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                                                                                          Two main goals

Test the Standard Model
Find answers to the open questions 

of the Standard Model 
such as neutrino masses,  

matter-antimatter asymmetry of the universe, 
dark matter

Search for new physics

we have measured only a small part of the 
Higgs boson couplings
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3rd generation fermion and 
gauge boson couplings to Higgs 

boson fairly good measured

2nd generation fermion 
couplings first results available

Higgs self-couplings?
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cross-sections, are: production in association with a vector boson or 
‘Higgsstrahlung’ (VH) depicted in Fig. 1c, and production in association 
with top (tH and ttH) or bottom (bbH) quarks, depicted in Fig. 1d–f. 
The bbH mode has not been studied in the context of the SM Higgs 
boson because of limited sensitivity.

Events are categorized according to the signatures particular to each 
production mechanism. For example, they are categorized as 
VBF-produced if there are two high transverse momentum (pT) jets, or 
as VH-produced if there are additional charged leptons (ℓ) and/or pT

miss, 
or ttH- and tH-produced if there are jets identified as coming from b 
quarks, or otherwise ggH-produced. (The top quark predominantly 
decays into a W boson and a b-quark jet).

Decays
In the SM, particle masses arise from spontaneous breaking of the gauge 
symmetry, through gauge couplings to the Higgs field in the case of 
vector bosons, and Yukawa couplings in the case of fermions. The SM 
Higgs boson couples to vector bosons, with an amplitude proportional 
to the gauge boson mass squared mV

2, and to fermions with an amplitude 
proportional to the fermion mass mf. Hence, for example, the coupling 
is stronger for the third generation of quarks and leptons than for those 
in the second generation. The observation of many Higgs boson decays 
to SM particles and the measurement of their branching fractions are 
a crucial test of the validity of the theory. Any sizeable deviation from 
the predictions could indicate the presence of BSM physics.

The Higgs boson, once produced, rapidly decays into a pair of  
fermions or a pair of bosons. In the SM, its lifetime is τ ≈ 1.6 × 10 sH

−22 , 
and its inverse, the natural width, is Γ ħ τ= / = 4.14 ± 0.02 MeVH  (ref. 39), 
where ħ is the reduced Planck's constant. The natural width is the sum 
of all the partial widths, and the ratios of the partial widths to the total 
width are called branching fractions and represent the probabilities 
for that decay channel to occur. The Higgs boson does not couple 
directly to massless particles (for example, the gluon or the photon), 
but can do so through quantum loops (for example, Fig. 1a,i,j).

By design, the event selections do not overlap among analyses target-
ing different final states. Where the final states are similar, the overlap 
has been checked and found to be negligible.

Detailed information on the analyses included in the new combina-
tion along with improvements, and the online and offline criteria used to 
select events for the analyses can be found in Methods, Extended Data 
Tables 2 and 3, and the associated references. Online reconstruction is 
performed in real time as the data are being collected. Offline recon-
struction is performed later on stored data. The background-subtracted 
distributions of the invariant mass of final-state particles in the indi-
vidual decay channels are shown in Extended Data Figs. 3 and 4. The 
channels that are used in this combination are as follows.

Bosonic decay channels: H → γγ (Fig. 1i, j)42; H → ZZ → 4ℓ (Fig. 1g)43; 
H → WW → ℓνℓv (Fig. 1g)44, H → Zγ (Fig. 1i, j)45; fermionic decay channels: 
H → ττ, third-generation fermion (Fig. 1h)46, H → bb, third-generation 
fermion (Fig. 1h)47–51, H → µµ, second-generation fermion (Fig. 1h)52;  
ttH and tH with multileptons (Fig. 1d–f)53; Higgs boson decays beyond 
the SM35.

Higgs boson pair production
The measurement of the pair production of Higgs bosons can probe its 
self-interaction λ. The pair production modes are shown in Fig. 1k–o.

In the ggH mode, there are two leading contributions: in the first 
(Fig. 1l), two Higgs bosons emerge from a top or bottom quark loop; 
in the second (Fig. 1k), a single virtual Higgs boson, H*, emerges from 
the top or bottom quark loop and then decays to two Higgs bosons 
(gg → H* → HH).  Explicit establishment of the latter contribution, a 
direct manifestation of the Higgs boson’s self-interaction, would elu-
cidate the strikingly unusual potential of the BEH field.

In the VBF mode, there are three subprocesses that can lead to pro-
duction of a pair of Higgs bosons: (1) through a virtual Higgs boson 
(Fig. 1m); (2) through a four-point interaction: VV → HH (Fig. 1n); and 
(3) through the exchange of a vector boson (Fig. 1o).
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Fig. 3 | A portrait of the Higgs boson couplings to fermions and vector 
bosons. Left: constraints on the Higgs boson coupling modifiers to fermions 
(κf) and heavy gauge bosons (κV), in different datasets: discovery (red), the full 
LHC Run 1 (blue) and the data presented here (black). The SM prediction 
corresponds to κV = κf = 1 (diamond marker). Right: the measured coupling 
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the BEH field (‘Notes on self-interaction strength’ in Methods). For gauge 
bosons, the square root of the coupling modifier is plotted, to keep a linear 
proportionality to the mass, as predicted in the SM. The P value with respect to 
the SM prediction for the right plot is 37.5%.
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Electroweak precision 

The Standard Model is so far extremely successful! Thanks also to precise electroweak 
input.

Electroweak precision observables probe quantum structure of Standard Model.

• The Standard Model is the most successful theory we have in particle physics: 

To a large extent this is known thanks to the Electroweak Precision Tests 
(Comparison of SM with the so-called Electroweak Precision Observables)

• Electroweak Precision Observables (EWPO)

• Traditionally EWPO refers to a set of observables that, interpreted 
within the SM, allows the determination of the Z & W properties

• Their measurements, mostly from LEP/SLD but also Tevatron/LHC, are 
some of the most precise we have, in many cases at per mile level 

• Enough to test the quantum structure of the SM to the 2-loop level!

• The importance of precision:  The more we have, the farther we can go in 
testing the limits of the Standard Model ⟹ Indirect search of New Physics

Separate SM vs NP: Precision means both experimental and theoretical!

Introduction

Jorge de Blas - U. of Granada Present and Future of Electroweak Precision Tests 
September 17, 2024 2
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Figure 1.9: Higher-order corrections to the gauge boson propagators due to boson and fermion
loops.

These tree-level quantities are modified by radiative corrections to the propagators and vertices
such as those shown in Figures 1.9 and 1.10. When these corrections are renormalized in the
“on-shell” scheme [26], which we adopt here, the form of Equation 1.5 is maintained, and taken
to define the on-shell electroweak mixing angle, θW, to all orders, in terms of the vector boson
pole masses:

ρ0 =
m2

W

m2
Z cos2 θW

. (1.10)

In the following, ρ0 = 1 is assumed.
The bulk of the electroweak corrections [25] to the couplings at the Z-pole is absorbed into

complex form factors, Rf for the overall scale and Kf for the on-shell electroweak mixing angle,
resulting in complex effective couplings:

GVf =
√

Rf (T f
3 − 2QfKf sin2 θW) (1.11)

GAf =
√

Rf T f
3 . (1.12)

In terms of the real parts of the complex form factors,

ρf ≡ ℜ(Rf) = 1 + ∆ρse + ∆ρf (1.13)

κf ≡ ℜ(Kf) = 1 + ∆κse + ∆κf , (1.14)

the effective electroweak mixing angle and the real effective couplings are defined as:

sin2 θf
eff ≡ κf sin2 θW (1.15)

gVf ≡ √
ρf (T f

3 − 2Qf sin2 θf
eff) (1.16)

gAf ≡
√
ρf T f

3 , (1.17)
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The higher the precision (experimental and theoretical) the better we can probe the SM and 
new physics!
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                                                                                          Fits in SMEFT
Standard Model Effective Field theory provides a model-independent framework to test new 

physics
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Figure 4.3. Same as Fig. 4.1 in the case of the fits with EFT cross-sections including both the linear, O
�
⇤�2

�
, and

the quadratic, O
�
⇤�4

�
, corrections associated to the dimension-six operators considered in the analysis.

by the improved precision of the FCC-ee measurements: since we assume the SM in the pseudo-data,

the best-fit values of the Wilson coe�cients move closer to zero with smaller uncertainties, and hence

the quadratic terms become less significant. We note however that for a subset of operators, such as the

two-light-two-heavy ones, which are not constrained by the FCC-ee measurements the discrepancy between

linear and quadratic remains large.

Disentangling the impact of datasets with fixed
p

s. As indicated in Table 4.1, the FCC-ee plans

to operate sequentially, collecting data at di↵erent center-of-mass energies,
p

s, starting at the Z-pole and

then increasing the energy up to the tt̄ threshold. Plans to define di↵erent running scenarios are also being

considered, for example directly starting as a Higgs factory with the
p

s = 240 GeV run and only later

running at the Z-pole energy. It is therefore relevant to disentangle, at the level of the global SMEFT fit,

the separate impact of datasets with a given
p

s value to evaluate the advantages and disadvantages of the

– 37 –
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Figure 4.4. Same as Fig. 4.1, now comparing the sequential impact of the separate
p

s runs at the FCC-ee with
respect to the baseline fit. We display the e↵ects of adding the projected FCC-ee dataset at, first,

p
s = 91 GeV

(blue), followed by adding
p

s = 240 GeV (orange) and finally adding both
p

s = 161 and 365 GeV (green), which
completes the FCC-ee dataset listed in Table 4.1.

proposed running scenarios, see also the Fisher information matrix in Fig. 4.2.

Fig. 4.4 illustrates the sequential impact of the datasets collected at di↵erent values of
p

s at the

FCC-ee. First we show the values of the ratio R�ci when only the Z-pole EWPOs at
p

s = 91 GeV are

included in the fit, then when also the Higgs factory dataset from the
p

s = 240 GeV is accounted for,

and finally for the full FCC-ee dataset, which includes also the WW run at 161 GeV and the tt̄ run at

365 GeV. Fig. 4.4 indicates that the largest impact is obtained when the Higgs, diboson, and fermion-pair

– 38 –

contact Alejo Rossia

[Celada et al. 24]
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                                                                                          Fits in simplified models

Fits to simplified models that match to SMEFT at tree-level can probe all models 
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Figure 5.1. The 95% CL lower bounds on the heavy particle mass MUV for the one-particle UV-completions of the
SM considered in this work, matched to the SMEFT using tree-level relations. In all cases we include corrections up to
quadratic order in the EFT expansion. From top to bottom, we display results for models with heavy scalars, heavy
fermions, and heavy vector bosons, see Table 5.1 for the definition of each model. We present results for SMEFT
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see also 

to be updated with Renormalisation group running effects

[Celada et al. 24] contact Alejo Rossia

[Allwicher, McCullough, Renner ’24]
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                                                                                          Light quark Yukawa couplings
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a scalar singlet or triplet S. (c) A pair of VLQs Q1 and U as in Model 1. (d) A scalar S
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The mass matrices are diagonalized by a new set of bi-unitary transformations

mqi =

✓⇣
V u/d
L

⌘†
Mu/d V u/d

R

◆

ii

, (11)

in which the CKM matrix is defined as V = (V u
L )

† V d
L . One can then rewrite (Cq�)ij in terms

of (C̃q�)ij which are now in the mass basis

(C̃q�)ij = (V q
L )

⇤
ni (Cq�)nm (V q

R)mj , with q = u, d . (12)

Finally, for the flavour diagonal case one can write Eq. (8) in the -formalism as

ghqq = q g
SM
hqq . (13)

Since we are considering the light quark Yukawa couplings one needs to pay attention to
what exactly is meant by the SM value of the coupling. We will define it here and in the
following in the limit of ⇤ ! 1 and with respect to the reference mass valuesmu = 2.2 MeV,
md = 4.7 MeV, mc = 1.27 GeV, and ms = 95 MeV considered as constant, i.e. non-running,
values.

As can be seen from Eq. (8), for the new states to influence the e↵ective light fermion-
Higgs couplings, they need to contribute to the operators Ou� and Od� in Eq. (5). Interest-
ingly, there are only a couple of minimal SM extensions with at most two new states that

6

Light quark Yukawa couplings in Standard Model Effective Field Theory modified by 

factored into the Wilson coe�cients C(d)
k , leading to the following expression for the SMEFT

Lagrangian

LSMEFT = LSM +
1X

d=5

C
(d)
k O

(d)
k , where

h
C
(d)
k

i
= 4� d . (2)

To set our notation, we write the SM Lagrangian as
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1
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W I
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Iµ⌫
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1
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GA

µ⌫G
Aµ⌫ +Dµ�

†Dµ�� V (�)

+
X

 

 i /D �

h
yd qL�dR + yu qL�̃uR + ye `L�eR + h.c.

i
, (3)

V (�) = �µ2�†�+ �(�†�)2 , (4)

where Gµ⌫ , Wµ⌫ , and Bµ⌫ are the field strength tensors reflecting the gauge structure of the
SM gauge group GSM = SU(3)⇥SU(2)⇥U(1), respectively. The SM field content is denoted
by qL for the left-handed quark fields, `L for the left-handed lepton fields, with uR, dR, and
eR being the right-handed up-type, down-type, and lepton fields. The sum in  runs over
all these fermion fields. The Yukawa couplings yi with i = u, d, e are complex 3⇥ 3 matrices
in flavour space encoding the interactions between fermions and the SU(2) Higgs doublet �
(�̃ = i�2�⇤) which develops a vacuum expectation value (vev), v = |µ|/

p
� = 0.246 TeV.

The part of LSMEFT which describes the leading contribution to the e↵ective Higgs-
fermion interactions after the electroweak symmetry-breaking is encoded in d = 6 terms. In
the Warsaw basis [56], the modification to the e↵ective quark Yukawa couplings is due to
the following operators

Ou� = qL�̃uR�
† � and Od� = qL�dR �

†� . (5)

Together with the operators

O�⇤ = (�†�)⇤(�†�) and O�D = (�†Dµ�)
⇤(�†Dµ�) , (6)

which modify the kinetic term of the Higgs field requiring a field redefinition for a canonical
normalisation

� =
1
p
2

✓
0

v + h(1 + v2C�,kin)

◆
with C�,kin =

✓
C�⇤ �

1

4
C�D

◆
, (7)

they modify the Higgs boson couplings to quarks as follows

�L � ghqiqjqjqih with ghqiqj =
mq

v
�ij

⇥
1 + v2C�,kin

⇤
�

v2
p
2
(C̃q�)ij . (8)

We have introduced here the Wilson coe�cients with tilde which are understood to be in
the mass basis, noting that the definition of the up- and down-type masses in terms of the
renormalisable SM Yukawa terms gets modified as

Mu
ij =

v
p
2

✓
(yu)ij �

v2

2
(Cu�)ij

◆
, (9)

Md
ij =

v
p
2

✓
(yd)ij �

v2

2
(Cd�)ij

◆
. (10)
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rescales all Higgs couplings 
(hence constrained by Higgs couplings to vector bosons)

dominant modification 
(mass eigenbasis)

two VLQ representations 
no s channel resonance 

decaying to dijets
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                                                                                          Vector-like quark Models 2 UV models

Model VLQs Model VLQs Model VLQs

1 (3,1)2/3 +(3,2)1/6 4 (3,1)�1/3 +(3,2)�5/6 7 (3,2)1/6 +(3,3)2/3

2 (3,1)�1/3 +(3,2)1/6 5 (3,2)1/6 +(3,3)�1/3 8 (3,2)7/6 +(3,3)2/3

3 (3,1)2/3 +(3,2)7/6 6 (3,2)�5/6 +(3,3)�1/3

Table 1: UV models containing VLQs, with charges under the SM gauge group (SU(3)c, SU(2)L)U(1)Y .

1 Introduction

The Yukawa couplings of the first and second-generation quarks are notoriously difficult to measure due to
their smallness and the difficulty to tag the light quarks. Nevertheless, various proposals have shown that the
first generation quark Yukawa couplings can be constrained to O(few 100) times their SM value, the strange
Yukawa coupling to O(few 10) times the SM value and to O(1) for the charm Yukawa coupling at the HL-LHC
[1–20]. Instead, at e+e� colliders tagging of the light quark flavours might be possible [21–23], improving the
bounds that can be set on the light Yukawa couplings.

Here, we will discuss all the simplified models that lead to modifications of the light quark Yukawa couplings
when matched at tree-level to Standard Model effective field theory (SMEFT) without involving any s-channel
resonances decaying into di-jets.1 The models we consider include two states of vector-like quarks (VLQs)
that couple to the quarks of the light generations. In addition to causing deviations in the light quark Yukawa
couplings, the models also generate tree-level modifications to the fermion couplings with the Z and W bosons.
This implies that they can be constrained by electroweak precision tests and hence potentially discovered at
the FCC-ee. In this note, we discuss the implications of the FCC measurements on the question of how large
the light quark Yukawa couplings can become within the context of these models. This extends the discussion
of Ref. [26].

2 UV models

The leading contribution to the deviations of the up (down) quark Yukawa couplings with respect to their SM
value is provided by the OuH (OdH) dimension-six operators in the Warsaw basis [27]. Such operators can
be generated at tree-level by integrating out vector-like quarks (VLQs). Starting from the VLQ interaction
Lagrangian reported in Ref. [28], we construct eight models containing two representations of VLQs with the
requirement that there exists a VLQ-VLQ-Higgs interaction term. To this end, the dimension-6 contribution to
OuH or respectively OdH does not get suppressed by the small SM quark Yukawa couplings. Table 1 details
the particle content of each of the UV models considered.
In order to study these models they were matched at the one-loop level to the Warsaw basis using SOLD [29]
and Matchete [30]. At tree-level, apart from OuH and OdH, they match to operators of the class y2H2

D that
lead to modifications in the fermion couplings to the massive gauge bosons. Furthermore, we get one-loop
contributions to operators of type H4

D
2 and X

2H2, which can be constrained by electroweak precision probes
and Higgs physics. Including the full one-loop matching allows us in particular not only to bound the coupling
of the VLQ with the Higgs doublet and a light quark but also the VLQ-VLQ-Higgs coupling. In this way, we
become sensitive to all new physics couplings that enter the Yukawa modifications.
Apart from Higgs physics and electroweak precision tests, the models receive constraints from direct searches
currently excluding masses up to 1.6TeV [26, 31]. At the HL-LHC one can expect probing mass scales up
to 2.4TeV with direct searches for VLQs decaying to W bosons and a jet [32]. Furthermore, the models
can be constrained by flavour physics. Assuming that the VLQs couple only to one generation, bounds on
SU(2)L singlets and triplets stem from unitarity constraints on the CKM matrix, while the case of the triplets is
in addition constrained by DF = 2 transitions [33, 34]. Currently, those bounds range from 1.6TeV–3.2TeV
times the coupling of the singlet/triplet to the light SM quark and the Higgs field [26].

1The latter is for instance the case in the two-Higgs doublet model discussed in the context of enhanced light quark Yukawa couplings
in Ref. [24, 25] and models with an extra scalar and a vector-like quark representation.

2

• Eight models 
• they generate further operators for instance operators that modify the Z couplings to 

the light quarks 
• are constrained by Higgs physics, flavour physics, direct searches and electroweak 

observables  

Figure 11: Allowed parameter range from a fit to electroweak data only in Model 1. The
lighter (darker) color shows the 95% CL interval considering the LEP/SLD measurements
(FCC-ee projections). The dashed lines show fixed values of q in the parameter plane.
Left: Vector-like quarks coupled to the first-generation quarks. Right: Vector-like quarks
coupled to the second-generation quarks.

(q = u, d, c, s) found in Sec. 4 to those obtained by performing an electroweak fit accounting
for the FCC-ee projections. For the models containing the Q1 doublet (namely Models 1,
2, 5 and 7), one of the couplings, �dQ1

or �uQ1
, is set to the best-fit value, which can be

approximated to be zero in all cases. In particular, for Model 1 the best-fit value is �dQ1
= 0,

while for Model 2 it is �uQ1
= 0. Models 5 and 7 can enhance both the up- and the down-type

couplings, and therefore when reporting the value for u,c (d,s) we assume that �dQ1
(�uQ1

)
has been set to its best-fit value.

6 Conclusion

In this work, we have addressed the question of how large light quark Yukawa couplings

can be. In order to do so, we systematically identify simplified models that incorporate a
pair of vector-like quark representations, which contribute to the e↵ective Yukawa couplings
without relying on the insertion of the renormalisable Yukawa coupling, yq. Within the
framework of e↵ective field theory, these models generate a dimension-6 Yukawa-like opera-
tor, �†�(qL�qR)/⇤2, which leads to a significant enhancement compared to the renormalisable
term, yq(qL�qR), as yq ⌧ v2/⇤2. Moreover, our analysis is rather comprehensive, as these
are all possible simplified models that produce such an enhancement without involving any
s-channel resonances decaying into di-jets.

In addition to modifying the Yukawa interactions, the considered models generate ef-
fective operators that a↵ect electroweak precision tests, flavour physics, and Higgs physics.
This includes, for instance, tree-level contributions to operators of the class  2�2D which

33

[Erdelyi, RG, Selimović, ’24]
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                                                                                          Light quark Yukawa couplings3 Results
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Figure 1: Maximum allowed coupling enhancements at a 95% CL for the considered models
.

3 Results

To find the largest allowed values for the coupling enhancements kq = gHqq/g
SM
Hqq (q = u, d, c and s), four

different fits were performed and are summarised in Figure 1. From Figure 1 one can observe that not all
models generate both up- and down-type coupling enhancements: Models 1, 3, and 8 can only enhance the
up-type couplings, Models 2, 4, and 6 affect the down-type couplings and, finally, Models 5 and 7 can modify
both.
Going from left to right, the values labeled as "current" were obtained in Ref. [26], considering the current
Higgs, electroweak, and flavour physics data. To pass direct detection constraints, the mass scale of the
VLQs was set to 1.6TeV. The remaining three sets of kq-values were constructed considering projections for
future colliders. To this end, the mass of the VLQs was taken to be 2.4TeV [32]. The next set of kq-values,
"HL-LHC", is again the result of a combined fit, however, the current Higgs data was replaced by the HL-LHC
CMS projections of Ref. [35], using only total signal strengths. Differential measurements might improve on
this [9, 10, 19].
The "FCC-ee" set of coupling enhancements arises from the electroweak fit based on Refs. [36, 37] taking
into account the Z-pole run. We also investigated a combined electroweak and Higgs fit using additional
projections for the 240 GeV and 365 GeV runs, "FCC+240+365", using the precision on the Higgs couplings
reported in [38]. The absence of significant changes in the largest allowed values of kq indicates the domin-
ance of the Z-pole run in probing the light quark Yukawas in these scenarios.
Overall, Figure 1 summarises the exceptional potential of the FCC-ee to uniquely probe models featuring pairs
of vector-like quarks and giving rise to light quark Yukawa enhancement.

3

contact Barbara Erdelyi, RG, Nudžeim Selimović 
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Flavor & CP violation are and will remain a central issue for Physics 
Beyond the SM 

In 2402.09503, Glioti, Rattazzi, Ricci and Vecchi explored a few 
representative flavor scenarios for the Strongly-Interacting Light Higgs. 
In all of them, modified couplings of fermions to Z and W (flavour-
violating as well as flavor-conserving) play a crucial role. 

In the next 10-20 years, if no discovery is made, HL-LHC and Belle II 
will set significant constraints in many of those scenarios, leaving only 
a special subclass to the next generation of detectors 

Questions for the future: 

What is the constraining power of FCC-ee on modified vector couplings 
to fermions? 

What scenarios will be left for “direct exploration” at FCC-hh?

Flavour and CP-violation
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After HL-LHC 
and Belle II…

Models with Minimal Flavour Violation

contact Luca Vecchi

[Glioti, Rattazzi, Ricci and Vecchi ’24]

11



   Ramona Gröber — Università di Padova and INFN, Sezione di Padova                                              / 14

                                                                                          Models without MFV

contact Luca Vecchi

[Glioti, Rattazzi, Ricci and Vecchi ’24]
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                                                                                          Conclusion

• Various activities ongoing in Gr4 in what regards future colliders

• FCC -ee whilst being a precision machine can constrain new physics by 
indirect effects

examples discussed: Standard Model Effective Field 
Theory, light quark Yukawa couplings, flavour scenarios 

in Strongly-Interacting Light Higgs scenarios

• precision computations to reduce the theory uncertainty will be absolutely 
essential
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                                                                                          Interest of the theory group

Luca Vecchi: Flavour scenarios/CP-violation at FCC

Stefano Rigolin: ALPs at future experiments (Belle 2 / FCC)

Paride Paradisi: interplay low energy/high energy,  muon colliders

Pierpaolo Mastrolia : high -performance computing and precision computations

Ramona Gröber: Higgs physics at future colliders
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