rome

Lepton Flavor Violation 
in Z and tau decays 

Lepton momentum scale 

✤ Delphes samples of limited use for (several of) these studies. 

✤ Goal of separation of tau decay modes has triggered FullSim studies:


✤ Clustering developments in FCCSW with the LAr	 [ NBI ]

✤ NN-based tau-ID in the IDEA calo [ Roma ]

Tau

FCC Week  - 28/06/2021

BSM Direct searches 

21

HNL - displaced vertices  
- specific tracking 

Uppsala/Graz/Geneva

ALPS: ee → a! → 3! - Photon resolution 
- separation of close-by photons 
- displaced ! vertices

Pavia 
FullSim needed…

ALPS: !! → ! → !! Photon resolution CERN / Rio

Dark Photons Photon resolution Udine [2020] https://arxiv.org/abs/
2006.15945

ee → γγ̄

BSM
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Physics Performance On-Going Works

FCC Week  - 28/06/2021
P. Azzi, E.Perez

EW measurements at the Z peak

6/23/21
11

Measurement Constraining Person-power

Total width of the Z (see next slide) Track momentum (and angular) 
resolution, scale (magnetic field) 
stability

CERN [ but fellow left ] 
Good candidate to move to 
FullSim “soon”.

Rb, Rc, AFB of heavy quarks Flavour tagging, acceptance, 
QCD corrections

QCD corr. studied at CIEMAT ;  
Univ. of Udine

alphaS measurement Z -> jets LPNHE [ report soon ]

Ratio Rl Geometrical acceptance for 
lepton pairs

AFB (muons) and EW corrections and  control of 
IFI (initial-final state radiation 
interference)

Luminosity from diphoton events ; 
NP in diphotons

e/gamma separation, gamma 
acceptance CIEMAT (NP, pheno)

α(QED)

FCC Week  - 28/06/2021

EW measurements at WW

13

Measurement Constraining Person-power

Coupling of Z to nu_e  
( also, at the Z peak: invisible ALP, dark !)

Photon energy resolution, 
acceptance, track efficiency

Saclay 
Udine [2020]

MW from WW -> had, semi-lep Lepton and jet angles, Kinem fits Saclay [ 2019 ]

(d)σ(WW) for MW, TGCs Lepton ID, angular resolutions LAPP, Pisa

Vcb via W -> cb Flavour tagging Pisa + interest from 
postdoc?

W leptonic BRs Lepton ID, acceptance

Meas of √s via radiative return lepton and jet angular resolutions, 
acceptance

Z pole WW
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Physics Performance On-Going Works

FCC Week  - 28/06/2021

Higgs measurements

8

Measurement Constraining Person-power

Higgs boson coupling to c quark  Flavour tagging, vertexing CERN  
Also interest from APC

σ(ZH) and mH, Z →leptons (Mrecoil);
New scalars in Z + S

Lepton momentum & energy 
resolution

APC / Bologna / MIT (CERN) 
Good candidate to move to 
FullSim “soon”.

σ(ZH) and mH, Z → hadrons ; 
BR( Higgs invisible)

hadronic mass and hadronic 
recoil-mass resolution ; 
Maybe b-tagging

MPI Munich

Γ(H) in ZH, H →   ZZ* Lepton ID efficiencies; jet 
clustering algorithms, jet 
directions, kinematic fits

CERN fellow expressed 
interest 

Higgs boson mass in all exclusive final 
states (hadronic, taus, etc) 

b-tagging eff and purity, jet 
angular resolution, jet reco,  
kin fits 

FCC Week  - 28/06/2021

Higgs measurements (2)

9

Measurement Constraining Person-power

Γ(H) with bbnunu events Visible and missing mass 
resolutions

HZ! coupling photon identification, energy 
and angular scale

ee->H production in s-channel at Higgs 
pole

- q / g tagging CERN (former analysis exists & 
being revamped) 

Higgs Physics Higgs Physics

FCC Week  - 28/06/2021

Top physics

19

Measurement Needs good: Person-power

EW couplings of the top Jet reco, b-tagging,  kine fits NBI

Top properties from threshold scan Jet reco, b-tagging,  kine fits Strasbourg/Padova

FCNC couplings Idem + photon reco Tehran/Behshahr

top
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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 
* Refinements in our understanding of Nature (EW phase transition, naturalness…) 

And it is an essential part of an integrated programme to probe the energy frontier

Let’s produce our boozons (and fermions) and have a party (afterwards)

Data always brings new understanding. 
We need facts and data: Physics is a natural science! 

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

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

It remains a good investment for the future of mankind 
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