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ABSTRACT

This thesis explores the duality between the precision and discovery experimental strategies,

with focused case studies in the phenomenology of the lepton sector. The complementarity

of the two approaches is highlighted through an exploration of flavor violation in scenarios of

extended Higgs sectors, and of theories in which the electron Yukawa is enhanced. In these

cases, precision experiments offer probes that can help explore well-motivated scenarios,

broadening experimental coverage of parameter space. Later, we describe cases where the

paradigm can be inverted, in particular when precision experiments may be used to conduct

discovery searches for intermediate-scale hidden sectors. Together, these studies highlight

the blurring of the line that separates precision and discovery experimental search strategies.
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CHAPTER 1

INTRODUCTION

The Higgs boson was discovered in 2012 at the Large Hadron Collider (LHC), completing

the expected particle content of the Standard Model. Since its discovery, no additional

elementary particles have been observed at the scale of Electroweak Symmetry Breaking

(EWSB). Still, it’s known that the Standard Model is not a complete description of nature:

it does not explain the observed dark matter density, nor the asymmetry between matter

and antimatter in the universe, nor the oscillations of neutrinos, to name a few examples.

Solutions to these problems could exist at a vast range of energy scales - some models are

discoverable at the LHC, some contain lighter particles, and some at energy scales far higher

than what could be probed in terrestrial experiments. Given the vast space of well-motivated

theories, the next discovery in physics could occur in virtually any experiment. For this

reason, it’s vital to have a complete understanding of each experiment and characterize how

different probes work together to effectively explore the theory landscape.

In the goal of searching for new physics, there are two broad experimental strategies:

discovery and precision. Discovery machines explore the frontier of high-energy physics -

the Tevatron, the LHC, and the next-generation Future Circular Collider are all examples.

Historically, this approach is what drives the construction of ever larger circular colliders,

and has led to many of the most important discoveries: the electroweak gauge bosons, the

heavy quarks, and most recently, the Higgs. These experiments require a lot of resources

and a large workforce, but provide a compete exploration of new kinematic regimes and offer

direct evidence for new elementary particles. In the past decade, with the running of the

LHC, particle physics has focused on discovery, necessitating a certain emphasis for particle

phenomenologists: determining what kinds of new particles can be uncovered at the LHC,

and which final states offer the bets prospects for discovery.

As the LHC continues developing its planned physics program, the focus of experimental
1



physics is also shifting toward the precision frontier. This strategy focuses on using increas-

ingly precise measurements of known processes to search for deviations from the Standard

Model predictions, which could indicate effects of new physics. Although less directly in-

terpretable than searches for new particles, precision measurements can provide extremely

useful information about viable models. For one, precision probes can reach far higher than

the energy scale accessible at the LHC. In particular, precision measurements of the proper-

ties of leptons, such as the electric dipole moment and flavor-violating decays, are extremely

sensitive probes with robust and well-understood Standard Model predictions. Experiments

that measure these quantities precisely are useful alternatives to collider physics, and use

known techniques with relatively cheap experimental apparatuses. Still, they come with

several important drawbacks. For one, many models exist that naturally avoid or weaken

these constraints, or can be easily extended to do so. Secondly, if a discrepancy with the

SM is detected at one of these experiments, the precise nature of the underlying physics

could not be determined until a collider is used to explore such an energy threshold. With

this in mind, it’s clear that the most powerful approach to search for new physics combines

precision probes and collider physics.

We will show in this thesis that in the modern age of particle physics, the boundary

between the precision and discovery frontiers is increasingly blurred. Machines that are built

for discovery, like the LHC, can be used for precision physics, and vice versa. We will explore

this in two contexts - using high energy colliders for precision physics, and using SM precision

experiments for discovering new particles. As the timescale and resource requirements for

new high energy colliders continues to grow, it becomes increasingly important to exploit the

duality of precision and discovery, by combining their strengths to deepen our understanding

of theory landscape and to search for cases where their domains intersect. In this thesis we

will encounter this in four different contexts. Each explores a different aspect of lepton

precision experiments, but range in the exact purpose of said experiments. The first two
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chapters treat lepton precision experiments as probes of new Electroweak-scale physics, while

the latter two recast precision experiments as discovery machines.

From a theoretical perspective, our guiding principle for model-building will be simplicity.

All of the extensions we consider in this thesis will be single-field, although in Chapter 4

we sometimes consider non-renormalizable interactions that would generically require more

heavy states. Single field extensions are useful benchmarks because of their simplicity -

connections between different observables are more tightly correlated and more predictive,

and their parameter spaces are minimal which makes experimental constraints easier to

portray.

The thesis begins with a review of relevant topics in the Standard Model, SMEFT, and

models of hidden sectors. In Chapter 3, we explore the possibility of discovering electroweak-

scale new physics that has yet evaded detection, where the complementarity of precision and

discovery probes is particularly manifest. In Chapter 4, we show that the LHC and the

FCC-ee can be used as precision probes of the value of the electron Yukawa, but there

are competing precision experiments. In Chapter 5, we show how a precision neutrino

experiment can in fact be used to discover new particles with existing data. In Chapter 6,

we show another example of this: a SM precision probe that can also search for new gauge

forces. And lastly, this thesis will be concluded in Chapter 7.
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CHAPTER 2

REVIEW OF THE LEPTON SECTOR IN THE STANDARD

MODEL

2.1 The Higgs and Electroweak Symmetry Breaking

The Standard Model is a quantum field theory that is essentially defined by the gauge

symmetry group of its forces, a list of particles and their charges under this gauge group,

and a experimental determination of its parameters. All except one of the renormalizable

terms consistent with these gauge symmetries are present in the lagrangian,1 a remarkable

property that is consistent with its interpretation as a low-energy Effective Field Theory

(EFT) of some underlying theory. The gauge group of the Standard Model is

SM : SU(3)C × SU(2)L × U(1)Y (2.1)

which stand for the color, weak, and hypercharge forces, respectively. The SM symmetry

group is spontaneously broken, in a mechanism known as Electroweak Symmetry Breaking

(EWSB). This breaking is induced by the Higgs (H), a field which is a 2 (doublet) under

SU(2)L and has hypercharge 1
2 . The Higgs has a potential

V (H) =
λ

4

(
|H|2 − v2

2

)
(2.2)

which is minimized for 〈H〉 = v. This vev does not transform under the SU(2)L or U(1)Y

symmetries in Eq. 2.1, and thus (some of) those symmetries are broken. However, there is a

linear combination of generators under which the vev is invariant, which can be thought of as

a cylindrical rotation in the doublet DOFs around the direction spontaneously chosen by the

1. The exception being, notably, the GG̃ term, which provides an important hint about the UV completion
of the Standard Model.
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Higgs vev. Thus, there is one U(1) rotation that survives, so the SM gauge group is broken

down to SU(3)C×U(1)EM , with the remaining U(1)EM being the familiar electronmagnetic

gauge symmetry. We can always leverage a gauge transformation to bring the Higgs doublet

to the parameterization

H =

 G±

(v + h+ iG0)/
√
2

 (2.3)

where G± and G0 become the longitudinal modes of the W± and Z bosons, giving them

their masses. In this basis, the generators of SU(2)L are the Pauli matrices. The h DOF

is the radial mode of the Higgs, the only massive scalar mode by gauge symmetry, and is

consistent with the state that was discovered at the LHC in 2012.

2.2 The Leptons

The fermion (spin–12) particles in the SM are the up quarks, down quarks, and leptons. In

this thesis, we focus on the leptons and so we offer a brief review of the lepton sector of the

SM. The leptons consist of two left-handed Weyl spinors and one that is right handed. First,

`L is a 2 under SU(2)L with hypercharge −1
2 , which contains the left-handed charged lepton

and neutrino DOFs. There is also `R, the hypercharge −1 right-handed charged lepton.

With these two leptons, one can write down a Yukawa term with the Higgs doublet,

L ⊃ −
3∑

i,j=1

¯̀i
LyijΦ`

j
R + h.c. , (2.4)

where the indices run over the three flavors of lepton (electron, muon, and tau), and yij is a

matrix of parameters called the Yukawa matrix. The lepton doublet can be parameterized
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as `L = (νL, eL), so that after electroweak symmetry breaking,

L ⊃ −yij

ν̄iL

¯̀i
L

 ·

 G±

(v + h+ iG0)/
√
2

 l
j
R + h.c. = −

yij√
2
(v + h)¯̀iLl

j
R + h.c. . (2.5)

Thus the standard model predicts that the mass matrix of the leptons is

[M`]ij =
vyij√

2
(2.6)

and the Yukawa couplings of the physical Higgs boson to the leptons are

Y h
ij =

yij√
2
=

1

v
[M`]ij . (2.7)

Here we encounter a very important property of the SM - the direct proportionality between

the couplings of the Higgs and the masses of the charged leptons. To write the Lagrangian in

terms of its observed physical states, we remove the lepton mass mixing terms by bringing it

to a diagonal form. To do so we apply rotations in flavor space to the left and right handed

charged leptons `iL → [UL]ij`
j
L and `iR → [UR]ij`

j
R, under which the kinetic terms and gauge

couplings are invariant. However, this transforms the Yukawas, and we can choose UL/R

such that the mass matrix becomes diagonal:

M` → [U
†
LM`UR]ij = miδij . (2.8)

As a consequence of the aforementioned proportionality, the Higgs couplings are also diago-

nalized,

Y h
ij =

mi

v
δij . (2.9)
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This relation is of utmost importance, as both the diagonal and off-diagonal entries of Y h
ij

can be tested at the LHC and in precision experiments. We will explore the consequences of

this prediction in Chapters 3 and 4.

2.3 Models of New Physics

New physics essentially has two ways of manifesting: through slight modifications to observ-

ables from their SM-predicted values, or through direct observation of new particles being

created and decaying.

Heavy New Physics If new physics is heavier than the scales accessible through ex-

periments, their effects are well-described by Effective Field Theory (EFT). Effective Field

Theory (EFT) encodes the effects of new physics through higher dimensional operators.

This encoding can essentially be understood as a taylor–esque expansion in E/m, where E

is the energy scale of the experiment and m is some heavy particle’s mass. For example,

propagators with momenta much less than their masses can taylor expanded

i

p2 −m2
= − i

m2
− ip2

m4
− ip4

m6
+O(m−8) . (2.10)

Which is valid so long as p2 ≤ m2. Let us sketch schematically the power of this approach.

Consider a UV lagrangian that contains a heavy field φ and couples to some lighter particles

through two operators O1, O2 (local functions of other light fields in the theory). This is

captured through the “UV Completion” Lagrangian,

LUV ⊃ φ(−∂2 −M2
φ)φ− λ1φO1 − λ2φO2 (2.11)
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With this lagrangian we can compute, say, the amplitude of O2 → O1 at tree level. In

momentum space this is

=⇒ AUV(O1 → O2) ∼
iλ1λ2

p2 −M2
φ

(2.12)

However, if we can only build experiments that probe A at momentum scales p2 � M2
φ,

then we can perform a taylor expansion of the propagator as in Eq. 2.10 and the amplitude

remains the same. Equivalently, one can start with a Lagrangian where the vertices encode

this taylor expansion,

LEFT ⊃ O1

[
− 1

M2
φ

+
∂2

M4
φ

− ∂4

M6
φ

+ ...

]
O2 . (2.13)

In this theory, φ is not present, but still the amplitude is

AEFT(O1 → O2) ∼ −iλ1λ2

[
1

M2
φ

+
p2

M4
φ

+
p4

M6
φ

+ ...

]
. (2.14)

We have traded the field φ for an infinite tower of higher-dimensional terms in our lagrangian,

but the amplitudes (for E � Mφ) in either theory are exactly identical. This rather simple

example illustrates a very powerful principle in QFT—at energy scales below some heavy

particle mass, one can always pick the coefficients of the EFT such that the prediction in both

theories match arbitrarily well. Perhaps more surprisingly, the exact equivalence betweeen

EFT and UV completion persists at loop level (again, so long as E ≤ Mφ).

This may appear to be a needless complication - we replaced a heavy field with two

couplings with infinitely many new terms in the Lagrangian. However, in the context of

experimental physics this is actually quite powerful. For one, experimental physics has

limited precision - so in practice, we can limit our considerations to only the first few terms

in the E/m expansion. Secondly, experimental physics starts at lower energy scales and
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work upwards, so working in the EFT can capture the generic effects of new physics, without

having to select a particular model. Because of this, EFT can provide a powerful, model

independent framework for potential modifications to the Lagrangian of known physics.

In modern particle physics, Effective Field Theory is ubiquitous. One important place

it arises is considering possible effects from new physics above the Electroweak scale, M �

〈H〉. This physics can be captured at leading order using the Standard Model Effective

Field Theory (SMEFT), which is an extension of the SM that includes all gauge-invariant

dimension-6 operators. This gives the lagrangian

L = LSM +
∑
i

Ci
Λ2

OD6
i (2.15)

This expands the number of parameters in the theory significantly, from 19 to 2499. SMEFT

is canonically written in the Warsaw Basis, which enumerates and organizes all operators [22].

However, most models of new physics only populate a smaller sector of the full SMEFT space,

and this will occur in the extensions considered in this thesis as well. We will see explicit

examples of this in Chapter 4. For further review, see Ref. [23].

New Higgs Doublets One scenario of heavy new physics where SMEFT breaks down is

the Two Higgs Doublet Model (2HDM), which is a simple extension of the SM that includes a

second source of Electroweak Symmetry Breaking. Although this theory maps onto SMEFT

in certain limits, its better treated in the full picture accounting for all new states. The

2HDM is perhaps the most rich single-field extension of new physics, and is capable of many

important phenomenological effects that guide experimental and cosmological studies. In

Chapter 3 we explore this theory in both collider and precision experiments. For a more

detailed review, see [24].
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Light Gauge Bosons Turning to new physics below the EW scale, we will also consider

new light particles in Chapters 5 and 6. In particular, we will consider the addition of new

light gauge bosons to the SM. The addition of new gauge forces is heavily restricted in the

Standard Model by anomaly cancellation. If there are no new fermions, then the couplings

to the Standard Model determine the value of the so-called “trace anomaly”: a one loop

amplitude that breaks gauge invariance, but can be nonzero if the charges of the fermions

are not chosen correctly. If the charge assignments indeed lead to nonzero trace anomaly,

then although the theory is gauge invariant at the level of the Lagrangian, the path integral,

which is a full definition of the QFT, is not truly gauge invariant. Therefore, for the QFT to

be consistent, charges must be assigned in a way to lead to zero trace anomaly. With this in

mind, there are only a few possible extensions of the SM that avoid the trace anomaly. Of

these, only three types are phenomenologically viable: the dark photon, the gauged Li−Lj ,

and the B − L gauge bosons. These three possibilities are reviewed in Section 6.1.

Light New Scalars Another scenario considered in this thesis is that of light scalars -

who’s couplings can only be restricted by additional global symmetries. In the quark sector,

global symmetries naively would enforce zeroes in the CKM matrix, but in the lepton sector

they can be chosen freely. This global symmetry cannot be exact, because the PMNS matrix

has off-diagonal terms. However, the neutrino masses are not generated by the SM and

therefore this level of breaking is viable. Enforcing new global symmetries allows one to

couple a new scalar to any of the new fermions. This theory further requires additional new

physics above the Electroweak scale. Unless the scalar is a new Higgs doublet, it cannot

form a renormalizable gauge-invariant combination with the leptons. Nonetheless, its a

viable theory that we study in Chapter 5.

10



CHAPTER 3

LEPTON FLAVOR IN THE 2HDM

3.1 Introduction

In the first chapter of this thesis, we will explore the complementarity between precision and

discovery experiments in the Two Higgs Doublet Model (2HDM). The 2HDM is a single-

field extension of the SM that includes an addtional Higgs doublet that breaks Electroweak

symmetry, but includes many new parametric degrees of freedom. In particular, one aspect

of the 2HDM is that it may be flavor violating - an extra Yukawa matrix introduces the

possibility of µ → eγ, for example, who’s branching ratio in the Standard Model is ∼

10−51. This is far beyond the reach of any conceivable experiment, but can be easily raised

to experimental levels in the 2HDM. This possibility is well-known in the 2HDM and the

parameter space where it occurs in its most generic form is largely ruled out. However,

the possibility of flavor violation at one loop remains open, and we will show that in this

case the bounds placed by direct collider searches and precision experiments are currently

very competitive with one another. In the next decade, advances at both the LHC and in

precision observables will jointly cover a significant portion of the 2HDM parameter space.

As we saw in Section 2.1, a remarkable property of the SM is that one can assign arbitrary

complex Yukawa couplings of the fermions to the Higgs field and, upon diagonalization to

the fermion mass basis, no tree-level flavor violation effects are left in the Higgs and neutral

gauge sectors. All flavor violating effects are induced by charged gauge currents and can be

parametrized by the CKM and PMNS matrix elements in the quark and lepton sectors. It

is clear that the above property is closely related to the fermion mass generation mechanism

in the SM, where the fermion mass matrices are directly proportional to the Yukawa ones.

The phenomenology of flavor changes drastically if there are additional Higgs doublets

at the EW scale, a class of scenarios broadly known as N Higgs doublet models (NHDM).
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In these models, the SM relation between mass and coupling matrices is broken, allowing

tree-level flavor violation in the Higgs sector. The simplest extensions of the Higgs sector

of this kind is the Two Higgs doublet Model [24, 25, 26, 27, 28, 29, 30] (2HDM), which

includes a single additional source of electroweak symmetry breaking. Flavor symmetries

are usually invoked to ensure that each quark and lepton sector couples to only one of the

two Higgs doublets, restoring the flavor conservation mechanism present in the SM. These

flavor symmetries, which hold in the ultraviolet regime, may be violated in the infrared.

This is the case, for instance, in the minimal supersymmetric extension of the SM (MSSM),

in which flavor conservation is ensured by the holomorphicity of the superpotential and the

structure of couplings, but is violated by supersymmetry breaking effects at low energies [31,

32, 33, 34, 35, 36].

In the absence of flavor symmetries, or in the case that these symmetries are violated,

flavor violating effects are expected to be present, leading to observable effects in Higgs

physics at colliders as well as in dedicated flavor violating searches. This raises several ques-

tions: Which patterns of flavor violation are theoretically motivated? Which experiments

place the strongest restrictions on 2HDM lepton flavor violation, and what parameter space

remains to be probed? In this article, we address these questions within the framework of

the 2HDM, approaching the question of flavor from an EFT-minded perspective. We make

contact with the MSSM when appropriate, but remain largely agnostic to the UV completion

of the 2HDM, aside from several key assumptions.

For our analysis, we will assume that the most relevant flavor violating effects are de-

scribed by the dimensionless Yukawa couplings in the low energy effective theory, while direct

flavor violating effects, related to higher dimensional operators, are efficiently suppressed in

the 2HDM low energy effective theory. We will concentrate on the lepton sector and there-

fore the quark sector structure, although relevant, will not offer any new observables in our

analysis. For the aim of computing the relevant processes in the lepton sector, we will treat

12



the quark sector as following aligned flavor violation - that there is only one fundamental

flavor matrix in each of the up and down sectors, so the CKM matrix is the only source of

quark flavor violation.

3.2 Two Higgs Doublet Models

The 2HDM is an extension of the Standard Model, which includes an additional complex

scalar with the same charge assignments as the SM Higgs, transforming as (1, 2)1 under the

SM SU(3)c × SU(2)L × U(1)Y gauge symmetry group. In addition to the kinetic term, the

most general gauge invariant interactions of the two Higgs doublets are given by

L ⊃ −
∑

f∈{u,d,`}
f̄ iL([y1]ijΦ1 + [y2]ijΦ2)f

j
R + h.c.− V (Φ1,Φ2). (3.1)

Where V (Φ1,Φ2) includes all possible gauge invariant renormalizable combinations of Φ1,Φ2.

In its most generic form, it is written

V (Φ1,Φ2) =
∑
ij

m2
ijΦ

†
iΦj +

1

2
λ1|Φ1|4 +

1

2
λ2|Φ2|4 + λ3|Φ1|2|Φ2|2 + λ4|Φ

†
1Φ2|2

+

[
1

2
λ5(Φ

†
1Φ2)

2 +
(
λ6|Φ1|2 + λ7|Φ2|2

)
Φ
†
1Φ2 + h.c.

]
(3.2)

In general, m12 = m∗
21; λ5, λ6, and λ7 can be complex, and their phases explicitly introduce

CP-violation. A sufficient but not necessary condition for CP symmetry to be preserved in

the Higgs potential is given by [37, 38]

Im[λ6λ
∗
7] = Im[λ26λ

∗
5] = Im[λ27λ

∗
5] = Im[m4

12λ
∗
5] = 0, (3.3)

In this case all parameters can be rendered real by a simple phase redefinition of one of

the two Higgs doublets. In the following, we will assume that this condition is fulfilled and
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that the potential is therefore CP invariant.

3.2.1 The Higgs Basis and Electroweak Symmetry Breaking

After Electroweak Symmetry Breaking (EWSB), the original parameters of the 2HDM map

onto a new set of physical parameters, including e.g. the masses of the fermions, scalar Higgs

bosons, and gauge bosons. As an intermediate step which simplifies many expressions, we

first enter the “Higgs Basis,” and refer primarily to the parameters of the potential in this

basis[25]. We arrive in this basis by performing a field redefinition of Φ1 and Φ2 such that the

vev is entirely contained within one Higgs doublet, denoted as H1, with the other doublet,

denoted as H2, having zero vev. This rotation is parameterized by the angle β, defined as

tan(β) = 〈Φ2〉
〈Φ1〉

. (3.4)

The relationship between Hi and Φi is written in terms of the the usual 2D rotation matrix,

Hi = Rij(β)Φj , (3.5)

where

R(β) =

 cos β sin β

− sin β cos β

 . (3.6)

Performing this rotation induces a map from the Higgs potential to a potential of the same

generic form (since it’s the most general possible potential) but with different parameters,

{mij , λi} → {Y2, Y3, v, Zi}. This mapping is given e.g. in Ref. [39]. We write the potential,
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in terms of the Higgs Basis parameters, as

V (H1, H2) = Y2|H2|2 − (Y3H
†
1H2 + h.c.) (3.7)

+
1

2
Z1

(
|H1|2 −

v2

2

)2

+
1

2
Z2|H2|4 + Z3|H1|2|H2|2

+ Z4|H
†
1H2|2 +

[
1

2
Z5(H

†
1H2)

2 +
(
Z6|H1|2 + Z7|H2|2

)
H

†
1H2 + h.c.

]
(3.8)

Finally, we compute the theory after EWSB by writing the Higgs doublets in terms of their

real scalar degrees of freedom:

H1 =

 G±

(v +H0
1 + iG0)/

√
2

 H2 =

 H±

(H0
2 + ia0)/

√
2

 . (3.9)

The goldstones, G± and G0, are eaten by the EW bosons, but H0
1 and the four DOFs of

H2 are dynamical. By inserting these definitions into the Higgs potential, the mass of the

charged Higgs is

M± = Y2 +
1

2
Z3v

2 , (3.10)

and the mass matrix for the physical neutral Higgses can be written

MH0
i ,a

0 =


Z1v

2 ZR
6 v2 −ZI

6v
2

ZR
6 v2 M2

± + 1
2(Z4 + ZR

5 )v2 −1
2Z

I
5v

2

−ZI
6v

2 −1
2Z

I
5v

2 M2
± + 1

2(Z4 − ZR
5 )v2

 , (3.11)

where the superscripts R and I refer to the real and imaginary parts of the corresponding

quantities. Assuming all quartic couplings to be real, one recovers the CP-conservation

expressions. In this case, the pseudoscalar a0 does not mix with the other CP-even scalars,

and so we can write the mass eigenstates h,H,A in terms of a single mixing angle β − α, as
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is standard in the 2HDM,


h

H

A

 =


sin(β − α) cos(β − α) 0

cos(β − α) − sin(β − α) 0

0 0 1



H0
1

H0
2

a0

 . (3.12)

To make contact with the computations in Ref. [1], which we use extensively, we can alter-

natively express the diagonalization matrix in terms of the q-matrix


sin(β − α) cos(β − α) 0

cos(β − α) − sin(β − α) 0

0 0 1

 =


q11 Re(q12) Im(q12)

q21 Re(q22) Im(q22)

q31 Re(q32) Im(q32)

 (3.13)

The form of the mass matrix in Eq. (3.11) has two implications important for our work. The

first is that in the CP-conservation case, the off diagonal terms imply a relation between the

CP-even neutral Higgs bosons mixing angle in this basis, defined as β − α, and the mass

eigenstates, namely

−Z6v
2√

(m2
H −m2

h)(m
2
H − Z1v2)

= cos(β − α) ' −Z6v
2

(m2
H −m2

h)
(3.14)

In certain parts of our analysis, we use this formula to approximately relate mH to cos(β − α),

and to explore parameter space where the couplings can be safely treated perturbatively, e.g.

parameter space where |Z6| ≤ 4π. Second, there is a constraint on the mass splitting between

the heavy Higgs and the charged Higgs boson,

|M2
H,A −M2

±| ' |Z4 ± Z5|
v2

2
< 4πv2 (3.15)
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A more accurate expression of these bounds may be found in Refs. [40, 24, 39]. In this paper,

to simplify the parameter space, we often will work in regions where mH ' m±
H ' mA, which

is an approximation that becomes more accurate for mH � v or for moderate values of the

quartic couplings.

3.2.2 2HDM Yukawas

Turning to the fermion sectors, we compute the Yukawa couplings between the scalar mass

eigenstates and the SM fermions. There are three new scalars (plus one charged scalar) which

couple to the SM fermions. The coupling of the Higgs doublets Φ1,2 to the SM fermions is

written as in Eq. (3.1)

L = −
∑

f∈{u,d,`}
f̄ iL([y

f
1 ]ijΦ1 + [y

f
2 ]ijΦ2)f

j
R + h.c. (3.16)

We then rotate the Higgs fields into the “Higgs Basis”, and the Yukawa matrices correspond-

ing to H1, H2 may be related to yi via the same transformation, with a factor of
√
2 that

will absorb that of the Higgs normalization,

Yf
1 =

y
f
1 cos β + y

f
2 sin β

√
2

,

Yf
2 =

−y
f
1 sin β + y

f
2 cos β

√
2

. (3.17)

In this basis, as emphasized before, the H1 doublet acquires the full vev v, and the neutral

component H0
1 of H1 behaves in an SM-like manner. Since H2 acquires no vev, the masses

arise entirely from the coupling to H1:

M
f
ij = v[Yf

1 ]ij (3.18)
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which may be diagonalized by a rotation by unitary matrices,

m
f
i δij = [ULM

fU
†
R]ij . (3.19)

We denote Yukawa matrices written in the fermion mass basis by a bar:

Yf
i = ULY

f
i U

†
R, y

f
i = ULy

f
i U

†
R, etc. (3.20)

The electroweak bosons also get their masses via their coupling to H1, in the same way as

in the SM. In the end, there are five physical Higgs DOFs - the light Higgs (h), which is

constrained to be “SM-like” by experimental observations; the heavy Higgs (H); the charged

Higgs (H±) with 2 DOFs; and the pseudoscalar Higgs (A). In terms of the q-matrix defined

in the previous section, the low-energy lagrangian in the lepton sector f = ` can be written

L ⊃ −qkrhr[Y
`
k]ije

i
Le

j
R −

√
2[Y`

2]ijH
+νiLe

j
R + h.c. . (3.21)

Or, in terms of the mixing angles, the Yukawa couplings of the lightest CP-even physical

Higgs h can be written as

L ⊃ −
[mi

v
δij sin(β − α) + [Y`

2]ij cos(β − α)
]
hf̄ iLf

j
R + h.c. (3.22)

while the heavier CP-even Higgs has couplings of the form

L ⊃ −
[mi

v
δij cos(β − α)− [Y`

2]ij sin(β − α)
]
Hf̄ iLf

j
R + h.c. (3.23)

Note that flavor violating couplings for the physical Higgses arise entirely from the off-

diagonal elements of the Y2 matrix, while the deviations from the SM-Higgs diagonal cou-

plings come from the diagonal elements of Y2. In the following sections, we will examine the
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bounds on the generic Y2 elements and motivate specific structures for Y2.

3.3 Lepton Flavor

In the SM, the lepton and quark Yukawa matrices have the pleasant property of being

technically natural: if we set the Yukawas to zero, we recover the global flavor symmetry

U(3)5 = U(3)` × U(3)e × U(3)Q × U(3)u × U(3)d . (3.24)

Consequently, if any of the fermion masses are set to zero, we restore a subgroup of this sym-

metry. Therefore, although there are clearly unexplained hierarchies in the fermion masses,

their technical naturalness is perfectly consistent with EFT principles. This hierarchy does

not necessarily raise fine tuning issues in the same way as, say, the Electroweak Hierarchy

Problem.

To perform a spurion analysis, we make this symmetry explicit by treating the fermions

as transforming as

`L ∼ 3` , eR ∼ 3e , QL ∼ 3Q , uR ∼ 3u , dR ∼ 3d (3.25)

and the SM Higgs Yukawas Y
f
SM as

Y `
SM = 3` × 3̄e , Y u

SM = 3Q × 3̄u , Y d
SM = 3Q × 3̄d (3.26)

Because the global U(5)5 symmetry must be conserved, the Higgs couplings and the fermion

masses are forced to inherit the same flavor matrix. Therefore, diagonalization of the masses

also diagonalizes the Higgs couplings, and the SM robustly predicts no flavor changing neutral

currents.

In the 2HDM, the two sets of Yukawa matrices of the 2HDM must have the same spurion
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charges as in the SM case, Eq. (3.26) with Y
f
SM → y

f
i . This raises two main problems.

First, unless there is some correlation between the two sets of Yukawas (which requires

additional structure in the EFT), setting one of the fermion masses to zero does not restore

any global symmetry, since there will still be a Yukawa coupling to the other Higgs DOF (H2

in the Higgs basis). Therefore, the fermion masses are no longer technically natural, and the

smallest fermion masses generically require tuning in order to justify their size. Secondly,

any linear combination of the two Yukawas will have the same flavor charge - meaning one

is no longer required by symmetry to use the same matrix for the neutral Higgs couplings as

for the lepton mass matrices, and thus in general they are not simultaneously diagonalizable.

The loss of technical naturalness is an important problem from an EFT perspective - it’s

this problem that we address in this section.

3.3.1 Flavor Considerations in the 2HDM

If the 2HDM is to remain well-motivated from an EFT standpoint, then one must try to

restore technical naturalness for the fermion mass hierarchies, which requires additional

flavor symmetries to be invoked. To this end, there are essentially two options for making

the lepton mass hierarchy compatible with EFT principles in the 2HDM:

1. Make a motivated assumption or choice of model for the flavor structure in the Yukawa

matrices, inducing hierarchies in the entries of both Yukawas.

2. Impose a discrete symmetry that disallows one of the two sets of Yukawa matrices,

reinstating default technical naturalness and forgoing questions about the origin of

flavor.

In the first approach, one has to guess the EFT structure that is imposed in the full UV

theory of flavor. This additional structure will be captured in the 2HDM Yukawas by some

flavorful global symmetry GF and a set of spurionic parameters. The left and right handed
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leptons and the spurions are charged under GF , and GF -invariance dictates the Lagrangian

of the EFT. This fixes the spurion dependence of the Yukawa matrix entries and induces

some hierarchical structure in the fermion masses and Yukawas. The simplest choice is

GF = U(1)FN with one flavor spurion, which is known as the Froggatt-Nielsen (FN) model.

The leptons and FN spurion are charged in such a way as to require several insertions of

the spurion to set the masses of the lighter leptonic degrees of freedom. Then the value of

this spurionic parameter is taken to be small, giving rise to a hierarchy in the lepton masses.

Generically, if all states below the flavor UV completion scale also respect GF , then the loop

corrections that they generate will have the same spurion patterns as the tree-level Yukawas,

albeit with new O(1) coefficients. Although the 2HDM does not appear technically natural

in full generality, restricting to a specific GF+spurion structure renders the flavor spurions

themselves technically natural, and therefore the mass hierarchy as well.

Alternatively, to avoid making such a choice, discrete symmetries can be imposed. To

achieve this, there are several ways that Z2 charges can be assigned to the fermions, resulting

in 2HDM categories known as type-I, type-II, Lepton-Specific, and Flipped [24]. However, in

certain scenarios, including the MSSM, simple extensions of the 2HDM introduce controlled

flavor violation. In these scenarios, there are new U(3)`×U(3)e spurions appearing in other

heavy sectors, which are transmitted to the 2HDM via loops. There must also be a soft-Z2

breaking spurion in the heavy sector. The MSSM is a canonical example of this, since the

slepton masses present new flavorful matrices and the µ-term breaks Z2. Indeed, as outlined

in Appendix A, both of these parameters appear in the Z2-breaking loop correction. If flavor

is broken at loop level in the 2HDM, we are again somewhat forced into the same situation

as in the generic case - the question of flavor structure again becomes important.

In either of these cases, one would like to parameterize an assumption about flavor with a

“flavor ansatz.” However, just where the flavor ansatz should be inserted is not immediately

obvious—in some sense, there is a continuous family of flavor matrices parameterized by
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β − α, any one of which could naively be replaced with a flavor ansatz after EWSB. In the

rest of the section, we motivate a framework for inserting flavor ansatz, and we find that

there is a fairly unambiguous choice for where it must be inserted.

3.3.2 Controlling O(1) Coefficients

In this section we outline the process of matrix diagonalization, with the goal of informing

the insertion of flavor ansatz in the 2HDM. Flavor violation specifically occurs because,

although the spurion structure of any flavorful matrix is fixed and uniform amongst all

flavorful matrices, the O(1) coefficients are not. That being said, flavor ansatz are generally

defined as expected magnitudes of flavorful entries—but what exactly is meant by expected

must be defined more concretely. In this regard, in many analyses, O(1) coefficients are

sampled from unit gaussian distributions and the results are displayed as scatterplots. We

construct a framework for this analytically - we treat the O(1) as sampled from a statistical

distribution of unit variance and compute the resulting flavor structure after EWSB.

Consider two matrices A and B with the same (real-valued) spurionic structure Xij ,

where for example, in Froggatt-Nielsen,

Xij
FN
=

(
〈φFN〉
ΛFN

)|q`i−qej |
. (3.27)

In general, other flavor structures can arise as well in this framework. Flavorful matrices

will express the spurion structure, but with O(1) coefficients aij and bij :

Aij = aijXij , Bij = bijXij . (3.28)

To parameterize our ignorance of the coefficients, we consider an ensemble of such matri-

ces, with the complex O(1) coefficients aij , bij sampled independently from a symmetric
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distribution such that

〈aij〉 = 〈bij〉 = 0 , 〈aija∗kl〉 = 〈bijb∗kl〉 = δikδjl , 〈aijb∗ij〉 = 0 . (3.29)

In this case, because 〈AijB
∗
ij〉 ≈ 0, A and B will be said to be statistically independent.

The concept of statistical independence of O(1) coefficients arises in many UV completions

of flavor, especially when there are many states that are integrated out to set the spurion

structure of the flavor EFT. It is not fully generic, but we assume that all flavorful matrices

are generated with this property at the scale of flavor completion.

Additionally, because 〈|Aij |2〉 = 〈|Bij |2〉 = X2
ij , they will be said to have identical flavor

structures. When A is diagonalized,

Āij ≡ [ULAU
†
R]ij = λiδij , (3.30)

the eigenvalues are predicted by the underlying theory up to O(1), 〈λi〉 = ei. Then, so long

as B is statistically independent from A and has the same flavor structure, applying the

same transformation to the other matrix will produce a “structure matrix,”

B̄ij ≡ [ULBU
†
R]ij = bijS

F
ij . (3.31)

Here, SF
ij is a fixed matrix that can be predicted with knowledge of the spurion structure

Xij , along with the induced diagonalization matrices UL and UR. SF is computed as the

average over an ensemble of O(1) coefficients. However, deriving SF analytically from a

specific UV completion is often nontrivial, and typically numerical codes are used to display

the distribution of flavorful observables.

For example, suppose A and B both have the hierarchical structure of the Fritzsch
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textures [41]

X =


f d 0

d∗ 0 c

0 c∗ 0

 , (3.32)

Then the average eigenvalues and structure matrix are

ei = {f, d2/f, c2f/d2} , SF
ij =


e1

√
e1e2

√
e1e3

√
e1e2 e2

√
e2e3

√
e1e3

√
e2e3 e3

 . (3.33)

This kind of structure is known as the Cheng-Sher ansatz and is one of the most common

ansatze for flavor [42]. It also arises in many Froggatt-Nielsen models.

Another interesting possibility is that an flavor-specific Z2 may emerge as part of the

flavor symmetry group GF ⊃ Z2,ei . This would render one of the leptons flavor-aligned, and

disallow any flavor violation involving that lepton.1 This type of symmetry may arise acci-

dentally from the Froggatt-Nielsen charge assignements, or through some other mechanism.

We will consider this model under the assumption that the electron is the flavor-aligned lep-

ton, which disallows flavor violation in the µe and τe channels. As such, because the flavor

structure is “aligned” for the electron couplings, but Cheng-Sher-like for the µτ sector, we

call this model the µτ–Specific Ansatz, and assume the following structure

SF =


e1

√
e1e2 0

√
e1e2 e2 0

0 0 e3

 . (3.34)

It should be noted that these zeros survive RG flow since they are enforced by global

1. This flavor-specific symmetry must be broken at some scale to reproduce the observed PMNS structure.

24



symmetry. In contrast, the Fritzsch texture zeros do not correspond to a particular symmetry,

and so the zeros might deviate slightly under RG flow, an effect which we neglect since it will

be proportional to loop-suppressed powers of the lepton masses or weak gauge couplings.

Lastly, we emphasize that this line of reasoning relies on A and B above having identical

flavor structures and being statistically independent. In the generic 2HDM, we assume the

Yukawa matrices of the two Higgs doublets satisfy these criteria, so that the insertion of

a flavor ansatz SF is straightforward. For the 2HDM with tree-level discrete symmetries,

neither condition will in general be satisfied by the two Yukawa matrices. We take care to

ensure proper treatment of the flavor ansatz in the next section.

3.3.3 The Inheritance of Flavor Structure in the 2HDM

Motivated by the discussion in Section 3.3.1, we consider two scenarios: when lepton Yukawas

to both Higgs doublets are both generated at tree level, or when there is a loop factor between

them. Assuming they are generated with essentially random O(1) coefficients, the 2HDM in

full generality can be expressed

[y`1]ij = aijXij , [y`2]ij = εbijXij (3.35)

where for example ε = 1 is the generic type-III 2HDM and ε = 0 is the 2HDM with an exact

Z2 symmetry. In the intermediate case, nonzero ε can represent a loop factor between y2 and

y1, e.g. as occurs in the MSSM. To utilize the flavor framework constructed in the previous

section, we leverage the assumption that the coefficients are random, 〈aij〉 = 〈bij〉 = 0,

〈a2ij〉 = 〈b2ij〉 = 1. It should be mentioned that, even if 〈[y1]∗ij [y2]ij〉 = 0 at the scale that y2

is generated (in the generic 2HDM, this would be the flavor UV completion scale, while in

the MSSM it would be the slepton mass scale), this exact relation is broken by RG effects.

Even if the top Yukawa is involved, this is only relevant for very high flavor UV completion
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scales, e.g. near the GUT scale. We neglect the effects of RG.

Although y1 and y2 are statistically independent, they only share a flavor structure up to

a constant rescaling factor ε, due to e.g. a loop suppression. First, we extract the rescaling

factor ε, so that y2 = εz2, so that now z2 and y1 have identical flavor structures. Now

writing the Yukawas in the Higgs basis,

Y1 =
1

v
M` = (y1 cos β + εz2 sin β)/

√
2

Y2 = (−y1 sin β + εz2 cos β)/
√
2 . (3.36)

In order apply the framework of the previous section, we first note that generally Y2 is not

statistically independent from M`,

1

v
〈[M`]ij [Y2]ij〉 =

1

2

[
〈[y2]2ij〉 − 〈[y1]2ij〉

]
cos β sin β +

1

2
〈[y1]ij [y2]ij〉(cos2 β − sin2 β) .

(3.37)

The last term is zero by assumption, but the first is only zero if β = 0, π/2 or in the generic

2HDM when y2 and y1 are induced at the same order (ε = 1). To address this, we construct

two matrices A and B, which have identical flavor structures with y1, and are statistically

independent from one another. These are

A =
1

Nv
M` , B =

1

N
[−εy1 sin β + z2 cos β] , N =

√
cos2 β + ε2 sin2 β . (3.38)

The normalization N is included to ensure 〈Bij〉 = 〈Aij〉 = 〈[y1]ij〉. The lepton masses are

expected to be 〈mi〉 = Nei, where ei are the flavor eigenvalues predicted by the underlying

theory. Furthermore, as described in the previous section, when A is diagonalized, B will

manifest as the flavor structure matrix B̄ij = aijS
F
ij where aij are O(1) numbers. With this,

we can solve for Y2 in terms of the now-diagonal mass matrix [M̄`]ij = miδij and the flavor
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[Yu
2 ]ij [Yd

2]ij [Y`
2]i 6=j

Type-I mu
i
v δij cot β md

i
v δij cot β 1

1+ε2 cot2 β

[
mi
v δij(1− ε2) cot β + ε

sin2 βaijNSF
ij

]
Type-II mu

i
v δij cot β −md

i
v δij tan β 1

1+ε2 tan2 β

[
−mi

v δij(1− ε2) tan β + ε
cos2 βaijNSF

ij

]
L-S mu

i
v δij cot β md

i
v δij cot β 1

1+ε2 tan2 β

[
−mi

v δij(1− ε2) tan β + ε
cos2 βaijNSF

ij

]
Flipped mu

i
v δij cot β −md

i
v δij tan β 1

1+ε2 cot2 β

[
mi
v δij(1− ε2) cot β + ε

sin2 βaijNSF
ij

]
Table 3.1: The extra Yukawa couplings (to H2 in the Higgs basis) for each discrete symmetry case. Here,
L-S stands for Lepton-Specific.

structure matrix SF , to arrive at the main result of this section,

[Y2]ij =
1

1 + ε2 tan2 β

[
−1

v
miδij(1− ε2) tan β +

ε

cos2 β
aijNSF

ij

]
. (3.39)

The N will drop when substituting the flavor eigenvalues {ei} for the lepton masses {mi}.

For example, the Cheng-Sher ansatz, SF
ij =

√
eiej ∼ √

mimj/Nv. As a consistency check,

we take the limiting cases in this formalism. In the limit ε → 0, we recover the type-II

2HDM expression. For ε → 1 we are in a generic 2HDM with no discrete symmetries and

tan β is phenomenologically irrelevant, and indeed it drops out of Eq. 3.39. For tan β = 0,

we are diagonalizing entirely y1 and so Y2 ∼ εNSF . For tan β → ∞, the mass matrix is fed

only by the loop-induced Yukawa, and so the orthogonal component is y1 and is effectively

ε−1-enhanced, Y2 ∼ NSF /ε. In the intermediate range 1 < tan β < ε−1, there is a tan2 β

enhancement of the flavor violating terms as we interpolate between the ε and ε−1 regimes,

and this will have important phenomenological consequences which we explore in Sec. 3.7.

Although we performed this analysis in the Type-II case, this discussion generalizes to

any of the discrete symmetry cases. With the two Higgs doublets assigned opposite charges

under a discrete symmetry, there are essentially four possibilities for assigning charges to uR,

dR, and `L.2 We enumerate the resulting β-dependence of the extra Yukawas in Table 3.1.

2. Picking the up quarks to couple to Φ1, then the enumeration is two possibilities each for d/` assign-
ments.
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3.4 Dipoles in the Low Energy EFT

In many cases, the predominant constraints on the 2HDM lepton Yukawas come from the

loop-induced lepton dipole operators. These effective operators contribute to the electric and

magnetic dipole moments of the leptons and to their flavor-violating decay widths. In this

section, we review the 2HDM contributions to dipoles, and later we evaluate the experimental

constraints. In the following, we consider the 2HDM as defined at the scale of the EWSB

vev v, and present the matching contributions to the Low Energy EFT. 3 There are two

dipole operators in the low energy EFT. In a chiral operator basis, the dipole operators are

written in the form

Leff ⊃ −ēiσµν
(
[LL]ijPL + [LR]ijPR

)
ejFµν + h.c. , (3.40)

where PL/R = (1∓γ5)/2. The hermitian conjugate implies that the physical parameters are

the projections onto the components LL → 1
2(LL+L

†
R) and LR → 1

2(L
†
L+LR). Although the

2HDM contributions to the dipole operators begin at 1-loop, the 2-loop diagrams typically

dominate, especially for the µ− e block. This is primarily because the one-loop diagram has

an extra Y`` and requires a chirality flip, both of which are avoided in the 2 loop diagrams.

Still, the two loop diagrams include an additional loop factor and some extra gauge couplings,

but it turns out that the suppression of the 1-loop diagram is very strong.

The diagrams that dominate LL/R in most of the available parameter space are the 2-

loop Barr-Zee diagrams, displayed in Fig. 3.1. There are two varieties, with either a top or

W± running in the loop. The contribution to LR of the top Barr-Zee diagram using the

3. Due to the small couplings, we neglect effects of RG between the EW scale and the scale of the precision
experiments. A full treatment of the running requires matching and running involving multiple scales, see
e.g. [43].
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γ/Z h/H/A/H±

t t
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γ/Z h/H
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e e

γ

Figure 3.1: Diagrams which give the largest contribution to the dipole coefficients LL/R. There are several
additional subleading 2-loop diagrams, which are included in our analysis and found in [1]. Furthermore, the
one-loop contribution can be relevant for τ decays, but these constraints are subdominant to LHC searches.

three neutral scalars can be written (re-expressing the results of Ref. [1])

[L
uk
R ]ij =

3eαQ2
u

32π3

3∑
n=1

muk

M2
hn

[Ȳ `
n ]ij

[
f2(xukhn)Re

[
[Ȳ u

n ]kk
]
+ if1(xukhn) Im

[
[Ȳ u

n ]kk
]]

(3.41)

[Ȳ `
n ]ij =

∑
r

qnr[Y
u
r ]ij , [Ȳ u

n ]ij =
∑
r

q∗nr[Y
u
r ]ij

Where Ȳ
f
k are the Yukawa matrices of the neutral mass eigenstates to a fermion f , indexed

by hk = {h,H,A}. Note that for the down-type fermions, the expression changes slightly

because Ȳ
d/`
n =

∑
r qnrY

d/`
n . The loop functions fi are given throughout [1], and we list the

relevant ones in our Appendix B. A second, related loop is given by using the charged H±

boson, which contributes

[LtH±
R ]ij =

eα

128π3s2w

mt

M2
H±

[Y2]ij

[
[Yu

2 ]ttf5(xtH± , xtW ) +
mb

mt
[Yd

2]bbf6(xtH± , xtW )

]
. (3.42)

The last important contribution is the Barr-Zee W loop digram, and is written

[L
h,kin
R ]ij =

eα

128π3
1

v

3∑
k=2

qkr[Yr]ijqk1Fkin(mhk ,m
±
H ,mh, sw) (3.43)

where Fkin is defined in Appendix B. Lastly, for the tau decay modes, the one-loop diagram
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Figure 3.2: Plots of the 1 and 2 Loop contributions to [LR]eµ. For these plots we take [Yf

2 ]ii = mf
i /v and

[Y`

2]i6=j =
√
mimj/v. For the LH±γ

R , LH±Z
R , LH±Z

R diagrams we also take Z3 = Z7 = 1 as a benchmark for
evaluating their magnitudes. The full expressions for these diagrams is given in Ref. [1], with a conversion
factor of Li

R = emµ/(16π
2v2)ciR. Note that the three dominant contributions are those listed in further

detail in the text: Lth
R , LtH±

R , and Lh,kin
R . Note as well that the signs of the amplitudes are depicted by

solid/dashed styles - and a cancellation is occurring in certain ranges between the three dominant diagrams.

will be important. It is

[L
1 loop
R ]rs =

e

64π2

3∑
k=1

3∑
i=1

1

M2
hk

[
m`

i [Ȳ
`
k ]ri[Ȳ

`
k ]is

(
3 + 2 log

(
x`ihk

))
− 1

3
m`

r[Ȳ
`
k ]

∗
ri[Ȳ

`
k ]is

]
(3.44)

Where as above, [Ȳ `
k ]ij =

∑
p qkp[Y

`
p]ij .

There are several other loops that are subleading in magnitude, including e.g. Barr-Zee

diagrams with the lighter fermions. To display the relative magnitudes of these diagrams,

we plot their contributions to Lµe for Z6 = ±1 as a function of the Heavy Higgs and charged

Higgs masses in Fig. 3.2, assuming the heavy and charged Higgs masses are degenerate. In

this plot, we take the diagonal couplings to follow the natural pattern [Yf
2 ]ii =

m
f
i
v , and the

top loop changes sign if the sign of [Yu
2 ]tt is flipped. The relative magnitudes of the 2-loop

diagrams are independent of the value of [Y`
2]eµ, but the 1-loop diagram instead contains

the factor [Y`
2]
∗
µτ [Y

`
2]τe. Thus, to standardize the comparison, we take the Cheng-Sher

Ansatz [Y`
2]ij =

√
mimj/v as a benchmark. There are subleading diagrams that depend
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on Z3 and Z7 parameters of the 2HDM potential. We take these to be unity in these

plots, although increasing them to the perturbative limit Z3,7 = 4π still results in these

diagrams being subdominant. Fig. 3.2 motivates a more focused analysis using only the

Lth
L/R

, LtH±
L/R

, and L
h,kin
L/R

diagrams, since these contributions are typically at least an order

of magnitude larger than the others. We do not show the τ LFV modes because they provide

constraints subdominant to the LHC constraints, but for the τ , the 1-loop contribution can

be comparable to the 2-loop. In the rest of our plots, we use all contributions listed in

Ref. [1], except for the top loop, for which we instead use a generalized version of Ref. [44].

3.4.1 Blind Spots in the Dipole Operator µ− e Block

In the µ−e flavor entries of the dipole operators, there there are several diagrams of the same

order, with mixed signs (Fig. 3.2). This suggests that there may be regions of parameter

space with destructive interference between the largest diagrams, relaxing the bounds from

µ → eγ and electron EDM. To explore the cancellation regions, we will assume that the

quark sector follows aligned flavor violation—that is, there is only one flavor spurion that

sets the quark masses, and therefore the Yukawas of H2 will be Yu
2 ∝ Mu. In particular,

this additional assumption implies that there are no new CP-violating phases in the up-

quark sector, and so the phase that generates the electron EDM will be generated purely

by the lepton Yukawas. Consequently, the cancellation conditions for electron EDM and

flavor violating observables will be the same, and to compute the condition we must only

consider the terms in the dipole operators that are proportional to Y`
2. More concretely, we

first break the dipole operators into

[LR]ij =
mi

v
δijI1 + [Y`

2]ijI2 +O
(
m2

`/v
2)+ ... (3.45)
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Where I1,2 ≡ I1,2(mt, {mhk}, sw, β − α) are functions of the mixing angles, heavy fermion

masses, Higgs masses, and electroweak parameters. The terms on the right side are higher

order in the lepton masses (but, especially in the case of the hyper-sensitive electron EDM,

possibly still important).

Because the top quark and the W -bosons do not introduce a CP-violating phase, I1

will be mostly real (although suleading one loop effects can introduce a phase) and the

electron EDM will have small dependence on the first term. Now expanding I2 to make the

dependence on [Yu
2 ]tt explicit,

[LR]ij =
mi

v
δijI1 +

eα

24π3v
[Y2]ij

[
F0 +

[Y2]tt
mt/v

Ftt

]
, (3.46)

where F0/tt ≡ F0/tt(mt, {mhk}, sw, β − α). The terms proportional to [Yu
2 ]tt are contained

in the top loop Barr-Zee diagrams, and thus Ftt

Ftt =
m2

t

m2
h

f2(xth) cos2(β − α) +
m2

t

m2
H

f2(xtH) sin2(β − α) +
m2

t

m2
A

f1(xth)

+
3

16s2w

m2
t

mH±
f5(xtH± , xtW ) (3.47)

The diagrams contributing to F0 are dominated by the top loop and W loops, as can be

seen in Fig. 3.2. Because these diagrams dominate, it’s a good approximation that

F0 ≈ cos(β − α) sin(β − α)

(
m2

t

m2
h

f2(xth)−
m2

t

m2
H

f2(xtH)− 3

16
Fh,kin({mhk}, sw)

)
. (3.48)

The cancellation condition can be expressed as

[Yu
2 ]tt

mt/v

cancel
≈ − F0(mt, {mh}, sw, β − α)

Ftt(mt, {mh}, sw, β − α)
, (3.49)

where the functions on the right hand depend on log or log2 of the large heavy Higgs masses.
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Smaller loop corrections can shift the blind spot slightly by perturbing the numerator in

Eq. 3.49. This expression can be further simplified in the mH � v limit. In this limit,

we can take the approximation cos(β − α) ≈ Z6v
2/m2

H , and the heavy Higgs masses are

constrainted to be nearly degenerate. Therefore,

[Yu
2 ]tt

mt/v

cancel
≈ Z6

v2

m2
t

×
3
16Fh,kin({mhk}, sw)−

m2
t

m2
h

f2(xth)

f2(xtH) + f1(xtH) + 3
16s2w

f5(xtH , xtW )
(mH � v). (3.50)

The ratio of loop factors on the right hand side is O(0.5) for most heavy Higgs masses. We

provide a numerical test of Eq. 3.49 in Fig. 3.5.

3.5 Experimental Constraints

3.5.1 Electric Dipole Moment of the Electron

The electric dipole moment (EDM) of the electron has been measured very precisely and

provides constraints on new CP-violating phases in theories beyond the SM. Most recently,

the EDM of the electron was measured to be

|de| ≤ 4.1× 10−30 e cm [45]. (3.51)

And in the 2HDM, de is related to LL/R through

de = Im[LR]ee − Im[LL]ee (3.52)

The implication of this constraint depends on the loop level at which the dipole operator is

generated. In the 2HDM, it is generated at 2 loops, providing constraints in the 10s of TeVs

on the masses of heavy states in the CP-violating 2HDM. In most CP-violating scenarios,

this constraint reaches far beyond the scales probed at the LHC or through other precision
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Observable Limit Experiment Year
BR(µ Au → e Au) ≤ 7× 10−13 [46] SINDRUM-II Current

BR(µ → eγ) ≤ 1.5× 10−13 [47] MEG-II Current
BR(µ → eγ) ≤ 6× 10−14 [47] MEG-II Late 2020s

BR(µ Al → e Al) ≤ 6× 10−16 [48] Mu2e Late 2020s
BR(µ → 3e) . O(10−16) Mu3e ∼2030s

de ≤ 4.1× 10−30e cm
[45]

Current

Table 3.2: Current and future constraints in muon flavor violating decays and electron EDM.

measurements. Continuing under the assumption that the quark sector follows aligned flavor

violation, the dipole operators constrain the imaginary component of [Y`
2]ee.

In order to explore parameter space that avoids the electron EDM bound, there is essen-

tially only two options. First, since we have assumed aligned flavor violation in the quark

sector, one could additionally impose CP conservation in the lepton sector. Second, one could

impose hermiticity on the Yukawas. In this scenario, all the Yukawas are near-hermitian,

which is a relic of a generalized parity symmetry that is broken at a higher scale. As seen

in Eq. 3.52, hermiticity of LL/R imposes zero electron EDM, but the combination of the

diagonalization matrices for the up and down quark DOFs, V CKM = Uu
L(U

d
L)

†, can still

be arbitrary, allowing for the CKM to be the only source of CP-violation. Hermiticity can

realistically arise in UV completions of the 2HDM, in particular in Left-Right symmetric

models. Here, the generalized parity symmetry `L ↔ `∗R, Φ → Φ† imposes hermiticity on

the Yukawas, which remains after the parity-symmetric phase is broken down to the SM.

Loop corrections can violate the hermiticity of the Yukawas, but in a way that is suppressed

both by a loop factor and by several insertions of the heaviest lepton mass mτ .

3.5.2 Flavor Violating µ Decays

Flavor violating muon decays are a powerful probe of new physics at the EW scale. The

long lifetime of the muon allows for uniquely high sensitivity, especially to new particles
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h/H

µ e µ eLL/R

Figure 3.3: Contributions to the µ → e conversion rate. The blob on the right side represents the sum of
two loop diagrams which contribute to the effective dipole coefficients LL/R (Sec. 3.4). There are additional
two loop contributions, such as box diagrams, who’s analytic representations are not yet available in the
literature and are therefore not included in this analysis.

with EW-scale masses. In Table 3.2 we present the current and projected future bounds

for flavor violating muon decays. In the scenarios we consider, µ → eγ tends to be the

most stringent constraint. The 2HDM induces µ → eγ through the effective flavor violating

coefficients [LL/R]eµ. The current experimental constraint is from the second run of the

MEG experiment (MEG-II), which placed a bound of BR(µ → eγ) ≤ 1.5 × 10−13 (90 %).

The upcoming MEG-II run is expected to improve this limit to ≤ 6× 10−14 [49]. In terms

of the coefficients of the dipole operators LL/R, the decay rate for µ → eγ is given by

Γ(µ → eγ) =
m3

µ

4π

(
|[LL]eµ|2 + |[LR]µe|2

)
(3.53)

A closely related decay channel is µ → 3e, since the dominant contribution comes from

attaching the γ leg of the dipole vertex to a pair of fermions. The rate for µ → 3e is

Γ(µ → 3e) =
αm3

µ

12π2

∣∣∣∣∣log m2
e

m2
µ
− 11

4

∣∣∣∣∣× (|[LL]µe|2 + |[LR]eµ|2
)

(3.54)

which is suppressed compared the µ → eγ rate. Still, in the coming years Mu3e will increase

sensitivity in the µ → 3e channel, likely surpassing the competing bound from µ → eγ. In

our projected bounds, we include the nearer-term bounds from Mu2e and Meg-II, but we

quote the increased sensitivity at Mu3e in Table 3.2.
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The µ → e conversion search channel currently provides a weaker constraint on the

flavor violating couplings of the Higgs, but the hierarchy will flip with the Mu2e experiment.

As opposed to µ → eγ, which searches for the decays of free muons, µ → e conversion

first traps the in bound states around ionized heavy nuclei. The muon can then decay via

photon or higgs exchange with the quarks in the nucleus, which allows for µ → e conversion

to be kinematically viable. This process includes a contribution from the same effective

dipole operator which generates µ → eγ, but has additional contributions from virtual Higgs

exchange with the nucleus, displayed in 3.3. The current experimental limit is from muons

captured by gold atoms in the SINDRUM II experiment, which constrains the branching

ratio for muon capture to BR(µ + Au → e + Au) ≤ 7 × 10−13 (90%) [46]. In the coming

years, the Mu2e experiment is expected to greatly improve on this result. They project a

sensitivity of BR(µ + Al → e + Al) ≤ 6 × 10−16 (90%), an improvement of, naively, about

four orders of magnitude. We include a brief summary of the µ → e rates in Appendix E.

3.5.3 Flavor Violating Higgs Decays at the LHC

The observation of the Higgs decay channel h → µτ would be a direct, unambiguous mea-

surement of flavor violation in the Higgs sector. For the flavor violating modes h → µτ and

h → µe, the constraints on the branching ratios are a factor of ∼ 4 weaker than for the the

h → µµ mode, primarily due to increased difficulty of identifying and characterizing τs and

electrons and the differing backgrounds. Still, ATLAS and CMS searches for flavor violating

Higgs decays provide the most direct probe of its flavor violating couplings. Notably, in the

most recent ATLAS searches for these effects, there are slight excesses (∼ 2σ) in both the

h → τµ and h → τe channels [50]. Equivalent CMS searches have placed limits that are

similar, however they do not observe any excess [51]. We do not attempt to fit for these

excesses, although we note that they are in a region of parameter space loosely compatible

with the 2HDM under the assumptions we make in this paper. In particular, certain regimes

36



Observable Current Limit HL-LHC Limit Constraint

BR(h → µτ) ≤ 0.18% [50] cos(β − α)Y2〈µτ〉 ≤ 9.5× 10−4

BR(h → τe) ≤ 0.20% [50] cos(β − α)Y2〈τe〉 ≤ 9.5× 10−4

BR(h → µe) ≤ 6.2× 10−5 [52] cos(β − α)Y2〈µe〉 ≤ 1.8× 10−4

κW 1.00± 0.05 [53] ±0.016[54] | cos(β − α)| ≤ 0.40

κτ 0.94± 0.06 [53] ±0.019 [54]

κb 0.89+0.10
−0.09 [53] ±0.036 [54]

Table 3.3: LHC Constraints on the light Higgs couplings. We only list those used in our analysis. Note
that we use the shorthand notation Y2〈ij〉 ≡

√
|[Y2]ij |2 + |[Y2]ji|2. The Higgs FV decay limit are shown at

90%, while the intervals on the κ quantities are 1σ.

of the µτ–Specific ansatz with larger O(1) coefficients may fit this excess well. It’s possible

in both the Type-III and loop induced FV scenarios.

In the 2HDM, flavor violating Higgs decays enter at tree-level, producing potentially

large deviations from the SM expectations. The branching ratio of h → `i`j is given by

BR(h → `i`j)

BR(h → bb)
=

v2

m2
b

cos2(β − α)
(
|[Y`

2]ij |2 + |[Y`
2]ji|2

)
, (3.55)

and BR(h → bb) is measured with a central value of 58% . The current and future HL-LHC

bounds from ATLAS are given in Table 3.3.

3.5.4 Higgs Diagonal Couplings

To measure the observations at the LHC against the predictions of the SM, the couplings of

the Higgs are typically quantified via the κ values, defined for fermions and vectors as

κf =
yobs
f v

mf
, κV =

gobs
hV V v

2m2
V

, (3.56)
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H/A

q

q

H/A/H± H/A/H±

Figure 3.4: Production modes for H/A/H±.

where yobs
f and gobs

hV V are the observed couplings for the 125 GeV boson at the LHC. The

SM predicts κf/V = 1 for all species. In the 2HDM, there are only special cases in which

κf/V = 1, such as the alignment limit. For the EW bosons, for example,

κ2HDM
V = sin(β − α) , (3.57)

so the SM prediction is only recovered if cos(β − α) = 0. The 2HDM predictions for κf de-

pend on both cos(β − α) and (Y2)ii. We can express the κf by employing the parametriza-

tion in Eq. 3.22:

κi = sin(β − α) +
v

mi
[Yf

2 ]ii cos(β − α) . (3.58)

The the constraints on κτ , κb, and κW will be most relevant and their experimental limits

are listed in Table 3.3.

3.5.5 Heavy Higgs Searches

Experiments at the LHC have not yet observed evidence for fundamental particles outside

of the SM. This places constraints on the 2HDM, which is expected to include several new

particles with masses not too much higher than the electroweak scale. The collider implica-

tions of the 2HDM are highly dependent on the scenario - the four discrete symmetry cases

and the generic case all have distinct phenomenologies. In the generic scenario, the diagonal
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elements of the Yf
2 matrices are expected to exhibit a similar hierarchy as the lepton masses,

so ggF with decays to tops are the most constraining search channel. These limits are set

by interference pattern searches at the LHC [55].

In the discrete symmetry cases, the collider constraints follow the typical 2HDM con-

straints, with tan β-enhancements facilitating the searches and allowing for better constraints

on heavy Higgses. There are a number relevant searches - we include those that set impor-

tant or leading limits for our plots. In addition to the H → tt search described above, the

pp → H/A → ττ channel provides important constraints in the large tan β regime of the

Type-II 2HDM. In this case the bb̄H production mode is enhanced by tan β, making this

analysis especially useful. The other important search channel is pp → A → Zh, which gains

strength in the low tan β regime of both type-II and Lepton-Specific theories. However, this

decay channel has zero width in the alignment limit, it originates from the kinetic terms of

the Higgs doublets.

To construct the bounds, we run 2HDMC [56] and SuShi [57, 58] over a grid of points

in our slices of parameter space. We compute the ggf and bbH production cross sections

(diagrams shown in Fig. 3.4). We then use the tree-level branching ratios computed with

2HDMC to recast the experimental limits into our parameter space. For the projected im-

provements at the HL-LHC, we make the optimistic assumption that statistical uncertainties

dominate, and rescale cross section limits by
√
(139 fb−1)/(3 ab−1) = 0.22. In Table 3.4 we

list the search channels which we use as bounds in our studies.

Notably, a 14 TeV muon collider would offer a Higgs-pair-production channel that is

dominated by the kinetic term of the second Higgs. This removes potential suppression from

the production vertex, providing much stronger bounds that are largely universal across

the generic and discrete symmetry 2HDMs. A proposal for such an experiment is given in

Ref. [59], and although we do not include these projections they would vastly exceed the

LHC sensitivities and provide coverage for almost any tan β.
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Channel Production
Channels

Ref.

pp → H/A → ττ ggf/bbh [60]
pp → H/A → tt ggf [55]
pp → A → Zh ggf/bbh [61]
pp → H → ZZ ggf [62]

Table 3.4: List of analyses used in the recasting of heavy Higgs constatints. All are with a luminosity of
139 fb−1.

3.6 Phenomenology of the Generic (Type-III) 2HDM

First, we explore the case when the Lepton Yukawas are induced to the same order for both

Higgs doublets, or when ε = 1 in Eq. 3.39. This is the most generic scenario in the 2HDM,

although one must of course still make an ansatz for the flavor structures. In this section

we apply the experimental constraints outlined in Section 3.5 to the generic 2HDM, and

compare the role of dipole observables, direct Higgs decay channels, and LHC searches.

Ultimately, the generic 2HDM is disfavored by null results in µ → eγ and, in CP-

violating scenarios, by eEDM. In the CP-conserving case with the µτ–Specific ansatz, where

both µ → eγ and eEDM are zero by symmetry, the LHC h → µτ searches are approaching

a well-motivated benchmark of [Y`
2]〈eµ〉 =

√
2mµmτ/v.

3.6.1 Cheng-Sher and Dipole Blind Spots

Although the generic Cheng-Sher scenario of the 2HDM most effectively probed by dipole

observables, blind spots appear in the parameter space where the bounds from both eEDM

and µ → eγ relax. The conditions for this cancellation were computed in Section 3.4.1, and

here we present a phenomenological study of the possibility of living in such a blind spot.

The first natural question is the degree of tuning required to enter the blind spot. The

tuning will be performed on the top coupling in the generic 2HDM, and the story changes

considerably in the case of discrete symmetries. In the generic 2HDM, the experimental
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constraints will impose [Yu
2 ]tt− [Yu

2 ]
cancel
tt . ∆[Yu

2 ]tt. The expected value of the top coupling

is [Yu
2 ]tt ∼ O(mt/v), and so we select the tuning measure

∆t ≡
∆[Y2]tt
mt/v

. (3.59)

For electric dipole moment, expanding around the cancellation point means

∆t =
∆[Yu

2 ]tt
mt/v

=
d

exp.
e

eα
12π3v

Ftt Im([Y`
2]ee)

=
0.0017

Ftt
× me/v

Im([Y`
2]ee)

(eEDM) . (3.60)

Since Ftt is O(1), this result shows that avoiding electron EDM requires a very precise tuning.

However, as mentioned previously, if the lepton Yukawas are CP-conserving or Hermitian,

then the electron EDM will be avoided. However, there is still a (milder) tuning required to

avoid µ → eγ in the Cheng-Sher ansatz. This tuning can be expressed analytically as

∆t =
∆[Yu

2 ]tt
mt

=

√
4πΓµBr(µ → eγ)limit

(mµ)
3
2

24π3v
Ftt[Y

`
2]〈eµ〉

=
0.04

Ftt
×

√
2memµ/v√

|[Y`
2]eµ|2 + |[Y`

2]µe|2
(MEG-II)

(3.61)

Which is in the range O(0.05) for most of our parameter space.

If one accepts this level of tuning and enters the blind spot, µ → e conversion offers an

important alternative constraint that receives contributions not only from the dipole effective

operator but also from tree-level Higgs exchange (Fig. 3.3). In the limit that [Yu/d
2 ]qq �

mq/v and LL/R ≈ 0, the µ → e conversion rate is

Γµ→e ≈
m3

µm
2
p

4m4
hv

2
cos2(β − α)

 ∑
q∈{u,d,s}

(f
p
q + fnq )

2 [∣∣[Y2]eµ
∣∣2 + ∣∣[Y2]eµ

∣∣2] . (3.62)
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Figure 3.5: A characterization of the µ → eγ “Blind Spot,” where the loop contributions of the 2HDM to
the dipole operators LL/R experience destructive interference. The dashed line is the analytical formula in
Eq. 3.49. these plots, we assume the relation cos(β − α) = Z6v

2/(m2
H −m2

h). The dark blue excluded region
assumes Y2 ∼ √

mimj/v, which is the Cheng-Sher [CS] structure. The purple constraint is from Heavy
Higgs searches at the LHC with a top pair final state, and the gray is the constraints are from κt and κW

measurements at the LHC. The µ → eγ constraint is from current MEG-II results.

This can be converted into the constraint

cos(β − α)
√

|[Y2]eµ|2 + |[Y2]µe|2 . 1.8× 10−5 (SINDRUM-II, LL = LR = 0) . (3.63)

This is an order of magnitude stronger than the bounds on the µe couplings from direct

measurements at the LHC. Furthermore, in the discrete symmetry cases of the 2HDM, this

rate can be greatly enhanced. The extra quark couplings, which we have assumed small in

the above equation, can receive contributions enhanced by the ratio of the Higgs vevs. This

effect will be encountered in the next section.

If Y2 has Cheng-Sher structure, then the h → τµ branching ratio is enhanced over h → µe

by a factor mτ/me, and this is a strong enough that the µτ channel provides another probe

of the dipole blind spot. Specifically, this bound from inferring the hierarchy between [Y2]eµ
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and [Y2]τµ is

cos(β − α)
√

|[Y2]eµ|2 + |[Y2]µe|2 . 1.2× 10−5 (LHC, LL = LR = 0, Cheng-Sher Y2)

(3.64)

provided by h → µτ measurements at the LHC. This is slightly stronger than the competing

bound offered by µ → e conversion, although it depends additionally on the O(1) coefficients

of the entries of the µτ entries of Y`
2.

In Fig. 3.5, we plot the parameter space where the cancellation becomes strong enough

to avoid µ → eγ constraints for the Cheng-Sher flavor violating structure. At all heavy

Higgs masses, a cancellation is possible - at larger masses the Yukawa tuning requirement

grows slightly less strict. There is a complementary in the different probes of flavor violation,

and in particular, the dipole probes are expected to greatly increase sensitivity in the next

decade. Together these results will eventually outpace progress at the LHC. They will rule

out blind spots in parameter space where cancellations can occur, with the final closure of

hyper-tuned cancellations regions provided by direct, tree-level probes of the Higgs flavor

violating couplings. The phenomenology of the 2HDM changes dramatically in the discrete

symmetry case, with colliders providing constraints that compete with dipole observables.

In the following sections we explore these scenarios.

3.6.2 µτ–Specific Scenario

In the CP-conserving µτ–Specific Scenario, the µ → eγ constraint does not apply, and the

h → µτ constraint becomes dominant. In this case, the branching ratio of h → µτ is

BR(h → µτ) = 0.2% ×
(

cos(β − α)

0.4

)2
(
|aeµ|2 + |aµe|2

2

)
(3.65)
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To reach the level of what’s observed at the LHC, one requires either a large value of

cos(β − α) (appealing to tuning to avoid all of the κ constraints), or if cos(β − α) is re-

laxed to ∼ 0.1,
√

|aeµ|2 + |aeµ|2 & 4
√
2. Since both the κ and h → µτ constraints will

increase in sensitivity by the roughly the same amount at the HL-LHC, this conclusion will

not change dramatically: h → µτ does probe the O(1) parameter space of the Cheng-Sher

ansatz, but is strongest constraint comes from the κ probes.

3.7 Phenomenology of the Type-II and Lepton-Specific 2HDMs

In this section, we shift our focus from the generic 2HDM to models with tree-level discrete

symmetries, in the scenario where loop corrections violate the Z2 and introduce new flavor

spurions. These loop effects are most important when we require the vev to be generated

mainly for the Higgs doublet to which the lepton Yukawas couple at loop-level—in this case,

flavor violating observables are enhanced by the ratio of the vevs. As noted in the Sec. 3.3,

the flavor violating entries grow like tan2 β, and thus all of the dipole and LHC h → `i`j

constraints provide an upper bound on tan β, dependent on the precise values of cos(β − α)

and the heavy Higgs masses.

In this regime, however, |κτ−1| will also be enhanced by the same factor, making it one of

the most important constraints. In fact, the κτ constraint dominates most of the parameter

space. In the limit of large tan β (while still tan β < ε−1), the [LR]µe ∝ cos(β − α)×ε tan2 β,

but |κτ − 1| ∝ cos(β − α) tan β. Although LR has a faster scaling with tan β, it turns out

that the constraint from κτ is much stronger, and this hierarchy is largely independent from

choice of cos(β − α) or Z6 for the aforementioned reason. However, there are several cases

where this line of reasoning breaks down.

First, for tan β ∼ ε−1, the numerical coefficient of loop correction to [Y`
2]ττ can be chosen

to cancel κτ . This leads to yet another blind spot in parameter space, although the location

of the κτ blind spot is extremely sensitive to the precise value of [Y`
2]ττ . We do not pursue
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this option further but note it is a possibility. Secondly, the constraints from κτ are weakened

if there are correlations between cos(β − α) and tan β. We consider two such scenarios in

the rest of this section.

We also note that the results of this section are sensitive to a number of generic O(1)

coefficients. All of the ansatz coefficients we have chosen to be unity, so the remaining choice

is the loop factor ε. We choose it in the range (0.1−1)/(4π)2, very close to what is expected

from a 1-loop contribution, ε ∼ O(1)× (couplings)/(4π)2. Still, due to the subjectiveness of

each choice, if ε is chosen larger, the flavor violating constraints will be more dominant, and

vice versa.

3.7.1 The MSSM

First, we present bounds on the MSSM-like case in Fig. 3.6, where we are in the Type-II

2HDM and α is predicted by the tree-level relation

sinα =
−(m2

A +m2
Z) sin β cos β√

((m2
A +m2

Z) sin β cos β)2 + (m2
H sin2 β +m2

Z cos2 β −m2
h)

2
(3.66)

In this case, regions below mH ∼ 700GeV are excluded by measurements of κτ . All of the

usual Type-II LHC constraints apply, however we focus on the two that are most important

for heavy Higgs masses above the κτ threshold, namely pp → H/A → ττ and pp → H/A →

tt. The dipole couplings impose tan β . 40, however the future dipole constraints will

outpace the projected bounds of the HL-LHC.

Related to this scenario is the alignment limit cos(β − α) = 0, where the κτ constraint

is avoided entirely. This limit is achievable also within the context of the MSSM, due to

loop corrections that are enhanced with tan β [63]. In the large tan β limit, cos(β − α) is
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Figure 3.6: The parameter space for two case of the Type-II 2HDM, in the Cheng-Sher flavor scenario. In
the left, the MSSM relation between cos(β − α) and tanβ is applied, resulting in a strong κτ bound. In the
right, cos(β − α) = 0, and κτ (as well as certain heavy Higgs searches) does not apply. Future bounds from
the HL-LHC projections, MEG-II, and Mu2e. Conservatively, we do not project the H → tt since it is an
interference search and the projections are nontrivial.

described by

tβcβ−α ' −1

m2
H −m2

h

[
m2

h +m2
Z +

3m4
t

4π2v2M2
S

{
Atµtβ

(
1−

A2
t

4M2
S

)
− µ2

(
1−

A2
t

2M2
S

)}]
,

(3.67)

where tβ ≡ tan β and cβ−α ≡ cos(β − α). In the alignment limit, the light CP-even Higgs

behaves exactly like the SM Higgs, so only limits that apply are direct heavy Higgs searches

and modifications to the lepton dipoles.

3.7.2 The Dark-side of κτ

Despite the importance of the κτ , there exist small regions of parameter space with sizeable

cos(β − α) for which the κ constraints are effectively blind, which we will call the “dark-side”

scenario of the 2HDM. This occurs when the fermion couplings κf are near −1, which is

46



Figure 3.7: The current (left) and future (right) constraints for the “darkside” (κτ ≈ −1) scenario in a
Type-II 2HDM. The dipole constraints disfavors larger heavy Higgs masses in the darkside. The collider
searches A → Zh and H → ττ complement the dipole searches, and jointly they disfavor much of the
darkside parameter space. Furthermore, the µ → e conversion bound is enhanced in the Type-II 2HDM due
to the enhanced down-type quark couplings. The future bounds, in dashed lines, depicted on the right, are
using projections for the HL-LHC, MEG-II, and Mu2e experiments.

consistent with LHC bounds because the sign of the Yukawas cannot be probed by tree-level

searches. The dark-side is more easily accessible in the Type-II and Lepton-Specific 2HDMs,

where the top Yukawa scales oppositely as the lepton Yukawas with tan β. In the Type-I

and Flipped 2HDMs, the top coupling is enhanced, and so the dipole constraints are greatly

enhanced and this rules out the majority of the parameter space. In the Type-II and Lepton-

Specific 2HDMs, the wrong-sign region is defined at tree-level and for 1 � tan β � ε−1 to

be

cos(β − α) =
2

tan β
=⇒ κτ ≈ −1 (dark-side) . (3.68)

A discussion of the loop corrections to this condition are given in Appendix. C.

By coincidence, this relation also causes the blind spot of the dipoles to appear for

moderate (.TeV) heavy Higgs masses. Furthermore, the blind spot is largely insensitive to
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Figure 3.8: The current (left) and future (right) constraints for the “darkside” (κτ ≈ −1) scenario in a
Lepton-Specific (Type-X) 2HDM. The blind spot now extends into very large tanβ, because there is no
enhancement of the b-quark Barr-Zee diagram. This region will be explored from above by Mu2e, and from
below by the LHC pp → A → Zh experiment. The future bounds (right side) are using projections for the
HL-LHC, MEG-II, and Mu2e experiments.

tan β, since both [Yu
2 ]tt ∝ cot β and F0 ∝ cos(β − α) ∝ cot β, and both factors drop out of

Eq. 3.49. In Type-II the blind spot disappears once the bottom quark becomes the dominant

diagram around tan β ∼ 30.

We display the current and future projected bounds in the dark-side for the Type-II and

Lepton-Specific 2HDMs in Figs. 3.7 and 3.8. The blind spot is visible in both figures as a

weakening of the µ → eγ bound. In the Type-II 2HDM (Fig. 3.7), the blind spot is partially

covered by the µ → e conversion bound, due to the enhanced down-type couplings of the

heavy Higgs. This tree-level diagram falls like m−2
H , which is why the µ → e conversion

bound weakens at larger heavy Higgs masses. The region where the µ → eγ probe is weak is

precisely collider constraints and µ → e conversion are strongest. In the coming years, the

constraints will exclude a significant portion of the open parameter space for loop-induced

lepton flavor violation in the darkside.

The Lepton-Specific 2HDM (Fig. 3.8) lacks the enhancement of the down-type couplings.
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This completely eliminates the bound from pp → H → ττ , which relies on the enhancement

of bottom quark couplings in the production process. It also slightly modifies the shape of

the pp → A → Zh bound, enhancing it due to the suppression of the A → bb decay mode.

Similarly, the µ → e conversion bound is greatly weakened, as all quark couplings are now

suppressed with tan β. . Finally, the dipole cancellation is of especially high quality and is

not cut off by the contribution from bottom quarks as in the Type-II 2HDM. the blind spot

parameter space remains open, with heavy Higgs masses to which the LHC pp → A → Zh

search is uniquely sensitive. In the coming years, this region will be largely covered by µ → e

conversion and the HL-LHC.

3.7.3 The µ− τ Specific Flavor Structure

In the µτ–Specific scenario, h → µτ offers an upper bound on tan β. Typically, the κ

constraints impose | cos(β − α) tan β| . 0.1, and the branching ratio is far below the LHC

limits. In the dark-side, however, cos(β − α) is enhanced and

BR(h → µτ) = 0.2% × (16π2ε)2
(

tan β

32

)2 |aµτ |2 + |aτµ|2

2
(3.69)

Where the aij are the O(1) numerical coefficients, and we have normalized to the bounds

set by ATLAS and CMS. The other bounds from the LHC are the exact same as those in

Figs. 3.7 and 3.8. Therefore, in the µτ–Specific scenario, h → µτ provides an important

upper bound on tan β in the dark-side. The h → µτ bound is superseded by the dipoles in

the standard Cheng-Sher ansatz, but is irreducible.

3.8 Conclusion

The flavor structure of a second Higgs doublet is not completely free—it is constrained by the

same EFT logic that governs the SM, and we have shown that taking this seriously selects
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the Cheng-Sher and µτ–Specific ansatzes as natural benchmarks. The coincidence that the

dark-side (κτ = −1) is precisely where the µ → eγ blind spot is located provides a target for

future experiments to explore. The dark-side remains as a region that cannot be probed by

Higgs couplings at the LHC, so heavy Higgs searches and lepton flavor violating probes play

a leading role in exploring this possibility. The most relevant scenarios in this regard are the

Type-II and Lepton-Specific 2HDMs, and Figs. 3.7 and 3.8 show that for mH . 2 TeV, the

HL-LHC, Mu2e, and MEG-II will jointly close this region. Exploiting their complementarity

is key to decisively testing flavor violation in the dark-side of the 2HDM. As we have shown,

lepton flavor violation could realistically be the first hint of an extended Higgs sector.
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CHAPTER 4

PRECISION HIGGS MEASUREMENTS TO SEARCH FOR

NEW ELECTROWEAK-SCALE PHYSICS

4.1 Introduction

In this Chapter, we explore the usage of high energy colliders as precision machines. Typ-

ically, high energy colliders are thought of as machines with the purpose of discovery: the

Tevatron discovered the top quark, and the LHC discovered the Higgs boson. However, in

many cases high energy colliders have provided crucial precision measurements, such as LEP

proving there are only three generations of neutrinos through precision Z measurements.

This is also the current direction of particle physics experiments: with the SM complete,

and no signs of new physics yet, the experimental program of the LHC is shifting towards a

goal of a high-precision characterization of the couplings of the Higgs.

As we saw in the last chapter, Higgs couplings to the lepton sector are an important

testing ground for the Standard Model, in part because the SM predictions for the leptons

are so simple. With the precision of such measurements set to increase significantly at the

HL-LHC and Future Circular Collider (FCC), it is crucial to quantify the effects of heavy

new physics on collider observables. In particular, we focus on a very specific search channel:

the electron Yukawa coupling. This channel is currently very relevant in the planning of the

FCC - a strong bound can be placed, but it would require a year of dedicated runtime,

during which time not much other physics could be studied. Given this, it is worth assessing

the full space of beyond the Standard Model (BSM) theories that could be tested by this

measurement, asking which models would be first seen here, how theoretically plausible these

models are, and whether future measurements of other observables could test the same theory

space more easily. There are many ways of defining ‘plausibility’ of a model, all of which

are subjective. We explore a few different criteria, namely: how aligned and electron-specific
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does the flavour structure need to be? Is there a large hierarchy of couplings needed in any

particular model? How fine-tuned and radiatively stable would such a model be?

Considering the lack of new EW-scale particles, its a well-motivated assumption that

the scale of new physics is well above the Electroweak scale, and so the natural framework

to use is SMEFT (Sec. 2.3). In SMEFT, there is just one operator that can lead to large

enhancements of the electron Yukawas, namely,

OeH = |H|2Hle. (4.1)

Using a spurion analysis one can connect the above operator to other related operators in

SMEFT. These operators form a set that all mix under RG flow, and therefore they all

generically appear in any UV completion capable of enhancing the electron Yukawa. The

main results of this chapter are a characterization of the connections between the electron

Yukawa and other observables in a pure SMEFT framework, a presentation of the landscape

of models that offer this feature, and a few model-specific case studies. This Chapter is

based on the published work [64].

4.2 Enhancing the electron Yukawa in SMEFT

At the electroweak (EW) scale, the effects of decoupled new physics are well described by

higher-dimensional operators in the SMEFT framework. In the Warsaw basis [22], there are

several operators which can shift the electron Yukawa, however we focus on OeH , defined in

Eq. (4.1), as it allows for a non-universal Yukawa coupling modification. Thus we consider

the following Lagrangian for the electron Yukawa coupling up to dimension six:

−LYuk = yeHl̄e− CeH |H|2Hl̄e︸ ︷︷ ︸
OeH

+... , (4.2)
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where l and e are here the first generation left-handed lepton doublet and right-handed

lepton singlet respectively.

Importantly, this new dimension-6 term modifies the relationship between fermion mass

and Higgs coupling from the SM prediction. Assuming no operators of dimension higher

than those in Eq. (4.2) are important, we may proceed to calculate the ratio of the Yukawa

coupling to its SM value:

κe = 1− v3√
2me

CeH . (4.3)

Here and throughout, we assume that the CeH coefficient is purely real. Imaginary parts

have strong indirect constraints from electric dipole moments [65, 66], and are not necessary

to generate the Higgs coupling deviations that we focus on. In the SM, the electron Yukawa

ye is very small, of O(10−6) in natural units. It appears that the effects of new physics could

easily dominate such a small value, even with a moderate or large separation between v and

the scale of new physics Λ. However, understanding both the fine-tuning and RG flow of

such a theory leads to theoretical insights on the parameter space. This will be discussed

in Sec. 4.3.4. Remaining within the context of the EFT description, in this section we

investigate the general implications of the OeH operator; specifically, how it can be connected

to other operators via RG flow, and the model-independent constraints or future tests this can

enable for κe. We also consider various assumptions concerning the EFT flavour structure,

with varying degrees of plausibility and motivation, and how they may be constrained by

complementary experimental probes. In Sec. 4.3 we will go on to consider explicit models

under certain flavour structure assumptions and the additional EFT operators they give rise

to.

4.2.1 Loop level connections to other SMEFT operators

The operator OeH will mix with other dimension-6 SMEFT operators under RG, producing

a set of operators emergent in the IR. Spurion analysis allows us to quickly determine the
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operators in this set by considering the flavour symmetries of the SM. Under the global

U(3)5 flavour group, the OeH operator is charged as:

OeH ∼ 3̄L × 3e . (4.4)

In general, it can mix under RG with other operators with the same flavour charge, or with

different flavour charges as long as corresponding spurionic factors of SM Yukawas enter the

running. This immediately restricts the number of dimension-6 SMEFT operators which

can be connected to OeH via renormalisation group equations (RGEs), at any loop order.

Specifically, the complete list of operators with the same flavour charge as OeH consists only

of the leptonic electroweak dipoles:

OeB = (¯̀σµνe)H Bµν ∼ 3̄L × 3e, (4.5)

OeW = (¯̀σµνe)τ
IHW

µν
I ∼ 3̄L × 3e. (4.6)

An additional four operators carry the same charge under U(3)L × U(3)e as OeH , whilst

also carrying additional SM flavour charges:

O(1)
lequ = (¯̀αe)εαβ(q̄

βu) ∼ 3̄L × 3e × 3̄Q × 3u, (4.7)

O(3)
lequ = (¯̀ασµνe)εαβ(q̄

βσµνu) ∼ 3̄L × 3e × 3̄Q × 3u, (4.8)

Oledq = (¯̀αe)(d̄qα) ∼ 3̄L × 3e × 3̄d × 3Q, (4.9)

Ole = (¯̀γµ`)(ēγµe) ∼ 3̄L × 3e × 3̄e × 3L. (4.10)

The SM Yukawas Yu, Yd and Ye, can be thought of as having the spurionic flavour charges

Yu ∼ 3Q × 3̄u, Yd ∼ 3Q × 3̄d and Ye ∼ 3L × 3̄e respectively, meaning that each of the

four operators above has the same flavour charge as one of Y †
u OeH , YdOeH or YeOeH . If

the operators involve first generation lepton indices together with third generation quark or
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lepton flavour indices, they can be connected via running to OeH by amounts proportional

to the large top Yukawa or (much smaller) bottom or tau Yukawas.

The isolation of OeH is exacerbated further by helicity non-renormalisation theorems [67],

which disallow its running at one loop into any operator other than the six-Higgs operator OH

(for which running is anyway suppressed by tiny lepton Yukawas, by the flavour arguments

above). The leading RGEs describing the running from OeH into the EW dipoles therefore

arise at the two-loop level [66, 68, 65, 69]:1

d

d lnµ

 CeB

CeW

 =
g3

(16π2)2
3

4

 tan θWYH + 4 tan3 θWY2
H(YL + Ye)

1
2 + 2

3 tan2 θWYH(YL + Ye)

 CeH , (4.11)

where θW is the Weinberg angle and YX is the hypercharge of the field X. The covariant

derivative we use is defined Dµ = ∂µ+ ig τ
I

2 W I
µ + ig′YBµ. Since some of the phenomenology

of the leptonic dipoles is measured very precisely (e.g. ∆ae, B(µ → eγ)), it is worth investi-

gating whether this mixing, even at the two loop level, can provide relevant constraints on

the coefficient of OeH . In particular, through this mixing a contribution to κe implies a shift

in the anomalous magnetic moment of the electron, ∆ae.

Indirect constraints from ∆ae

To connect to measurements of ∆ae, we use Eq. (4.11) to evolve from the scale of new physics

Λ to the EW scale µW using the leading-log approximation. At the EW scale, we match

onto the coefficient [Leγ ]ij of the dipole operator ēiLσµνe
j
RF

µν of the low energy effective

field theory (LEFT). The tree level matching gives [70]

Leγ(µW ) =
v√
2
(cos θWCeB(µW )− sin θWCeW (µW )). (4.12)

1. The overall sign of this RGE is inconsistent between Ref. [69] and Refs. [66, 68, 65]. We use the sign
from the latter references.
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CeH`−

h

`−

γ

t

γ

Figure 4.1: An example two-loop Barr-Zee diagram contributing to ∆a`. Crosses on scalar legs indicate
Higgs components set to v.

The contribution to Leγ of the two-loop running of Eq. (4.11) is then (taking µW = mh):

L
Running
eγ (mh) =

3
√
2

8

g3 sin θW tan2 θW
(16π2)2

v ln
(

Λ

mh

)
CeH(Λ). (4.13)

The OeH operator also gives a finite matching contribution to Leγ , arising when the top

quark and Higgs, W and Z bosons are integrated out at the EW scale. This contribution

proceeds via two-loop Barr-Zee type diagrams [71, 72], an example of which is shown in

Fig. 4.1. Diagrams involving virtual W and Z boson exchange, in place of the internal

photon, are subleading due to their masses and the small vectorial Z-lepton coupling [73,

74, 75]. To calculate the top loop we map the couplings in the results of [76] to the SMEFT

framework and obtain

Lt
eγ(mh) =

8
√
2

3

g3 sin3 θW
(16π2)2

v f

(
m2

t

m2
h

)
CeH(mh), (4.14)

with the loop function f(z) defined as [75]

f(z) =
z(1− 2z)

y

[
Li2
(
1− 1− y

2z

)
− Li2

(
1− 1 + y

2z

)]
+ z (2 + log z) , (4.15)

where y =
√
1− 4z + iε (note that f(z) is real and analytic even for z > 1/4). As well as this

finite top loop diagram, there is also a divergent Barr-Zee diagram in which the top loop is
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replaced by a W -boson loop. Given that the anomalous dimensions in (4.11) correspond to

the divergent part of this diagram, the finite matching part is scheme-dependent and formally

part of the next logarithmic order. We therefore do not include this in the calculation

(consistent with the approach in Ref. [65]).

Summing Eqns. (4.13) and (4.14) we find2

Leγ(mh) = L
Matching
eγ (mh) + L

Running
eγ (mh) (4.16)

=
g3 sin θW v

12
√
2(16π2)2

(
64 sin2 θW f

(
m2

t

m2
h

)
− 9 tan2 θW ln

(mh

Λ

))
CeH(Λ). (4.17)

Finally, neglecting running of Leγ below the EW scale,3 we can relate this back to ∆a`:

∆a` =
4m`

e
Re ([Leγ ]``)

= −
g2m2

`

3v2(16π2)2

(
64 sin2 θW f

(
m2

t

m2
h

)
− 9 tan2 θW ln

(mh

Λ

))
∆κ`, (4.18)

where we define ∆κ` = κ`−1. Current constraints on ∆ae are dependent on the experimental

value of the fine structure constant α. However, there is an existing tension between the two

most precise experimental determinations of α, obtained using matter-wave interferometry

of atomic recoils with either Caesium or Rubidium atoms [78, 79]. Comparing the resulting

SM predictions obtained with the two inputs, to the most recent measurement [80], yields

2. For the sake of compactness, we have omitted the running of CeH between Λ and the electroweak scale
in the matching part of this analytical expression (i.e. we have set CeH(mh) = CeH(Λ) in the first term when
going from (4.16) to (4.17)). This approximation represents at most a 10% correction to the constraints, but
our numerical analysis includes the full running.

3. The self-renormalisation scaling of this coefficient, within the five-flavour LEFT, is small: Leγ(mb) ≈
0.97Leγ(mh) [77].
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[81]4

∆aRb
e = (33.8± 16.1)× 10−14, (4.19)

∆aCs
e = (−102± 26.4)× 10−14. (4.20)

Clearly, (4.19) and (4.20) disagree by more than 5σ. In our study, we will take two approaches

to dealing with this uncertain situation: (a) taking ∆aRb
e as the current measurement (choos-

ing Rb rather than Cs since it is less discrepant with the SM), and (b) inflating the error bars

such that the 2σ region for ∆ae spans the 2σ region for both determinations. Specifically,

for option (b) we define the following 2σ region:

(∆ae)Rb+Cs = [−154.8, 66.0]× 10−14 (2σ). (4.21)

Our qualitative conclusions will generally not depend on which of these approaches we take,

but by doing both we can show the impact of the current inconsistency in α.

It is expected that by the time of a direct electron Yukawa measurement at FCC-ee there

will be roughly an order of magnitude improvement in precision of ∆ae. With this in mind,

we take ∆afuture
e < 5× 10−14 as a rough projection [81, 85]. Of course, any improvement in

precision on ∆ae will rely on resolving the discrepancy in α. Using Eq. (4.18), we calculate

the current and future constraints on κe from ∆ae assuming two different new physics scales

(Λ = 2, 10 TeV) and list these in Tab. 4.1. These are to be compared to the current and

future direct 68% limits on κe in Tab. 4.4. It can be seen that current constraints on κe

from ∆ae are very weak, but if a future bound of ∆afuture
e < 5× 10−14 were to be achieved,

it could outperform HL-LHC sensitivity.

4. The uncertainties on these values, whilst dominated by experimental errors from α determinations and
the ae measurement, receive a non-negligible component from the current 5σ discrepancy between the two
calculations of the contributing 5-loop QED Feynman diagrams without lepton loops [82, 83, 84].
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Λ (TeV) κe (from ∆aRb
e ) κe (from ∆aRb+Cs

e ) |κe| (projected future ∆ae)
2 [-890,-320] [-890, 2300] < 46

10 [-710, -250] [-710, 1800] < 37

Table 4.1: 68% confidence intervals for κe derived from current and future constraints on ∆ae under
different assumptions for the new physics scale Λ.

4.2.2 Generating OeH radiatively

Whilst UV physics could generate OeH and therefore modify the electron Yukawa coupling

at tree level, the potential precision of future measurements allows us to probe scenarios in

which OeH arises at loop level. As we found in Sec. 4.2.1, OeH is an element in a set of

operators which all mix under RG flow. If any of these operators is generated by integrating

out UV physics, the rest of the operators (including OeH) will be populated after RG flow to

the IR. In particular, we identify three semileptonic operators and one four-lepton operator as

candidates to radiatively generate OeH : O(1)
lequ,O

(3)
lequ, Oledq and Ole. The dipole operators

are the only other possibility, but this possibility is strongly excluded by constraints from

∆ae.

The coefficients C(1)lequ, Cledq and Cle directly enter the one-loop RGE of CeH [86, 87, 88]:

d

d lnµ
CeH =

4Nc

16π2
(Y

†
uYuY

†
u − λY

†
u )C

(1)
lequ − 4Nc

16π2
(Y

†
d YdY

†
d − λYd)Cledq

+
8

16π2
(Y

†
e YeY

†
e − λYe)Cle, (4.22)

where flavour indices are suppressed. The coefficient C(3)lequ first mixes into C(1)lequ through

d

d lnµ
C(1)lequ =

1

16π2
(18g2 + 30g′2)C(3)lequ, (4.23)

and subsequently into CeH . Noting the Yukawa dependence of Eq. (4.22), we study the
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following coefficient flavour indices:

[C(1)lequ]1133, [C
(3)
lequ]1133, [C

(1)
lequ]1122, [C

(3)
lequ]1122, [Cledq]1133, [Cle]1331, (4.24)

where the indices 1, 2, 3 correspond to first, second and third generation quarks and leptons

respectively. The flavour charges of these operators, as discussed in Sec. 4.2.1, indicate we

should also expect to generate contributions to the EW dipole operators. Indeed, C(3)lequ mixes

into CeB and CeW at one-loop, whilst C(1)lequ, Cledq and Cle contribute at the two-loop level. So

we can again study indirect constraints on ∆κe from ∆ae, assuming that both are generated

radiatively from one of the operator coefficients in Eq. (4.24).

Assuming SMEFT coefficients are generated at a new physics scale Λ = 2 TeV, we

compute the induced CeH through numerically solving the one-loop RGE equations with the

DsixTools package [89, 77]. To calculate contributions to ∆ae, we perform a resummed

one-loop running and one-loop matching analysis, making use of the formulae provided in

[90],5 supplemented by fixed-order contributions from two-loop anomalous dimensions where

available in the literature. In particular, the calculation of the leading contributions from

[Cledq]1133 and [Cle]1331 to ∆ae requires the use of two-loop anomalous dimensions above

5. The contributions of [C(1)
lequ]1122 and [C(3)

lequ]1122 to ∆ae depend weakly on unknown non-perturbative
charm loop effects, through the parameter denoted c

(c)
T in Ref. [90]. We set this to zero here for simplicity,

but if we were to take it to be O(1), our constraints on these coefficients would change by O(10%).
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and below the EW scale. Within the SMEFT, the relevant two-loop RGEs are [66]:

d

d lnµ

 CeB

CeW

 =
Ydg

3

(16π2)2
Nc

4

 3 tan θWYQ + 4 tan3 θW (YL + Ye)(Y2
Q + Y2

d)

1
2 + 2 tan2 θWYQ(YL + Ye)

 Cledq

− Yeg
3

(16π2)2
1

2

 3 tan θWYL + 4 tan3 θW (YL + Ye)(Y2
L + Y2

e )

1
2 + 2 tan2 θWYL(YL + Ye)

 Cle.

(4.25)

Analogous to the two-loop running calculation in Sec. 4.2.1, these RGEs are used to calculate

the EW dipole coefficients at the electroweak scale, which are then matched to Leγ at tree-

and one-loop level. Cledq and Cle also have one-to-one tree level matching relations with the

four-fermion LEFT coefficients L
S,RL
ed and L

V,LR
ee respectively [70]. For evolution below the

EW scale, the two-loop anomalous dimensions for the mixing of these four-fermion LEFT

coefficients into Leγ , have recently appeared in Ref. [91]:

d

d lnµ
[Leγ ] = − 4e3

3(16π2)2
[L

S,RL
ed ][M

†
d ] +

50e3

9(16π2)2
[L

V,LR
ee ][M

†
e ] (4.26)

where Md and Me are the diagonal mass matrices for down-type quarks and leptons respec-

tively. We use these to calculate the additional fixed-order contribution to ∆ae which is

induced from running to the b mass scale.

Putting this all together, assuming only one non-zero SMEFT coefficient at a time,

Fig. 4.2 shows their contributions to ∆κe, as constrained by current and projected bounds

on ∆ae, as well as by complementary searches at existing and proposed colliders. We observe

a strong degree of complementarity between collider and ∆ae constraints on the relevant

SMEFT coefficients. Under current collider limits the coefficients [C(1)lequ]1133 and [C(3)lequ]1133

can accommodate κe enhancements at the level of HL-LHC sensitivity; however, present ∆ae
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Figure 4.2: Current and projected upper limits on |∆κe|(defined as |κe−1|) at 95% CL, assuming coefficients
are generated at 2 TeV and only one SMEFT coefficient is non-zero at a time. Current LHC bounds on
[C(1)

lequ]1133 and [C(3)
lequ]1133 are taken from [2], while those on [C(1)

lequ]1122, [C(3)
lequ]1122 and [Cledq]1133 are from

[3]. All HL-LHC and FCC-ee projections, shown by green bars, are taken from [4]. Constraints from the
decays D+

s → e+ν and Bs → e+e− follow from App. D, where the hatching on the latter bar indicates
the assumption that the coefficient is in the up mass basis. Future ∆ae sensitivity is assumed to reach
∆afuture

e < 5× 10−14.
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measurements already exclude this possibility. If the HL-LHC were to observe a deviation

∆κe ∼ 120, current ∆ae bounds would therefore point to UV physics matching directly to

[CeH ]11.

For some of the coefficients in the list (4.24), specifically ones which do not involve a

top quark, there are additional constraints from meson decays to electrons, to which they

contribute with a large chiral enhancement. This applies to the coefficient [Cledq]1133 which

can mediate the Bs → e+e− decay (if the quark doublet flavour index is in the up mass

basis), and the coefficient [C
(1)
lequ]1122 which can mediate the D+

s → e+ν decay. Neither

of these decay modes have been measured, and the experimental upper limits on them are

orders of magnitude above the SM prediction [92, 93], but the chiral enhancement of the NP

contribution from these coefficients is so large that meaningful constraints can nevertheless

be set from these decays. The details of the calculation of these constraints are given in

App. D. In Fig. 4.2, we show the corresponding upper limits on ∆κe in orange, assuming

that a deviation in κe arises radiatively from the given coefficient. The crosshatching on

the bar for [Cledq]1133 is to indicate that this bound depends on the flavour alignment of

the operator indices; if the quark doublet flavour index is defined in the up type quark mass

basis, then the constraint applies, but if it is defined in the down type quark mass basis, then

there is no down-type flavour change and the constraint is entirely evaded. By contrast, the

bound on [C
(1)
lequ]1122 involves a charged current, and is almost independent of whether the

indices are defined in the up or down mass basis (the difference is a factor of Vcs ≈ 0.97).

Two coefficients remain viable candidates for radiatively inducing ∆κe above the FCC-ee

Higgs-pole sensitivity without violating current bounds: [C(1)lequ]1133 and [Cledq]1133 (if aligned

in the down-type quark mass basis). The parameter space for the latter could be fully tested

by measurements of hadronic ratios above the Z-pole [4]. This leaves [C(1)lequ]1133, where

the relevant parameter space for generating ∆κe & 0.6 can be largely probed by a future

measurement of ∆ae . 5 × 10−14. We conclude that at the time of an FCC-ee Higgs-pole
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run, a κe enhancement at this level, in the absence of anomalies in other processes, would

again favour UV completions generating [CeH ]11 at leading order.

We note the simplification of studying only one SMEFT operator non-zero at any time

could obscure scenarios in which large κe enhancements are allowed through the interplay of

multiple SMEFT coefficients. Furthermore, in complete models one expects finite matching

contributions at Λ to arise in similar places to those arising from RG evolution, thus an

overly strict numerical interpretation of the results is to be discouraged. We study motivated

multi-coefficient scenarios in the form of single field SM extensions in Sec. 4.3.

4.2.3 Constraints on the flavour structure of OeH

Although our goal is to specifically enhance the electron Yukawa by imposing a non-zero

[CeH ]11, we are still required to make some assumption about the rest of the flavour entries

of the coefficient, which are not restricted by any symmetry a priori. Obviously, the least

constrained flavour structure would be one in which all of the other entries of CeH are zero,

which we denote the ‘electrophilic’ structure. However, such a scenario appears contrived

from a UV perspective and so we ought to consider a range of possible UV scenarios.

In this section we review a few examples of the various flavour structures that can arise.

We start with generic flavour constraints, without making any assumptions about CeH , and

then examine more specific structures and in particular ones which avoid flavour-changing

neutral currents (FCNCs) and correlate the diagonal components of CeH .

To review, both the lepton mass matrix and the CP-even Higgs Yukawas receive contribu-

tions from OeH . We may diagonalise the lepton mass matrix with unitary flavour rotations

Ul and UE ,

l → Ull , e → Uee , (4.27)
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resulting in Higgs couplings in the mass basis

Lh ⊃ −[yeff
e ]ijh¯̀

i
L`

j
R, (4.28)

yeff
e =

Mll

v
− v2√

2
U
†
l CeHUe, (4.29)

where we have used ` to indicate the charged lepton after electroweak symmetry breaking,

and Mll is the diagonalised charged lepton mass matrix. Note that unless ye and CeH were

already aligned in flavour space there is no reason to expect the combination U
†
` CeHUe to

be a diagonal matrix.

Experimental probes of off-diagonal elements of OeH

There are two experimental channels that constrain the lepton flavour violating (LFV) Higgs

couplings, and they offer complementary bounds. For one, there are the LHC searches for

LFV Higgs decays, where a Higgs from a traditional production channel decays to a pair of

leptons of differing flavour. This search channel offers a direct probe of the lepton Yukawas

at tree-level, and the subsequent runs at the LHC will steadily improve this bound. These

bounds are most important in probing the LFV τ couplings.

Current (PDG) HL-LHC [94] FCC [95]
BR(h → µe) 4.4× 10−5 - 1.2× 10−5

BR(h → τe) 2.0× 10−3 2.4× 10−4 1.6× 10−4

BR(h → τµ) 1.5× 10−3 2.4× 10−4 1.4× 10−4

Table 4.2: Current and future 95% CL expected limits on charged LFV Higgs decays.

The branching ratio of h → `i`j in the SMEFT, with i 6= j, is given by

B(h → `i`j) =
1

Γh

mh

16π
v4
(
|[CeH ]ij |2 + |[CeH ]ji|2

)
, (4.30)

where we have neglected lepton masses in the kinematics. The current and future experi-
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v2

ySM
e

[CeH(mh)]〈eµ〉 Limit

Experiment Limit Date Λ = 2TeV Λ = 10TeV
Sundrum-II [46] BR(µAu → eAu) < 7× 10−13 Current 6.6 6.0

MEG-II [47] BR(µ → eγ) < 1.5× 10−13 Current 0.39 0.33
MEG-II [47] BR(µ → eγ) < 6× 10−14 Late 2020s 0.25 0.21
Mu2e [48] BR(µAl → eAl) < 6× 10−16 Late 2020s 0.22 0.20
Mu3e [96] BR(µ → 3e) . O(10−16) ∼2030 ∼0.10 ∼0.08

COMET [97] BR(µAl → eAl) . O(10−17) Late 2030s ∼0.03 ∼0.03

Table 4.3: Summary of limits on CeH originating from searches for rare muon decays, as well as pro-
jections for future searches, all reported at 90% CL. For compactness, we denote the flavour average
C〈eµ〉 ≡

√
|Ceµ|2 + |Cµe|2.

mental constraints are summarised in Table 4.2.

Alternatively, radiative LFV decays of leptons receive loop contributions involving the

Higgs, thereby accessing the coefficients CeH . Because τs are somewhat difficult to produce

and observe, the τ LFV decay searches are subdominant to the relevant LHC constraints.

In contrast, the naturally long lifetime of the muon makes it an extremely sensitive probe

of EW-scale physics, and in turn provides a strong constraint on flavour violation in the

µe sector. The sensitivity of these searches will improve considerably by the time the FCC

becomes operational. We therefore review these constraints in brief, and then use them to

evaluate a simple flavour scenario in the following section. The outlook of the future of

muonic decay experiments, as well as their projected constraining power, is summarised in

Table 4.3.

As discussed in Section 4.2.1, the photonic dipole coefficient Leγ is induced at two loops

through running and matching contributions from CeH . The LFV decay probes are also

somewhat sensitive to κt and κW , but motivated by the relevant LHC constraints we assume

that they are effectively unity. The rate for the LFV decay `i → `jγ is [44]

Γ(`i → `jγ) =
m3

i

4π

(∣∣[Leγ(mh)]ij
∣∣2 + ∣∣[Leγ(mh)]ji

∣∣2) . (4.31)
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Current searches for the rare decay µ → eγ offer the strongest bound on the µe and eµ entries

of Leγ , set by the MEG-II experiment at BR(µ → eγ) < 1.5 × 10−13 [47]. In future years,

other search channels will overtake this bound, so we briefly describe these decay modes.

Another important search channel is the `i → 3`j decay mode, which is mediated by a

virtual photon or Higgs. The Higgs-mediated diagram is subdominant in comparison to the

photon-mediated diagram due to the small electron Yukawa and it can be omitted at leading

order. The photon-mediated diagram contains the same effective Leγ coupling, and the rate

is approximately [44]

Γ(`i → 3`j) '
αm3

i

12π2

∣∣∣∣∣log
m2

j

m2
i

− 11

4

∣∣∣∣∣×
(∣∣∣[Leγ(mh)]µe

∣∣∣2 + ∣∣∣[Leγ(mh)]eµ

∣∣∣2) . (4.32)

Note that this rate is suppressed over µ → eγ by an additional factor of α. Nevertheless,

the upcoming Mu3e experiment is expected to probe branching ratios for µ → 3e down to

. 10−16 [96], improving the current bound on the µe couplings of CeH by a factor of a few.

Lastly, µ → e conversion is expected to compete with µ → 3e and potentially result

in the strongest bound on µe LFV, improving current constraints by up to two orders of

magnitude. Both Higgs- and photon-mediated diagrams contribute to µ → e conversion but,

in contrast to the µ → 3e case, we find the Higgs-mediated diagram is numerically larger.

This is because the effective Higgs coupling to quarks in the nucleus is much larger than the

electron Yukawa, which relatively suppresses µ → 3e. For further details on this calculation

see App. E.

To summarise, we compile the current and projected strongest constraints on CeH (from

both Higgs decays in Tab. 4.2 and Tab. 4.4, and µ → e transitions in Tab. 4.3) into the
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following matrices (at 95% CL), with symmetric off-diagonal entries:

|CeH(mh)| × TeV2 .




1.2× 10−2 1.1× 10−5 3.0× 10−2

6.1× 10−3 2.6× 10−2

2.3× 10−2

 (current)


7.4× 10−5 9.2× 10−7 8.5× 10−3

7.7× 10−4 7.9× 10−3

2.2× 10−3

 (projected)

(4.33)

where flavour indices run over e, µ, τ in that order from left to right and top to bottom. In

the eµ entry, we have calculated the indirect limits assuming a new physics scale Λ = 10TeV.

All other entries are obtained from direct bounds on h → ff ′ or e+e− → h.

Examples of possible flavour structures

Anarchic Flavour The first and most straightforward UV possibility is one of full flavour

anarchy, where all the entries of CeH are of the same order. We assume that the anarchic

structure of CeH survives lepton mass diagonalisation, which is natural if the lepton mass

matrix is mainly set by the renormalisable Higgs Yukawas. In this scenario, the strongest

constraint on any entry of CeH is set by the current bound on the branching ratio of µ → eγ

from Meg-II (Table 4.3), leading to a rough 95% CL indirect bound on κe of

|∆κe| =
v3√
2me

∣∣∣[CeH ]ee

∣∣∣ ∼ v3√
2me

∣∣∣[CeH ]eµ

∣∣∣ . 0.3 (Anarchic flavour). (4.34)

An O(1) shift in κe is therefore allowed under an anarchic scenario without violating current

flavour constraints or requiring excessive tuning. However, future improvements in muonic

decay searches may improve this bound significantly prior to the start of the FCC. In par-
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Coupling modifier Current HL-LHC FCC-ee FCC-hh
|κe| . 120 [99] . 60 [100] . 1.3 [6] —
κµ 1.07+0.25

−0.31 [8] ±0.028 [7] ±0.023 [7] ±0.004 [7]
κτ 0.93± 0.07 [8] ±0.016 [6] ±0.0046 [6] ±0.004 [6]

Table 4.4: Current constraints and future sensitivity (all at 68% CL) on Higgs-charged lepton coupling
modifiers. The FCC-ee projection assumes a Higgs-pole run and there is no projection for FCC-hh available.
Where necessary 95% CL projections have been halved to estimate the 68% CL sensitivity.

ticular, if COMET achieves its long-term sensitivity goals, the corresponding bound on ∆κe

could be tightened to . 0.02, effectively excluding the possibility of observing it at the

FCC-ee Higgs pole run under the anarchic flavour assumption.

Aligned flavour In the absence of neutrino masses, the SM possesses an exact vectorial

U(1)e × U(1)µ × U(1)τ lepton flavour symmetry. It also possesses an approximate larger

vectorial U(3)D symmetry which is broken only by the differences between the lepton Yukawa

couplings. We can imagine that BSM physics also obeys these symmetries, giving flavour-

aligned Wilson coefficients in both cases, and universal (and diagonal) Wilson coefficients in

the latter. In the presence of neutrino masses, the misalignment between the neutrino mass

basis and the lepton mass basis is physical, and it is reasonable to ask why effects of heavy

BSM should be aligned with the lepton mass basis. Mechanisms such as a leptonic version

of Spontaneous Flavour Violation (SFV) [98] may exist to justify this. Such an alignment

in the lepton sector is radiatively stable (up to tiny neutrino mass effects), and ensures

that charged lepton flavour violating operators are negligible, being suppressed by powers of

mν/v.

Among the possible flavour alignments we wish to highlight a few interesting options.

• Electrophilic The simplest possibility is that the UV serendipitously features a form

of flavour alignment and ‘diagonality’ such that in the basis in which the charged lepton

Yukawa couplings have been diagonalised the OeH operator generated in the UV lies

entirely in the electron flavour direction. In the absence of neutrino masses, this can
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be achieved by charging the BSM physics under U(1)e only.

In this case, within the EFT the only additional constraint on CeH other than κe itself

is the anomalous magnetic moment of the electron, as discussed in Sec. 4.2.1.

• Universal This is the case for which U
†
l CeHUe ∝ I3, i.e. the UV breaks the flavour

symmetry as SU(3)L × SU(3)E → SU(3)D, i.e. to the diagonal subgroup, predicting

∆κe = ∆κµ
mµ

me
= ∆κτ

mτ

me
. (4.35)

Clearly the electron Yukawa modifications can, in this instance, be significant as com-

pared to the heavier leptons. However note in Tab. 4.4 that at HL-LHC (FCC-hh)

the projected future muon Yukawa constraints are at the 4% (0.4%) level. The corre-

sponding indirect limit on the electron Yukawa modification, under this ansatz, would

then be ∆κe . 8 (0.8) at 68% CL.

• Minimal flavour violation (MFV) In this case U
†
l CeHUe ∝ M̂ , such that

∆κe = ∆κµ = ∆κτ . (4.36)

With κτ presently constrained as in Tab. 4.4, any possible deviations in the electron

Yukawa would be correspondingly small. If the UV is MFV-like it is unlikely that

electron Yukawa measurements would ever be competitive with the respective τ con-

straints.

To summarise, under the well-motivated Anarchic, MFV and Universal UV flavour assump-

tions we find that µ → eγ, HL-LHC and FCC-hh, would provide superior or competitive

indirect bounds on the electron Yukawa coupling, respectively, as compared to an FCC-

ee Higgs pole run. A more specific electrophilic scenario must be envisaged in order for

a significantly modified electron Yukawa coupling to evade indirect constraints achievable
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elsewhere.

4.3 Selected extensions which enhance the electron Yukawa

We now move from the EFT description to discuss simple extensions of the SM that can

enhance the electron Yukawa. Within explicit models, more operators are generated than

just OeH , meaning that additional tests and constraints can be envisaged, dependent on the

individual model. However, we can again use the fact that the new physics must provide an

additional source of electron chiral symmetry breaking to make some general statements.

In particular, if the contribution to the electron Yukawa from some model is dependent

on a particular product of BSM couplings, then that same product of couplings can only

appear in other observables that also break electron chiral symmetry. This can be understood

through spurionic or flavour symmetry arguments similar to those in Sec. 4.2.1. Observables

in which a vector current of leptons appears in the amplitude will instead be dependent on

a different product of couplings. So, even within explicit models in which other effects are

generated, the electron magnetic dipole moment is the only observable we can expect to be

entirely correlated with the electron Yukawa.

For this reason, we begin this section with a discussion of the expected loop suppres-

sion of the dipole operators relative to the Yukawa operators in BSM models. We then

explore simple single-particle extensions in more detail; a second Higgs doublet ϕ, and scalar

leptoquarks.

4.3.1 Model-dependent connections between Yukawas and dipoles

As noted in Sec. 4.2.1, there is a 2-loop connection within the EFT between the Yukawa-like

operators and the dipole operators, which allows weak but model-independent constraints

to be put on deviations in κe from measurements of ∆ae. However, in almost every UV

completion, this connection arises at lower loop order. Schematically, this can be understood
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Figure 4.3: Schematic diagrams showing how the EW dipole operators OeW and OeB are generically
generated at one loop order higher than the OeH operator in UV models. The grey blob represents a
diagram of arbitrary loop order involving exchange of heavy UV states. The left hand diagram matches to
the dimension-six OeH SMEFT operator, while the right hand diagram matches to the dimension-six dipole
operators. The gauge boson line connects to any charged particle in the diagram, including the H loop and
any charged particles within the grey blob.

by the diagrams in Fig. 4.3; for any UV completion it is generally possible to close a Higgs

loop and radiate a gauge boson to obtain the electroweak dipole operators at one loop order

higher than the CeH operator.

For individual states which generate CeH at tree or 1 loop level, this can be seen explicitly

model-by-model, as summarised in Tab. 4.5. Here we have defined Ceγ as the coefficient of

the SMEFT photonic dipole operator (¯̀σµνe)HFµν , which is given in terms of CeB and CeW

as Ceγ = cos θWCeB − sin θWCeW . In all but one case listed in this table, Ceγ is generated

at one loop order higher than CeH , or they are both generated at the same loop order. The

exception is the SU(2)L doublet scalar ϕ, which has a 2 loop suppression of Ceγ relative to

CeH (in the case where it has no coupling to tops). This can be understood by the fact that,

since all the Higgs legs in the tree level diagram generating CeH come from the same vertex,

closing a Higgs loop in this case gives a zero amplitude by the Ward identity:

ϕ H
kk − q

q

∝ q · ε∗(q) = 0. (4.37)

The only particles which have a renormalisable and gauge invariant interaction with three

H bosons are the SU(2)L doublet scalar ϕ and the SU(2)L quadruplet scalars Θ1 and Θ3.
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State Spin SM charges CeH Ceγ Coupling dependence
S 0 (1, 1, 0) tree 1 loop κS(ỹ

e
S)

∗
11/f

ϕ 0 (1, 2, 12) tree 2 loop λϕ(y
e
ϕ)

∗
11

Ξ 0 (1, 3, 0) tree 1 loop κΞ(ỹ
e
Ξ)

∗
11/f

Ξ1 0 (1, 3, 1) tree 1 loop κΞ1
(ỹeΞ1

)∗11/f

E 1
2 (1, 1,−1) tree 1 loop (λ̃eE)1(λE)

∗
1/f

∆1
1
2 (1, 2,−1

2) tree 1 loop (λ̃l∆1
)∗1(λ∆1

)1/f

∆3
1
2 (1, 2,−3

2) tree 1 loop (λ̃l∆3
)∗1(λ∆3

)1/f

Σ 1
2 (1, 3, 0) tree 1 loop (λ̃eΣ)1(λΣ)

∗
1/f

Σ1
1
2 (1, 3,−1) tree 1 loop (λ̃eΣ1

)1(λΣ1
)∗1/f

L1 1 (1, 2, 12) tree∗ tree∗
{
(g̃Del

L1
)∗11, (g̃eDl

L1
)∗11

}
γL1

/f

ϕ 0 (1, 2, 12) 1 loop 2 loop (yeϕ)
∗
11(y

u
ϕ)33

ω1 0 (3, 1,−1
3) 1 loop 1 loop (yeuω1)13(y

ql
ω1)

∗
31

Π7 0 (3, 2, 76) 1 loop 1 loop (y
eq
Π7

)∗13(y
lu
Π7

)13

U2 1 (3, 1, 23) 1 loop 1 loop (gedU2
)∗13(g

lq
U2
)13

Q5 1 (3, 2,−5
6) 1 loop 1 loop (g

eq
Q5

)∗13(g
dl
Q5

)31

Table 4.5: Single particle states which match at tree or one loop level onto CeH , with coefficients unsup-
pressed by ye (or by any other SM Yukawa couplings smaller than yb). In all cases, Ceγ is generated via
the same product of couplings as CeH , with this coupling dependence given in the last column (in the no-
tation of [19]). States labelled in blue match to CeH (and Ceγ) via diagrams involving a non-renormalisable
interaction, meaning that the UV completion of these operators would require additional BSM states. The
asterisks on ‘tree∗’ for the L1 state indicate that this state matches at tree level onto these operators, but
that the couplings involved cannot arise within a weakly coupled UV completion (for example it is known
that Ceγ cannot be generated at tree level within a weakly coupled UV completion [20, 21]).

Therefore only models including these states can allow for Oeγ to be generated at 2 loop

orders higher than OeH . Every other UV completion will match to OeH with a diagram in

which at least one H leg will originate from a different vertex to the H† leg, thereby avoiding

the kinematic situation which gives zero in Oeγ upon closing a Higgs loop.

Schematic indirect bounds on ∆κe from current and future measurements of ∆ae are

shown in Tab. 4.6, for the three possible options for the relative loop suppression of Ceγ

compared to CeH . These are calculated under the simple assumption that

Ceγ =
e

16π2

(
g2

16π2

)n−1

CeH , (4.38)
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Relative loop suppression ∆κe ((∆aRb
e )) ∆κe ((∆aRb+Cs

e )) |∆κe| (∆afuture
e )

0 [-0.004, -0.20] [-0.20, 0.40] < 0.01

1 [-0.6, -20] [-20, 60] < 2

2 [-90, -4000] [-4000, 9000] < 300

Table 4.6: Estimated constraints at 95% confidence on ∆κe from current and future ∆ae measurements,
considering different scenarios for the relative loop suppression of Ceγ compared to CeH . We are estimating
the future precision of ∆ae to be ∆afuture

e ∼ 5× 10−14.

where n = 0, 1, 2 is the relative loop suppression, and g is some SM or BSM coupling which

we take to be O(1). In many realistic cases there would also be a logarithmic enhancement,

which may render these estimates overly conservative.

We can see from this table that if a model generates ∆κe and ∆ae at the same loop

order, then, given the current constraints on ∆ae, its contributions to electron Yukawa

shifts are expected to be below O(1) and hence unobservable at an FCC-ee Higgs pole

run. This conclusion holds unless there is some fine-tuning or cancellation in the model

which would alter this naive expectation. If instead a model generates ∆ae with a 1-loop

suppression relative to ∆κe, then current constraints allow an O(10)—O(100) deviation in

the electron Yukawa, but future measurements of ∆ae could reduce this to O(1). In this case,

which applies to the majority of the new states listed in Tab. 4.5, the exact size of expected

deviations in ∆κe will depend on specifics of the model, demanding a more complete analysis.

Notice that many such states (specifically the ones inducing a tree level effect in CeH) are

highlighted in blue in Tab. 4.5, signalling that the matching involves non-renormalisable

interactions, or equivalently a UV completion involving an additional particle (or more),

which can be from the same list above. Such two-particle models have been investigated

in Refs. [101, 85], finding that indeed future projections of ∆ae can indirectly probe ∆κe

generally to O(1) levels in these models, but that in some instances projected bounds extend

to > 10 or < 1. Instead, for the case where contributions to Ceγ are suppressed by two

additional loops as compared to CeH , deviations in ∆κe could be very large, even if future

measurements of ∆ae are in agreement with SM predictions.
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In the following subsections, we investigate the two extremes of these possible loop sup-

pressions in more detail. First, we explore the parameter space of the ϕ model, including

additional future tests of its couplings at FCC-ee and FCC-hh. Then, we look into models of

scalar leptoquarks, exploring to what extent the link between ∆ae and ∆κe can be altered

in models with additional flavour structure.

4.3.2 A heavy second Higgs doublet

As argued above, the only tree level UV completion of OeH which gives a two loop relative

suppression in Oeγ consists of an extra scalar SU(2)L doublet with couplings to leptons

and to Higgs bosons. This model hence represents the ‘best case scenario’ for new physics in

∆κe, in the sense that we might expect that current and near-future indirect constraints from

∆ae could still allow very large deviations in ∆κe. The possibility of a very large electron

Yukawa within a 2HDM was studied previously in Ref. [102]. Here, we take a simplified

approach, assuming that mϕ � mh, and only studying the minimal couplings needed to

enhance the electron Yukawa coupling, to determine the impact of correlated tests of this

scenario upcoming at HL-LHC or FCC-ee. The relevant Lagrangian is6

−Lϕ ⊃ (yeϕ)ijϕ
† ēiR l

j
L + (yuϕ)ij ϕ

†iσ2q̄
T
LiuRj + λϕ

(
ϕ†H

)(
H†H

)
+ h.c. (4.39)

Matching at tree level to the SMEFT gives [19]

[CeH ]ij =
λϕ(y

e
ϕ)

∗
ji

M2
ϕ

, [Cle]ijkl = −
(yeϕ)

∗
li(y

e
ϕ)kj

2M2
ϕ

, Cφ =
|λϕ|2

M2
, [C(1)lequ]ijkl = −

(yuϕ)kl(y
e
ϕ)

∗
ji

2M2
ϕ

.

(4.40)

6. Additional scalar potential terms would also be present, however we don’t consider them here as they
are not related directly to chirally enhanced κe corrections.
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Within this model, the Yukawa modifying coefficient, CeH , is thus composed of two couplings

which can be separately probed through other processes via contributions from Cφ and

Cle. Current direct constraints on Cle are derived from Bhabha scattering measurements

performed at LEPII [4, 103, 104]. These constraints are expected to be significantly improved

by off-Z-pole measurements of the leptonic ratio Re at FCC-ee [4]. Limits on Cφ can be

placed from searches for double Higgs production at the LHC [8, 105] and HL-LHC [7]. At

FCC-ee the trilinear Higgs coupling can be probed at the Zh run [106] while at FCC-hh

measurements of double Higgs production will provide strong sensitivity [6].

Figure 4.4 shows these future projections in the plane of the two couplings λϕ and (yeϕ)11

for two different values of the mass, along with the current allowed region and future sen-

sitivity of ∆ae. We assume here that only these two couplings are non-zero. Contours of

different values of ∆κe are shown with dashed diagonal lines. It can be seen that current

indirect constraints from ∆ae allow extremely large values of ∆κe ∼ 1000, while the com-

bination of measurements at FCC-ee and FCC-hh will indirectly probe values of couplings

corresponding to |∆κe| . 500 at 2 σ. These are all larger than the current direct constraint

on κe. Future measurements of ∆ae could bring the indirect constraint on ∆κe down to

about 100.

As seen in (4.40), ϕ also matches to C(1)lequ at tree level if it couples to up type quarks.

This coefficient generates contributions to ∆κe at the one loop level and to ∆ae at two-loop

level, with the largest effects from the operator involving the third generation quarks. From

Fig. 4.2, we see that this operator alone could induce O(10) effects in ∆κe while remaining

consistent with current constraints. To investigate this in the context of the ϕ model, in

addition to λϕ and (yeϕ)11, we now allow a non-zero value of (yuϕ)33. Fig. 4.5 shows the

allowed regions for this scenario in the plane of yeϕ ≡ (yeϕ)11 and ytϕ ≡ (yuϕ)33, while holding

the coupling to the Higgs boson fixed at λϕ = 1.

We see that including O(1) Yukawa-like couplings to top quarks significantly tightens
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constraints from ∆ae with respect to Fig. 4.4. However, at smaller values of ytϕ this effect

quickly diminishes, until at |ytϕ| ∼ 10−2, the one-loop contribution to ∆ae (from C1133
lequ ) is

subdominant to the two-loop contribution (from C11
eH), and the situation becomes equivalent

to the ytϕ = 0 case in Fig. 4.4. For negative ytϕ ∼ −0.1 a cancellation can occur between the

[C(1)lequ]1133 and [CeH ]11 contributions to ∆ae therefore lifting constraints. Such a cancellation

would require significant tuning of the model parameters (including also the finite two-loop

matching contributions at the UV scale which we have neglected in this analysis). Constraints

on ytϕ can also be derived from measurements of the top quark Yukawa coupling modifier κt.

However, the FCC-ee sensitivity to this coupling modifier does not improve on perturbativity

bounds except in the negative quadrant of the Mϕ = 2 TeV plot.

In summary, in a model with an extra Higgs doublet, there is open parameter space in

which |κe| � 1 could arise, which could be tested by an FCC-ee Higgs pole run and which

would not otherwise be probed in the near future by ∆ae or by other FCC measurements.

4.3.3 Leptoquarks

Scalar and vector leptoquarks seemingly provide another promising option for new physics

in κe, given they are the only extensions which match at tree level onto C(1)lequ and Cledq re-

spectively, both of which could naively produce large effects in κe while remaining consistent

with current constraints (see Fig. 4.2). Inspection of Tab. 4.5, however, reveals both the

scalar leptoquarks (ω1 and Π7) and the vector leptoquarks (U2 and Q5) actually correspond

to the most pessimistic scenario for new physics, in which ∆κe and ∆ae arise at the same

loop order. For the scalar leptoquarks this is primarily due to a tree-level matching to C(3)lequ

[19] which runs at one loop into Ceγ , while for the vector leptoquarks the leading effect

is a finite one-loop contribution to Ceγ (see e.g. [107, 108, 109]). The connection between

muonic dipoles and Higgs couplings in scalar leptoquark models was previously explored in

Refs. [110, 111, 112]. We explore the electronic leptoquark option here, to examine whether
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the broad loop-counting conclusions of Sec. 4.3.1 can be affected by particular parameter

choices or flavour structures in the model.

We focus on the scalar leptoquark extensions ω1 and Π7 where the relevant Lagrangian

terms are

−LLQs ⊃ (y
ql
ω1)ijω

†
1q̄

c
Liiσ2lLj + (yeuω1)ijω

†
1ē

c
RiuRj + λω1(ω

†
1ω1)(H

†H)

+ (yluΠ7
)ijΠ

†
7iσ2l̄

T
LiuRj + (y

eq
Π7

)ijΠ
†
7ēRiqLj

+ λΠ7
(Π

†
7Π7)(H

†H) + λ̃Π7
(Π

†
7H)(H†Π7) + h.c, (4.41)

where i and j are flavour indices, and colour and weak isospin indices are left implicit. These

extensions match at tree level to the dimension-six SMEFT coefficients [19]

(
C(1)lequ

)
ijkl

=
(yeuω1)jl(y

ql
ω1)

∗
ki

2M2
ω1

+
(y

eq
Π7

)∗jk(y
lu
Π7

)il

2M2
Π7

, (4.42)

(
C(3)lequ

)
ijkl

= −
(yeuω1)jl(y

ql
ω1)

∗
ki

8M2
ω1

+
(y

eq
Π7

)∗jk(y
lu
Π7

)il

8M2
Π7

. (4.43)

Since identical couplings appear in both matching expressions, the one-loop mixing of C(3)lequ

into CeB and CeW , and of C(1)lequ into CeH , provides a strong connection between ∆κe and

∆ae in these models.

We compute the one-loop matching of ω1 and Π7 states onto all SMEFT operators con-

tributing to ∆κe or ∆ae, with SOLD [113, 114] and provide these expressions in App. G.1. We

neglect effects related to two-loop anomalous dimensions and two-loop matching at the EW

scale. The dependence on the up-type Yukawa, present identically in the RGEs of Eq. (4.22)

and the matching relations of App. G.1, indicates that leptoquark electron-top couplings

((yeuω1)13(y
ql
ω1)

∗
31 or (y

eq
Π7

)13(y
lu
Π7

)∗13) will give dominant contributions to both ∆κe and ∆ae.

Contributions from leptoquark electron-charm couplings ((yeuω1)12(y
ql
ω1)

∗
21 or (y

eq
Π7

)12(y
lu
Π7

)∗12)

are naively suppressed by at least mc
mt

, but can in fact still be important due to RGE effects
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below the EW scale. Within the matching relations, finite contributions proportional to

quartic leptoquark couplings to the SM Higgs (λω1 or λΠ7
) are present but subdominant

with respect to log-enhanced pieces. Nevertheless, these couplings can be phenomenologi-

cally relevant for Higgs-lepton coupling deviations [109], and we therefore include them in

our analysis.

The ATLAS and CMS collaborations have searched for pair-produced scalar leptoquarks

decaying to electron–top [115, 116, 117] and electron–charm [118] final states, excluding

masses up to 1.8 TeV depending on coupling assumptions. We consider two benchmark

scenarios, Mω1/Π7
= 2 TeV and 10 TeV, noting that the lighter case may be excluded by

improved direct searches before a Higgs-pole run at FCC-ee. We perform tree- and one-loop

matching to the SMEFT at these scales. The analysis then follows closely that of Sec. 4.2.2;

we compute the induced ∆κe and ∆ae using the numerical solution for the one-loop RGEs

from DsixTools and the results of [90]. We provide expressions for these quantities in terms

of the model parameters of Eq. 4.41, at the benchmark mass scales, in App. G.2.

Current ∆ae measurements already restrict ∆κe for ω1 and Π7 with electron–top cou-

plings, as shown in Fig. 4.6. Under either ∆aRb+Cs
e or ∆aRb

e assumptions, enhancements

lie below projected FCC-ee sensitivity. These explicit bounds are slightly stronger than the

model-independent estimates in Tab. 4.6. For leptoquarks with only electron-charm cou-

plings (previously studied as a way to explain deviations in lepton magnetic moments while
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avoiding strong µ → eγ limits [119, 120]), we find that achieving ∆κe ∼ 0.6 would require

(yeuω1)12(y
ql
ω1)

∗
21 or (y

eq
Π7

)12(y
lu
Π7

)∗12 to be above the perturbativity bounds on this combina-

tion of couplings (see Eqs. (F.1) and (F.2)). Hence, a single scalar leptoquark with only

electron-charm couplings cannot generate large ∆κe.

Allowing both electron-top and electron-charm couplings, for specific coupling choices,

cancellations can relax the strong constraints on ∆κe derived under the electron-top only

assumption.

We display the allowed parameter space for the ω1 extension in Fig. 4.7. Here, the

thinness of the blue bands demonstrates the current ∆aRb
e and ∆afuture

e mandate a significant

tuning of the ratio between the couplings to generate a large ∆κe
7. For Mω1 = 2 TeV,

tuning can allow ∆κe ∼ −70, whilst not violating perturbativity bounds on electron-charm

couplings, however constraints from Ds → eν (discussed in App. D) restrict this maximum

enhancement to ∆κe ∼ −6. A heavier Mω1 = 10 TeV field will evade any meson decay

7. We note that the specific value of the required ratio depends weakly on the non-perturbative parameter
c
(c)
T [90]. We set this to zero here, but an O(1) value for this parameter would change the required coupling

ratio by O(10%).
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or pair-production bounds but has a lower maximum enhancement magnitude ∆κe ∼ −3.

Both cases represent parameter space which will be tested by an FCC-ee κe measurement at

a dedicated Higgs pole run. Similar conclusions hold for the Π7 state when both electron-top

and electron-charm couplings are allowed.

Such a situation, with both top-electron and top-charm couplings, would imply that

the leptoquarks would also mediate flavour changing neutral currents involving the top.

Specifically, decays t → c e+e− are generated at tree level through some combinations of

these couplings, while t → cZ would be induced at one loop by closing the electron loop and

radiating a Z. Current constraints are only set on the latter process and do not effectively

bound the model at all, see App. G.3. Projected t → cZ constraints at FCC-ee and FCC-hh

are also very weak for this model. Given that it occurs at tree level, a promising search

channel at future e+e− colliders is e+e− → tc̄. Corresponding projected constraints for a

240 GeV run at CEPC [121] are at the level of [yul]21[yqe]31 < 0.6 for a leptoquark of mass

2 TeV (see App. G.3), and could provide a test of the model, depending on the leptoquark

masses that remain viable after HL-LHC. However we note that this is sensitive to a different

combination of couplings to that appearing on the axes of Fig. 4.7, so this projection cannot

be shown directly on this plane.

Finally, we examine whether cancellations between running contributions to ∆ae and

finite effects from the quartic couplings λω1 and λΠ7
can allow for large ∆κe. Neglecting

electron–charm couplings now, Fig. 4.8 shows that for Mω1/Π7
= 2 TeV neither state can

achieve ∆κe > 0.6 whilst respecting ∆ae and perturbativity constraints. For heavier masses,

the allowed ∆κe enhancements are further diminished.

In summary, scalar leptoquarks are unlikely to contribute to a measurable deviation in

κe at an FCC-ee Higgs pole run, since the corresponding couplings are already well tested by

∆ae. The only way that a significant deviation in κe can be achieved is by a leptoquark with

a tuned ratio of charm-electron to top-electron couplings, and in which the charm-electron
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coupling is significantly (about 60 to 80 times) larger than the top-electron coupling, and of

opposite sign. This is a rather unnatural flavour structure, which would appear to have no

justification other than to achieve this effect.

4.3.4 Comments on fine-tuning

If the leading correction arises at dimension-6, then to realise a large (� 1) Yukawa modifi-

cation requires fine-tuning the dimension-4 Yukawa coupling such that the electron mass is

small despite having a large coupling to the Higgs. The greater the fine-tuning, the greater

the coupling enhancement. Indeed, one may quantify this for the dimension-6 contribution

in the usual way, through a fine-tuning estimate

∆ =

∣∣∣∣∂ lnκe
∂ ln ye

∣∣∣∣ = ∣∣∣∣(1− κe)(3− κe)

2κe

∣∣∣∣ , (4.44)

which behaves as

lim
κ�1

∆ =
κe
2

, (4.45)
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and exhibits vanishing fine-tuning for κe = 1 or κe = 3, reflecting the cases where the dim-4

or dim-6 contributions dominate.

As a result, we see that in the limit where a new physics scenario gives rise to a Yukawa

coupling which is significantly greater in magnitude than the SM coupling and not an integer

(which corresponds to a single operator dominating), the parameters within the UV theory

will have to be fine-tuned by an amount directly proportional to the magnitude of the

enhancement. Pragmatically speaking, a theory which enhances the electron Yukawa by a

factor of 10 will generically need to be fine-tuned at around the 20% level. Realistic UV-

completions give rise to a tower of operators, thus this dimension-6 based analysis will be

quantitatively modified. Nonetheless, the qualitative picture will remain valid as having a

large Higgs coupling but small mass will generically require fine-tuning to realise the latter.

One should also consider radiative corrections from an IR perspective. Naïvely there is

no symmetry nor dimensional analysis of Eq. (4.1) which can, from an IR perspective, forbid

corrections at the matching scale or within the full UV theory of the form

δLYuk =
1

(4π)2
M2CeHHl̄e+ ... , (4.46)

where M is a UV mass scale. That this does not overcome the ultimate Yukawa correction

originating from the dimension-6 contribution requires that

v2 &
M2

(4π)2
, (4.47)

naïvely requiring that any new states ought not to be heavier than ∼ 3 TeV.8 This has

little impact on the models considered here as it stands, however it does suggest that if a

significant Yukawa modification were observed then natural new physics shouldn’t lie too

8. This aspect is alluded to in [122] and has independently been emphasised to MM by Neal Weiner and
Riccardo Rattazzi.
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far above the TeV scale, despite that the electron Yukawa coupling is so small. However, as

the previous discussion reveals, if > O(1) Yukawa coupling modifications are realised then

some fine-tuning between higher and lower dimension contributions is necessary in any case,

so naturalness arguments are weakened and it could be that the new physics responsible lies

at higher mass scales.

We now turn to the question of RGE effects within the UV theory. One expects, on

symmetry grounds, that within the UV theory there will be RGE contributions to ye pro-

portional to CeH . Being model-dependent, it is not a theorem that such contributions must

exist, however this is an important consideration since it impacts the question of radiative

stability and fine-tuning of parameters within the UV theory. The reason is that we have

already established that the value of ye at the matching scale must be fine-tuned in order

to realise significantly enhanced couplings. This fine-tuning is exacerbated if the precise

value of ye is not radiatively stable within the UV theory, which in the absence of additional

symmetries is not generically expected. If the UV theory does appear radiatively stable, one

should scrutinise it to ascertain if some fine-tuning, including RG effects, has been employed

elsewhere in order to render small the couplings which contribute to the running of ye.

4.4 Discussion

The electron Yukawa is presently very poorly constrained. Higgs boson decay measurements

are projected, at HL-LHC, to be sensitive to up to 120 times the SM value. This could be

improved on significantly during a proposed FCC-ee run on the Higgs resonance, in which

it can be accessed through s-channel production. Although it is not part of the baseline

running scenarios as outlined in the recently published FCC feasibility study [6], if it goes

ahead this run would test electron Yukawa couplings down to 1.6 times the SM value. As a

fundamental Standard Model parameter, confirming the value of this coupling would be an

important milestone, but it is worth evaluating what any deviation in this coupling would
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tell us about BSM physics. In this work we have explored the broad theoretical implications

of an & O(1) enhancement of the electron Yukawa, correlating it with other measurements

in the landscape of current and future planned experiments.
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CHAPTER 5

NEUTRINO EXPERIMENTS AND LONG-BASELINE

SIGNATURES OF HIDDEN SECTORS

Next, we turn to studies of new physics at low energy scales. Primarily, we are interested in

inverting the precision experimental paradigm—how can we utilize precision experiments to

conduct discovery studies? In fact, there are many cases where experiments build to study

very specific features of the SM can in fact be used to search for new particles, at little to

no additional cost to the experimental program. In this chapter, and the next, we examine

two cases where this approach is fruitful. This work is based on the published article [123].

MiniBooNE and MicroBooNE are nominally neutrino precision experiments: they are

intended to study the oscillation patters of neutrinos as they propagate through space. This

alone is a feature that cannot be explained by the SM alone - a consistent explanation

requires new particle species.1 However, the geometry of these setups also mimic the “beam

dump” style experiments. In beam dump experiments, a detector is placed behind a large

section of opaque material, like cement or rock. The only particles capable of traversing such

material are either neutrinos or new particles beyond the SM. However, contrary to most

beam dump experiments, MiniBooNE and MicroBooNE are also capable of reconstructing

kinematics, in particular the invariant mass of a scalar decaying to two photons. In fact,

these collaborations already collect this exact dataset, searching for neutral pions that are

produced by neutrino scattering and subsequently decay. Consequently, one can bound the

coupling of a scalar produced in the MiniBooNE focusing horn, which decays to two photons.

The model which is viable is called muonphilic scalar.

1. For a review of neutrino physics, see e.g. [124, 125].
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Figure 5.1: Schematic cartoon of our MiniBooNE and MicroBooNE signal processes. Top: the 8 GeV
proton beam impinges on a fixed Be target and produces mesons including charged kaons, whose decays
yield a flux of muons and associated scalars S through π±,K± → µ±νµS decays. Bottom: S may also be
created via a spray of pions/kaons whose decays yield a secondary muon beam in the decay pipe. The muons
then interact with the beam dump, where they produce long-lived muon-philic scalar particles S through
bremsstrahlung-like processes. Note that the meson decay mode is independent of the beam dump, while
the muon bremsstrahlung mode requires scattering in the beam dump. In both cases, for mS < 2mµ, the
scalars eventually decay to diphotons in the downstream detector. For details of the experimental setup and
detector performance, see Ref. [10].

5.1 Model Overview

We consider a muon-philic scalar S, a SM singlet of mass mS with the Yukawa interaction

Lint ⊃ ySµ̄µ , (5.1)

which we have written in four-component Dirac fermion notation. This interaction can arise

from a gauge-invariant dimension-5 operator

Leff ⊃
(y
v

)
SH†L2µ

c + h.c. (5.2)

where H is the SM Higgs doublet, v = 246 GeV is its vacuum expectation value, L2 is

the second generation lepton SU(2)L doublet, and µc is the SU(2)L singlet muon field.
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Figure 5.2: Left: Feynman diagram for scalar production from K,π → µνS decays. Middle: Scalar
production via µ-N scattering in the beam dump. Right: Scalar decay through a muon loop using only the
coupling in Eq. (5.1).

This non-renormalizable interaction may be UV-completed with a heavy vector-like fourth

generation of leptons, which mixes with the muon and is integrated out in the low-energy

effective theory [126, 127, 128].

If the operator in Eq. (5.1) is the scalar’s only coupling to SM fermions, then for mS <

2mµ, S will decay to diphotons through muon loops. The width for this process is [15]

ΓS =
α2y2m3

S

64π3m2
µ
x2 |1 + (1− x)f(x)|2 , (5.3)

where x ≡ 4m2
µ/m

2
S and f(x) = arcsin2(x−1/2) for x > 1. Note that for nearly all viable

parameter values in this low mass range, S is a long-lived particle with a decay length

cτS
γ

≈ 300m
(
10−4

y

)2(
40MeV
mS

)3

, (5.4)

where τS = 1/ΓS is the S lifetime and γ is the boost factor. This estimate uses Eq. (5.3) in

the x � 1 limit.

In our parameter space of interest (see Fig. 5.6), the Yukawa coupling in Eq. (5.1) always

satisfies y & 10−5, which is sufficient to bring S into chemical equilibrium with SM particles

in the early universe. Therefore, in order to avoid cosmological limits on extra light degrees

of freedom during Big Bang nucleosynthesis, we generically require mS & few MeV [14, 129].
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Figure 5.3: Heatmaps (arbitrary units) of the processes in the beam dump that produce muon-philic
scalars, for r⊥ < 0.9m, where r⊥ is the cylindrical radius in the x − y plane. This displays the scalar
production inside the decay pipe, however the analysis considers production events that occur outside the
pipe as well. The top (middle) diagram shows the vertices where the π± (K±) decays, which may contain
scalars in their decay products. The lower diagram shows the spatial distribution of scalar emission from
muons scattering in the beam dump, specifically for mS = 100MeV, although this distribution does not vary
significantly over the scalar mass. The plot has several features: the target can be seen on the far left, with
the electromagnet adjacent, and the beam dump is visible on the right.

5.2 Analysis

Our search concept leverages secondary muon production at MiniBooNE and MicroBooNE

following a sequence of steps, depicted schematically in Fig. 5.1 with relevant Feynman

diagrams in Fig. 5.2:

1. The 8 GeV proton beam from the Fermilab Booster Neutrino Beamline (BNB) strikes

the Be target, producing a forward shower of pions and kaons;

2. The charged pions and kaons are focused down the beamline via an electromagnet,

called the horn, and then typically decay in flight in the decay pipe;

3. New scalar singlets S can be produced either directly through radiative 3-body

π±, K± → µ±νµS decays (Fig. 5.1, top), or through µN → µNS scattering from

the secondary interactions in the beam dump (Fig. 5.1, bottom);
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Figure 5.4: Energy distribution of charged pions (dark green), charged kaons (dark blue), and secondary
muons (dark red) produced from proton-Be collisions at 8 GeV. Also shown are energy distributions for scalars
produced from pion decays (light green), kaon decays (light blue) and from secondary muon scattering in the
beam dump (orange). The scalar distributions are normalized to y = 1 to enhance visibility on the plot, but
in our analysis we explore the region y ∈ [10−5, 10−2]. These curves were generated with a GEANT simulation
utilizing the setup described in Refs. [10, 11].

4. The S particles propagate on-shell and decay visibly to γγ in the downstream detector.

To perform our numerical analysis, we utilize samples of pions, kaons, and muons from

107 protons-on-target (POT) created from a custom GEANT4 [130] simulation of the BNB in

neutrino mode. The detailed simulation includes all relevant beamline elements – the target,

horn electromagnet and magnetic field, collimator, decay pipe, shielding, and beam dump

– and is based on the description in Refs. [10, 11]. The 107 POT produce ∼ 106 charged

kaons and ∼ 2× 107 muons (primarily via decays of pions produced at the target).

For the decay production channel, we generate a Monte Carlo (MC) sample of the scalars

produced in K/π decays by sampling the available phase space of the decays, and weighting

each event by the squared matrix element. The amplitude and branching ratio formulas are

given in Ref. [131], and our sampling method agrees with their reported K → µνS branching
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Figure 5.5: Example signal distributions generated by scalar decays in the MiniBooNE and MicroBooNE
detectors. The data points are measured γγ-like events, and the background prediction arises primarily
from neutrino-induced π0 → γγ events, and digitized from [12, 13]. The MiniBooNE error bars include
statistical and systematic uncertainties. The MicroBooNE error bars are statistical only. These particular
signal distributions correspond to 20σ (top panel) and 6σ (bottom panel) discrepancies with the data.

ratios. The pion MC is generated using the same amplitude, with the general substitution

K → π. The kinetic energy distribution of scalars produced via these modes, for mS = 24

MeV, is shown in Fig. 5.4. The locations of the decays are shown in Fig. 5.3 (top and middle

panels).

For the scalars produced by muons scattering in the beam dump, we use the FeynRules [132]

Mathematica package to construct the Feynman rules for muon-philic interactions in Eq. (5.1).

This model is then used as input to the CalcHEP [133] event generator to generate scalar

emission µN → µNS cross sections (Fig. 5.2, center) and MC events. These events are then

re-weighted according to the electromagnetic form factor of the iron nucleus (see Ref. [134]
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for a more detailed treatment). The probability of emitting a scalar in a muon-nucleus

scattering event, as a function of muon energy incident on the beam dump, is

Pemit(Eµ) '
nN

〈dE/dx〉

∫ Eµ

0
σ(E)dE, (5.5)

where nN = 8.6 × 1022/cm3 is the number density of nuclei in the iron beam dump, σ(E)

is the energy-dependent µN → µNS cross section, and 〈dE/dx〉 is the average energy

loss of the muon in the medium, conservatively taken to be 16 MeV/cm [135]. The typical

path length in the beam dump is thus l ∼ 50 cm [136]. For each muon produced by the

GEANT4 simulation, the differential scalar emission probability in Eq. (5.5) is used to generate

a random scattering event. A CalcHEP MC event of matching incident muon energy is

randomly selected to generate the scalar 4-momentum. The production locations for scalars

with mS = 100 MeV are shown in Fig. 5.3 (bottom panel).

Example energy distributions of the mesons and scalars for mS = 24 MeV are shown in

Fig. 5.4. Using the 4-momenta of the scalars generated via the meson decay and scattering

channels, we then evaluate the probability of S decay within the fiducial volume of Mini-

BooNE/MicroBooNE, via the loop diagram in Fig. 5.2, right. This is computed using the dis-

tance from the emission event to the detector, its line-of-sight width along the direction of the

scalar momentum, and the decay length. The approximate decay length is given in Eq. 5.4,

but in our analysis we use the full expression (5.3) for each value of mS . Diphoton invariant

mass distributions for two representative scalar masses are shown alongside data and back-

ground expectations in Fig. 5.5. We find that the largest signal rate given the MiniBooNE

and MicroBooNE target and detector geometry comes from boosted K± → µ±νµS decays.

Pion decays π± → µ±νµS are only kinematically allowed for mS < mπ−mµ = 34 MeV, but

even at mS = 24 MeV (Fig. 5.5, bottom) the kaon decays still dominate. The contribution to

the total γγ rate from muon scattering is largest at mS ∼ 30 MeV, but is generally subdom-

inant over the whole relevant mass range; unlike the meson decay channels, the scattering
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rate depends on the beam dump thickness and density, and thus this contribution may be

more important in other experimental setups.

To evaluate our sensitivity to the S decay diphoton signal, we use the fact that the

same final state was used in MiniBooNE and MicroBooNE’s measurements of neutrino-

induced neutral current (NC) π0 production, νµN → νµNπ0 (π0 → γγ). In both analyses,

the diphoton invariant mass mγγ is reported, and we recast these analyses as searches for

resonances with mγγ = mS . Notably, the NCπ0 signal definition was slightly different for the

two experiments. In MiniBooNE, the measurement included events with ≥ 0 visible protons

since MiniBooNE was insensitive to proton(s) at the interaction vertex [12]. MicroBooNE

was able to separate their measurement into NCπ0 events with either 0 or 1 associated

visible protons [13]. We consider the 0 proton case in MicroBooNE here since no protons

are expected in an S decay.

The MiniBooNE (MicroBooNE) measurement was performed in neutrino mode with

6.46×1020 (5.89×1020) POT and utilized a fiducual mass of 450 tons (77 tons). MiniBooNE’s

measurement in antineutrino mode is not considered here for simplicity. For MiniBooNE,

we impose a “track mass” cut, which is used to separate diphoton and single-electron events,

providing a natural lower bound on sensitivity,

mγγ ≡
√

2E1E2(1− cos θ12) > f(E1 + E2), (5.6)

where E1,2 are the energies of the two photons, θ12 is their separation angle in the lab

frame, and the specific function f(E1 + E2) ≈ 32MeV is given in Ref. [137]. For Micro-

BooNE, we employ the minimum photon energies used in their analysis (Ehigh > 30 MeV

and Elow > 20 MeV), but allow arbitrary separation angles. The smeared signal distribution

of mγγ is approximated as a Gaussian centered at the scalar mass with 15% (33%) reso-

lution, consistent with the measured MiniBooNE (MicroBooNE) π0 invariant mass in this

region [138, 12]. We assume that the 2γ detection efficiency is a flat 40% (6%) across the
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invariant mass range used in this analysis, 32–128 MeV (10–120 MeV) in MiniBooNE (Mi-

croBooNE), which is reasonably consistent with Refs. [12, 13]. There is minimal sensitivity

above these mass ranges primarily because the scalar decays before reaching the detectors.

The lower threshold at MicroBooNE is noteworthy. Since MicroBooNE does not expect

any true neutrino-induced π0 (2γ, 0p) events in the 0–10 MeV bin [13] and it is difficult to

estimate the detection efficiency behavior within this region, we have conservatively set the

lower threshold to be 10 MeV. However, in principle, LArTPCs are sensitive to invariant

masses below this value and we therefore encourage these experiments to explore sensitivity

to mγγ < 10MeV, where pion decay could dominate and for which there is a large swath of

allowed parameter space that could be used to explain the g − 2 anomaly.

The primary background for our analysis is π0 production in neutrino-induced NCπ0 scat-

tering, and in setting our limits we compare our predicted signal yield against the observed

diphoton distributions from Refs. [12, 13], noting that no significant excess is apparent in

the datasets. For MiniBooNE, we calculate the significance of an injected signal (si) with a

standard χ2 test,

χ2 =
∑

i,j=bins
(di − si − bi)M

−1
ij (dj − sj − bj) , (5.7)

where di is the observed data, bi is the background prediction, and Mij is the uncertainty

matrix. We construct Mij using the statistical uncertainties on the data and assume fully

correlated bin-to-bin systematics associated with flux (12.4%), cross section (8.4%), and the

detector (5.1%), consistent with Ref. [12]. We note that these systematics are nominally

applicable to MiniBooNE’s NCπ0 analysis, rather than a generic 2γ search, and that the

detailed correlations between bins may be important. For MicroBooNE, we use a Poisson

extended maximum likelihood χ2 definition [135, 139] since the number of reported events
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is < 20 across many of the relevant bins:

χ2poiss = 2
∑

i=bins

[
Npred,i − di + di ln

(
di/Npred,i

)]
, (5.8)

where Npred,i = si+bi. This MicroBooNE estimate is a “statistical uncertainty only” approx-

imation, which ignores systematic uncertainties. However, the relevant reported invariant

mass bins (10–120 MeV) are dominated by statistical errors and a more complete treatment

is therefore not expected to markedly change our reported limit. A more detailed study by

the collaboration, in particular to search for generic 2γ (rather than NCπ0) events, validate

the χ2 thresholds with fake data studies (given the low statistics), and include systematics,

would be valuable. We define a 5σ exclusion limit in the region where the p-value associated

with the χ2 falls below 2.8× 10−7.

5.3 Results

In Fig. 5.6 we show our sensitivity in the coupling y versus mass mS parameter space.

Our main results are the red shaded region which represents the MiniBooNE exclusion at 5σ

confidence, and the purple shaded region with the analogous interpretation for MicroBooNE.

We also include a projection for the SBND LArTPC-based experiment at Fermilab [140], set

to take first data in 2024 2. We consider a realistic detector geometry (77 ton fiducial mass)

at a distance of 60 m from the beam dump, 1021 POT, and use the same invariant mass

resolution and efficiency assumptions as MicroBooNE. The excluded regions all have similar

characteristic shapes. At large coupling and high mass, the decay length is much shorter than

the detector baseline, and the signal flux is exponentially suppressed. In the low-coupling

region, scalar production becomes increasingly unlikely. In the low-mass limit, the analyses

are no longer suited to detect the diphoton signal. It is noticeable that SBND has a much

2. This projection is not to be considered as coming from the SBND collaboration.
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shorter baseline - this allows it to exclude further into the shorter lifetime region. It also

has a higher geometric acceptance, which allows it to extend further into the small coupling

regime. The SBND NCπ0 background estimate comes from scaling MicroBooNE to the

SBND location using the ray tracing simulation, which estimates an increase in background

event rates of a factor of Nbkg,SBND ≈ 90Nbkg,MicroB. This reasonably agrees with the

simple estimate Nbkg ∝ NPOTV /r2, with V the detector volume and r the baseline.

The green band in Fig. 5.6 represents the favored region for reconciling the anomalous

observed experimental value of g − 2 to within 2σ agreement [141]. The combination of

MiniBooNE and MicroBooNE constraints exclude scalars of mass between 10 and 60 MeV in

this band. The gray shaded region directly above the green band is excluded by muon g− 2

measurements, as loop contributions from S would contribute beyond the observed value and

reintroduce a discrepancy between theory and experiment at the > 5σ level. For mS > 2mµ,

Fig. 5.6 also shows constraints from S → µ+µ− decays assuming a 100% branching fraction

into this channel. We show limits from the BaBar e+e− → 4µ search dashed projections for

improving B-factory limits with future Belle-II analyses [14]. For mS > few GeV, there is

also a CMS constraint based on reinterpreting a Z → 4µ decay search [14].

Below the dimuon mass threshold, Fig. 5.6 also shows several projections for future

searches. The blue dashed region is the projection for a dedicated muon beam-dump ex-

periment proposed in Ref. [15], which could cover much of the remaining g − 2 band. The

orange dashed curve is based on a proposed muon missing momentum (M3) search strategy

[16]. Although M3 is nominally sensitive to invisibly-decaying particles produced in muon

interactions, the scalar S can be sufficiently long-lived on the length scales of the proposed

experiment such that it is effectively invisible, and M3 would probe the same parameter

space as the model considered here. As mentioned earlier, access to the 0− 10 MeV bin in

mγγ at MicroBooNE/SBND would allow us to place strong limits on mS < 10 MeV from

S production in charged pion decays, which would likely be competitive with the dedicated
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Figure 5.6: Parameter space for the singlet scalar in Eq. (5.1), decaying to diphotons via Eq. (5.3). The red
and purple shaded regions are excluded at 5σ by existing MiniBooNE and MicroBooNE data, respectively,
based on the analysis in this paper and the magenta dashed curve represents a future 2σ projection for
SBND sensitivity. The green band represents the parameter space where this scenario resolves the muon
g − 2 anomaly. For S > 2mµ we show constraints from BaBar and CMS based on the S → µ+µ− decay
channel along with future projections for Belle-II [14]. For S < 2mµ we also show projections for a dedicated
muon beam-dump experiment [15] and for the M3 muon missing momentum proposal [16]. Also shown are
cosmological bounds for mS < 1 MeV where S particles thermalize with the SM as a relativistic species
during Big Bang nucleosynthesis [17].

muon beam dump projections.

5.4 Discussion and Outlook

The results of this work should be taken as a proof-of-concept validation of the potential of

reinterpreting data collected at neutrino short-baseline experiments in the context of muon

interactions beyond the SM. There are some experimental subtleties that were not taken

into account in this analysis, and thus we expect the results to be correct to within an O(1)

factor. Nonetheless, given the amount of parameter space which is accessible given current

data, espeically the highly-motivated g − 2 region, we strongly urge the MiniBooNE and
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MicroBooNE collaborations to undertake a generic 2γ search (including systematics and

detailed bin-to-bin correlations not present in publicly-available data) in order to achieve

more accurate results.

Not only is a muon program at neutrino sources economical, but it is also uniquely sen-

sitive to muon-philic new physics scenarios, which is an under-explored region of parameter

space due to the lack of dedicated muon sources. Finally, we emphasize the practical impor-

tance of these secondary muon programs: the costs are small and the required timescales are

short. An investment in exploring the implications from muon physics at these experiments

can not only inform and shape the future construction of other large-scale experiments, but

also could provide the first hints towards understanding the persistent puzzles of the SM.
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CHAPTER 6

NEW PHYSICS PROBES IN PRECISION MUON

EXPERIMENTS

In this chapter we present another, very different example of using precision experiments to

conduct discovery searches. In the Standard Model, there is perhaps one important exper-

imental anomaly where theoretical predictions do not match observation. This is (g − 2)µ,

the anomalous magnetic moment of the muon. This was first measured to be in tension with

theory predictions at Brookhaven National Laboratory [142], and recently that measurement

was confirmed at Fermilab [141]. The value of (g − 2)µ determines the effective coupling

between photons and the muon, and can be very precisely measured by storing muons in a

ring with a background magnetic field and measuring the frequency at which they precess.

This effect can be computed in the SM, and the effects from the Electroweak sector have

been computed to extremely high precision. However, there is considerable uncertainty as to

the contributions from QCD matter. These effect typically must be computed with lattice

QCD, which offers an important foothold in making theory predictions. However, there is

another data-driven approach: to determine the same amplitude in a controlled environment,

then use the information gained to make a precise prediction for the hadronic contribution

to muon (g − 2)µ. This is the purpose of the MUonE experiment.

MUonE was originally proposed to measure elastic µe scattering and extract the hadronic

vacuum polarization contribution to the running of the electromagnetic fine-structure con-

stant α. To make this measurement, MUonE has developed a tracking system capable of

reconstructing charged tracks with precise angular resolution [143, 144]. This state-of-the-

art tracking system also enables MUonE to detect displaced vertices, making it a promising

platform for a long-lived particle search. Ref. [145] studied dark photon production through

µe → µeA′ with A′ → e+e−, considering both a 4-track search including all final state

leptons and a 3-track search where the primary electron need not be observed. Using a
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simulation-based analysis, they illustrated that MUonE can probe regions in the “gap” for

dark photon masses up to 70 MeV.

Interestingly, an experimental “gap” exists in parameter space where the hidden force

coupling is too small for the mediator to be produced at colliders, but it also is not long-

lived enough to provide a signal in existing beam dump experiments. For characteristic beam

energies of O(100)GeV, a hidden boson in the “gap” would produce a displaced vertex a few

centimeters away from the interaction point, and thus requires a compact detector geometry

to be identified.

At the time of writing this thesis, MUonE finished its test run and is currently analyzing

the data collected. The next stage is an official run of the experiment, projected to begin

in early 2027 [146]. This recent progress calls for a detailed assessment of the sensitivity

of MUonE to hidden force models. In this work, we consider three well-motivated vector

boson models and generalize the displaced vertex search at MUonE to include both µN and

µe scattering production channels. We conduct a simulation-based analysis and implement

a search strategy following Ref. [145, 18], aimed at making reliable projections. Our main

result is a characterization of the sensitivity of MUonE to the existence of a dark photon,

U(1)B−L gauge boson, and U(1)Le−Lµ
gauge boson.

This chapter is based on the work published in [147].

6.1 Simple Models of Vector Boson Mediators

We consider hidden force models that include a new massive U(1) vector boson Vµ which

couples to some (or all) of the SM fermions. The interaction term in the low energy limit is

L ⊃ gV
∑

f∈SM
cf f̄γ

µVµf , (6.1)
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where the sum is over all SM fermions. Here, gV cf is the coupling between the massive

vector boson and SM fermion f . Additional dark fermions or scalars may be present and

charged under the new hidden force, thus forming a “dark sector.” We assume that any such

fields are more massive than the mediator, so that the force carrier V decays only into SM

products.

Notably, the list of viable U(1) gauge symmetries that can be consistently added to

the SM is severely restricted by anomaly cancellation. The models we consider can all be

consistently added without requiring additional fields to cancel gauge anomalies, making

them well-motivated and flexible extensions of the SM.

• Dark photon: this scenario posits a U(1)D under which no SM fields are charged.

However, heavy particles charged under both U(1)D and U(1)EM can induce a small

gauge-invariant kinetic mixing term in the IR. Therefore, the mediator A′
µ of the U(1)D

inherits the same structure of charge assignments as the SM photon [148]. It couples

to all charged particles in SM with strength εeQ, where ε is the mixing parameter, e

is the QED coupling, and Q is the electric charge of the charged particle.

• Gauged U(1)B−L: this scenario gauges the existing global U(1)B−L symmetry in

the SM [149, 150]. This avoids a gauge anomaly if one assumes right-handed neutrinos

exist, and we take them to have heavy Majorana masses. The Z ′
µ,B−L gauge boson

couples to all quarks (leptons) with coupling gB−L/3 (gB−L).

• Gauged U(1)Le−Lµ
: this scenario gauges a difference of Le and Lµ [151]. The Z ′

eµ

gauge boson couples to the muon (muon neutrino) and electron (electron neutrino)

with coupling ±geµ, respectively. In principle, any of the three combinations can be

chosen, but U(1)Le−Lµ
is the model for which MUonE is especially sensitive.

Their properties are summarized in Table. 6.1.
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gV cu cd cν c`
Dark photon εe 2/3 −1/3 0 −1

Gauged Le − Lµ geµ 0 0 cνe = 1, cνµ = −1, cντ = 0 ce = 1, cµ = −1, cτ = 0

Gauged B − L gB−L 1/3 1/3 −1 −1

Table 6.1: The vector boson mediator considered in this work. Columns show the notation of the coupling
gV and the charge of each SM fermions, respectively.

µ− µ−

e− e−

V V

V V

µ− µ−

N N

V V

Figure 6.1: Feynman diagrams of vector boson production at MUonE.

Fig. 6.1 shows the Feynman diagrams for vector boson production at MUonE. All medi-

ators can be produced by “dark bremsstrahlung” in µe or µN scattering. For µN scattering,

bremsstrahlung off of the nucleus itself is severely suppressed, and thus for a given vector

boson mass the cross section can be straightforwardly rescaled between models, i.e.

σ(µN → µNV )

σ(µN → µNA′)
=

(gV cµ)
2

(εe)2
, (6.2)

where V stands for a general vector mediator. εe can be any reference value in principle, and

is chosen to be ε = 10−3 during the production simulation. On the contrary, vector bosons

from µe scattering can be emitted from both the muon and electron legs. The interference

behavior changes depending on the relative sign of the V ee and V µµ vertices, an effect

which we find numerically to be an O(10)% change in cross section. This effect can be seen

in Fig. 6.4.
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The decay rate of the vector boson Vµ into a pair of SM fermions in the CoM frame is

Γf̄f =
Nf (gV cf )

2

12π
mV

(
1 +

2m2
f

m2
V

)√√√√1−
4m2

f

m2
V

. (6.3)

In the region excluded by MUonE, the mass of the vector boson is below 2mµ and 2mπ, so

the only relevant decays are to electrons, neutrinos, or photons. For e and µ, Nf = 1. For

ν, Nf = 1/2. Assuming only one decay channel into a pair of Dirac fermions (Nf = 1) with

mf � mV , the decay length in the lab frame is given by

dV =
|~pV |

mV ΓV
' 74 mm

(
10−5

gV cf

)2 ( pV
10 GeV

)(100 MeV
mV

)2

, (6.4)

where ~pV is the momentum of the vector boson in the lab frame, so that |~pV |/mV represents

the boost factor times velocity. The decay length of other vector bosons can be computed

in a similar way, with the width summed over all possible final states.

6.2 Vector Boson Signatures at the MUonE Experiment

In this section, we introduce the signal of displaced decays of BSM vector bosons at the

MUonE experiment, following Ref. [145, 18].

6.2.1 The Apparatus

The MUonE experiment aims to measure the hadronic vacuum polarization (HVP) contri-

bution to the running of α [143, 144]. To do so, MUonE will follow the strategy put forth by

the NA7 experiment [152, 153]. This approach uses precise measurements of the µe elastic

scattering cross section to extract the HVP contribution to α, providing an important cross-

check with the result from lattice QCD [154]. This quantity is crucial for making a precise

theoretical prediction of the muon anomalous magnetic moment [155, 156] and investigating
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Figure 6.2: A schematic diagram for the MUonE apparatus with displaced vertex signature, borrowed
from Fig. [18]. Orange line: incoming muon beam and outgoing scattered muon. Blue dashed line: displaced
decaying vector boson. Green lines: decay products of the vector boson. Black squares: tracking stations.
Gray squares: Beryllium targets. Blue and dark blue squares: the ECAL and the muon filter.

the current tension with experimental measurements [142, 157, 141].

To achieve this measurement, MUonE delivers a 160 GeV muon beam from the CERN

M2 beamline onto 1.5 cm thick Beryllium (Be) targets. The targets are put into 40 identical

modules aligned with the beamline, each separated by 1 m. Each module contains one Be

target and three 10 cm× 10 cm tracking stations, with the first station located 15 cm away

from the target. The location of the 2nd and 3rd tracking stations has not been precisely

determined yet. We assume the 3rd one to be located 1 m away from the target, while the

2nd one stands in the middle between the 1st one and the 3rd one. More tracking stations

may be inserted in the middle to ensure achievement of the proposed angular and vertex

reconstruction resolution. At the very end of the tracking stations, an electromagnetic

calorimeter (ECAL) and a muon filter with size 1 m× 1 m are placed for the purpose of

particle identification (PID). With 2 years of data taking, the proposed total luminosity is

1.5× 104 pb−1 for µe scattering, corresponding to a total of ∼ 1016 muons on target.

The elastic µe → µe scattering can be distinguished from other events since the outgoing
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muon angle θµ and electron angle θe strictly follow a one-on-one correspondence, known as

the elastic curve [158]. To utilize the elastic curve for background rejection, MUonE employs

a CMS-based high-precision tracking system for charged track reconstruction [144, 159, 160],

which achieves an angular resolution within 0.02mrad of the outgoing particles. No magnetic

field is applied, so charge discrimination and momentum measurement are not possible. The

energy of the outgoing muon is not measured, and the energy resolution of the ECAL has

not been finally determined yet. For this reason, a missing energy search is not possible in

MUonE.

Fig. 6.2 shows a schematic picture of the MUonE apparatus together with our proposed

displaced vertex signature. The signal event topology is discussed in the next subsection.

6.2.2 Search Strategy

If a vector bosons from a hidden force are produced in MUonE, signal events would include

a pair of charged tracks originating from a displaced vertex, corresponding to the decay of

the vector boson. The final state thus contains three or four charged tracks: one coming

from the primary interaction vertex, identified as the deflected muon, two reconstructed to

be coming from a common displaced vertex and identified as a pair of electrons, and the

potentially fourth one coming from the atomic electron that may also be involved in the

production mechanism.

Fig. 6.3 shows the signal event process in a given module. For a successful charged track

reconstruction, the tracks must pass through all three tracking stations in the module where

they are produced. This requires the displaced decay to happen before the first tracking

station. As shown in Ref. [145], the fourth charged track from the primary electron does not

need to be observed to distinguish signal events from backgrounds, so we inclusively search

for the final state with or without this electron being captured. For this reason, we do not

show its track in Fig. 6.3. To avoid backgrounds from mis-reconstructing a prompt vertex as
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Decay volume

15 cm

ECAL Muon

Figure 6.3: Signal event geometry in the corresponding volume, borrowed from Fig. [18]. We show the
ECAL and muon filter after the module, but note that this can be a few meters away from the module that
we consider.

Variable Selection Criteria
Decay z coordinate 25mm < z < 140mm

Decay daughter energy > 1GeV
Decay daughter opening angle > 1 mrad

Charged track geometry Hit all 3 trackers
Modules Last 5

Table 6.2: Event selection criteria for our proposed search. In our numerical results, these requirements are
imposed on our signal and background MC events. These criteria ensure that SM backgrounds are negligible
for our signal of interest (see Supplemental Material for a discussion).

a displaced vertex, the displaced vertex should be at least 10δz away from both the target

and the first tracking station, with δz ' 1 mm being the reconstruction resolution along the

z direction (i.e. the streamline direction) [144, 145, 18, 146]. The decay volume is therefore

defined as

25 mm ≤ zV decay ≤ 140 mm , (6.5)

where zV decay stands for the decay location of the vector boson along z coordinate. We

further require the decay products to have an opening angle larger than 1 mrad to ensure

accurate reconstruction.
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For the purpose of background rejection, we require that all three charged tracks should

enter the ECAL/muon filter for a successful PID. Energy loss for charged particles pene-

trating materials may significantly impact the PID efficiency. For example, an electron with

energy 1 GeV will lose approximately 5% of its energy when passing through one single Be

target, see Ref. [161, 53] for more details. For this reason, we only use the last 5 modules of

the streamline as a conservative choice. Charged tracks that pass through all three tracking

stations in these modules are guaranteed to be within the angular acceptance of the ECAL.

An energy threshold of 1 GeV is applied to the muon and the electron-positron pair from

displaced decay as a mimic of the detector response to avoid potential reconstruction errors.

We summarize the proposed search strategy in Table 6.2.

6.2.3 Signal Event Generation

To evaluate the sensitivity of MUonE to hidden vector bosons, we generate 20000 µ−N →

µ−NV and µ−e− → µ−e−V events with a beam energy of 160 GeV using MadGraph 3.2 [162,

163, 164, 165], with the model files constructed by FeynRules [132]. These events are

weighted by the nuclear form factor, which dresses the electromagnetic vertex of the nucleus

with G(t)
1/2
2 =

√
Gel
2 +Gin

2 , where

Gel
2 (t) =

(
a2t

1 + a2t

)2

Z2
(

1

1 + t/d

)2

, (6.6)

Gin
2 (t) =

(
a′2t

1 + a′2t

)2

Z

(
1 + t(µ2p − 1)/(4m2

p)

(1 + t/(0.71 GeV2))4

)2

. (6.7)

For Beryllium, a = 106Z−1/3/me, d = 0.164GeV2A−2/3 for the elastic portion and a′ =

571Z−2/3/me and µp = 2.79 for the inelastic portion [15, 166]. This form factor is valid

in the limit t � m2
p [167]. The MadGraph output contains very few events that violate this

condition, but nonetheless, we discard those that approach it (t > m2
p/2) by setting their
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Figure 6.4: Production cross sections per unit charge, normalized to g2V = 1 (Table. 6.1). At low masses,
production from scattering off electrons is much more likely, as the electron is more likely to radiate out
a gauge boson than the heavy nucleus, leading to a larger cross section. At large vector boson masses,
production from nuclear scattering dominates, extending the experimental reach of MUonE to ∼ 100-150
MeV.

weight to zero. We find that this has a negligible effect on the resulting bound.

Fig. 6.4 shows the production cross section for the vector gauge boson in the µe and µN

channel as a function of the mass. The scaling behavior differs between the two production

channels due to the inversion of the mass hierarchy between the target and beam. As shown

in the plot, µe scattering dominates the cross section when the vector boson mass is below

∼ 60 MeV because the target electron contributes significantly to the bremsstrahlung process,

an effect which is heavily suppressed for the nuclear scattering case. On the other hand, µN

scattering dominates in the large-mass regime because of the larger CoM energy for the

nuclear target. With a beam energy of 160 GeV, the CoM energy in the nuclear scattering

case is √
sµN = 54GeV, compared to the electron scattering at just √

sµe = 400MeV. The

scattering off the nucleus thus enjoys a much wider available phase space, important for the

production of a heavy vector boson. An important consequence of this is that adding the µN

scattering significantly increases the maximum vector boson mass that MUonE is sensitive to.
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In addition, as noted in Section 6.1, the relative sign of the electron and muon couplings to

the dark vector boson in the U(1)Le−Lµ
model can change the interference between diagrams

in µe → µeV . Numerically, we find this effect to give an O(10)% correction.

We comment on the analytical calculation of the cross section with Weizsaecker-Williams

(WW) approximation [168, 169]. Using the results of Ref. [170] with the WW approximation,

we find a factor of 1-2 difference in cross section with the results from MadGraph. However, we

find a larger discrepancy of a factor of ∼ 8 between the MadGraph result and the “Improved

WW” technique used by Ref. [171] to construct analytic MUonE bounds. This discrepancy

could be explained by the assumption that mbeam � mA′ that is necessary for the derivation

of the cross section in Ref. [170] (see e.g. Ref [167]), but invalid for the muon-flavored beam

used by MUonE. The difference in predicted cross sections partly explains the difference in

projected sensitivities in this work and in Ref. [171], with the other differences discussed in

Sec. 6.3.

Figs. 6.5 and 6.6 display the kinematic distributions of the products in µe → µeV and

µN → µNV scatterings for mV = 12 MeV and mV = 44 MeV. As seen in the figures,

scattering off electrons produces much softer vector gauge bosons than those produced from

scattering off nuclei. The energy cut of Eprod > 1GeV implies that vector bosons of EV <

2GeV are completely invisible. Above this threshold, the probability of passing the Eprod

cut for both resulting electrons increases and smoothly approaches unity at high EV . For

mV = 12 MeV, a significant portion of the produced vector bosons lie well below 2 GeV,

leading to a low detection efficiency. This offsets the much greater production cross section of

the electron channel, so both channels yield a similar number of signal events, as shown later

in Sec. 6.3. For mV = 44 MeV, the energies of the vector bosons produced in µe scattering

are above 2 GeV, which improves the efficiency. However, at mV = 44MeV, the production

cross sections for both channels are comparable, again resulting in a similar contribution to

signal events from the nuclear and electron scattering channels.
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Figure 6.5: Energy and angle distribution for the produced vector boson and deflected muon for mA′ = 12
MeV.

After production via dark bremsstrahlung, the vector boson decays, with decay length

given in Eq. 6.3. The kinematics of the decay are computed manually by boosting to the

rest frame of the vector boson, where the decay occurs isotropically, and then inverse boost-

ing. In the regions of parameter space excluded by MUonE, the mV < 2mµ, so the only

available decay modes at tree-level are to electrons or neutrinos. Electrons are the only

visible channel, and the visible branching ratios (for mA � 2me) are 1, 2/5, 1/2 for the

dark photon, U(1)B−L, and U(1)Le−Lµ
models, respectively. The lower branching ratio to

visible products can slightly reduce the reach of MUonE, see Sec. 6.3 for a discussion. Below

mA′ < 2me, the dark vector decays to neutrinos or is very nearly stable, and both scenarios

are invisible to MUonE. After decay, the resulting visible leptons are required to pass the
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Figure 6.6: Energy and angle distribution for the produced vector boson and deflected muon for mA′ = 44
MeV.

cuts in Table. 6.2, and we compile those that pass into an expected number of signal events.

6.2.4 Backgrounds

The background falls into two categories: (a) SM processes that happen within the target

or the first tracking station and create a prompt vertex, which may be mis-reconstructed as

a displaced vertex due to limited resolution. (b) SM processes that can naturally produce a

displaced vertex. The first category can be safely rejected by requiring a 10δz displacement

away from the target and the first tracking station, while the second category requires a

simulation to examine its impact.

Ref. [145] performed a systematic, simulation-based analysis for the background process
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with an inclusive fourth track. It was concluded that the backgrounds can all be safely

rejected. Most hadronic processes come with many extra charged particles that leave hits

on the tracking stations or the ECAL, leading to rejection. The remaining small portion of

events is relatively clean, and the PID system is required to reject them. The vast majority

of background events arise from K0 → π+π− and Λ → pπ−. The simulation finds that

about 4000 such background events are expected to fake the signal topology, and can be

safely rejected by ECAL as long as the per-particle-fake rate is less than 1.6%. A small

number of events have K0 → πeν or Λ → peν, where one real electron/positron is faking

the displaced decay and the other is from a charged pion or proton. Simulation finds that

about 8 events are expected, and can be rejected by the ECAL. Finally, about 0.5 events are

expected to have two real electrons faking the displaced decay, such as K0 → π0π0 with one

π0 decaying into e+e−γ. Fortunately, all these events have at least one non-electron particle

hitting the ECAL (usually a charged pion from the primary vertex, or an energetic photon),

leading these events to be rejected. As a conclusion, all backgrounds can be safely rejected

by our search strategy, and we assume the backgrounds are zero in our statistics.

6.3 Analysis and Results

Based on the discussion of Sec. 6.2, we perform a parameter scan over the coupling-mass

plane. We generate signal event samples for 16 mass points logarithmically spaced between 2

MeV and 300 MeV. For each mass point, we apply the selection criteria on an event-by-event

basis for couplings ranging from 10−6–1, covering 30 logarithmically spaced points. For each

parameter point, the total number of signal events is calculated by

Nsig = εsig,NσNLN + εsig,eσeLe . (6.8)
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Here εsig,N(e) is the fraction of signal events from µN (µe) scattering that pass the cuts in

Table. 6.2, σN,e is the production cross section calculated using MadGraph, and LN,e is the

effective luminosity. For µN scattering, LN = 1.5 × 104/8/4 pb−1, while for µe scattering

we have Le = 1.5×104/8 pb−1. The factor of 8 comes from the fact that only last 5 modules

can be used (Sec. 6.2.2), while the factor of 4 in LN comes from the Be atomic number.

Figs. 6.7–6.9 show our main results for the dark photon, U(1)B−L gauge boson, and

U(1)Le−Lµ
gauge boson. For each plot, we show the projected sensitivity at 95% confidence

level assuming zero background from µe and µN scattering with red dotted and dashed

curves, respectively. The combined result is shown with the red solid curve. In all cases, we

find that the µe scattering can reach a lower coupling than the µN scattering with vector

boson mass below ∼ 30 MeV. This is due to the larger energy acquired by the vector boson

from the Be nucleus as seen in Figs. 6.5 and 6.6, which leads to a longer decay length that

should be compensated by a larger coupling. The µN scattering, on the other hand, can

reach a much higher vector boson mass because of the larger CoM energy.

The existing limits are shown in the gray shaded area, while future sensitivities within

the next 5 years are shown by gray dashed curves. Our recasting of these limits relies on

darkcast [172]. We also refer the readers to Ref. [173] for a comprehensive study on U(1)

vector bosons. Note that all of our searches are based on the assumption that the vector

bosons only decay back to SM particles. Invisible searches, assuming decays into stable dark

sector particles, do not apply.

In the following subsections, we comment on our results and emphasize the differences

among these models.

6.3.1 Dark photon model

Fig. 6.7 shows the MUonE projection for dark photon searches. We found that the MUonE

reach extends to dark photon masses as heavy as ∼ 150 MeV for couplings that fall into
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Figure 6.7: The result for dark photon search. MUonE sensitivity is shown with the red dotted curve (for
µe scattering), the red dashed curve (for µN scattering), and the red solid curve (combined). Existing limits
are shown in gray shaded regions. Selected future limits that are planned for a similar timeline as MUonE
are also shown. Specifically, we add an arrow for the SeaQuest projection to indicate that it is expected to
probe the parameter space below the curve.

the “gap”. Note that the sensitivity is significantly smaller than that in Ref. [171]. Besides

the discussion of the WW approximation in Sec. 6.2.3, the restriction to only the last 5

modules suppresses the luminosity. We point out that this is essential to have a reliable

PID accuracy for background rejection. Existing limits are from (g − 2)e [174, 175], beam

dumps [176, 177, 178, 179, 180, 167, 181, 182, 183, 184, 185, 186, 187, 188, 189, 190, 191, 192]),

electron fixed-target [193, 194], collider experiments [195, 196, 197, 198, 199, 200, 201, 202],

and rare meson decays [189, 203, 200, 190, 204, 205, 206, 207, 208, 201]. Future projections

shown here include HPS [209, 210], NA64e with 1012 electrons on target [211], D∗ decay

search at LHCb upgrade [212, 213], SeaQuest [214] ,and Mu3e [215].
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Figure 6.8: The result for gauged U(1)B−L search. MUonE sensitivity is shown with the red dotted curve
(for µe scattering), the red dashed curve (for µN scattering), and the red solid curve (combined). Existing
limits are shown in gray shaded regions. Selected future limits that are planned for a similar timeline as
MUonE are also shown. Specifically, we add an arrow for the SeaQuest projection to indicate that it is
expected to probe the parameter space below the curve.

6.3.2 The gauged U(1)B−L model

Fig. 6.8 shows the MUonE sensitivity to the U(1)B−L gauge boson. The existing dark

photon limits and projections discussed in the previous subsection are re-interpreted for the

U(1)B−L gauge boson using darkcast [172].

The main difference arises from the coupling to the neutrinos. This opens an additional

decay channel into a neutrino pair, shortening the decay length by a factor of 2/5 compared

to the dark photon model. To maintain the same decay length, the coupling must be reduced

slightly, which in turn lowers the cross section. Moreover, since neutrinos are invisible, the

observable signal rate is further suppressed by the branching ratio into e+e−, which carries

the same factor of 2/5. As a result, the largest coupling that is accessible for MUonE for a
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Figure 6.9: The result for gauged U(1)Le−Lµ
search. MUonE sensitivity is shown with the red dotted curve

(for µe scattering), the red dashed curve (for µN scattering), and the red solid curve (combined). Existing
limits are shown in gray shaded regions. Selected future limits that are planned for a similar timeline as
MUonE are also shown. Specifically, we add an arrow for the SeaQuest projection to indicate that it is
expected to probe the parameter space below the curve.

given mass drops by an O(1) factor, and the maximum mass also reduces to about 100 MeV,

slightly weaker than in the dark photon case. In addition, the U(1)B−L gauge theory

is further constrained by neutrino experiments such as Borexino [216, 217], Texono [218],

CHARM II, SPEAR, DORIS, and PETRA [219, 220], resulting in the extra gray-shaded

region for masses around a few tens of MeV. These additional limits cover the projection of

Mu3e, so it is not shown in Fig. 6.8. We note that the HPS projection is absent due to the

lack of sufficient information to translate the result into this model.
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6.3.3 The gauged U(1)Le−Lµ
model

Fig. 6.9 shows the MUonE sensitivity for the gauged U(1)Lµ−Le
model, with existing dark

photon limits re-interpreted by running darkcast [172]. The discussion on the impact of

neutrino coupling for the U(1)B−L model also applies here, though this gauge boson couples

to one fewer neutrino flavor. This slightly enhances the sensitivity over the U(1)B−L case.

Unlike the previous two models, the U(1)Le−Lµ
gauge boson does not couple to quarks at

tree-level (although it can do so at loop-level). Consequently, the production of U(1)Lµ−Le

gauge boson in hadronic experiments such as CHARM, NuCAL, and NOMAD is strongly

suppressed. Nevertheless, electron beam-dump experiments have achieved similar sensitivi-

ties, so the existing bounds are not strongly affected.

The absence of a τ neutrino coupling suppresses the sensitivity of many neutrino experi-

ments, but raises it in Super-K due to modified neutrino oscillations [221]. Among the neu-

trino experiments mentioned in the U(1)B−L case, the Texono [218] and Borexino [216, 217]

remain relevant as their primary search channel is through scattering between electrons and

electron neutrinos. As the U(1)B−L case, the Mu3e and HPS projections are absent for the

reasons explained above.

6.4 Discussion

In this paper, we demonstrate that the MUonE experiment provides a unique opportunity

to probe hidden vector bosons through displaced decay signatures. In exploring the dark

photon, U(1)B−L, and U(1)Le−Lµ
models as benchmark examples, we extended the prior

work of Ref. [145] to include the nuclear scattering, µN → µNV , in addition to the µe →

µeV channel. We perform a dedicated simulation of signal events and apply the event

selection criteria. Our analysis illustrates that µN scattering, owing to its higher CoM

energy, substantially enhances the reach of MUonE for heavier mediators, extending the

sensitivity up to mV ∼ 150MeV, a factor of two improvement over the case with µe scattering
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alone. Together with the performance of µe scattering at low mass, the combined production

channels show a promising sensitivity.
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CHAPTER 7

CONCLUSION

There are many reasons to expect physics beyond the Standard Model, yet no new particles

have been discovered at the LHC. That being said, it’s not known whether the next discovery

in physics will be above, at, or below the Electroweak scale, and each regime has viable models

that serve to answer outstanding questions in physics. Between the LHC and the FCC-hh,

the focus of experimental physics will be towards precision experiments, with important

questions like: can we find any deviations from SM predictions in µ → eγ, the electron’s

electric dipole moment, or in (g − 2)µ? Ultimately, even if all of these experiments return

null results, these efforts will help strengthen constraints on the scale of new physics, and

inform search strategies and detector design at the FCC-hh.

As we have seen throughout this thesis, this period should not really be viewed as a stag-

ing ground, but a period when many well-motivated models will be probed indirectly. The

HL-LHC offers the possibility of not only discovering new heavy states, but providing the

first hint of new physics through flavor-violating decays of the Higgs. In particular, lepton

precision experiments and LHC heavy Higgs searches complement each other, together ex-

ploring regions of parameter space where loop-induced lepton flavor violation is a prominent

signal. The FCC-ee could discover signs of new physics in any of its proposed experimental

programs, and we have characterized its capabilities particularly in the case of the electron

Yukawa. To this end, electron g−2 experiments offer competing bounds, in particular when

they are suppressed at one-loop with respect to electron Yukawa enhancemeents. Neutrino

experiments, which provide concrete evidence that the SM is incomplete, also offer insights

into lower mass scale particles, in a region that also contains many candidates for new

physics and possible connections to dark matter. And lastly, the (g − 2)µ tension remains

to be resolved, and we showed that the same experiments can be used to probe new gauge

forces.
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This thesis highlights the interplay between the categories of precision and discovery,

which are usually considered as two distinct experimental philosophies. The line between

them has blurred, and often the utility of such experiments can be substantially broadened

by considering the same apparatus through the opposite lens. Whether or not new physics

reveals itself through lepton precision experiments remains to be seen, but in this pursuit, it’s

vital that we consider each experiment through the lenses of both precision and discovery.
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APPENDIX A

GENERATING YUKAWAS AT LOOP LEVEL IN THE MSSM

In the MSSM, the holomorphicity of the superpotential imposes a Z2 symmetry on the

dimension 4 terms in the lagrangian, resulting in a type-II 2HDM where the leptons couple

only to Φ1. This Z2 is softly broken by the so-called µ-term.1 At the same time, SUSY is

broken softly by the masses of the superpartners, which for the sleptons are parameterized

by a scalar mass matrices m2
˜̀
L
,m2

ẽR
. These mass matrices are additional spurions for flavor

symmetry.

Notably, since the sleptons inherit the same quantum numbers as the leptons, they also

transform the same under the global symmetries of the MSSM, including the flavor U(3)5.

This dictates how the slepton mass matrices can be combined with factors of the lepton

Yukawas to generate corrections. The charge assignments under the global U(3)5 for the

flavor spurions in the MSSM are

m2
˜̀
L
∼ 3L × 3̄L , m2

ẽR
∼ 3e × 3̄e , y1 ∼ 3L × 3̄e (A.1)

All combinations of parameters that have the opposite flavor charge as ¯̀
LeR can appear

through loop effects in the 2HDM. With µ as a spurion for Z2 and m2
˜̀
L/R

as spurions for

flavor symmetry, we can construct a loop correction to the Yukawas that transmit these

spurions to the 2HDM subsector of the MSSM. For some regular functions g, h, the loop

contribution take the form, schematically,

L2HDM ⊃
∑

diagrams

k

16π2
µ/M ×

[
g(m2

˜̀
L
/M2)y1h(m

2
eR/M

2)
]
ij

(
¯̀i
LΦ2e

j
R

)
. (A.2)

Here, k is combination of couplings appearing in the loops, and M is at the scale of the

1. Z2 is usually also softly broken by a Φ†
1Φ2 mass term, in order to avoid any domain wall problem.
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Figure A.1: Loop diagram that leads to flavor violation the MSSM.

superpartners. One important corresponding loop diagram in the MSSM, which indeed has

this form, is depicted in Fig. A.1, and is computed in more detail in Ref. [222]. In our

analysis, we would assume that the functions g and h are sufficient to randomize the flavor

coefficients of the loop correction, so that the y2 that is generated is statistically independent

from y1.
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APPENDIX B

LOOP FUNCTIONS FOR THE DIPOLE OPERATORS

We list the loop functions used in this analysis. The complete list of diagrams and their loop

functions is given in Ref. [1]. The loop function often use the special functions Φ(x) and

Φ(x, y), defined in Ref. [223] to be

Φ(z) =
1

λ

[
−4Li2

(1
2
(1− λ)

)
+ 2 log2

(1
2
(1− λ)

)
− log2(4z) + 1

3
π2
]

, (B.1)

where in this expression, λ =
√

1− 1/z, and

Φ(x, y) =
1

λ

(
2 log

(
1

2
(1 + x− y − λ)

)
log
(
1

2
(1− x+ y − λ)

)
− log(x) log(y)

− 2Li2
(1
2
(1 + x− y − λ)

)
− 2Li2

(1
2
(1− x+ y − λ)

)
+

π2

3

)
, (B.2)

where here λ =
√

(1− x− y)2 − 4xy. The loop functions for the fermion loops are

f1(x) = Φ(1/4x) f2(x) = (1− 2x)f1(x) + 2(2 + log(x)) (B.3)

The loop functions involving the charged higgs are

f̃5(x) = 3x− 1

2
(13− 6x) logx+ (2− x)(2− 3x)

[
Li2(1− 1/x)− π2

6

]
(B.4)

f5(x, y) =
y

x− y

[
f̃5(x)− f̃5(y)

]
(B.5)

f̃6(x, ) = −3x+
1

2
(1− 6x) logx+ x(2− 3x)

[
Li2(1− 1/x)− π2

6

]
(B.6)

f6(x, y) =
y

x− y

[
f̃6(x)− f̃6(y)

]
(B.7)
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And lastly the loop integral from the Higgs kinetic term,

Fkin({mhk}, sw) =(s2w − 4)
(
f8a(xZhk , c

2
w)− f8a(xZh1 , c

2
w) +

1

s2w
(f8b(xZhk , c

2
w)− f8b(xZh1 , c

2
w))
)
+

f8c(xWhk)− f8c(xWh1) + (B.8)
1

2s2w

(
f8d(xWhk)− f8d(xWh1 +

f8e(xWhk , xWH±)− f8e(xWh1 , xWH±)
)
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Where

f8a(x, y) = log(x) 1 + 2xy

y(x− 1)
, (B.9)

f8b(x, y) =
12y2 − 16y + 3

1− x
xΦ(1/4y) + log(x)10xy + 1

1− x

+
12x2y2 − 16xy + 3

x− 1
Φ(1/4xy) ,

(B.10)

f8c(x) =
(
12x2 − 16x+ 3

)
Φ1(1/4x)− 2

[
log(x) + 2

](
6x+ 1

) (B.11)

f8d(x) =
4x2 + 3x

9
π2 + log2(x)8x

3 + 6x2 − 2

6x
− log(x)8(x+ 1)

3

+
8x4 + 6x3 − 2x− 3

3x2
Li2(1− x)

+
2x3 − 19x2 − 4x+ 3

6x2
Φ(1/4x)− 8x− 5

3
,

(B.12)

f8e(x, y) = log2(x)x
3y(3− y) + 3x2y2 − x(3y2 + 4y + 1) + y2 + y

2x3

+ log(x) log(y)x
3(y3 − 4y2 + 3y)− 3x2y2(y − 1) + xy2(3y + 1)− y3

2x3(y − 1)

+ log(x)y − xy − x

x2
+ log(y)x

2(1− 2y2 + 7y) + xy(4y + 1)− 2y2

2x2(y − 1)

+
x4(3y − y4 + 5y3 − 7y2) + x3(4y4 − 8y3)

2x4(y − 1)

− x2(6y4 − y3 + y2)− x(4y4 + 2y3) + y4

2x4(y − 1)

× Φ(y, y/x)

+
x3(3y − y2) + 3x2y2 − x(3y2 + 4y) + y2 + y

x3
Li2(1− x)

+
4x3 + 6x2 − 6x+ 1

2x3(y − 1)
yΦ(1/4x) +

2xy − x2y + x− y

x2
.

(B.13)
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APPENDIX C

LOOP CORRECTIONS TO THE DARK-SIDE

In the type-II 2HDM, we must ensure that the loop corrections to κτ do not split κτ and κb

beyond the measured difference. Using Table. 3.1 we can write

κτ − κb =
cos(β − α) tan β

1 + ε2 tan2 β

(
ε2 tan2 β +

aττε tan β

sin2 β

)
(C.1)

In the intermediate region 1 � tan β � ε−1 and using the tree-level cancellation condition

cos(β − α) = 2 cot β, the experimental constraints on κb and κτ from ATLAS (Table 3.3)

imply that the O(1) prefactor must satisfy

|aττ | .
0.2

ε tan β
(C.2)

For ε = 0.1/(4π)2, the relevant limits are all stronger than about tan β . 30, implying the

constraint on aττ is no stronger than roughly |aττ | . 10. In conclusion, loop corrections will

provide an irrelevant correction to the tree-level dark side condition in Eq. 3.68.
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APPENDIX D

THEORETICAL EXPRESSIONS FOR MESON DECAYS

The EFT operator coefficients Cledq and C(1,3)lequ can contribute to electronic meson decays

with large chiral enhancements over the SM.

D.1 Bs → ee

The low-energy effective Lagrangian describing b → s`` transitions is given by

Lbs`` ⊃
4GF√

2
V ∗
tsVtb

∑
k

CkOk, (D.1)

with operators

O9 =
α

4π
(s̄LγµbL)(¯̀iγ

µ`i), O10 =
α

4π
(s̄LγµbL)(¯̀iγ

µγ5`i), (D.2)

OS =
α

4π
(s̄LbR)(¯̀i`i), OP =

α

4π
(s̄LbR)(¯̀iγ

5`i). (D.3)

The SM values of the corresponding Wilson coefficients are [224]:

CSM
9 = 4.114, CSM

10 = −4.193, CSM
S = 0, CSM

P = 0. (D.4)

The SMEFT Wilson coefficient Cledq with third generation quark indices matches at the

electroweak scale onto the coefficients CS and CP as:

CS = −CP =
πv2

αVtb
[Cledq]ii33, (D.5)

where the quark doublet flavour index is defined in the up quark mass basis, i.e. q3 ≡

(t, Vtjdj)
T . Note that if instead this coefficient were aligned in the down quark mass basis,

there would be no down-type flavour change.
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The coefficients CS and CP receive a multiplicative factor from the running from the

electroweak scale to the b mass scale: CS,P (mb) = 1.38CS,P (mZ) [70]. Then the branching

ratio for Bs → ee is given by [224]:

BR(Bs → ee) = BR(Bs → ee)SM

∣∣∣∣∣1 + 1.38
CP

CSM
10

m2
Bs

2me(mb +ms)

∣∣∣∣∣
2

+

∣∣∣∣∣1.38 CS

CSM
10

m2
Bs

2me(mb +ms)

∣∣∣∣∣
2
 . (D.6)

The factor of me in the denominator of the terms dependent on CS and CP gives an enormous

chiral enhancement to decays mediated by these scalar and pseudoscalar operators. The SM

prediction for this decay is very small [225, 226]:

BR(Bs → ee)SM = (8.30± 0.36)× 10−14, (D.7)

and experimentally only an upper limit has been set, several orders of magnitude larger than

the SM expectation [92]:

BR(Bs → ee) < 11.2× 10−9 (95% CL). (D.8)

This translates to a bound on [Cledq]1133 of

|[Cledq]1133| < 4.1× 10−3 TeV−2 (95% CL). (D.9)

We emphasise that the flavour index on the quark doublet is assumed to be in the up-aligned

basis here. If instead the index is down-aligned, then this coefficient does not mediate a b → s

flavour change and there is no bound on the coefficient from this process.
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D.2 Ds → eν

The low-energy effective Lagrangian describing c → s`ν decays is written

Lcs`ν = −4GFVcs√
2

[
(1 + εL)(c̄Lγ

µsL)(¯̀LγµνL) + εR(c̄Rγ
µsR)(¯̀LγµνL)

+ εT (c̄Lσ
µνsL)(¯̀LσµννL) + εSL(c̄RsL)(

¯̀
RνL) + εSR(c̄LsR)(

¯̀
RνL)

]
+ h.c.. (D.10)

In the SM, all the ε coefficients are zero. The branching ratio of D+
s → e+ν is given by [227]

BR(D+
s → e+ν) =

G2
F

8π
τDs

f2Ds
|Vcb|2mDs

m2
e

∣∣∣∣1 + εL +
mDs

me(mc +ms)
(εSR − εSL)

∣∣∣∣2 . (D.11)

where the ε coefficients are asssumed to be defined at the c mass scale. The decay constant

is fDs
= 249.9± 0.5 MeV [228, 229, 230]. The SMEFT coefficient [C(1)lequ]1122 matches to εSL

as:1

εSL(mc) = −1.78
v2

2Vcs
[C(1)∗lequ]1122(mW ), (D.12)

where the factor of 1.78 arises from the running from the electroweak scale to the c mass

scale [70]. We assume here that the quark doublet flavour index is defined in the up mass

basis; if instead it is defined in the down mass basis, the factor of Vcs would not appear in

the denominator of the matching expression.

The measured upper bound on the branching ratio is three orders of magnitude larger

than the SM expectation [93]

BR(D+
s → e+ν) < 1.0× 10−4 (95% CL), (D.13)

1. Note that in general, there are other SMEFT matching relations that could in principle play a role; for
example [C(3)

lequ]1122 matches to εT and [Cledq]1122 matches to εSR
. However the former does not contribute to

the BR(D−
s → e−ν̄) (except in very small amounts through RG mixing of εT into εSL

), and the latter does
not feature in our main analysis since it cannot contribute measurably to the electron Yukawa.
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leading to a bound on the SMEFT Wilson coefficient of

|[C(1)∗lequ]1122| < 0.18TeV−2 (95% CL). (D.14)
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APPENDIX E

µ → e CONVERSION

Assuming all of the quark Yukawas take their SM values, the leading contributions to the

rate for µ → e conversion can be written following Appendix 2 in [44],

Γ(µ → e) =

∣∣∣∣− D

2mµ
[Leγ(mh)]eµ + g̃

(p)
LSS

(p) + g̃
(n)
LSS

(n) + g̃
(p)
LV V

(p)
∣∣∣∣2 + (E.1)∣∣∣∣− D

2mµ
[Leγ(mh)]

∗
µe + g̃

(p)
RSS

(p) + g̃
(n)
RSS

(n) + g̃
(p)
RV V

(p)
∣∣∣∣2 , (E.2)

where the terms containing Leµ follow from photon-exchange t-channel diagrams, the S

terms follow from tree-level Higgs exchange, and the V terms from an evaluation of the

1-loop diagram. For further detail on the V term, we refer to ref. [44], however assuming

CeH is real, we find approximately that

g̃LV /RV ≈ (1.1× 10−9)× αv2

2
√
2πm2

µ

[CeH(mh)]eµ/µe. (E.3)

The S terms contain quark Yukawas and factors of the nuclear matrix elements f (q,N) =

〈N |mq q̄q |N〉 /mp where N ∈ {n, p}. In our scenario they are given by

g
(N)
LS = −

√
2
mpv

m2
h

[CeH(mh)]eµ
∑
q

f (q,N) (E.4)

g
(N)
RS = −

√
2
mpv

m2
h

[CeH(mh)]
∗
µe

∑
q

f (q,N). (E.5)

Numerically, the matrix elements f (q,N) are given as well in ref. [44], taking the values

f (u,p) = f (d,n) = 0.024 , f (d,p) = f (u,n) = 0.033 (E.6)

f (s,p) = f (s,n) = 0.25 , f (other,p) = f (other,n) = 0.051 . (E.7)
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Finally, in units of m
5/2
µ , nuclear overlap integrals and muon capture rates are given by

ref. [231], summarized in the following table.

D S(p) S(n) V (p) Γcapture/(106s−1)

Gold 0.189 0.0614 0.0918 0.0974 13.07
Aluminum 0.0362 0.0155 0.0167 0.0161 0.7054

Table E.1: Wavefunction overlap integrals for muons captured in the two relevant nuclei.
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APPENDIX F

PERTURBATIVITY BOUNDS

Following the general discussion in [232], we report here the perturbativity limits on relevant

coupling combinations for the models we study in Sec. 4.3. For the Π7 leptoquark, we follow

the discussion in [233], which gives

Re[yulΠ7
y
qe∗
Π7

] .
8π√
3
' 14.5 λΠ7

.
4π√
3
. (F.1)

Similarly, the case of the ω1 leptoquark gives

Re[yeuω1y
ql∗
ω1 ] .

8π√
3

λω1 .
8π√
6
. (F.2)

For the ϕ couplings, partial-wave unitarity yields

λϕ . 4π y
ϕ
e .

√
8π . (F.3)
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APPENDIX G

MORE DETAILS ON SCALAR LEPTOQUARKS

G.1 Matching expressions for scalar leptoquarks

We provide here the expressions for the one loop matching of ω1 and Π7 onto relevant

SMEFT coefficients,

[CeH ]ij =
3

16π2

[
(yeuω1)jp(y

ql
ω1)

∗
ri

M2
ω1

[Y
†
uYuY

†
u ]rp

(
1 + ln

(
µ2

M2
ω1

))

−
(yeuω1)jp(y

ql
ω1)

∗
ri

2M2
ω1

[Y
†
u ]rp

(
2λω1 + λφ

(
3 + 2 ln

(
µ2

M2
ω1

)))

+
(y

eq
Π7

)∗jp(y
lu
Π7

)ir

M2
Π7

[Y
†
uYuY

†
u ]pr

(
1 + ln

(
µ2

M2
Π7

))

−
(y

eq
Π7

)∗jp(y
lu
Π7

)ir

2M2
Π7

[Y
†
u ]pr

(
2λΠ7

+ λφ

(
3 + 2 ln

(
µ2

M2
Π7

)))]
, (G.1)

[CeW ]ij =− 3g2
16π2

(
(yeuω1)jp(y

ql
ω1)

∗
ri

16M2
ω1

[Y
†
u ]rp

[
3 + 2 ln

(
µ2

M2
ω1

)]

−
(y

eq
Π7

)∗jp(y
lu
Π7

)ir

16M2
Π7

[Y
†
u ]pr

[
1 + 2 ln

(
µ2

M2
Π7

)])
, (G.2)

[CeB ]ij =
g1

16π2

(
(yeuω1)jp(y

ql
ω1)

∗
ri

16M2
ω1

[Y
†
u ]rp

[
19 + 10 ln

(
µ2

M2
ω1

)]

−
(y

eq
Π7

)∗jp(y
lu
Π7

)ir

16M2
Π7

[Y
†
u ]pr

[
1 + 10 ln

(
µ2

M2
Π7

)])
, (G.3)

CHD =
−g41

2880π2M2
ω1

−
49g41 + 90(

√
2λΠ7

− ηΠ7
)2

5760π2M2
Π7

(G.4)

CH� =
(−g41 − 180λ2ω1)

2880π2M2
ω1

−
49g41 + 90(

√
2λΠ7

− ηΠ7
)2

5760π2M2
Π7

, (G.5)

where we have neglected pieces proportional to SM lepton Yukawas, and leptoquark couplings

are defined as in Eq. (4.41). These expressions were calculated using the SOLD [113, 114]
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package and are consistent with those in Refs. [234, 90, 235].

G.2 Expressions for ∆κe and ∆ae

We give here the expressions for ∆ae and ∆κe in terms of the ω1 and Π7 model parameters,

as defined in Eq. (4.41), at the mass scales Mω1/Π7
= 2 TeV and Mω1/Π7

= 10 TeV. We find

∆ae = 10−11
[
180(yeuω1)13(y

ql
ω1)

∗
31 + (3.0 + 0.35c

(c)
T )(yeuω1)12(y

ql
ω1)

∗
21

−190(y
eq
Π7

)∗13(y
lu
Π7

)13 − (2.9 + 0.34 c
(c)
T )(y

eq
Π7

)∗12(y
lu
Π7

)12

] ∣∣∣
2TeV

, (G.6)

∆ae = 10−11
[
12(yeuω1)13(y

ql
ω1)

∗
31 + (0.14 + 0.014c

(c)
T )(yeuω1)12(y

ql
ω1)

∗
21

−12(y
eq
Π7

)∗13(y
lu
Π7

)13 − (0.13 + 0.013 c
(c)
T )(y

eq
Π7

)∗12(y
lu
Π7

)12

] ∣∣∣
10TeV

, (G.7)

where c
(c)
T is a non-perturbative parameter defined in [90], expected to be of order 1. And

∆κe =
[
(290 + 73λω1)(y

eu
ω1)13(y

ql
ω1)

∗
31 − (0.23− 0.27λω1)(y

eu
ω1)12(y

ql
ω1)

∗
21

+(270 + 73λΠ7
)(y

eq
Π7

)∗13(y
lu
Π7

)13 + (0.036 + 0.27λΠ7
) (y

eq
Π7

)∗12(y
lu
Π7

)12

] ∣∣∣
2TeV

, (G.8)

∆κe =
[
(18 + 2.6λω1)(y

eu
ω1)13(y

ql
ω1)

∗
31 − (16− 9.5λω1)× 10−3(yeuω1)12(y

ql
ω1)

∗
21

+(16 + 2.6λΠ7
)(y

eq
Π7

)∗13(y
lu
Π7

)13 + (10 + 9.5λΠ7
)× 10−3 (y

eq
Π7

)∗12(y
lu
Π7

)12

] ∣∣∣
10TeV

. (G.9)

G.3 Top FCNCs

Given the coupling structure for both leptoquarks and the sizeable couplings needed in order

to accommodate a large deviation of the electron Yukawa, one expects also a contribution

to FCNCs involving the top quark. At lepton colliders, top FCNC processes can be probed

both in single top production, i.e. e+e− → tq, or in the decays of the tops produced in the

tt̄ run. In the following, we briefly analyse the prospects coming from both processes, in the

cases relevant for us, as well as existing bounds.
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e+e− → tq

Future prospects for this process have been analysed in [121], where all bounds on the

relevant effective operators are reported for a 240 GeV run of a circular e+e− collider. The

generic constraints one expects on four-fermion operators of the form [C]11i3, i = 1, 2, are of

the order of 0.05 TeV−2. Setting a mass for the leptoquarks of M = 10 TeV, one finds that,

in both cases

[yulΠ7
]21[y

qe∗
Π7

]31 < 14 , [yeuω1 ]12[y
ql∗
ω1 ]31 < 14 . (G.10)

For M = 2 TeV instead one finds

[yulΠ7
]21[y

qe∗
Π7

]31 < 0.6 , [yeuω1 ]12[y
ql∗
ω1 ]31 < 0.6 . (G.11)

t → cX

The decays to a charm quark and a Higgs or photon necessarily go through chirally-flipping

structures (CuH or dipole operators), which are suppressed by the electron Yukawa in our

setup. The decay t → cZ, on the other hand, can be mediated by vector structures propor-

tional to the same coupling squared (with different flavour indices), e.g. [yeuω1 ]13[y
eu
ω1 ]

∗
12. In

SMEFT, the branching ratio can be written as [236]:

B(t → cZ) =
1

Γt

m3
t v

2

32π

(
1−

m2
Z

m2
t

)2(
1 +

2m2
Z

m2
t

)(
|[C(1−3)

Hq ]23|2 + |[CHu]23|2
)
, (G.12)
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where C(1−3)
Hq ≡ C(1)Hq − C(3)Hq. Keeping only the log term in the coefficients, one finds

[C(1−3)
Hq ]23(mt) =

1

16π2M2
ω1

log mt

Mω1

g22 − g21
6

[y
ql
ω1 ]21[y

ql
ω1 ]

∗
31 (G.13)

[CHu]23(mt) = − 1

16π2M2
ω1

log mt

Mω1

g21
3
[yeuω1 ]13[y

eu
ω1 ]

∗
12 (G.14)

for the case of the ω1, and

[C(1−3)
Hq ]23(mt) =

1

16π2M2
Π7

log mt

MΠ7

g21
3
[y
qe
Π7

]21[y
qe
Π7

]∗31 (G.15)

[CHu]23(mt) =
1

16π2M2
Π7

log mt

MΠ7

g21
3
[yulΠ7

]31[y
ul
Π7

]∗21 (G.16)

for Π7. Given the current experimental constraint of B(t → cZ) < 1.2 × 10−4 (95% C.L.)

[237], this doesn’t give any meaningful constraint on the couplings. The FCC-ee projection

for B(t → qZ) is at 8× 10−6 (95% C.L.) [238], yielding the still very weak bound

y12y13 . 6× 104, (G.17)

for a mass M = 10 TeV.
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