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1 Introduction

The Higgs boson, as the cornerstone of the Standard Model (SM) of particle physics, offers
a unique window into the mechanisms of electroweak symmetry breaking and the origin
of particle masses. While many of its properties have been measured with remarkable
precision [1, 2], its smallest coupling in the SM, the coupling to electrons, remains largely
unexplored. Searches for Higgs decays to e+e− constrained the branching ratio (BR) of the
Higgs boson to electrons to BR(h → e+e−) < 3.6 · 10−4, implying an upper limit on the
electron Yukawa of 260 times its SM value [3]. At the HL-LHC, the projected sensitivity for
the electron Yukawa coupling is ye < 120 ySMe [4]. Indeed, it turns out that a measurement of
the SM electron Yukawa coupling via the Higgs boson decay h→ e+e− is challenging due
to the dominance of the Dalitz decays h→ e+e−γ [5]. Furthermore, the product of nucleon
and electron Yukawa couplings can be constrained in atomic spectroscopy [6], providing
though only very weak limits.

Given this, the only possible strategy to measure the electron Yukawa coupling seems
to be a dedicated run via s channel production of a Higgs boson at a future e+e− collider
with center-of-mass energy equal to the Higgs boson mass. Such a measurement is highly
challenging, due to large backgrounds, the requirement that the e+e− beams must be
monochromatized, and the need for a precise knowledge of the Higgs boson mass to hit the
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resonance. With two years of runtime of the FCC-ee at this energy and by combining four
interaction points, a bound of |ye| < 1.6 ySMe at 95% confidence level (CL) could be reached [7].
In ref. [8] it was shown that the significances could be potentially increased with polarised
beams in measurements of single transverse-spin asymmetries.

Considering the challenges and extended timeline associated with measuring the electron
Yukawa coupling, this work seeks to address the question of whether pursuing such an
endeavor is worthwhile. To this end, we investigate models in which deviations in the electron
coupling originate from dimension-six operators in the Standard Model Effective Field Theory
(SMEFT) [9, 10].1 Following the approach outlined in [11], we identify three classes of
ultraviolet (UV) models based on the spin of new states that yield deviations in the electron
Yukawa coupling which are chirally enhanced by a large factor of O(v/me). Some of the
models we will consider here have already been studied in the literature in the context of
enhanced electron Yukawa couplings, in particular, the two-Higgs doublet model (2HDM) in
ref. [12] and a model with an extra vector-like lepton (VLL) and a scalar singlet in ref. [13].

The considered new physics (NP) scenarios produce additional effective operators con-
strained by Higgs physics, electroweak precision data, flavour physics, and direct searches.
We specifically investigate whether such scenarios can be adequately constrained by other
upcoming experimental efforts at both high-intensity and high-energy scales, including future
runs at the FCC-ee. As has been shown in [11, 14–16] for simplified models and in [17–19]
for EFT parameterisations, the extreme precision of the FCC-ee run at the Z-pole mass
can probe new physics scales well above the TeV scale. We show that the interplay with
high-intensity probes, in particular the (g − 2) of the electron, can in some cases be stronger,
or as strong, as the FCC-ee constraints.

This study is organised as follows: in section 2 we identify three classes of possible models
that can enhance the electron Yukawa coupling. Then, in section 3 we discuss how direct
searches together with the electroweak, flavour, and Higgs physics observables constrain
the simplified models that we consider. The derived bounds are then applied in section 4.
Finally, we present our conclusions in section 5.

2 Classification of the simplified models

We start by identifying the minimal extensions of the SM which can cause an enhancement of
the effective coupling between the electron and the Higgs boson. We assume a separation of
scales between the masses of the new particles and the electroweak scale, motivating the use
of the SMEFT to describe the effects of new physics. The SMEFT Lagrangian, LSMEFT, is
constructed by adding to the SM Lagrangian, LSM, all higher-dimensional operators consistent
with the symmetries of the SM. The Lagrangian reads

LSMEFT = LSM +
∞∑
d=5
C(d)k O

(d)
k , where

[
C(d)k

]
= 4− d . (2.1)

Notationwise, the symbol d denotes the operator’s (O(d)
k ) mass dimension, k runs over all

operators at fixed dimension d, and C(d)k are the Wilson coefficients associated with each
1We emphasise that more moderate deviations in the electron Yukawa coupling can be achieved by radiative

corrections to the electron Yukawa coupling or by effective operators of higher dimension.
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operator. Additionally, we adopt the following notation for the SM Lagrangian

LSM = −1
4BµνB

µν − 1
4W

I
µνW

Iµν − 1
4G

A
µνG

Aµν +Dµϕ
†Dµϕ− V (ϕ)

+
∑
ψ

ψi /Dψ −
[
yd qLϕdR + yu qLϕ̃ uR + ye ℓLϕ eR + h.c.

]
, (2.2)

V (ϕ) = −µ2ϕ†ϕ+ λ(ϕ†ϕ)2 , (2.3)

where the field strength tensors Gµν , Wµν , and Bµν are associated respectively with the SM
gauge group GSM = SU(3)×SU(2)×U(1). The sum over ψ runs over the chiral SM fermions:
quark and lepton SU(2) doublets qL, ℓL, and the singlets uR, dR, eR. The Yukawa sector
of the SM Lagrangian describes interactions between fermions and the SU(2) Higgs doublet
ϕ (ϕ̃ = iσ2ϕ

∗) and the associated Yukawa couplings are 3× 3 complex matrices in flavour
space yi (with i = u, d, e). Upon electroweak symmetry breaking, the Higgs boson acquires
a vacuum expectation value (vev) v = |µ|/

√
λ = 246GeV.

In the SMEFT framework, the direct relationship between the electron Yukawa coupling
and its mass, as predicted by the SM, is disrupted by higher-dimensional operators. In
particular, the operator

Oeϕ =
(
ϕ†ϕ

) (
lLϕ eR

)
, (2.4)

is the leading contribution to the effective lepton masses and the Yukawa couplings

[meff
e ]ij =

v√
2

(
[ye]ij −

v2

2 [Ceϕ]ij
)
, (2.5)

[yeffe ]ij =
1√
2

(
[ye]ij −

3v2
2 [Ceϕ]ij

)
, (2.6)

where [Ceϕ]ij is the associated Wilson coefficient. Upon rotating to the mass eigenbasis, the
electron Yukawa coupling in SMEFT up to dimension six is expressed as

ghee =
me

v

[
1 + v2Cϕ,kin

]
− v2√

2
[C̃eϕ]11 , (2.7)

where C̃eϕ is obtained from Ceϕ by the rotation to the mass basis. The term Cϕ,kin reads

Cϕ,kin =
(
Cϕ□ −

1
4CϕD

)
, (2.8)

and captures contributions from derivative Higgs operators

Oϕ□ = (ϕ†ϕ)□(ϕ†ϕ) , OϕD = |ϕ†Dµϕ|2 , (2.9)

which modify the Higgs kinetic term and influence all Higgs processes after the appropriate
field redefinition. However, unlike C̃eϕ, these contributions always retain the me/v ≃ 10−6

suppression intrinsic to the SM electron Yukawa coupling. In addition, since they modify
all the Higgs couplings, they can be best constrained when measuring the couplings of the
Higgs boson to heavier particles.
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To better quantify the effects of the heavy new physics, we define the electron Yukawa
modifier as

κe =
gheev

me
= 1− v3√

2me

[
C̃eϕ
]
11
. (2.10)

Interestingly, new physics at the TeV scale with O(1) couplings to SM fields could yield
a correction of δghee ≃ v2/Λ2 ≃ 4 · 10−2, leading to κe ≃ 2 · 105. However, new physics
interacting with electrons is typically subject to stringent constraints from various processes.
This work aims to precisely determine the potential value of κe in simplified new physics
scenarios that could significantly enhance it.

Before delving into the identification of such scenarios, it is important to note that models
predicting large values of κe inherently require a degree of fine-tuning, depending on the size
of κe. From eqs. (2.5) and (2.6), it becomes evident that maintaining the experimentally
observed small electron mass necessitates a cancellation between the two terms in eq. (2.5),
dictated by the size of yeffe in eq. (2.6). Furthermore, for the same reason, the renormalizable
Yukawa coupling ye is expected to approximate v2Ceϕ/2, aligning its size with that of the
dimension-six new physics contributions within the EFT framework.

Now we turn to identify simplified models that lead to tree-level contributions to Ceϕ,
beginning with single-field extensions of the SM. However, aside from the case of the new scalar
SU(2) doublet listed in table 1, all single field extensions that match onto Oeϕ at tree level
generate the corresponding coefficient proportional to the renormalisable Yukawa coupling

[Ceϕ]ij ≃ [ye]ij
λ2NP
Λ2 , (2.11)

where λNP serves as a placeholder representing the couplings of NP to SM states. Consequently,
this implies that the effective Yukawa coupling lacks chiral enhancement, and any contribution
to κe will be limited to

κe ≃ 1± v2λ
2
NP
Λ2 , (2.12)

where weakly coupled new physics at the TeV scale leads to corrections below 10%, rendering
such effects unobservable experimentally. Moreover, in all concrete scenarios involving vector-
like leptons, as detailed in table 3, the contribution to [Ceϕ]ij is inherently linked to the
contributions to one of the following operators[

O(1)
ϕℓ

]
ij
= (iϕ†←→D µϕ)(ℓ

i
Lγ

µℓjL) , (2.13)[
O(3)
ϕℓ

]
ij
= (iϕ†←→D I

µϕ)(ℓ
i
Lγ

µσIℓjL) , (2.14)[
Oϕe

]
ij
= (iϕ†←→D µϕ)(eiRγµe

j
R) , (2.15)

which modify Z interactions to leptons and are strongly constrained. To illustrate this, let us
consider the scenario where only the heavy partner of the right-handed electron, E ∼ (1,1)−1,
is introduced. In this case, the contribution to κe is expressed as

κe = 1− 2δgZeL11 , (2.16)
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Figure 1. Examples of Feynman diagrams showing how new states can generate an operator of
type lLϕeR (ϕ†ϕ) at tree level. (a) A scalar doublet φ. (b) A pair of scalars φ and Φ. (c) A pair of
vector-like leptons Ψ1 and Ψ2. (d) A new scalar Φ and a vector-like lepton Ψ.

where δgZeL11 represents the modification of the Z-coupling to electrons induced by this state
and defined in eq. (3.4). This modification is constrained to the per-mille level, making the
prospect of detecting such a deviation in κe poor. A similar outcome arises for all other single
mediator extensions, with the exception of φ 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 figure 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 φ, or φ 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 Oeϕ is
shown in figures 1(a) and 1(b);

• Models with two additional representations of VLLs, as shown in figure 1(c);

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

In all cases, the complete NP Lagrangian takes the form

LNP = LSM + Lquad + Lint . (2.17)
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The second term involves the kinetic and massive terms for the NP particles. In the presence
of a new scalar (generically denoted by Φ), the quadratic term is

LΦquad = ηΦ
[
(DµΦ)† (DµΦ)−M2

ΦΦ†Φ
]
, ηΦ =

1 complex representation
1
2 real representation

. (2.18)

If the NP particle is a VLL Ψ, then the quadratic term reads

LΨquad = ηΨ
[
ΨiγµDµΨ−MΨΨΨ

]
, ηΨ =

1 Dirac field
1
2 Majorana field

. (2.19)

As for the third term in eq. (2.17), it contains the interaction terms of the NP particles.
Though the explicit interaction Lagrangians for each type of model will be detailed in the
following, we point out that for all models we assume only one generation of NP particles
coupled to leptons.

We indicate the representation of the new states under the SM gauge group as follows:
(SU(3), SU(2))Y with Y = Q − T3 and Q the electric charge and T3 the quantum number
under the third SU(2) generator T3 = σ3/2. States with Y = 0 are understood to be real.

2.1 Models with scalars

Only one single-particle extension of the SM results in the chirally enhanced κe. It is a
scalar doublet φ ∼ (1,2)1/2 that gives rise to Oeϕ through the diagram shown in figure 1(a).
The relevant interaction Lagrangian reads

−Lφ =
[
yeφ

]
ij
φ† eiR l

j
L + λφ

(
φ†ϕ

) (
ϕ†ϕ

)
+ h.c. , (2.20)

and induces Oeϕ after φ is integrated out. The associated Wilson coefficient is

[Ceϕ]ij =
λϕ
[
yeφ

]∗
ji

M2
φ

=⇒ κe = 1− v3√
2meM2

φ

λφ
[
yeφ

]∗
11
. (2.21)

In eq. (2.20), we have omitted further interactions among the scalar fields as they are irrelevant
to our discussion. Furthermore, there are three additional models with the combination of φ
and an extra scalar which can be either a singlet or a triplet of SU(2). We collect the new
fields with their transformation properties under GSM in table 1. The interaction Lagrangians
for each of the scalars with the SM particles are

−LS = κSSϕ
†ϕ+ λSSSϕ

†ϕ+ κS3SSS , (2.22)

−LΞ = κΞ ϕ
†ΞIσIϕ+ λΞ

(
ΞIΞI

) (
ϕ†ϕ

)
, (2.23)

−LΞ1 = 1
2λΞ1

(
ΞI†1 ΞI1

) (
ϕ†ϕ

)
+ 1

2λ
′
Ξ1fIJK

(
ΞI†1 ΞJ1

) (
ϕ†σKϕ

)
+

+
{
[yΞ1 ]rs Ξ

I†
1 lLrσ

Iiσ2l
c
Ls + κΞ1Ξ

I†
1

(
ϕ̃†σIϕ

)
+ h.c.

}
. (2.24)

With these definitions, the complete Lagrangian densities are given by the sum of the
individual contributions and the mixed terms, as detailed below:
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Scalars S φ Ξ Ξ1

Irrep. (1,1)0 (1,2) 1
2

(1,3)0 (1,3)1

Table 1. The NP scalars studied in the context of enhanced electron Yukawa coupling.

Model [Ceϕ]11

S1 1
M2

φ

(
λφ − 1

M2
S
κSφκS

) [
yeφ

]∗
11

S2 1
M2

φ

(
λφ − 1

M2
Ξ
κΞφκΞ

) [
yeφ

]∗
11

S3 1
M2

φ

(
λφ − 2

M2
Ξ1
κ∗Ξ1φ

κΞ1

) [
yeφ

]∗
11

Table 2. Tree-level matching for models with pairs of scalars to the Oeϕ SMEFT operator.

• Model S1: φ+ S

−LS1 = −Lφ − LS +
(
κSφSφ

†ϕ+ h.c.
)
, (2.25)

• Model S2: φ+ Ξ

−LS2 = −Lφ − LΞ +
(
κΞφ ΞI

(
φ†σIϕ

)
+ h.c.

)
, (2.26)

• Model S3: φ+ Ξ1

−LS3 = −Lφ − LΞ1 +
(
κΞ1φ Ξ

I†
1

(
φ̃†σIϕ

)
+ h.c.

)
. (2.27)

We note that in the equations above we did not consider interaction terms in the scalar
potential where in eqs. (2.22)–(2.24) the SM-like doublet field ϕ is replaced by φ. Those
do not impact our study, so we omit them.

The tree-level matching to Oeϕ is presented in table 2. We point out that these results
can be split into the sum of two terms, one solely due to the scalar doublet φ 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 table 3
that generate a contribution to the Oeϕ operator, unsuppressed by the renormalisable Yukawa
coupling ye. Schematically the interaction Lagrangian reads

−L2VLL ⊃ λLL1ϕlL + λRL2ϕlR + λ12L1ϕL2 ⇒ κe = 1 + α
v3λLλ

∗
Rλ12

meM1M2
, (2.28)

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

• Model L1: E +∆1

−LL1 = [λE ]r ERϕ
†lLr + [λ∆1 ]r∆1LϕeRr + λE∆1ELϕ

†∆1R + h.c. , (2.29)
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VLL E ∆1 ∆3 Σ Σ1

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 [Ceϕ]11 Model [Ceϕ]11
L1 − 1

MEM∆1
λE∆1 [λE ]

∗
1 [λ∆1 ]1 L4 − 1

4MΣ1M∆1
λΣ1∆1 [λΣ1 ]

∗
1 [λ∆1 ]1

L2 − 1
MEM∆3

λE∆3 [λE ]
∗
1 [λ∆3 ]1 L5 − 1

2MΣM∆1
λΣ∆1 [λΣ]

∗
1 [λ∆1 ]1

L3 1
4MΣ1M∆3

λΣ1∆3 [λΣ1 ]
∗
1 [λ∆3 ]1

Table 4. Dominant contribution to the electron Yukawa for models with pairs of VLLs.

• Model L2: E +∆3

−LL2 = [λE ]r ERϕ
†lLr + [λ∆3 ]r∆3Lϕ̃eRr + λE∆3ELrϕ̃

†∆3R + h.c. , (2.30)

• Model L3: Σ1 +∆3

−LL3 =
1
2 [λΣ1 ]r Σ

I
1Rϕ

†σI lLr + [λ∆3 ]r∆3Lϕ̃eRr +
1
2λΣ1∆3Σ

I
1Lϕ̃

†σI∆3R + h.c. , (2.31)

• Model L4: Σ1 +∆1

−LL4 =
1
2 [λΣ1 ]r Σ

I
1Rϕ

†σI lLr + [λ∆1 ]r∆1LϕeRr +
1
2λΣ1∆1Σ

I
1Lϕ

†σI∆1R + h.c. , (2.32)

• Model L5: Σ+∆1

−LL5 =
1
2 [λΣ]r Σ

I
Rϕ̃

†σI lLr + [λ∆1 ]r∆1LϕeRr +
1
2λΣ∆1Σ

I c
R ϕ̃

†σI∆1R + h.c. . (2.33)

The expression of Ceϕ 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 figure 1(c)). Considering the specific example of Model L1,
the expression reads

[Ceϕ]11 =
(
[y∗e ]11 | [λE ]1 |2

2M2
E

+ [y∗e ]11 | [λ∆1 ]1 |2
2M2

∆1

)
+
(
−
λE∆1 [λ∗E ]1 [λ∆1 ]1

MEM∆1

)
. (2.34)

As discussed above, the ye pieces are subleading due to the requirement to tune the electron
mass and pass the electroweak precision tests. Accordingly, in table 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 table 3
and scalars from table 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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Model [Ceϕ]11 Model [Ceϕ]11
SL1 − 1

MEM
2
S
[λSE ]1 κS [λE ]

∗
1 SL4 − 1

2M2
ΞMΣ1

[λΞΣ1 ]1 κΞ [λΣ1 ]
∗
1

SL2 − 1
M2

SM∆1
[λS∆1 ]

∗
1 κS [λ∆1 ]1 SL5 − 2

M2
Ξ1
M∆3

[λΞ1∆3 ]
∗
1 κΞ1 [λ∆3 ]1

SL3 − 1
M2

ΞM∆1
[λΞ∆1 ]

∗
1 κΞ [λ∆1 ]1 SL6 − 1

M2
Ξ1
MΣ

[λΞ1Σ]
∗
1 κΞ1 [λΣ]

∗
1

Table 5. Dominant contribution to the modification of the electron Yukawa for models involving one
VLL and one scalar.

• Model SL1: S + E

−LSL1 = −LS +
(
[λE ]r ERϕ

†lLr + [λSE ]r SELeRr + h.c.
)
, (2.35)

• Model SL2: S +∆1

−LSL2 = −LS +
(
[λ∆1 ]r∆1LϕeRr + [λS∆1 ]r S∆1R lLr + h.c.

)
, (2.36)

• Model SL3: Ξ +∆1

−LSL3 = −LΞ +
(
[λ∆1 ]r∆1LϕeRr + [λΞ∆1 ]r Ξ

I∆1Rσ
I lLr + h.c.

)
, (2.37)

• Model SL4: Ξ + Σ1

−LSL4 = −LΞ +
(1
2 [λΣ1 ]r Σ

I
1Rϕ

†σI lLr + [λΞΣ1 ]r Ξ
IΣI1LeRr + h.c.

)
, (2.38)

• Model SL5: Ξ1 +∆3

−LSL5 = −LΞ1 +
(
[λ∆3 ]r∆3Lϕ̃eRr + [λΞ1∆3 ]r Ξ

I†
1 ∆3Rσ

I lLr + h.c.
)
, (2.39)

• Model SL6: Ξ1 +Σ

−LSL6 = −LΞ1 +
(1
2 [λΣ]r Σ

I
Rϕ̃

†σI lLr + [λΞ1Σ]r Ξ
I†
1 Σc IR ecRr + h.c.

)
. (2.40)

Before discussing further, we point out that additional interactions involving only NP
particles are possible. In particular, one can write Lagrangian terms involving two VLLs and
one new scalar. However, we chose to neglect them as they do not affect the phenomenology
we are interested in.

The results for the tree-level matching for each of these models to the operator Oeϕ
are presented in table 5. The reported terms are the dominant ones, independent of the
renormalisable Yukawa coupling ye.
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2.4 Generated SMEFT operators

In addition to the Oeϕ operator, each of the above models generates other operators once
the heavy NP particles have been integrated out. This is especially relevant as those
will be constrained from flavour, Higgs, and electroweak precision data. In this work, we
consider operators up to dimension six generated at the tree and one-loop level. Further,
the models containing the scalar Ξ1 ∼ (1,3)1 or the vector-like lepton Σ ∼ (1,3)0 generate
the dimension-five operator at the tree-level

[Oνν ]ij =
(
ϕ̃†liL

)T
C
(
ϕ̃†ljL

)
, C = iγ2γ0 . (2.41)

Besides the expressions for the tree-level matching to the operator Oeϕ, which was presented
for each model in eq. (2.21) and tables 2–5, we also report in tables 6–7 the tree-level
matching results to the other operators that will enter various constraints. At the tree level,
each particle is associated with a specific set of operators, allowing to organise the results
depending on the NP particle and not the specific model, i.e. Ceϕ is the only coefficient that
depends on the coupling between two NP particles. Besides the operators already defined,
the following additional operators appear in tables 6–7

Oϕ = (ϕ†ϕ)3 , (2.42)

[Oll]ijkl =
(
l
i
Lγµl

j
L

) (
l
k
Lγ

µllL

)
, (2.43)

[Ole]ijkl =
(
l
i
Lγµl

j
L

) (
ekRγ

µelR

)
. (2.44)

As for the one-loop matching coefficients, we have used both Matchete [20] and SOLD [21, 22],
and checked that their results agree. We provide the expressions for the one-loop matching
in the equal mass limit in the supplementary notebook attached to this work.

3 Constraints

The signatures of the underlying dynamics responsible for modifying the electron Yukawa
coupling could be seen in different processes involving the first-generation leptons, electroweak
gauge, and the Higgs bosons. In the following, we study various constraints on the simplified
models outlined in the previous section.

3.1 Flavour physics

3.1.1 Models with vector-like leptons

New vector-like leptons exhibit a potentially rich flavour structure through the Yukawa
couplings with the SM leptons and the Higgs. In a generic setting, these new particles break
all accidental lepton flavour symmetries leading to processes that violate lepton number
and flavour.

Lepton number violation. Lepton number is an accidental symmetry of the SM violated
already at dimension d = 5 in the SMEFT expansion [24]. Following electroweak symmetry
breaking, the operator

LSMEFT ⊃ [Cνν ]ij ℓ
c,i
L ϕ̃

∗ϕ̃†ℓjL , (3.1)
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generates Majorana neutrino masses and contributes to neutrinoless double-beta decay (0νββ).
The absence of experimental evidence for the transition (A,Z)→ (A,Z + 2) characterized
by two same-sign electrons and no neutrinos, imposes strict limits on [Cνν ]11, specifically
[Cνν ]11 ≲ 10−14 GeV−1 [25]. This severely constrains models predicting nonzero [Cνν ]11,
necessitating new physics at mass scales so high that any impact on the electron Yukawa
coupling is negligible.

In models capable of enhancing κe, two states generate the operator in eq. (3.1); a scalar
Ξ1 ∼ (1,3)1, and a vector-like fermion Σ ∼ (1,3)0 associated with the Type II and Type III
seesaw mechanisms, respectively [26, 27]. While fine-tuning could, in principle, allow MΞ1

and MΣ to lie at the TeV scale, this is not technically natural for Ξ1 and is not particularly
motivated for Σ. Assuming all couplings are natural and O(1), models L5, SL5, SL6, and S3
cannot significantly modify the electron Yukawa coupling. Consequently, our focus shifts to
the phenomenological analysis of other models identified in the previous section.

Lepton flavour violation. Vector-like leptons with a generic flavour structure typically
induce significant flavour violation, necessitating high mass scales. To maintain a low scale
for new physics and allow substantial enhancement of κe, the new physics interactions must
preserve the accidental SM lepton flavour symmetries with good accuracy. To illustrate
this, consider a scenario where new states couple to first- and second-generation leptons
simultaneously. Integrating out vector-like leptons leads to off-diagonal Z-boson couplings
to charged leptons, described by

Leff ⊃ −
√
g22 + g21 Z

µ
(
f
i
Lγµ

(
gZfL δij + δgZfL ij

)
f jL + eiRγµ

[
gZeR δij + δgZeR ij

]
ejR

)
, (3.2)

where f = ν, e, and the coupling modifications are:

δgZνL ij = −
v2

2
(
[C(1)ϕℓ ]ij − [C(3)ϕℓ ]ij

)
, (3.3)

δgZeL ij = −
v2

2
(
[C(1)ϕℓ ]ij + [C(3)ϕℓ ]ij

)
, (3.4)

δgZeR ij = −
v2

2 [Cϕe]ij . (3.5)

As shown in table 6, all models with at least one vector-like lepton induce Zµe coupling at tree
level, which is strongly constrained by processes such as µ→ eee and µ→ e conversion in the
presence of a nucleus N . In particular, table 8 summarizes the mass bounds for each vector-like
lepton to satisfy these constraints. Current limits include BR(µ→ eee) < 1.0× 10−12 at 90%
CL from the SINDRUM spectrometer [28] and Γ(µ−Au→ e−Au)/Γcapture(µ−Au) < 7×10−13

at 90% CL from the SINDRUM II experiment [29], and we use the theory predictions
derived in [30].

For O(1) couplings to electrons and muons, the new particle mass scale must be
O(100)TeV, limiting their contribution to κe at observable levels. Moreover, the upcoming
experiments aim to improve these bounds significantly. The Mu3e Phase-I experiment is
expected to achieve a sensitivity of 2 × 10−15 at 90% CL [31], while the COMET Phase-I
and Mu2e experiments target sensitivities of 7 × 10−15 and 8 × 10−17 at 90% CL, respec-
tively, for µ → e conversion in aluminum [32, 33]. These advancements could push the
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Particle µ→ eee µN → eN

E ∼ (1,1)−1 120×
√
|[λE ]2||[λ∗E ]1| 290×

√
|[λE ]2||[λ∗E ]1|

∆1 ∼ (1,2)−1/2 117×
√
|[λ∆1 ]2||[λ∗∆1

]1| 290×
√
|[λ∆1 ]2||[λ∗∆1

]1|

∆3 ∼ (1,2)−3/2 117×
√
|[λ∆3 ]2||[λ∗∆3

]1| 290×
√
|[λ∆3 ]2||[λ∗∆3

]1|

Σ1 ∼ (1,3)−1 84×
√
|[λΣ1 ]2||[λ∗Σ1

]1| 205×
√
|[λΣ1 ]2||[λ∗Σ1

]1|

Table 8. Current constraints from the LFV processes on the vector-like lepton mass measured in
TeV. The future measurements will improve the bound on the mass by an order of magnitude.

vector-like lepton mass scale to O(1000)TeV, rendering such scenarios difficult to test even
at FCC-ee (see section 4).

Thus, new physics scenarios involving vector-like leptons that enhance the electron
Yukawa coupling at observable levels must couple exclusively to electrons. However, even
this approach faces stringent constraints due to the chirally enhanced v/me contributions
to electron dipoles, which we discuss next.

Chirally enhanced dipole moments. Due to the same chiral structure of the operators
responsible for modifying the electron Yukawa coupling and the dipole, the same chiral
enhancement of the Yukawa coupling will generally be inherited in the electron dipole
moments [13, 34–37]. Focusing on real new physics couplings,2 the contribution to the
anomalous 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
(
ℓLσ

µνeR
)
ϕBµν + CeW

(
ℓLσ

µνeR
)
σIϕW I

µν + h.c. . (3.6)

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

∆ae ≃
4mev√

2e
Re (Ceγ) , (3.7)

where Ceγ = cos θW CeB − sin θW 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 κe. For models with pairs of
vector-like leptons, this is illustrated in figure 2, while for models containing a vector-like
lepton in combination with a new scalar, the underlying Feynman diagrams are shown in
figure 3. Assuming equal masses for the new physics states, this relationship is

∆ae = η
m2
e(κe − 1)
16π2v2 , (3.8)

where η 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,

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.
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ϕ

ℓL ϕ

ϕ∗

eR

Ψ1

Ψ2

(a)

ℓL ϕ

eR

Xµ

Ψ1

Ψ2

ϕ

(b)

Figure 2. Feynman diagrams involving a pair of vector-like lepton Ψ1 and Ψ2 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 .

Model η |κe| Λ [TeV] Model η |κe| Λ [TeV]
L1: E +∆1 1 19 34 SL1: S + E 3 7 59
L2: E +∆3 1/5 92 15 SL2: S +∆1 3 7 59
L3: Σ1 +∆3 1/5 92 15 SL3: Ξ +∆1 −1 17 36
L4: Σ1 +∆1 1/9 165 11 SL4: Ξ + Σ1 1/3 56 19

Table 9. The model dependent coefficient η defined in eq. (3.8) relating the contributions to ∆ae and
κe. The corresponding limits on the κe and the new physics scale Λ when the new physics couplings
are of O(1) have been derived requiring ∆ae < 5 · 10−13.

we list the corresponding values of η in table 9. In addition, we list the complementary
limit on κe 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
velocity of a rubidium atom absorbing a photon using matter-wave interferometry [43], is
used. The heavy states in the models we consider have a negligible impact on extracting
the fine-structure constant that involves atomic experiments probing energy scales below
the electron mass [41], thereby allowing ∆ae to be their unambiguous test. Finally, we note
that models with a vector-like lepton and a scalar, shown in figure 3, violate the relation in
eq. (3.8) due to extra contributions proportional to the couplings involving new physics states
only, as shown in figure 3(c). Such topologies have already been identified in the context of
explaining the anomaly in the anomalous magnetic moment of the muon [44]. Again, we
assume a natural scenario without fine-tuned cancellations between this contribution and the
one in eq. (3.8) (figure 3(b)) that would significantly decorrelate ∆ae and κe.
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ϕ

ℓL eR

ϕ

ϕ∗

Ψ
Φ

(a)

ℓL eR

ϕ

Ψ

ϕ Φ

Xµ

(b)

ϕ

ℓL

eR

Ψ
Ψ

Φ
Xµ

(c)

Figure 3. Feynman diagrams involving the NP scalar Φ and the vector-like lepton Ψ contributing to
the electron Yukawa (a), and the magnetic moment (b,c).

3.1.2 Models with new scalars

Simplified models involving only scalars that enhance the electron Yukawa coupling necessarily
include an additional SU(2) doublet, φ, which couples to leptons. Excluding the scalar triplet
with unit hypercharge, Ξ1, which induces lepton number violation at dimension five, φ is the
only scalar that generates a flavoured Wilson coefficient in the SMEFT at tree level. Hence,
the flavour phenomenology of the scalar extensions is dominated by the Yukawa coupling
[yeφ]ij , which encodes the interaction of φ with the SM leptons ℓiL and ejR.

In the heavy new physics limit, the impact of φ on low-energy lepton transitions is
captured by the four-lepton operator [Oℓe]ijkl with the matching to the EFT provided in
table 7. The contribution to the electron Yukawa coupling arises from the flavour-conserving
term [yeφ]11, constrained by its impact on the differential distribution of e+e− events in
Bhabha scattering, which was precisely measured at LEP [45]. The contribution to the
differential cross-section due to [Oℓe]1111 reads(

dσ

d cos θ

)
NP

= 1
8πs

[
t2
(
e2

s
+ (g22 + g21)gZeL gZeR

s−m2
Z

)
+ (s↔ t)

]
[Cℓe]1111 , (3.9)

where t = −s(1−cos θ)/2. The measurements of dσ/d cos θ were performed for fifteen angular
bins in cos θ ∈ [−0.9, 0.9] and seven center-of-mass energies in

√
s ∈ [189, 207]GeV. A fit to

this data in ref. [46] yielded a 95% CL limit of [Cℓe]1111 < 1/13.7TeV−2, which translates to

Mφ

|[yeφ]11|
> 2.7TeV . (3.10)

We apply this bound to constrain the contribution of simplified scalar-only models to the
electron Yukawa coupling. Additionally, stringent lepton flavour violation limits forbid φ

from having large off-diagonal couplings to leptons. For example, the decay µ→ eee imposes
the following hierarchy [46]

|[yeφ]21|
|[yeφ]11|

< 3.4 · 10−4 , (3.11)

though this constraint does not impact the enhancement of κe.
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Other scalar states that could modify the electron Yukawa always appear in combination
with φ, such that their couplings could be probed through flavour transitions at one loop
level. In particular, the trilinear coupling between two new scalars and the SM doublet, κSφ
and κΞφ in Models S1 and S2, respectively, could be probed through the following flavoured
Wilson coefficients arising at one loop

[
C(1±3)
ϕl

]
ij
= η±

|κΦφ|2[yeφ]ik[yeφ]∗jk
16π2(M2

Φ −M2
φ)3

(
M2

Φ −M2
φ − (M2

Φ +M2
φ) log

(
MΦ
Mφ

))
, (3.12)

[Cle]ijkl = η
|κΦφ|2[yeφ]il[yeφ]∗jk

16π2M4
φ

(
1 + log

(
µ2

M2
φ

))
. (3.13)

Here, Φ = {S,Ξ} and C(1±3)
ϕl correspond to the Wilson coefficients of the operators obtained by

taking the sum or difference of the operators in eqs. (2.13) and (2.14), directly relevant for the
Z-coupling modifications in eqs. (3.3) and (3.4). For Model S1, {η+, η−, η} = {1/2, 0,−1/2},
and for Model S2, {η+, η−, η} = {1/2, 1,−3/2}. Additionally, in Model S1 (S2), [Cϕe]ij =
−[C(1+3)

ϕl ]ij ([Cϕe]ij = −3[C(1+3)
ϕl ]ij). When reporting eqs. (3.12) and (3.13) we have isolated

the contributions involving the NP couplings and neglected the ones proportional to the
SM Yukawa or gauge couplings. The renormalisation scale µ in eq. (3.13) originates from
the two-point function renormalisation of φ induced by dimensionful coupling κΦφ. Hence,
great precision in the measurement of the Z couplings to electrons, sensitive to [C(1+3)

ϕl ]11
and [Cϕe]11, at the FCC-ee will allow us to indirectly probe |κΦφ| which would otherwise
be particularly difficult to constrain.

3.2 Direct searches

The ATLAS collaboration has recently reported on direct searches for VLLs coupled to the
first and second lepton generations performed at the LHC in ref. [47]. In particular, for the
first-generation scenario, the following lower bounds with a 95%CL are found

ME > 320GeV , (3.14)
M∆1 > 1220GeV . (3.15)

However, these bounds are not directly applicable to the scenarios we study. Firstly, the
lower bound on ME is very low, and would not justify the EFT approach. Secondly, only two
out of the five VLLs presented in table 3 are considered. Finally, we consider the presence of
two VLLs in each model, while ref. [47] considers one VLL per time.

Therefore, we consider the projections for the HL-LHC provided by the CMS collaboration
in section 7 of ref. [48] and construct theory predictions for the production cross-section for
each of the models containing either one or two VLLs. We consider the masses of the VLL
components to be the same, neglecting mass splitting effects; additionally, in the presence
of two VLLs, we assume the same mass limit.

VLL production at hadron colliders occurs through electroweak interactions, as illustrated
in the Feynman diagrams of figure 4. Both neutral and charged gauge bosons are involved,
necessitating the inclusion of couplings in the mass basis for all VLL components with the
electroweak gauge bosons. The diagram on the left of figure 4 further demonstrates how, in
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q

q

E′

E

Z

q

q

N ′

E
′

W+

q

q

E

E

γ

Figure 4. Exemplary diagrams for the production of a pair of VLLs at the LHC in Model L1. The
diagram on the left appears after the rotation into the mass basis and shows the production of two
VLLs with electric charge ±1, with E being the singlet and E′ the charge component of the doublet
∆1. The central diagram shows the production of the two ∆1 components, N ′ and E′, from the decay
of the W boson. The diagram on the right showcases the scenario with a photon propagator.

Model SL1 SL2 SL3 SL4 L1 L2 L3 L4
Mass [TeV] 1.0∗ 1.7 1.7 1.8 1.8 1.9 2.2 2.1

Table 10. HL-LHC projections for direct searches of vector-like leptons, using the more optimistic
projections for doublet models reported in [48]. We report only the models for which we will perform
fits in section 4.

the broken phase, the mass basis rotation enables interactions between the components of
two distinct VLL multiplets and an electroweak gauge boson. For each model considered, the
rotation is carried out perturbatively, with full details and results provided in appendix A. In
table 10 the projected lower bounds for the VLL masses are presented, having separated the
models based on whether there are one or two VLLs. The former case falls into the class
of models involving a new scalar and a VLL; for the sake of obtaining lower bounds on the
VLL mass, we do not account for the presence of the extra scalar.

Before moving on to the direct searches for new scalars, we comment on the asterisked
value in table 10. Considering the extra singlet vector-like lepton, E, the lower bound on
the mass is found to be approximately 600GeV. Given the use of an EFT approach in the
next sections, we chose to set the mass to 1TeV.

Regarding the direct searches for the models with extra scalars, we note that we assume
that there is no direct coupling of the scalar to quarks, which means that gluon fusion pro-
duction or direct production from initial state quarks is strongly suppressed. The suppression
comes with the mixing angle that in an EFT approach is proportional to λv2/Λ2 where λ
stands generically for κS , κΞ, or λφ. At the HL-LHC, direct searches cannot exclude the 2HDM
for masses larger than 1 TeV of the heavy Higgs boson and mixing angles below 0.25 assuming
that the heavy Higgs boson decays mostly in light Higgs bosons [4], implying that λ ≲ 4 for
an extra heavy scalar with mass at 1 TeV. In case the heavy Higgs boson decays mostly to
electrons, Z ′ searches can be reinterpreted, but leading to bounds on the heavy Higgs mass
much below the validity of the EFT limit we consider [13]. We will hence no further consider
direct searches of the new scalars and set the new physics scale for those models to 2 TeV.
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3.3 Electroweak precision tests

To analyze the impact of new states on electroweak physics, we construct the electroweak fit
using electroweak observables (EWPOs) defined in table 11. The corresponding experimental
measurements and SM predictions are sourced from [45, 49–59]. We define the χ2-function as

χ2
EWPO =

∑
ij

[Oi,exp −Oi,th](σ−2)ij [Oj,exp −Oj,th] , (3.16)

with σ−2 being the inverse of the covariance matrix [45, 49]. Moreover, we work in the
{αEM ,mZ , GF } input scheme such that the relevant effective Lagrangian describing inter-
actions of the electroweak gauge bosons with leptons reads

Leff ⊃ −g2
[(
W+µj−µ + h.c.

)
+ ZµjZµ

]
+ g22v

2

4 (1 + δmW )2W+µW−
µ + g22v

2

8c2W
ZµZµ , (3.17)

j−µ = 1√
2
νiLγµ

(
δij + δgWℓ

ij

)
ejL , (3.18)

jZµ = 1
cW

[
f
i
Lγµ

(
gZfL δij + δgZfL ij

)
f jL + eiRγµ

(
s2W δij + δgZeR ij

)
ejR

]
, (3.19)

where f = ν, e, and

gZνL = 1
2 , gZeL = −1

2 + s2W , (3.20)

with cW (sW ) being the cosine (sine) of the Weinberg angle. The Z-boson coupling modifiers
[δgZeL,R]ij are defined in eqs. (3.3)–(3.5), while the W -coupling modifier to leptons is

δgWℓ
ij = δgZνL ij − δgZeL ij = v2

[
C(3)ϕl

]
ij
. (3.21)

Finally, the W mass modification reads

δmW = v2g21
4(g22−g21)

(
[Cℓℓ]1221−2[C(3)ϕℓ ]22−2[C

(3)
ϕℓ ]11

)
− v2g22
4(g22−g21)

CϕD−
v2g2g1
g22−g21

CϕWB . (3.22)

Models with vector-like leptons. The tree-level operators defined in eqs. (2.13)–(2.15),
which modify electroweak gauge boson couplings to leptons, involve at most two new physics
couplings, as summarized in table 6. Additionally, universal one-loop contributions arise
through box diagrams involving heavy vector-like leptons

δgZfL ii = −
v2

4

(
T 3
f + g21

g22 − g21
Qf

)
CϕD − v2

g2g1
g22 − g21

Qf CϕWB , (3.23)

where T 3
f and Qf denote the weak isospin and electric charge of the fermion f , respectively.

Therefore, in Models L1-L5, these contributions make the electroweak fit sensitive to the
Yukawa coupling between two vector-like leptons and the Higgs boson which enters κe. This is
essential to probe all three couplings that determine the contributions to Ceϕ constraining the
possible size of the electron Yukawa couplings through the electroweak precision measurements.
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Observable Definition Observable Definition
ΓZ

∑
f Γ(Z → ff) Ruc

Γ(Z→uu)+Γ(Z→cc)
2
∑

q
Γ(Z→qq)

σhad
12π
mZ

Γ(Z→e+e−)Γ(Z→qq)
Γ2

Z
mW mW

Rf
Γ(Z→ff)∑

q
Γ(Z→qq) ΓW

∑
f1,f2 Γ(W → f1f2)

Af
Γ(Z→fLfL)−Γ(Z→fRfR)

Γ(Z→ff) BR(W → ℓν) Γ(W→ℓν)
ΓW

A0,ℓ
FB

3
4AeAℓ RWc

Γ(W→cs)
Γ(W→ud)+Γ(W→cs)

AFB
c

3
4AeAc AFB

b
3
4AeAb

Table 11. EWPOs and their definitions used to construct the EW fit. Their explicit expressions in
SMEFT are taken from [60].

Models with scalars. The scalar states that are triplet under SU(2) impact electroweak
physics through tree-level contributions to OϕD presented in table 6. From eqs. (3.22)
and (3.23), this would lead to modifications in the W -boson mass and a universal shift of the
lepton couplings to electroweak gauge bosons. Furthermore, the couplings of φ necessary to
induce modifications in the electron Yukawa in all models with scalars, enter the electroweak
fit at one loop through modifications of the Z and W couplings to leptons. The explicit
expressions can be recovered from eq. (3.12). Finally, Models S1 and S2 match to CϕD
as follows

C(S1)ϕD = g21|κsφ|2

480π2Λ4 , (3.24)

C(S2)ϕD =
κΞκ

∗
Ξφλ

∗
φ

[
5+4log( µ2

Λ2 )
]

8π2Λ4 +
|κΞ|4

[
5−2log( µ2

Λ2 )
]
−8|κΞ|2|κΞφ|2

[
4+5log( µ2

Λ2 )
]

16π2Λ6 , (3.25)

where we have kept only the leading dependence on the NP couplings and set the mass of
the heavy scalars to be the same and equal to Λ. The full expressions in the equal mass limit
can be found in the supplementary notebook attached to this work.

3.4 Higgs physics

We will now consider constraints from higher energy runs of the FCC-ee. In particular, the
programmed run of FCC-ee at 240GeV optimises the associated production of a Z and a Higgs
boson, allowing for a combined fit involving both projected electroweak and Higgs physics
observables. In the following, we outline the Higgs fit procedure and the relevant observables.

Higgstrahlung cross-section. We construct the NLO cross-section for the associated Zh

production (σZh) using appendix B of ref. [62]. In femtobarns, its expression reads

σSMEFT,NLO
Zh = σSM,NLO

Zh +
(
27.8 CϕB + 1.47 CϕD + 23.3 Cϕ□ + 100 CϕW+

+ 53.5 CϕWB − 158 [Cϕe]11 + 170
[
C(1)ϕℓ

]
11

+ 190
[
C(3)ϕℓ

]
11
+

−1.67 Cϕ + 1.85 · 10−3 [Cle]1111
)
TeV2 fb , (3.26)
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Decay channels Expected uncertainties [%]
h→ any ±0.5
h→ bb ±0.3

h→W+W− ±1.2
h→ ZZ ±4.4
h→ τ+τ− ±0.9
h→ γγ ±9.0

h→ µ+µ− ±19

Table 12. Expected uncertainties for σZh times Higgs branching ratios in different channels at
240GeV FCC-ee run [61], used to construct the Higgs physics fit.

with σSM,NLO
Zh = 194 fb. We have cross-checked this result against the online database for

SMEFiT [18] and found it to be in agreement.3 The Wilson coefficients in the third line enter
the cross-section only at NLO. However, from the point of view of our models, these two
operators are of interest for the models involving NP scalars and we include them. Indeed, φ
generates both operators at the tree level (see table 6). As for the other two scalar particles,
S and Ξ from table 7, one can appreciate that only Oϕ is tree-level generated. Given the
large number of couplings introduced by the models with scalars, we chose to set to the
best-fit value all the couplings that do not enter the tree-level expressions for Ceϕ (table 2).

Signal strengths. Next, one can make use of the individual measurements of the different
Higgs final states shown in table 12. It contains the projected uncertainties on the product
between the Zh production cross section times the branching ratio for the various Higgs
decay channels. We consider the Higgs decays into fermions such as the b quarks, τ -leptons
and muons, and vector bosons such as γ, W and Z. For a given decay channel i, the signal
strength is defined as

µtheoi = σSMEFT
Zh · BrSMEFT

h→i

σSMZh · BrSMh→i

= σSMEFT
Zh

σSMZh
· Γ

SMEFT
h→i

ΓSM
h→i

· ΓSM
h

ΓSMEFT
h

. (3.27)

Considering the last expression, the first ratio is known from eq. (3.26), whereas the remaining
two can be adapted from ref. [63]. In particular, we drop the U(3)5 flavour symmetric limit
of ref. [63] and impose that the NP is dominantly coupled to electrons as required by flavour
physics constraints. For illustration, we report the explicit expression for the Higgs decay
width in the SMEFT, accounting also for an enhanced electron Yukawa coupling:

ΓSMEFT
h = ΓSM

h

[
1− 1.50v2CϕW − 1.21v2CϕW + 1.21v2CϕWB + 1.83v2Cϕ□ − 0.43v2CϕD

−0.0003v2C(1)ϕl − 0.773v2C(3)ϕl − 0.0002v2Cϕe (3.28)

+2v2
(
BRSM(h→ γγ) + BRSM(h→ gg)

)
Cϕ,kin

]
+ Γr

eκ
2
e .

The first two rows are reported in ref. [63], having already dropped the coefficients that are
always zero for the models considered, i.e., those associated with operators involving quarks

3With the exception of the contribution of the operator Oℓe, which is not included in the database.
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or gluons. The third row was added to account for the rescaling by Cϕ,kin (see eq. (2.8)) of
the h→ γγ, h→ gg widths. The enhancement of the h→ ee decay channel is considered in
the last row. The decay width Γr

e is obtained by rescaling the h → µ+µ− width obtained
from [64] by m2

e/m
2
µ [65],4 finding

ΓSM
µ = 8.9784 · 10−7 GeV⇒ Γr

e = 2.100 · 10−11 GeV . (3.29)

Given the involved form of eq. (3.27), for each channel we perform an expansion in v2/Λ2 to
linearise in Wilson coefficients the SMEFT predictions and stay strictly within the expansion
of the effective field theory. As an example, the signal strength for the decay channel into
bottom quarks reads

µbb = 1 + v2
(
3.86 CϕB + 2.15 Cϕ□ + 5.49 · 10−2 CϕD − 13.5 [Cϕe]11 + 14.4

[
C(1)ϕℓ

]
11
+

+ 16.2
[
C(3)ϕℓ

]
11

+ 9.71 CϕW + 3.33 CϕWB + 3.46 · 10−3 Ceϕ+

+0.142 Cϕ + 1.57 · 10−3 [Cℓe]1111
)
. (3.30)

The total χ2 function is then

χ2
Higgs =

∑
i,j

(
µSMEFT
i − 1

)
σ−2
ij

(
µSMEFT
j − 1

)
, (3.31)

where i, j identify the available decay channels and the SM prediction is µSMi = 1. The
inverse of the correlation matrix is obtained as

σ−2 =
(
XT · 1 ·X

)−1
, (3.32)

where X is used to denote the uncertainties shown in table 12. Due to their unavailability,
we do not include the experimental correlations between the different signal strengths.

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 χ2-distribution which is a function
of NP parameters and incorporates the constraints discussed above. Finally, we report κe
in each model obtained by maximisation subject to the condition

χ2 < χ2
∣∣∣
min

+ χ2(n, 95%) . (4.1)

Here, χ2
∣∣∣
min

is the χ2 minimum, while χ2(n, 95%) is the value of the χ2−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.

4We would like to take note, that this approach is only valid at tree-level, but for small couplings higher
order diagrams in which the Higgs does not couple directly to the electron would dominate. Since this is the
case for small κe, the contribution of this term to the total width becomes negligible so the mistake we make
remains negligible.
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Particle content φ φ+ S φ+ Ξ
κe 266 925 323

Table 13. 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.

Models with scalars. Let us start from the models with new scalars defined in section 2.1,
which we consider to have mass MΦ = 2TeV, safely above the current and future limits from
direct searches (see section 3.2). As anticipated, lepton number violation excludes Model
S3 from inducing large κe (see section 3.1), leaving only the SM extension with the extra
scalar doublet φ and Models S1 and S2 to be studied. The latter two involve two NP scalars:
φ and, respectively, the singlet S and the SU(2) triplet Ξ. The fit results are summarised
in table 13 and we comment on them below.

The state φ is the only single mediator extension of the SM capable of significant electron
Yukawa modification. In this case, the χ2-distribution is constructed as follows

χ2
φ = χ2

EWPO

(
yeφ

)
+ χ2

Higgs

(
yeφ, λφ

)
+ 3.84

(
17.8 2.7TeV

Mφ

[
yeφ

]
11

)2

, (4.2)

where the coupling dependencies have been explicitly written out to identify the origin of
the constraints for λφ and yeφ.

The third term invokes the constraints on yeφ imposed by Bhabha scattering derived in
eq. (3.10). 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 section 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 χ2-distribution for a constraint derived at a 95% CL.

Overall, we find that the largest allowed enhancement for the electron Yukawa coupling
with a 95% CL is κmax

e = 266. Such value is undoubtedly above both the projected sensitivity
for the HL-LHC of |ye| < 120 ySMe [4] and the expected bound from two years of running of
the FCC-ee, which is |ye| < 1.6 ySMe [7]. Such value is though comparable with the upper limit
of ye < 260 ySMe determined by the ATLAS collaboration in ref. [3]. The quartic coupling,
λφ, can only be loosely constrained by Higgs physics. In table 14 we present the allowed
intervals at a 95% CL of λφ and find it to be in agreement with the interval of |λφ| ≲ 7.6
found by the SMEFiT [18, 66, 67] collaboration. In the same table we also include the allowed
intervals for λφ for the models with two NP scalars as a comparison.

Moving on to the models with two scalars, two assumptions are made. First of all, we
set the couplings in the scalar potential that do not enter Ceϕ (tree-level matching results in
table 2) to their best-fit value. For Models S1 and S2, this means four couplings remain to
be constrained. Secondly, the two dimensionful couplings (κΦ and κΦφ with Φ = S, Ξ) are
set to be the same; effectively, this reduces the number of free parameters to three.
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Model φ φ+ S φ+ Ξ
λφ [−1.57; 1.57] [−5.37; 4.80] [−1.67; 1.67]

Table 14. Allowed intervals for quartic coupling λφ of the second Higgs doublet, referring to a
95% CL.

In addition to Oeϕ, models with two scalars always give a contribution to Oϕ (in
eq. (2.42)) at tree level. This operator affects the trilinear Higgs self-coupling, λhhh, which
is notoriously difficult to measure, with the HL-LHC projections in Higgs pair production
leading to λhhh/λSMhhh = 1− 2 v4

m2
h
Cϕ + 3v2(Cϕ□ − 1/4CϕD) ∈ [0.5, 1.6] at 68% CL [68]. At the

FCC-ee in the 240GeV and 365GeV runs the trilinear Higgs self-coupling can be measured
indirectly by electroweak corrections [69], and in combination with the HL-LHC, it can be
constrained to λhhh/λ

SM
hhh ∈ [0.57, 1.44] [70]. In our study, the FCC-ee constraints on the

trilinear self-coupling are encoded in Higgs physics constraints since the operator Oϕ affects
the Zh production cross section at NLO, see eq. (3.26).

For Model S1 which involves the doublet field φ and the singlet S, a combination of the
couplings in the scalar potential could lead to cancellations in the trilinear Higgs self-coupling.
Therefore, being aware of this possible flat direction, we do not take into account constraints
from the Higgs trilinear coupling in the combined fit for Model S1. Instead, for Model S2,
involving the doublet φ and the triplet Ξ, the trilinear Higgs modification due to the triplet
state is proportional to κ2Ξ/M

2
Ξ which is small due to its tree-level contribution to the W

boson mass modification. Hence in this scenario we do not expect such a cancellation to
occur and consider all contributions to Cϕ (see table 7).

Overall, we find an enhancement of κmax
e of to 925 in Model S1 (see table 13). Instead,

Model S2 leads to approximately the same results as the single mediator model. This can be
understood as the triplet contribution is rather suppressed with respect to the contribution
of φ since it leads to a tree-level contribution in CϕD strongly constrained by electroweak
precision tests. Hence, its contribution remains nearly negligible, and the results we find
closely resemble the ones in the single mediator model.

The rather large allowed values for κe in the models with scalars could also be understood
as the best probes of the coupling λφ. Indeed, even the current precision on the electron
Yukawa results in a better limit than the one obtained from the Higgs observables introduced
in section 3.4.

Models with vector-like lepton pairs. We now turn to the models involving pairs of
vector-like leptons, as defined in section 2.2. Figure 5 summarizes the maximum allowed
values of the coupling modifier at the 95% confidence level. The figure presents two horizontal
lines associated with the HL-LHC projected sensitivity ye < 120 ySMe (red) and with the
expected limit of |ye| < 1.6 ySMe (orange) which could be reached after two years of a dedicated
run at the FCC-ee. The values for the masses of the new states are fixed to those reported
in table 10 coming from the HL-LHC direct search limits.

The red bars show the current impact of the electron g − 2 in constraining the possible
size of its Yukawa coupling. It reflects the entries in table 9, and it is a particularly clean
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Figure 5. Final plot showing our results for the maximal allowed value for the coupling enhancement
κe with a 95% CL for models involving VLL pairs.

probe since the same coupling combination enters both observables, κe and ∆ae, as discussed
in section 3.1. The future prospects for (g − 2)e, represented by the blue bars, 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, 71].

The FCC-ee constraints are separated in two bars to show the impact of the Z-pole
run (purple) and the additional run at 240GeV (green). From the EW point of view, to
extract the constraints we set the experimental value of each observable in table 11 to its
SM prediction [59] and rescale the experimental uncertainties using [17, 61]. However, as
shown in figure 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 κe. The reason is that each of these couplings,
λΨ, with Ψ = {E,∆1,∆3,Σ,Σ1}, defined in eqs. (2.29)–(2.33), determines the Z-coupling
modifier to the SM leptons, as shown in eqs. (3.3)–(3.5) and table 6. Moreover, the remaining
coupling between two vector-like leptons, necessary to enhance the electron Yukawa coupling,
contributes to OϕD 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 table 11.

Models with a vector-like lepton and a scalar. Before presenting the results, we
comment on the form of the total χ2-function for models with one scalar and one VLL.
In particular, the constraints from electroweak and Higgs physics are not enough to put
theoretically reasonable bounds on the coupling between two heavy states, λΦΨ. It is therefore
necessary to impose a theoretical constraint from the quantum stability of these simplified
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Figure 6. Final plot showing our results for the maximal allowed value for the coupling enhancement
κe with a 95% CL for models with one VLL and one NP scalar. The auxiliary black line highlights
the SM prediction κe = 1.

models. Indeed, for λΦΨ ≳ 3, the models with a NP scalar and a VLL develop a Landau
pole below 103 TeV [37]. Overall, the total χ2 reads

χ2
tot = χ2

EWPO + χ2
Higgs + 3.84

(
λΦΨ
3

)2
. (4.3)

Additionally, as was already mentioned for models involving only scalars, we set the couplings
not entering the coupling modifier κe to their best-fit values.

The results for models that involve a new physics scalar and a vector-like lepton are
summarised in figure 6. The models are defined in section 2.3 and we recall that due to the
constraints discussed in section 3.1, we exclude Models SL5 and SL6 as possible candidates
that produce large κe. 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 Ξ ∼ (1,3)0 that is a triplet under SU(2).

This categorisation is important to understand the results in figure 6. Indeed, from
table 6, one can notice that, out of the operators entering the electroweak fit (Oϕe, O(1, 3)

ϕl ,
OϕWB, OϕD), none are generated by the scalar singlet S at the tree-level, while the triplet
Ξ generates OϕD. However, both S and Ξ induce effects in Oϕ□ 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
(purple histograms) and those incorporating additional data from the 240GeV center-of-mass
energy run at FCC-ee (green histograms). Conversely, a strong distinction is absent for
Models SL3 and SL4, where the constraints are already mostly dominated by the precision
achieved during the Z-pole run.

– 25 –



J
H
E
P
0
5
(
2
0
2
5
)
1
3
5

The reduced impact of the electroweak fit renders Models SL1 and SL2 generally less
constrained. For this reason, we add to figure 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 κe at a similar level as the future FCC-ee runs (without a dedicated electron
Yukawa measurement).

Besides the electroweak and Higgs observables, figure 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 κe, including
the coupling λΦΨ, which is challenging to constrain using χ2

tot in eq. (4.3). Thus, in Models
SL1-SL3, a precise assessment of ∆ae at the level of 5 · 10−14 surpasses the precision in κe
achievable by a dedicated run at the FCC-ee [7]. In Model SL4, a group-theoretic factor η
relating ∆e and κe in eq. (3.8) is less than unity, leading to slightly larger κe values inferred
from future (g − 2)e measurements.

5 Conclusions

A future FCC-ee collider offers the unique opportunity to measure the electron Yukawa
coupling during a dedicated Higgs pole mass run. However, due to the timeline and cost of such
a run, it is imperative to ask whether this run can provide new information in concrete model
realizations where electron Yukawa couplings deviate significantly from the SM predictions.

We addressed this question by identifying simplified models that, within an EFT approach,
lead to sizeable tree-level corrections to the electron Yukawa coupling. There exists one
simplified model featuring just a single new field, namely an extra scalar doublet, and three
classes of simplified models with two new states: two vector-like leptons, a vector-like lepton
and a scalar singlet or triplet, and a scalar doublet together with a scalar singlet or triplet.

We considered HL-LHC projections for direct searches of new states, constraints from
flavour physics, including projections from future experiments, and constraints arising from
the Z pole and 240 GeV center-of-mass energy runs at the FCC-ee. We found that in all
models with vector-like leptons, the (g − 2)e provides competitive bounds, comparable to
those from the FCC-ee. Specifically, for the models combining a scalar and a vector-like
lepton, only one combination of new physics states is such that future (g − 2)e measurements
do not probe the model as effectively as the dedicated Higgs pole mass run at the FCC-ee
could. In models with two vector-like leptons, the dedicated Higgs pole mass run can still
probe unexplored parameter space. However, in most models, the parameter space remains
small after considering the projections for the (g − 2)e and other FCC-ee runs. In contrast,
for models with only scalars, large modifications of the electron Yukawa coupling with respect
to its SM value are possible, and a dedicated run at the Higgs pole mass can be considered
an effective probe of the couplings in the scalar potential.

Overall, figures 5 and 6 highlight that future improvements in the measurement of (g−2)e
could match the FCC-ee program in constraining the electron Yukawa coupling in concrete
NP models. Hence, an important message from our study is that the correlated effects in
EWPOs at the FCC-ee and (g − 2)e may provide crucial insights into the nature of the
underlying new physics responsible for modifying the electron Yukawa coupling.
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Finally, we note that the models under consideration, being simplified, are not inherently
compelling as they do not directly address any of the shortcomings of the SM. Moreover, they
require a specific flavour structure that we do not attempt to explain here. However, it is
worth emphasizing that many of the states considered here naturally emerge in UV-complete
frameworks aimed at resolving SM problems and puzzles. For instance, additional scalar
fields, such as an extra scalar doublet in two-Higgs-doublet extensions of the SM, arise in
supersymmetric models [72, 73], in scenarios addressing the strong CP problem like DFSZ-
type models [74, 75], or in frameworks linked to dark matter [76, 77] and baryogenesis [78, 79].
Similarly, vector-like leptons appear in strongly interacting theories related to the hierarchy
problem [80–84] and the flavour puzzle [85–88].

Notwithstanding this, the identified simplified models demonstrate the existence of
scenarios that can uniquely be probed by a dedicated Higgs pole mass at the FCC-ee.
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A Direct searches for VLLs

In this appendix, we summarise the derivation of the couplings between the W± and Z bosons
and the VLL components required for the study of the processes shown in figure 4. The
Lagrangians in section 2 are written in the interaction basis, which presents non-diagonal mass
matrices. Such mass matrices receive contributions from the VLL mass terms, the SM Yukawa
sector, and the Yukawa-like interactions between a VLL and a SM lepton. The rotations
required to cast the mass matrices into diagonal form also affect the remaining interactions.
Therefore, the couplings between the W± and Z bosons can only be read off the original
Lagrangian once a rotation has been performed. The necessary procedure is formally identical
to the one detailed in ref. [11], with minor adaptions. Hence, we directly present our results.

For models SL1–SL4, we need to consider one new VLL multiplet per time, with results
in section A.1. For models L1–L4, we instead consider the presence of two VLL multiplets
per time in section A.2.

A.1 Single VLL multiplet

Since lepton number violation constraints prevent the vector-like lepton Σ ∼ (1,3)0 from
significantly contributing to the electron Yukawa coupling, the four VLL multiplets that we
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E ∆1 =
(
N ′

E′

)
∆3 =

(
E′

Y ′

)
Σ =

Σ
1

Σ2

Σ3

 Σ1 =

Σ
1
1

Σ2
1

Σ3
1


El

ec
tr

ic
C

ha
rg

es
Q 1 — — — T1 = 1√

2
(
Σ1 − iΣ2) —

0 — N ′ — T0 = Σ3 T0 = 1√
2
(
Σ1
1 − iΣ2

1
)

-1 E E′ E′ T−1 = 1√
2
(
Σ1 + iΣ2) T−1 = Σ3

1

-2 — — Y ′ — T−2 = 1√
2
(
Σ1
1 + iΣ2

1
)

Table 15. Electric charges of the components of the VLL multiplets of table 3.

gZ

QΨ E ∆1 ∆3 Σ1

0 — 1 — 2
−1 0 −1 1 0
−2 — — −1 −2

(a) Values of gZ .

gW

QΨ1 QΨ1 E ∆1 ∆3 Σ1

-1 0 — 1 — −
√
2

-2 -1 — — 1
√
2

(b) Values of gW .

Table 16. Values for gW and gZ for models involving only one VLL per time. For compactness, the
table provides the coupling for the VLL components according to their electric charge QΨ.

consider are the singlet E, the doublets ∆1 and ∆3, and the triplet Σ1. Notation-wise, for
the interactions with the Z boson, we write the Lagrangian as

cos θW
gL

LrZ = Ψ/Z
[1
2gZ −QΨ sin2 θW

]
Ψ , (A.1)

where QΨ is the electric charge of the VLL Ψ. The different values of QΨ are reported
in table 15, while the values of gZ are set in table 16(a). Similarly, the interactions with
the W± boson are written as

√
2

gL
LrW = gWΨ1 /W

+Ψ2 + h.c. , (A.2)

with Ψ1 and Ψ2 being two components of the same VLL multiplet. The possible values
for gW are listed in table 16(b). The derived interactions result in the limits on the mass
of new states shown in table 10.

A.2 A pair of VLL multiplets

As soon as more than one VLL multiplet is introduced, interactions of the form ψ1ψ2W

and ψ1ψ2Z, with ψ1 and ψ2 components of two different VLL multiplets are possible in the
mass basis. Organising such components according to their electric charge, the interactions
with the Z boson can be generically written as

cos θW
gL

LrZ = ψ/Z

[1
2GZ −Qψ sin

2 θW1
]
ψ , (A.3)

with the non-diagonal matrix GZ .
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Though the rotations performed involve both vector-like leptons and SM leptons, the
results reported below only display the VLL components for more compact expressions.

• Model L1:

cos θW
gL

LrZ =
(
E

′
E
)
/Z

[
1
2

(
−1

2 −
1
2

−1
2 −

1
2

)
− (−1) s2W 1

](
E′

E

)
+

+N
′ /Z

(1
2 − 0s2W

)
N ′ +O

(
v

MΨ

)
. (A.4)

• Model L2:

cos θW
gL

LrZ =
(
E

′
E
)
/Z

[
1
2

(
1
2

1
2

1
2

1
2

)
− (−1) s2W

](
E′

E

)
+

+ Y
′ /Z

(
−1
2 − (−2)s2W

)
Y ′ +O

(
v

MΨ

)
. (A.5)

• Model L3:

cos θW
gL

LrZ =
(
E

′
T−1

)
/Z

[
1
2

(
1
2

1
2

1
2

1
2

)
− (−1) s2W1

](
E′

T−1

)
+

+ T 0 /Z

(1
2 2− 0s2W

)
T0+

+
(
Y

′
T−2

) [1
2

(
−3

2
1
2

1
2 −

3
2

)
− (−2)s2W

](
Y ′

T−2

)
+O

(
v

MΨ

)
. (A.6)

• Model L4:

cos θW
gL

LrZ =
(
E

′
T−1

)
/Z

[
1
2

(
−1

2 −
1
2

−1
2 −

1
2

)
− (−1) s2W1

](
E′

T−1

)
+

+
(
N

′
T 0
)
/Z

[
1
2

(
3
2 −

1
2

−1
2

3
2

)
− 0s2W

](
N ′

T0

)
+

+ T−2 /Z
[
−1− (−2)s2W

]
T−2 +O

(
v

MΨ

)
. (A.7)

For the interaction with the W± bosons, one can proceed similarly. The most general form
of the interaction is provided by

√
2

gL
LrW = ψ1 /WGWψ2 , (A.8)

where GW is a dim(ψ1)×dim(ψ2)-dimensional matrix.
We list below the model-dependent results:

• Model L1:
√
2

gL
LrW =

(
E

′
E
)
/W

−

 1√
2
1√
2

N ′ +O

(
v

MΨ

)
+ h.c. . (A.9)
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• Model L2:
√
2

gL
LrW =

(
E

′
E
)
/W

+

 1√
2
1√
2

Y ′ +O

(
v

MΨ

)
+ h.c. . (A.10)

• Model L3:
√
2

gL
LrW =

(
E

′
T−1

)
/W

−
(

1
−1

)
T0+

+
(
E

′
T−1

)
/W

+

1
2 + 1√

2
1
2 −

1√
2

1
2 −

1√
2

1
2 + 1√

2

( Y ′

T−2

)
+O

(
v

MΨ

)
+ h.c. . (A.11)

• Model L4:
√
2

gL
LrW =

(
E

′
T−1

)
/W

−

1
2 −

1√
2

1
2 + 1√

2
1
2 + 1√

2
1
2 −

1√
2

(N ′

T0

)
+

+
(
E

′
T−1

)
/W

+
(
−1
1

)
T−2 +O

(
v

MΨ

)
+O

(
v

MΨ

)
+ h.c. . (A.12)

The bounds on the masses for each of the models are summarised in table 10.
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