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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 
modifiers of the Higgs boson to fermions and heavy gauge bosons, as functions 

of fermion or gauge boson mass, where υ is the vacuum expectation value of 
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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                                                                                          LHC and HL-LHC projections

Charm quark: 
can be tagged

:pp → V(h → cc̄) ATLAS:

CMS:

[arXiv: 2410.19611]

[arXiv: 2205.05550]

|κc | < 4.2@95 % CL

|κc | < 5.5@95 % CL

Further proposals for light quark Yukawa couplings: 

• Higgs pT  spectrum
[Bishara, Haisch, Monni, Re ’16, 
Soreq, Zhu, Zupan ’16]

•  charge asymmetryW±h [Yu ’16]

• Global fits to Higgs data [De Blas et al ’19]

• Higgs pair production [Alasfar, Corral Lopez, RG ’19, Alasfar, 
RG, Grojean,  Paul, Qian ’22]

• Higgs + photon 

• Tri-boson production

• Higgs off-shell production

[Aquilar-Saavedra, Cano, No ’20]

[Falkowski et al ’20]

[Balzani, RG, Vitti ’23]

|κc | < 1.2

|κs | < 13
|κd | < 156
|κu | < 260

Electron Yukawa coupling: 

@ HL-LHC

• Higgs decays to electrons |κe | < 260ATLAS:

[PLB 801 (2020) 135148]

|κe | < 120

@ HL-LHC

[Cepeda et al. ’19]

03

κf = ghff /gSM
hff
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                                                                                          Light quark Yukawa couplings

Light fermion Yukawa couplings in Standard Model Effective Field Theory modified by 
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rescales all Higgs couplings 
(hence constrained by Higgs couplings to vector bosons)

dominant modification 
(mass eigenbasis)
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𝒪eϕ = ℓ̄LϕeRϕ†ϕ
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                                                                                          Single mediator

q q̄

ϕ ϕ† ϕ

φ

q

q̄
ϕ

ϕ

ϕ†

Single mediator - extra scalar

Cqϕ ∝
yφ

q λφ

M2
φ yφ

q λφ

 probed also in direct production of  yφ
q φ

Single mediator - extra vector-like quark

Cqϕ ∝
yq |λQq |2

M2
Q

κq =
ghqq

gSM
hqq

= 1 +
v2 |λQq |2

M2
Q

= 1 − 2δgZq

very constrained by electroweak precision 
measurements

λQq λQq
generates also Cϕq

05

[studied in Egana-Ugrinovic, Homiller, Meade ’19, 
Giannakopoulou, Meade, Valli ’24]

suppressed by small SM Yukawa
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                                                                                          Two mediators

two VLQ representations 
no s channel resonance 

decaying to dijets
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Figure 1: Feynman diagrams showing how new states can generate an operator of type
qL�̃uR �†� at tree level. (a) A second Higgs doublet �. (b) A second Higgs doublet � and
a scalar singlet or triplet S. (c) A pair of VLQs Q1 and U as in Model 1. (d) A scalar S
and a VLQ U .
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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-
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• Model 7 (adding T2 +Q1):

�L
int
7 = �u

Q1
Q1L�̃uR + �d

Q1
Q1L�dR +

�T2

2
T

I
2R�̃

†�IqL +
�T2Q1

2
T

I
2�̃

†�IQ1 + h.c. , (22)

• Model 8 (adding T2 +Q7):

�L
int
8 = �Q7Q7L� uR +

�T2

2
T

I
2R�̃

†�IqL +
�T2Q7

2
T

I
2�

†�IQ7 + h.c. . (23)

In each model, two types of Yukawa-like interactions appear: either two VLQs interact
with the Higgs boson or one VLQ interacts with the Higgs and a SM quark. In the latter
case, the couplings (for example �U , �u

Q1
, and �d

Q1
in Model I) are three-vectors in flavour

space, and carry a flavour index of the SM quark field. Taking M � v, the VLQs can be
integrated out from the low-energy dynamics resulting in the tree-level contribution to the
operators shown in Tab. 2. We collect the matching to the corresponding Wilson coe�cients
for all models in Tab. 3. Note that we have neglected the contributions proportional to the
marginal Yukawa couplings of LSM. To explain why such contributions are expected to be

8

where  stands for the vector-like quark fields Q1, Q5, Q7, T1, T2, U , and D. The interaction
parts of the simplified models are described by the following Lagrangian densities:

• Model 1 (adding U +Q1):

�L
int
1 = �UUR�̃

†qL + �u
Q1
Q1L�̃ uR + �d

Q1
Q1L� dR + �UQ1U �̃† Q1 + h.c. , (16)

• Model 2 (adding D +Q1):

�L
int
2 = �DDR�

†qL + �u
Q1
Q1L�̃ uR + �d

Q1
Q1L� dR + �DQ1D�†Q1 + h.c. , (17)

• Model 3 (adding U +Q7):

�L
int
3 = �UUR�̃

† qL + �Q7Q7L� uR + �UQ7U�† Q7 + h.c. , (18)

• Model 4 (adding D +Q5):

�L
int
4 = �DDR�

†qL + �Q5Q5L�̃ dR + �DQ5D�̃† Q5 + h.c. , (19)

• Model 5 (adding T1 +Q1):

�L
int
5 =�u

Q1
Q1L�̃ uR + �d

Q1
Q1L� dR +

�T1

2
T

I
1R�

†�I qL +
�T1Q1

2
T

I
1�

†�I Q1 + h.c. , (20)

• Model 6 (adding T1 +Q5):

�L
int
6 = �Q5Q5L�̃ dR +

�T1

2
T

I
1R�

†�I qL +
�T1Q5

2
T

I
1�̃

†�I Q5 + h.c. , (21)

• Model 7 (adding T2 +Q1):
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int
7 = �u

Q1
Q1L�̃uR + �d

Q1
Q1L�dR +

�T2
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T

I
2R�̃

†�IqL +
�T2Q1

2
T

I
2�̃

†�IQ1 + h.c. , (22)

• Model 8 (adding T2 +Q7):
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int
8 = �Q7Q7L� uR +

�T2

2
T

I
2R�̃

†�IqL +
�T2Q7

2
T

I
2�

†�IQ7 + h.c. . (23)

In each model, two types of Yukawa-like interactions appear: either two VLQs interact
with the Higgs boson or one VLQ interacts with the Higgs and a SM quark. In the latter
case, the couplings (for example �U , �u

Q1
, and �d

Q1
in Model I) are three-vectors in flavour

space, and carry a flavour index of the SM quark field. Taking M � v, the VLQs can be
integrated out from the low-energy dynamics resulting in the tree-level contribution to the
operators shown in Tab. 2. We collect the matching to the corresponding Wilson coe�cients
for all models in Tab. 3. Note that we have neglected the contributions proportional to the
marginal Yukawa couplings of LSM. To explain why such contributions are expected to be
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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  
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The models generate at tree-level

[Ou�]rp qrL�̃u
p
R �†� [Od�]rp qrL�d

p
R �†�

[O�u]rp (i�† !D µ�)(ur
R�

µup
R) [O�d]rp (i�† !D µ�)(d

r
R�

µdpR)

[O(1)
�q ]

rp (i�† !D µ�)(qrL�
µqpL) [O(3)

�q ]
rp (i�† !D I

µ�)(q
r
L�

µ�IqpL)

[O�ud]rp (i�̃†Dµ�)(ur
L�

µdpL)

Table 2: Dimension-6 SMEFT operators generated by Models 1 – 8 at tree-level.

subleading, let us consider the result of the full tree-level matching to Ou� in Model 1 with
the new states coupled to the first-generation quarks only. We obtain

[Cu�]11 =
[y⇤u]11|[�U ]1|2

2M2
U

+
[y⇤u]11|[�

u
Q1
]1|2

2M2
Q1

�
�UQ1 [�

⇤
U ]1[�

u
Q1
]1

MU MQ1

, (24)

such that the up-quark mass reads

mu =
v
p
2

✓
[yu]11 �

v2

2
[Cu�]11

◆
. (25)

In order to reproduce the physical up-quark mass, there needs to exist some amount of
tuning between the marginal Yukawa coupling in LSM and the NP contribution encoded in
Cu�. For that reason, we expect [yu]11 ' v2[Cu�]11/2, such that the first two terms in Eq. (24)
e↵ectively act as v4/⇤4, where ⇤ is the placeholder for vector-like quark massesMU andMQ1 .
Therefore, in Tab. 3, we report the contributions proportional to the new physics couplings
only and write / yu,d when the leading contribution is achieved through the insertion of the
pure SM coupling.

The amount of tuning necessary to reproduce the correct quark masses depends on the
total enhancement we want to achieve in the e↵ective Higgs-quark Yukawa couplings. As
we will see later after studying all applicable constraints, the largest enhancement can be
achieved for up-quark Yukawa couplings with u ⇡ 1000, translating to the largest tuning
in this setup to be 1 per mille between [yu]11 and v2[Cu�]11/2. This tuning is stable under
radiative corrections and is not larger than the one in the SM CKM sector which has no a
priori reason to be close to the identity [63].

For natural values of the new physics couplings in Eqs. (16)-(23), i.e. � ⇠ O(1), the
enhancement in the first-generation quark Yukawa coupling of the order u,d ⇠ O(103) (or
c,s ⇠ O(10) for the second-generation) can be obtained with TeV-scale vector-like quarks.
However, as can be seen from Tab. 3, the vector-like quarks with generic couplings in all
models lead to flavour-changing Z-couplings at tree-level

L
Z
NP � �

q
g22 + g21 Z

µ
⇣
�gZf

L ij f
i
L�µf

j
L + �gZf

R ij f
i
R�µf

j
R

⌘
, (26)

where i, j are the flavour indices of the corresponding quark fields f = {u, d}, g2 and g1 are
the SU(2) and U(1)Y gauge couplings, respectively, and

9

Higgs physics: additional production channels, enhanced BR(h → qq̄)

electroweak precision: modifies couplings of Z and W bosons to quarks

and at one-loop level

O�⇤ (�†�)⇤(�†�) O�G �†�GA
µ⌫G

µ⌫A
O�B �†�Bµ⌫Bµ⌫

O�D |�†Dµ�|2 O�W �†�W I
µ⌫W

µ⌫I
O�WB �†�I�W I

µ⌫B
µ⌫

Table 4: Relevant dimension-6 SMEFT operators generated by Models 1 – 8 at loop-level.

�gZu
L ij = �

v2

2
Vik

⇣
[C(1)

�q ]kl � [C(3)
�q ]kl

⌘
V †
lj , (27)

�gZu
R ij = �

v2

2
[C�u]ij , (28)

�gZd
L ij =�

v2

2

⇣
[C(1)

�q ]ij + [C(3)
�q ]ij

⌘
, (29)

�gZd
R ij = �

v2

2
[C�d]ij , (30)

with V being the CKM matrix, and we assumed alignment to the down-quark mass basis,
qiL = (Vikuk

L, d
i
L)

T .
Therefore, coupling vector-like quarks to more than one light generation leads to flavour-

changing neutral currents at tree level suppressed by v2/⇤2 only, pushing the scale of new
particles ⇤ to a multi-TeV range and diminishing the contributions to the e↵ective Yukawa
couplings. Hence, in order to have a realistic prospect of observing vector-like quarks which
lead to a dramatic enhancement of light quark Yukawa couplings, these new states must
couple to only one generation at a time. We follow this flavour non-universal assumption in
this work.

Furthermore, it is clear from Eqs. (27)–(30) that some flavour violation is induced by the
presence of the CKM matrix. This is only problematic for models that induce both �gZu

L

and �gZd
L simultaneously, as one can always choose either up- or down-type quarks to be

mass eigenstates. Concretely, in Models 1–4, we find that the contribution to C
(1)
�q and C

(3)
�q

are equal up to a sign, resulting in these models a↵ecting Z-couplings to either up or down
left-handed quarks, but not both. In contrast, for Models 5–8, which involve vector-like
states that are triplets under the SU(2), contributions to C

(1)
�q and C

(3)
�q are also di↵erent in

magnitude, which means that both �gZu
L and �gZd

L are generated. Indeed, in these models,
there is an irreducible flavour violation due to the CKM matrix which results in a higher
new physics scale and less contribution to the e↵ective Yukawa couplings. We will discuss
this in more detail in Sec. 3.1.

Finally, matching the models at the one-loop level generates additional operators that
provide relevant constraints on the parameter space; such operators are listed in Tab. 4. We
discuss the details of our phenomenological study in the following sections but note here
that the matching at one-loop has been performed using both Matchete [64] and SOLD [65].
For the moment, the SOLD package is not able to perform the matching to O�⇤ and O�D,
so we have explicitly cross-checked the Matchete output against our analytical computation
finding agreement. We present our matching computation and the results in the limit of
equal VLQ masses in App. A.

11

gg → h h → γγ

electroweak precision: “S” and “T” parameters
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Flavour: flavour transitions constrain models up to very high scales

solution: couple new physics to one generation at a time

Direct searches: pair production with subsequent decays to W/Z/h and q

ATLAS: [2405.19862] M > 1.6 TeV HL-LHC: M > 2.4 TeV [Freitas et al. ’20]

Electroweak precision observables: ΓZ, Af , σhad, . . .
including one-loop matching, sensitivity to all couplings

Higgs physics: new production channels at the HL-LHC,  
enhanced decays to light quarks, …

nevertheless bounds from CKM unitarity

09
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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

[Erdelyi, RG, Selimović]
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FCC-ee can directly measure the electron Yukawa coupling by dedicated run at 
Higgs pole mass

requires monocromatised  beam,  
precise knowledge of Higgs boson mass,  

extended timeline

e+e−

e−

e+

h

probes κe < 1.6
[d’Enterria, Poldaru, Wojcik ‘21]

And which models are probed?

11
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lL

eR �

�⇤

�

'⇤

(a)

lL

eR �

�

�⇤

'⇤

�

(b)

� �⇤ �

eR lL

 1  2

(c)

eR
�

�⇤

`L �

 

�

(d)

Figure 1: Examples of Feynman diagrams showing how new states can generate an operator
of type lL�eR (�†�) at tree level. (a) A scalar doublet '. (b) A pair of scalars ' and �. (c)
A pair of vector-like leptons  1 and  2. (d) A new scalar � and a vector-like lepton  .

where �gZe
L11 represents the modification of the Z-coupling to electrons induced by this state

and defined in Eq. (47). This modification is constrained to the per-mille level, making the
prospect of detecting such a deviation in e poor. A similar outcome arises for all other
single mediator extensions, with the exception of ' which will be discussed below.

The first deviation from this picture is observed if two new mediators are simultaneously
present. The reason is that the NP effect does not have to proceed through the insertion of
the renormalisable Yukawa coupling as shown in Fig. 1 and the chiral enhancement of v/me

can be achieved. Therefore, we have:

• Models involving only scalar fields. In particular, a model can involve either only an
SU(2) doublet ', or ' in combination with an additional scalar field (either an SU(2)
singlet or a triplet). The mechanism by which new scalars could give rise to Oe� is
shown in Figs. 1a and 1b;

• Models with two additional representations of VLLs, as shown in Fig. 1c;

• Models with a VLL and a scalar. The associated Feynman diagram is shown in Fig. 1d.

In all cases, the complete NP Lagrangian takes the form

LNP = LSM + Lquad + Lint . (16)

6

study all models that generate  at tree-levelCeΦ

difference with quark case: new states not easily produced at LHC
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Flavour: flavour transitions constrain models up to very high scales

solution: couple new physics to one generation at a time

Direct searches: pair production with subsequent decays to W/Z/h and ν/e
HL-LHC:

direct correlation with 

  for models 
with VLLs 

(g − 2)e

depending on model between 600 GeV and  2.1 TeV

�

`L �

�⇤

eR

 1

 2

(a)

`L �

eR

Xµ

 1

 2

�

(b)

Figure 2: Feynman diagrams involving a pair of vector-like lepton  1 and  2 contributing
to the electron Yukawa (a), and the magnetic moment (b). Interaction vertices involving the
same type of particles are identified by the same colored dot. The gauge boson line assumes
insertion wherever possible and Xµ denotes either Bµ or W I

µ .

enhancement of the Yukawa coupling will generally be inherited in the electron dipole mo-
ments [13, 34–37]. Focusing on real new physics couplings,2 the contribution to the anoma-
lous magnetic moment of the electron ae = (ge�2)/2 can be encoded in terms of the following
effective operators of the SMEFT Lagrangian

LSMEFT � CeB

�
`L�

µ⌫eR
�
�Bµ⌫ + CeW

�
`L�

µ⌫eR
�
�I�W I

µ⌫ + h.c. . (49)

The leading new physics contribution, �ae, is given by

�ae '
4mev
p
2e

Re (Ce�) , (50)

where Ce� = cos ✓W CeB � sin ✓W CeW .
For models involving a pair of vector-like leptons or a vector-like lepton and a scalar, the

contribution to �ae is directly correlated with that to e. Assuming equal masses for the
new physics states, this relationship is

�ae = ⌘
m2

e(e � 1)

16⇡2v2
, (51)

where ⌘ is a model-dependent rational number. For models where the chiral enhancement in
the electron Yukawa coupling is related to the anomalous magnetic moment of the electron,
we list the corresponding values of ⌘ in Tab. 9. In addition, we list the complementary
limit on e and the corresponding scale assuming all new physics couplings are of O(1).
We compare the SM prediction [38–41] with the latest experimental measurement of aexpe =
(115 965 218 059± 13)⇥ 10�14 [42] which results in �ae = aexpe � aSMe = (33.8± 16.1)⇥ 10�14

if the most precise value for the fine-structure constant, obtained by measuring the recoil
2New Yukawa type interactions can in general feature phases, which could lead to CP-violation strongly

constrain by measurements of electric dipole moments. In the spirit of discussing here the maximal allowed
Yukawa couplings, we assume that those constrains do not apply, hence no new CP-violation.

15

Electroweak precision tests
Higgs physics:

for models with only scalars also λhhh
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Figure 5: Largest allowed value (95% CL) for e in models with pairs of VLLs.

suppose an order of magnitude improvement in the precision of �ae. It corresponds to the
limit of �ae < 5 · 10�14 which should be achieved by the time of the FCC-ee [41, 70].

The histograms corresponding to the FCC-ee constraints are separated in two to show
the impact of the Z-pole run (cyan) and the additional runs at 245 GeV and 365 GeV
center-of-mass energy (yellow). To extract the constraints, we set the experimental value
of each observable in Tab. 11 to its SM prediction [59] and rescale the experimental un-
certainties using [17, 71]. Furthermore, to accommodate the 240 GeV and 365 GeV runs
which improve the determination of the Higgs couplings compared to the Z-pole run, we
use the corresponding projections from [61]. However, as shown in Fig. 5, constraints on
the models that contain a pair of vector-like leptons are dominated by the Z-pole run and
the electroweak fit. Specifically, great precision at the FCC-ee puts strong constraints on
the couplings of the new vector-like leptons to the SM leptons and the Higgs doublet, which
also enter e. The reason is that each of these couplings, � , with  = {E,�1,�3,⌃,⌃1},
defined in Eqs. (28)–(32), determines the Z-coupling modifier to the SM leptons, as shown
in Eqs. (46)–(48) and Tab. 7. Moreover, the remaining coupling between two vector-like lep-
tons, necessary to enhance the electron Yukawa coupling, contributes to O�D at the one-loop
level. This induces a shift in the W -boson mass, to which the electroweak fit demonstrates
significant sensitivity. Consequently, the increased precision in Higgs coupling measurements
does not achieve a competitive impact compared to the precision of the observables listed in
Tab. 11.

Models with a vector-like lepton and a scalar. The results for models that involve a
new physics scalar and a vector-like lepton are summarised in Fig. 6. The models are defined
in Sec. 2.3 and we recall that due to the constraints discussed in Sec. 3.1, we exclude Models
SL5 and SL6 as possible candidates that produce large e. Further, this class of models is
categorized into two groups based on the scalar type: SL1 and SL2 feature a scalar singlet
S ⇠ (1,1)0, while models SL3 and SL4 contain a scalar ⌅ ⇠ (1,3)0 that is a triplet under
SU(2).

This categorisation is important to understand the results in Fig. 6. Indeed, from Tab. 7,

24
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Figure 6: Largest allowed value (95% CL) for e in models with a VLL and a scalar.

one can notice that, out of the operators entering the electroweak fit (O�e, O(1, 3)
�l , O�WB,

O�D), none are generated by the scalar singlet S at the tree-level, while the triplet ⌅ generates
O�D. However, both S and ⌅ induce effects in O�⇤ in the tree-level matching, making these
models sensitive to constraints from modifications of the Higgs couplings. Thus, for Models
SL1 and SL2, which do not affect the electroweak fit at tree level but do impact the Higgs
fit, a distinction arises between the results obtained using only Z-pole projections (cyan
histograms) and those incorporating additional data from the 240 GeV and 365 GeV center-
of-mass energy runs at FCC-ee (yellow histograms). Conversely, this distinction is absent
for Models SL3 and SL4 which strongly influence the electroweak fit and the constraints are
already dominated by the precision achieved during the Z-pole run.

The reduced impact of the electroweak fit renders Models SL1 and SL2 generally less
constrained. For this reason, we add to Fig. 6 a further horizontal line (burgundy) associated
with the upper limit of ye < 260 ySMe found by ATLAS [3] to highlight that the current LHC
program tests e at a similar level as the future FCC-ee runs (without a dedicated electron
Yukawa measurement). Moreover, it is difficult for both the electroweak and the Higgs fit
to constrain the coupling between the two heavy states, �� = {�SE,�S�1 ,�⌅�1 ,�⌅⌃1}, that
enters e in these models. Therefore, we add to the total �2-function a term that encodes a
theoretical constraint from the quantum stability of these simplified models

�2
tot = �2

EWPO + �2
Higgs + 3.84

✓
�� 
3

◆2

. (73)

For �� & 3, the models with a new physics scalar and a vector-like lepton develop a Landau
pole below 103 TeV [37]. Additionally, to streamline the analysis, couplings not entering the
coupling modifier e are set to zero. We have checked that including such couplings in the
one-loop Wilson coefficients of the relevant operators and setting them to their best-fit values
does not significantly impact the results.

Besides the electroweak and Higgs observables, Fig. 6 demonstrates the power of (g�2)e
measurements in probing the electron Yukawa coupling in this class of simplified models.
This is because �ae directly probes the combination of couplings that enter e, including
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Irrep. (1,1)�1 (1,2)� 1
2

(1,2)� 3
2

(1,3)0 (1,3)�1

Table 3: The vector-like leptons studied in the context of enhanced electron Yukawa coupling.

• Model L1: E +�1

�LL1 = [�E]r ER�
†lLr + [��1 ]r �1L�eRr + �E�1EL�

†�1R + h.c. , (28)

• Model L2: E +�3

�LL2 = [�E]r ER�
†lLr + [��3 ]r �3L�̃eRr + �E�3ELr�̃

†�3R + h.c. , (29)

• Model L3: ⌃1 +�3

�LL3 =
1

2
[�⌃1 ]r ⌃

I
1R�

†�I lLr + [��3 ]r �3L�̃eRr +
1

2
�⌃1�3⌃

I
1L�̃

†�I�3R + h.c. , (30)

• Model L4: ⌃1 +�1

�LL4 =
1

2
[�⌃1 ]r ⌃

I
1R�

†�I lLr + [��1 ]r �1L�eRr +
1

2
�⌃1�1⌃

I
1L�

†�I�1R + h.c. , (31)

• Model L5: ⌃+�1

�LL5 =
1

2
[�⌃]r ⌃

I
R�̃

†�I lLr + [��1 ]r �1L�eRr +
1

2
�⌃�1⌃

I c
R �̃†�I�1R + h.c. . (32)

The expression of Ce� found when studying these models can be split into two contri-
butions: the first involves only one VLL at a time, while the second is due to the presence
of both VLLs (as shown in Fig. 1c). Considering the specific example of Model L1, the
expression reads

[Ce�]11 =

✓
[y⇤e ]11 | [�E]1 |

2

2M2
E

+
[y⇤e ]11 | [��1 ]1 |

2

2M2
�1

◆
+

✓
�
�E�1 [�

⇤
E]1 [��1 ]1

MEM�1

◆
. (33)

As discussed above, the ye pieces are subleading due to the requirement to tune the elec-
tron mass and pass the electroweak precision tests. Accordingly, in Tab. 4, we provide the
expressions for the dominant contribution stemming from the mixing of the two heavy states.

2.3 Models with a vector-like lepton and a scalar
The final class of models that will be considered involves a combination of VLLs from Tab. 3
and scalars from Tab. 1. The models with mixed interactions between a VLL and a new
scalar are six in total and are labeled as follows:
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Table 1: The NP scalars studied in the context of enhanced electron Yukawa coupling.
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Table 2: Tree-level matching for models with pairs of scalars to the Oe� SMEFT operator.

• Model S1: '+ S
�LS1 = �L' � LS +

�
S'S'

†�+ h.c.
�
, (24)

• Model S2: '+ ⌅

�LS2 = �L' � L⌅ +
�
⌅' ⌅

I
�
'†�I�

�
+ h.c.

�
, (25)

• Model S3: '+ ⌅1

�LS3 = �L' � L⌅1 +
⇣
⌅1' ⌅

I†
1

�
'̃†�I�

�
+ h.c.

⌘
. (26)

We note that in the equations above we did not consider interaction terms in the scalar
potential where in Eqs. (21)–(23) the SM-like doublet field � is replaced by '. Those do not
impact our study, so we omit them.

The tree-level matching to Oe� is presented in Tab. 2. We point out that these results
can be split into the sum of two terms, one solely due to the scalar doublet ' and another
involving both NP scalars.

2.2 Models with vector-like lepton pairs
There are five simplified models containing pairs of the vector-like leptons listed in Tab. 3 that
generate a contribution to the Oe� operator, unsuppressed by the renormalisable Yukawa
coupling ye. Schematically the interaction Lagrangian reads

�L2VLL � �LL1�lL + �RL2�lR + �12L1�L2 ) e = 1 + ↵
v2�L�R�12

M1M2
, (27)

where ↵ is a model-dependent number resulting from the tree-level matching. In the follow-
ing, we list all the possible models involving pairs of VLLs:

8

S + E S + Δ1 Ξ + Δ1 Ξ + Σ1

[Erdelyi, RG, Selimović]

Vector-like lepton models Vector-like lepton + scalar models

14
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                                                                                          Electron Yukawa coupling

Particle content ' '+ S '+ ⌅
e 780 1460 585

Table 12: Maximal allowed values for the electron Yukawa coupling enhancement at a 95%
CL for the models with scalars. From left to right, these are the models with a scalar doublet
extension, and Models S1 and S2.

4 Results
Having introduced all the relevant constraints for our study, we will now apply them to the
different models. Commonly to all of them, we define the �2-distribution which is a function
of NP parameters and incorporates the constraints discussed above. Finally, we report e in
each model obtained by maximisation subject to the condition

�2 < �2
���
min

+ �2(n, 95%) . (71)

Here, �2
���
min

is the �2 minimum, while �2(n, 95%) is the value of the �2
�distribution with

n degrees of freedom and p-value of 0.05 corresponding to the 95% CL interval. We present
the details regarding different models below.

Models with scalars. Let us start from the models with new scalars defined in Sec. 2.1,
which we consider to have mass M� = 2TeV, safely above the current and future limits from
direct searches (see Sec. 3.2). As anticipated, lepton number violation excludes Model S3
from inducing large e (see Sec. 3.1), leaving only the SM extension with the extra scalar
doublet ' and Models S1 and S2 to be studied. The latter two involve two NP scalars: '
and, respectively, the singlet S and the SU(2) triplet ⌅. The fit results are summarised in
Tab. 12 and we comment on them below.

The state ' is the only single mediator extension of the SM capable of significant electron
Yukawa modification. In this case, the �2-distribution is constructed as follows

�2
' =�2

EWPO

�
ye'
�
+ �2

Higgs

�
ye',�'

�
+

+ 3.84

✓
17.8

2.7TeV

M'

⇥
ye'
⇤
11

◆2

+ 0.99

✓
1TeV

M'

�'

1.15

◆2

, (72)

where the coupling dependencies have been explicitly written out to identify the origin of
the constraints for �' and ye'.

The third term invokes the constraints on ye' imposed by Bhabha scattering derived in
Eq. (53). The further factor of 17.8 represents the optimistic FCC-ee projection assuming
no theoretical and systematic uncertainties. Given this, the limits would be dominated by
the statistics, and repeating the LEP runs (see Sec. 3.1.2) at the FCC-ee would result in the
bound on the NP scale which is approximately 105/4 ' 17.8 times larger. The scaling comes
from the fact that NFCC�ee = 105NLEP, with NFCC�ee and NLEP being the total number of
observed events at FCC-ee and LEP, and the fact that NP effects are encoded in d = 6
SMEFT operators. Such term is multiplied by 3.84, associated with one degree of freedom
in the �2-distribution for a constraint derived at a 95% CL.

22

VLL E �1 �3 ⌃ ⌃1

Irrep. (1,1)�1 (1,2)� 1
2

(1,2)� 3
2

(1,3)0 (1,3)�1

Table 3: The vector-like leptons studied in the context of enhanced electron Yukawa coupling.

• Model L1: E +�1

�LL1 = [�E]r ER�
†lLr + [��1 ]r �1L�eRr + �E�1EL�

†�1R + h.c. , (28)

• Model L2: E +�3
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• Model L5: ⌃+�1
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The expression of Ce� found when studying these models can be split into two contri-
butions: the first involves only one VLL at a time, while the second is due to the presence
of both VLLs (as shown in Fig. 1c). Considering the specific example of Model L1, the
expression reads

[Ce�]11 =
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As discussed above, the ye pieces are subleading due to the requirement to tune the elec-
tron mass and pass the electroweak precision tests. Accordingly, in Tab. 4, we provide the
expressions for the dominant contribution stemming from the mixing of the two heavy states.

2.3 Models with a vector-like lepton and a scalar
The final class of models that will be considered involves a combination of VLLs from Tab. 3
and scalars from Tab. 1. The models with mixed interactions between a VLL and a new
scalar are six in total and are labeled as follows:
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Table 1: The NP scalars studied in the context of enhanced electron Yukawa coupling.
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Table 2: Tree-level matching for models with pairs of scalars to the Oe� SMEFT operator.

• Model S1: '+ S
�LS1 = �L' � LS +

�
S'S'

†�+ h.c.
�
, (24)

• Model S2: '+ ⌅
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We note that in the equations above we did not consider interaction terms in the scalar
potential where in Eqs. (21)–(23) the SM-like doublet field � is replaced by '. Those do not
impact our study, so we omit them.

The tree-level matching to Oe� is presented in Tab. 2. We point out that these results
can be split into the sum of two terms, one solely due to the scalar doublet ' and another
involving both NP scalars.

2.2 Models with vector-like lepton pairs
There are five simplified models containing pairs of the vector-like leptons listed in Tab. 3 that
generate a contribution to the Oe� operator, unsuppressed by the renormalisable Yukawa
coupling ye. Schematically the interaction Lagrangian reads

�L2VLL � �LL1�lL + �RL2�lR + �12L1�L2 ) e = 1 + ↵
v2�L�R�12

M1M2
, (27)

where ↵ is a model-dependent number resulting from the tree-level matching. In the follow-
ing, we list all the possible models involving pairs of VLLs:
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κe

in models with VLLs   projections might probe  better 
than FCC-ee 

(g − 2)e κe
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We note that in the equations above we did not consider interaction terms in the scalar
potential where in Eqs. (21)–(23) the SM-like doublet field � is replaced by '. Those do not
impact our study, so we omit them.

The tree-level matching to Oe� is presented in Tab. 2. We point out that these results
can be split into the sum of two terms, one solely due to the scalar doublet ' and another
involving both NP scalars.

2.2 Models with vector-like lepton pairs
There are five simplified models containing pairs of the vector-like leptons listed in Tab. 3 that
generate a contribution to the Oe� operator, unsuppressed by the renormalisable Yukawa
coupling ye. Schematically the interaction Lagrangian reads
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where ↵ is a model-dependent number resulting from the tree-level matching. In the follow-
ing, we list all the possible models involving pairs of VLLs:
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We note that in the equations above we did not consider interaction terms in the scalar
potential where in Eqs. (21)–(23) the SM-like doublet field � is replaced by '. Those do not
impact our study, so we omit them.

The tree-level matching to Oe� is presented in Tab. 2. We point out that these results
can be split into the sum of two terms, one solely due to the scalar doublet ' and another
involving both NP scalars.

2.2 Models with vector-like lepton pairs
There are five simplified models containing pairs of the vector-like leptons listed in Tab. 3 that
generate a contribution to the Oe� operator, unsuppressed by the renormalisable Yukawa
coupling ye. Schematically the interaction Lagrangian reads

�L2VLL � �LL1�lL + �RL2�lR + �12L1�L2 ) e = 1 + ↵
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where ↵ is a model-dependent number resulting from the tree-level matching. In the follow-
ing, we list all the possible models involving pairs of VLLs:
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                                                                                          Conclusion

• Light fermion couplings little constrained from current measurements

15

• we showed how simple models can be constructed that allow for large 
enhancements

• quark Yukawa couplings: the FCC-ee can improve on the HL-LHC by 
around 1-2 orders of magnitude

• electron Yukawa coupling: in models where the enhanced electron Yukawa 
coupling is achieved by scalars large enhancements can only be 
constrained in a dedicated Higgs pole run

• electron Yukawa coupling: for models with VLLs  and the other 
FCC-ee runs might already constrain below the Higgs pole run sensitivity

(g − 2)e
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                                                                                          Electroweak precision tests

(10�3) LEP/SLD FCC-ee [101] (10�3) LEP/SLD FCC-ee [102]

�Z (GeV) 2.3 0.03 Re 50 6
�⇤
W (GeV) 20.1 1 Rµ 33 1

m⇤
W (GeV) 7.1 0.4 R⌧ 45 2
�had (nb) 37.0 4 Aµ 15 0.022

Ae 4.9 0.02 A⌧ 15 0.04
Ab

FB 1.55 0.1 Rc 3.0 0.26
Rb 0.66 0.06 Ab 20 3

Ac 27 5

Table 11: Current uncertainties in EWPOs at 10�3 level (e.g. ��Z = 0.0023 GeV) measured
at LEP and SLD compared to the FCC-ee projections from Ref. [101] (left) and Ref. [102]
(right). *For �W we take the PDG average [72], and for mW we take Eq. (72).

Finally, we would like to comment on the recent study in Ref. [100] in which various
models that lead to enhanced charm Yukawa couplings are discussed. This study includes
also Models 1, 3, 7, and 8 while it does not consider Model 5 which also leads to deviations
in the charm Yukawa coupling.6 While we discuss the models in more detail, for instance
by taking into account also Higgs data, the authors clearly show that EWPTs provide an
important constraint for the VLQ models they consider. Moreover, in addition to the results
of Ref. [100], we perform the explicit one-loop matching and acquire the sensitivity to the
VLQ-VLQ-Higgs coupling and constraint it through EWPTs and Higgs physics, thereby
completing the information on all three couplings which determine the size of the e↵ective
light quark Yukawas.

5 Future projections

Since we demonstrate the importance of the electroweak fit for constraining the models that
enhance the light quark Yukawa couplings, in this section, we study the potential of a Tera-Z
run at the future e+e� circular collider FCC-ee. Our starting point is Tab. 11 which shows
the current precision on EWPOs and the FCC-ee projections; when available the more recent
values reported in Ref. [101] were employed, for the observables not listed there the values
of Ref. [102] were used. Notably, a projected uncertainty reduction in almost all observables
is a factor of O(10), resulting in an outstanding indirect reach on the scale of new particles.7

In order to quantify the FCC-ee sensitivity on the models explored in this work, we
reconstruct the electroweak likelihood by setting the experimental value of each observable
to its SM prediction [86] and rescaling the uncertainties as given in Tab. 11. In Fig. 11, we
show the projected FCC-ee constraints on the parameter space of Model 1 and contrast it
with the electroweak fit assuming current measurements and �d

Q1
= �u

Q1
.

Finally, in Tab. 12, we compare the largest allowed values for the coupling modifiers q

6From the Eqs. (74) and (75), it is possible to obtain the coupling modifiers for the second-generation
quarks by substituting the first-generation indices with the second-generation ones.

7The excellent indirect reach of Tera-Z for simple extensions of the SM was recently also shown in
Ref. [103].
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Figure 3: Representative box diagrams in Model 1 involving the VLQ-VLQ-Higgs coupling
which match onto the SMEFT operators O�WB and O�D.

To describe new physics e↵ects, we work in the {↵EM ,mZ , GF} input scheme, where the
relevant e↵ective Lagrangian describing dynamics of the electroweak gauge bosons reads

Le↵ � �g2
⇥�
W+µj�µ + h.c.

�
+ ZµjZµ

⇤
+

g22v
2

4
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2

8c2W
ZµZµ , (61)
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jZµ =
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h
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i
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L + f

i
R�µ
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R ij

⌘
f j
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i
, (63)

where

gZf
L = T 3

f � s2WQf , gZf
R = �s2WQf , (64)

with T 3
f and Qf being the third component of weak isospin and the electric charge of the

fermion f , respectively, and cW (sW ) is the cosine (sine) of the Weinberg angle.
Therefore, we capture the NP e↵ects through the shifts in the gauge couplings and the

W -boson mass. A part of the results for �gZ have been shown in Eqs. (27)–(30), while the
rest of the expressions are collected in App. B.1 for completeness. In addition to the tree-
level contributions to the operators in Tab. 3 which modify the electroweak gauge couplings
and always depend on two new physics couplings at most, there is an additional universal
contribution arising at one loop

�gZf
L ii = �

v2

4

✓
T 3
f +

g21
g22 � g21

Qf

◆
C�D � v2

g2g1
g22 � g21

Qf C�WB . (65)

Two representative diagrams involved in the evaluation of such universal contribution for the
specific example of Model 1 are shown in Fig. 3. Importantly, these contributions make the
electroweak fit sensitive to the Yukawa coupling between two vector-like quarks and the Higgs
boson which enters the e↵ective light quark Yukawa. Consequently, we can probe all three
couplings that determine the contributions to Cu� and Cd� in Tab. 3, constraining the possible
size of the light quark Yukawa couplings through the electroweak precision measurements.

We show the results obtained when confronting Models 1–8 with �2
EWPO in Sec. 4.

3.4 Higgs physics

Beyond electroweak observables, the processes involving the Higgs boson get modified. The
main e↵ect of new vector-like quarks in Higgs physics is the generation of e↵ective Higgs
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box contribution to  probes  

coupling of two heavy states with 

CϕD
ϕ

[Snowmass ’22] [De Blas et al. ’19]

κq = 1 +
v2λu

Q1
λUλUQ1

MQMU

where  stands for the vector-like quark fields Q1, Q5, Q7, T1, T2, U , and D. The interaction
parts of the simplified models are described by the following Lagrangian densities:

• Model 1 (adding U +Q1):

�L
int
1 = �UUR�̃

†qL + �u
Q1
Q1L�̃ uR + �d

Q1
Q1L� dR + �UQ1U �̃† Q1 + h.c. , (16)

• Model 2 (adding D +Q1):

�L
int
2 = �DDR�

†qL + �u
Q1
Q1L�̃ uR + �d

Q1
Q1L� dR + �DQ1D�†Q1 + h.c. , (17)

• Model 3 (adding U +Q7):

�L
int
3 = �UUR�̃

† qL + �Q7Q7L� uR + �UQ7U�† Q7 + h.c. , (18)

• Model 4 (adding D +Q5):

�L
int
4 = �DDR�

†qL + �Q5Q5L�̃ dR + �DQ5D�̃† Q5 + h.c. , (19)

• Model 5 (adding T1 +Q1):

�L
int
5 =�u

Q1
Q1L�̃ uR + �d

Q1
Q1L� dR +

�T1

2
T

I
1R�

†�I qL +
�T1Q1

2
T

I
1�

†�I Q1 + h.c. , (20)

• Model 6 (adding T1 +Q5):

�L
int
6 = �Q5Q5L�̃ dR +

�T1

2
T

I
1R�

†�I qL +
�T1Q5

2
T

I
1�̃

†�I Q5 + h.c. , (21)

• Model 7 (adding T2 +Q1):

�L
int
7 = �u
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Q1L�̃uR + �d

Q1
Q1L�dR +

�T2

2
T

I
2R�̃

†�IqL +
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2
T

I
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†�IQ1 + h.c. , (22)

• Model 8 (adding T2 +Q7):

�L
int
8 = �Q7Q7L� uR +

�T2

2
T

I
2R�̃

†�IqL +
�T2Q7

2
T

I
2�

†�IQ7 + h.c. . (23)

In each model, two types of Yukawa-like interactions appear: either two VLQs interact
with the Higgs boson or one VLQ interacts with the Higgs and a SM quark. In the latter
case, the couplings (for example �U , �u

Q1
, and �d

Q1
in Model I) are three-vectors in flavour

space, and carry a flavour index of the SM quark field. Taking M � v, the VLQs can be
integrated out from the low-energy dynamics resulting in the tree-level contribution to the
operators shown in Tab. 2. We collect the matching to the corresponding Wilson coe�cients
for all models in Tab. 3. Note that we have neglected the contributions proportional to the
marginal Yukawa couplings of LSM. To explain why such contributions are expected to be
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at LO unconstrained
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                                                                                          Off-shell Higgs production
Considered as probe of Higgs width

μon

μoff
∝

κ2
ggh(mh)κ2

hZZ(mh)
Γh /ΓSM

h

1
κ2

ggh(m4ℓ)κ2
hZZ(m4ℓ)

works for 
κggh(mh) = κggh(m4ℓ) κhZZ(mh) = κhZZ(m4ℓ)

[Englert, (Soreq), Spannowsky ’14 ]

g

g

Z

Z

t

g

g

Z

Z

H

For enhanced light quark Yukawa couplings it does not work:

CMS:                  MeV3.22.4
−1.7 4.62.6

−2.6ATLAS:                  MeV
[CMS in Nature 18 (2022) 1392] [ATLAS-CONF-2022-068]

use instead kinematic properties of off-shell production
[works nicely also for other BSM scenarios see 

Haisch, Koole ’21 ’22, Haisch, Ruhrdorfer, 
Schmid, Weiler ’23]

[Kauer, Passarino ’12, Carla, Melnikov ’13, 
Campbell, Ellis, Williams ’13 ]

14
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                                                                                          Off-shell Higgs:Kinematic discriminants

Dd
s = log10

Pdd̄
sig

Pqq̄
back + Pgg

back

0

0.05
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0.15

0.2

0.25

�3 �2 �1 0 1 2 3 4 5

1 �
d� dD

d s

Dd
s

gg! ZZ
qq̄! ZZ

dd̄ ! h⇤ ! ZZ
uū! h⇤ ! ZZ

mainly from the bins for large D
d

s
as confirmed by fig. 7. Between the dd and uu induced

signals the variable cannot distinguish instead well. We note though that this could be
done in a global fit using for instance also limits from h� where the up-and down Yukawa
contributions are distinguished due to the di↵erent charges of up and down type quarks [18].
We have also investigated the use of a Ds as defined in the analysis [61]1 and find that while
it leads to slightly worse limits on the light quark Yukawa couplings as our definition of Ds,
it still shows very good discriminating power. The experimental analysis might hence be
sensitive to similar order of magnitude modifications of light quark Yukawa coupling than
what we find in our analysis without implementing a dedicated analysis.

In order to set limits on the light quark Yukawa couplings we perform a shape analysis
on the D

d

s
distributions. While we could in principle also include the mZZ distribution in

the analysis we found no di↵erence doing so. The significance in the ith bin is computed as
a Poisson ratio of likelihoods that incorporates uncertainties on the background using the
Asimov approximation [62]

Zi =

s

2


(si + bi) ln

(si + bi)(bi + �
2

bi
)

b
2

i
+ (si + bi)�2

bi

�
b
2

i

�
2

bi

ln

✓
1 +

si�
2

bi

bi(bi + �
2

bi
)

◆�
, (24)

where si and bi are respectively the signal and background events in the ith bin. �bi =
�bibi denotes the standard deviation that characterises the uncertainties of the associated
background in the bin. We assume a flat uncertainty and show in fig. 8 the dependence of
the sensitivity limit on d and u (C̃d� and C̃u�) in dependence of �bi . Our choice of the
range of the plot is based on the gg ! h

⇤
! ZZ signal strength total expected experimental

systematic uncertainties in the baseline scenarios S1 and S2 amounting to 5.0% and 3.9%,
respectively, given by the ATLAS Collaboration [63]. The corresponding uncertainties of the
CMS Collaboration are are 7.3% and 4.1% [64]. Instead the upper limit of 0.3 corresponds
to the conservative approach advocated in Ref. [65].

We find that at the HL-LHC we can restrict |C̃d�|/(1 TeV)2 < 0.069/TeV2 (d < 156)
and |C̃u�|/(1 TeV)2 < 0.054/TeV2 (u < 260) assuming the optimistic scenario of �bi = 4%.
In fig. 9 we show the dependence on the sensitivity limit on d and u on an upper cut on the
invariant ZZ mass, hence imposing mZZ < m

cut

ZZ
, in order to check the validity of our EFT

approach. Providing limits in terms of an upper cut on the energy probed, i.e. clipping was
recommended in Ref. [66]. We emphasise, given that the SM first generation quark Yukawa
coupling can be neglected the sensitivity in our analysis of the coe�cients C̃u� or C̃d� (or d

and u) stem purely from the dimension six squared terms. Nevertheless in regard of fig. 9
the EFT approach seems perfectly valid.

Finally, we would like to emphasise that the o↵-shell Higgs measurement so far seems to
provide the most sensitive probe to the light quark Yukawa couplings, both for the up and
the down quark Yukawa coupling compare our results with the ones obtained in alternative
probes of the light quark Yukawa couplings, cf. the summary plot of ref. [22]. I think it
would be nice to have our own summary plot.

1While we find the same quantitative and qualitative behaviour of the thus defined Ds we find a shift on
the x axis that should stem from a di↵erent normalisation.

12

Poisson ratio of likelihoods

[Balzani, RG, Vitti, ’23]

σbi
= Δbi

bi

16
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                                                                                          HL-LHC Light Yukawa couplings
[Balzani, RG, Vitti, ’23]

Caveat: these probes do not allow to distinguish well between up and down Yukawa probes

for this  could be helpfulhγ [Augilar-Saavedra, Cano, No  ’20]

Combination of all the proposals might be good
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