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Kurzfassung
Diese Arbeit präsentiert eine globale Analyse zur Suche nach Physik jenseits des Standardmodells
im Rahmen der Standardmodell-Effektiven Feldtheorie (SMEFT). Hierzu werden Hochenergie-
Daten von Teilchenbeschleunigern mit Präzisionsmessungen aus dem Flavor-Sektor kombiniert,
um weitgehend modellunabhängige Schranken auf mögliche neue Wechselwirkungen zu setzen,
welche durch Wilson-Koeffizienten parametrisiert sind.

Trotz der Erfolge des Standardmodells bei der Beschreibung fundamentaler Wechselwirkungen
bleiben zentrale Fragen, wie etwa die Entstehung von Neutrinomassen, die Natur dunkler
Materie und die beobachtete Baryonenasymmetrie, unbeantwortet und deuten somit auf die
Existenz neuer Physik hin. Angesichts der Herausforderungen direkter Suche nach neuen
Teilchen bieten effektive Feldtheorien einen komplementären Ansatz, um diese Phänomene
indirekt zu untersuchen. Im Mittelpunkt unserer Analyse stehen die Synergien verschiedener
Observablen, die uns erlauben unter Anwendung bayesischer Statistik gleichzeitig Schranken
für zahlreiche Wilson-Koeffizienten zu setzen und unbeschränkte Richtungen im Parameter-
raum aufzulösen. Ein besonderer Schwerpunkt liegt zudem auf der Untersuchung von Flavor-
Strukturen. Dazu verwenden wir den Ansatz der Minimalen Flavorverletzung im Quarksektor
sowie lepton-flavorspezifische Szenarien. Unsere Ergebnisse testen Skalen bis zu 1000 TeV,
bieten indirekte Informationen über mögliche Flavorstrukturen und eröffnen Perspektiven für
zukünftige Forschung.

Abstract
This thesis presents a global analysis aiming to constrain physics beyond the Standard Model
within the framework of the Standard Model Effective Field Theory. We combine high-pT collider
measurements and precision flavor observables to set largely model-independent bounds on
potential new interactions parameterized by the Wilson coefficients.

Despite its successes in describing a wide range of processes, the Standard Model of Particle
Physics does not account for fundamental phenomena such as neutrino mass generation, dark
matter existence, and baryon asymmetry, thus hinting at the existence of physics beyond the
Standard Model. Given the current challenges in the direct detection of new particles, effective
field theories offer a complementary approach to probe these phenomena indirectly. Central to
our analysis is the systematic exploration of synergies between high-energy collider data and
precision flavor observables using a Bayesian statistical framework. A particular emphasis is
further placed on the flavor structure, examining the Minimal Flavor Violation approach in the
quark sector and lepton-flavor-specific scenarios. Our results probe energy scales up to 1000 TeV,
offer indirect insights into potential flavor structures, and outline directions for future research.
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Chapter 1

Introduction

What are the fundamental laws of nature? For centuries, this question has inspired relentless
curiosity and led to countless discoveries that have shaped our understanding of the universe.
From the early formulation of quantum field theory [8–11] to the discovery of the Higgs
boson [12, 13], the quest to uncover the underlying principles of nature has been one of the
most enduring endeavors in science. Among the most outstanding results of this continuous
search for answers is the Standard Model of Particle Physics (SM) [14–16], a theoretical
framework to describe the fundamental particles and their interactions in terms of quantum
fields and gauge invariance, thereby forming the foundation of modern particle physics. During
decades of testing and probing for inconsistencies, its predictions have been confirmed in
various experiments to an extraordinary degree of accuracy (see e.g. [17, 18]), consolidating its
predictive power and robustness.

Despite its successes, the SM remains incomplete as it fails to account for several phenomena
that have been observed, for example, in cosmology. Many questions remain unanswered and
exciting discoveries still lie ahead. Gravity has yet to be incorporated in a quantum field theoretic
framework, and the SM does also not provide a viable candidate for dark matter or dark energy.
Furthermore, we do not have an explanation for the observed matter-antimatter asymmetry
in the universe or the masses of neutrinos. These unresolved issues suggest the existence of
physics beyond the Standard Model (BSM) that still awaits discovery.

The search for BSM physics is one of the central goal of modern experimental particle physics.
High-energy colliders like the Large Hadron Collider (LHC) at CERN [19] probe nature on
unprecedentedly small scales by colliding protons at energies of several TeV, striving to produce
new particles and detect them via their decay products. However, the high energies required to
produce such heavy particles as well as the large background in hadron collisions makes these
attempts of direct detection of BSM physics challenging, leading to a growing focus on indirect
searches (e.g. [20–22]). These aim to uncover subtle effects of new particles and interactions at
lower energies through precision measurements, searching for small yet significant deviations
from the SM predictions.

A powerful tool for these indirect searches is the use of effective field theories (EFTs). EFTs
provide a systematic framework to study the low-energy imprints of high-energy physics without
detailed knowledge of the underlying theory, thus allowing to test BSM physics in a largely
model-independent manner. In particular, the Standard Model Effective Theory (SMEFT) [23]
has emerged as a framework to study the effects that heavy new particles induce on observables
below the electroweak scale. While numerous SMEFT studies have been performed across
various physics sectors (see e.g. [24–33]), the large number of free parameters in the theory
makes it challenging to extract meaningful constraints on BSM physics without additional
assumptions. Especially flat directions in parameter space, i.e. directions along which the
likelihood is constant, can lead to degeneracies and complicate the interpretation of the data.
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2 Introduction

While a single sector may not be sufficient to fully constrain the relevant parameter space,
combining information from multiple sectors can help improve the bounds. In particular, pairing
the precision of flavor observables with the energy-enhanced reach of collider observables can
lead to synergies in constraining BSM physics [33–40], which is a main objective of this thesis.
By combining data from different sectors, we aim to develop a more comprehensive picture of
potential new physics and to identify promising directions for future searches.

Another central element of this work is the role of flavor in the SMEFT. In the SM, the flavor
structure is characterized by pronounced hierarchies of the fermion masses as well as in the
quark mixing matrix, hinting at an underlying organizing principle. To obtain indirect insights
into the flavor structure of BSM physics and test for additional sources of flavor violation, we
employ a Minimal Flavor Violation (MFV) [41] ansatz in the quark sector, building on the
framework developed in Ref. [1]. The MFV pattern further allows us to connect different flavor
components within the SMEFT and to investigate possible correlations among various processes.

Motivated by the persistent tensions in muon-related observables, such as the anomalies in the
angular observables of B → K∗µµ decays [42] or the anomalous magnetic moment [43], we
place a particular emphasis on the lepton flavor by performing lepton-flavor specific fits that
allow for non-universal couplings. Although recent measurements of the ratio R(∗)

K [44, 45]
support lepton flavor universality among the first two generations, ample room remains for
non-universal effects in the third generation or in different operator structures.

Furthermore, lepton-flavor violating processes are of great interest as they are highly suppressed
in the SM but can be enhanced in BSM scenarios, thus providing clean, low-background tests
of the SM and sensitive probes of new physics. We therefore consider lepton-flavor violating
(LFV) processes, investigating the possibility of LFV contributions to processes involving charged
leptons as well as neutrinos. As the neutrino flavor is not measured directly, they probe the
incoherent sum over all possible flavor combinations, which can lead to interesting interferences
and novel effects in the SMEFT.

In summary, we provide a comprehensive, lepton-flavor specific analysis that bridges collider
and flavor observables within the SMEFT framework. By highlighting the synergies among
the different observables, our global approach not only tightens the bounds on potential BSM
physics but also provides insights into the flavor structure of the SMEFT and possible BSM
scenarios.

This thesis is organized as follows. In Chapter 2, we review the mathematical formulation of
the SM in order to introduce the fundamental concepts and notations used throughout this
work, and we discuss its limitations to motivate the need for BSM physics. In Chapter 3, we
introduce the concepts of EFTs, focusing on the SMEFT and the Low Energy Effective Theory
(LEFT). We further describe our statistical approach and fitting procedure in Chapter 4, where
we also present some illustratory toy model analyses.

Chapter 5 explores the collider phenomenology in the SMEFT. We describe our simulation
procedure and examine the Drell-Yan process, Z andW boson decays, and top quark observables,
discussing the sensitivity of these observables to the SMEFT Wilson coefficients and the synergies
that arise from their combination. This chapter also details the datasets used and addresses
various caveats encountered when fitting collider observables. In Chapter 6, we turn to the
flavor sector and study lepton and meson decays as well as the anomalous magnetic moments
of leptons. We present the relevant observables and data, exploring their dependence on the
LEFT Wilson coefficients.
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The results of the combined analysis are presented in Chapter 7, where we highlight the
complementarities between the collider and flavor sectors and discuss the implications for BSM
scenarios. In particular, we perform lepton-flavor specific analyses and investigate the impact of
lepton-flavor universal patterns. Finally, Chapter 8 summarizes our findings, outlines possible
future directions and prospects, and concludes the thesis.
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Chapter 2

The Standard Model of Particle Physics and
Beyond

We begin by reviewing the theoretical foundations of the Standard Model (SM) of Particle Physics,
which forms the cornerstone of our current understanding of fundamental interactions. Sec. 2.1
provides a concise overview of the key aspects of the SM based on Refs. [46–49]. We focus
on its mathematical formulation and fundamental features, such as the electroweak symmetry
breaking mechanism and the CKM mixing matrix. Sec. 2.2 explores the perturbative techniques
used to calculate physical processes in quantum field theory, addressing the challenges of
ultraviolet divergences and introducing the concept of renormalization, which leads to the
running of couplings. Finally, in Sec. 2.3, we discuss the limitations of the SM and highlight the
unresolved questions and theoretical issues that motivate the search for BSM physics.

2.1. Foundations of the Standard Model

The SM is a quantum field theory built on the principles of quantum mechanics, special relativity
and local gauge invariance. It describes the fundamental particles and their interactions via the
exchange of gauge bosons and is based on the gauge group SU(3)C × SU(2)L × U(1)Y . The
SU(3)C component describes the strong interaction, also denoted as Quantum Chromodynamics
(QCD) [50–53], while SU(2)L × U(1)Y represents the gauge group of the electroweak (EW)
interaction [14–16].

The particle content of the SM is divided into fermions and bosons. Bosons in the SM are
either spin-0 (scalar) fields, for instance the Higgs boson, or spin-1 (vector) fields, namely
the gauge bosons that mediate the fundamental forces. Fermions, on the other hand, are spin
1/2 fields that obey the Pauli exclusion principle [54] and are further divided into quarks and
leptons. Quarks carry color charge and thus interact via the strong force, whereas leptons,
including charged leptons as well as neutrinos, are color neutral and therefore only subject to
the electroweak interaction.

Furthermore, fermions are organized into three generations that only differ with regard to
their mass and their mixing with other fermions. In addition, fermions are chiral, i.e. they are
decomposed into left-handed and right-handed components via the projection operators PL,R =
(1 ∓ γ5)/2, with γ5 = iγ0γ1γ2γ3 and the Dirac matrices γµ. In the SM, the weak interaction
couples only to left-handed fermions and right-handed antifermions, which is referred to as
the V–A structure of the weak interaction [55, 56]. Thus, left-handed fermions (with negative
chirality) form the SU(2)L doublets Q and L for quarks and leptons, respectively, whereas
right-handed fermions (with positive chirality) are SU(2)L singlets, where E is the charged
lepton and U(D) the up(down)-type quark singlets. Tab. 2.1 summarizes the fermionic fields

4



The Standard Model of Particle Physics and Beyond 5

along with their associated quantum numbers, which dictate their transformation properties
under the gauge group.

Field Particles SU(3)C SU(2)L Y T3 Q

Q

⎛⎝uL

dL

⎞⎠,

⎛⎝cL
sL

⎞⎠,

⎛⎝tL
bL

⎞⎠ 3 2 1/6
1/2

−1/2

2/3

−1/3

U uR, cR, tR 3 1 2/3 0 2/3

D dR, sR, bR 3 1 -1/3 0 -1/3

L

⎛⎝νe
eL

⎞⎠,

⎛⎝νµ
µL

⎞⎠,

⎛⎝ντ
τL

⎞⎠ 1 2 -1/2
1/2

−1/2

0

−1

E eR, µR, τR 1 1 -1 0 -1

Table 2.1: Fermionic fields in the SM and their quantum numbers under the SM gauge group.
Here, Y denotes the hypercharge, which is related to the electric charge Q and
the third component of the weak isospin T 3 by the Gell-Mann-Nishijima relation,
Y = 2(Q− T 3) [57].

The SM Lagrangian can be compactly written as

LSM =− 1

4

(︁
BµνB

µν +W a
µνW

µν
a +Ga

µνG
µν
a

)︁
+ iL̄i /DLi + iĒi /DEi + iQ̄i /DQi + iŪi /DUi

+ |Dµφ|2 + µ2|φ|2 − λ|φ|4

− Q̄iY
u
ijUjφ̃− Q̄iY

d
ijDjφ− L̄iY

e
ijEjφ+ h.c. ,

(2.1)

neglecting ghost and gauge fixing terms. /D = γµDµ and Bµν , W a
µν , and Ga

µν are the field
strength tensors for the U(1)Y , SU(2)L, and SU(3)C gauge fields, respectively. They are defined
as

F a
µν = ∂µF

a
ν − ∂νF a

µ + igfabcF b
µF

c
ν , (2.2)

where F a
µ are the gauge fields, g is respective the gauge coupling, and fabc are the structure

constants of the gauge group, which vanish for the abelian U(1)Y group. We denote the gauge
couplings by gs, g, and g′ for the SU(3)C , SU(2)L, and U(1)Y , respectively.

The covariant derivative Dµ, acting on the fermion fields and the Higgs doublet φ, is defined as

Dµ = ∂µ − igsGa
µT

a − igW I
µT

I − ig′BµY , (2.3)

with T representing the generators of the gauge group, given by the Pauli matrices σI/2 for
SU(2)L and the Gell-Mann matrices λa for SU(3)C [58].

The first line the SM Lagrangian 2.1 comprises the kinetic terms for the gauge fields, including
the self-interactions characteristic of non-abelian groups. The second line contains the kinetic
terms for the fermions, which further encode the interactions of the fermions with the gauge
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fields, dictated by the covariant derivative defined in Eq. 2.3. The index i = 1, 2, 3 denote the
generation of fermions, and the sum over repeated indices is implied.

The third line describes the Higgs field φ, which is a color-neutral complex doublet under
SU(2)L with hypercharge Y = 1/2. The Higgs potential µ2|φ|2 − λ|φ|4 is the most general
renormalizable scalar potential, characterized by the mass parameter µ2 and the self-coupling λ.
When µ2 < 0, the potential acquires a non-zero minimum, causing the Higgs field to develop a
vacuum expectation value (VEV)

⟨φ⟩ = 1√
2

(︄
0

v

)︄
, (2.4)

which spontaneously breaks the electroweak symmetry SU(2)L×U(1)Y to the subgroup U(1)EM,
a process denoted as Electroweak Symmetry Breaking (EWSB) [59–63]. In this broken phase,
the Higgs field can be expressed as

φ =
1√
2

(︄
0

v + h(x)

)︄
, (2.5)

where h(x) is the physical Higgs boson field, and v ≈ 246GeV is the VEV of the Higgs field.

A direct consequence of the EWSB is the generation of masses for the fermions and the gauge
bosons. While an explicit gauge boson mass term of the form m2FµF

µ would break the gauge
invariance of the theory, the kinetic term |Dµφ|2 contains interactions between the Higgs field
and the gauge bosons, which, after expanding φ around its VEV yield

|Dµφ|2 =
1

2
(∂µh)

2 +
1

8
v2
(︁
g2 + g′2

)︁(︃
W+

µ W
−µ +

1

cos θ2W
ZµZ

µ

)︃
, (2.6)

where h is the physical Higgs boson. The gauge bosons W± and Z are given by the linear
combinations

W±
µ =

1√
2

(︁
W 1

µ ∓ iW 2
µ

)︁
, Zµ = − sin θWW 3

µ + cos θWBµ , (2.7)

with sin θW = g′/
√︁
g2 + g′2 and cos θW = g/

√︁
g2 + g′2 denoting the sine and cosine of the

weak mixing angle θW , respectively. The masses of the gauge bosons are given by

mW =
1

2
vg , mZ =

1

2
v
√︁
g2 + g′2 , (2.8)

following from the kinetic term in Eq. (2.6). The photon field

Aµ = cos θWW 3
µ + sin θWBµ (2.9)

remains massless, as it is associated with the unbroken U(1)EM symmetry.

The remaining terms of Eq. (2.1) comprise the Yukawa interactions [64] between the fermions
and the Higgs field. The Yukawa matrices Y u

ij , Y d
ij , and Y e

ij are responsible for generating the
masses of the up-type quarks, down-type quarks, and charged leptons, respectively, after the
EWSB. In general, the Yukawa matrices are complex and non-diagonal. They can be diagonalized
via bi-unitary transformations

Y diag
u = Su †

L YuS
u
R , Y diag

d = Sd †
L YdS

d
R , Y diag

e = Se †
L YeS

e
R , (2.10)
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where Su,d,e
L,R are unitary matrices. The diagonalized Yukawa matrices are related to the fermion

masses mi via

Y diag
u =

√
2/v diag (mu,mc,mt) , Y diag

d =
√
2/v diag (md,ms,mb) ,

Y diag
e =

√
2/v diag (me,mµ,mτ ) .

(2.11)

The rotation matrices Su,d,l
L,R transform the fermion fields from the gauge basis into the mass

basis, where the mass terms become diagonal. This step is essential to obtain physical particles
with well-defined masses, as observed experimentally. In practice, the rotated fields are defined
as

u′
L,R = Su

L,RuL,R , d′L,R = Sd
L,RdL,R , e′L,R = Se

L,ReL,R , (2.12)

where the primed fields correspond to the mass eigenstates.

While most terms in the SM Lagrangian remain invariant under these redefinitions, the charged
current interactions between the W± bosons and the fermions do not. In the gauge basis, the
charged current Lagrangian is given by

LCC = − g√
2
(ūLγ

µdL + ν̄Lγ
µeL)W

−
µ + h.c. , (2.13)

which after rotating to the mass basis becomes

LCC = − g√
2

(︁
ū′
Lγ

µVCKMd
′
L + ν̄′Lγ

µVPMNSe
′
L

)︁
W−

µ + h.c. , (2.14)

where the Cabibbo-Kobayashi-Maskawa (CKM) [65, 66] and Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) [67–69] matrices are defined as

VCKM = (Su
L)

†Sd
L , VPMNS = (Sν

L)
†Se

L . (2.15)

These unitary matrices encode the mixing among quark and neutrino flavors, respectively, and
carry rich phenomenological implications.

For three generations of fermions, both the CKM and the PMNS matrix can be parameterized
by three mixing angles and one CP-violating phase1. Another common representation of the
CKM matrix is the Wolfenstein parameterization [71], which expands the matrix elements in
powers of λ ≈ 0.2, where λ = sin θC with θC denoting the Cabibbo angle [65]. In terms of the
Wolfenstein parameters λ, A, ρ, and η, the CKM matrix is given by

VCKM =

⎛⎜⎜⎝
1− λ2

2
− λ4

8
λ Aλ3

(︂
1 + λ2

2

)︂
(ρ− iη)

−λ+A2λ5
(︁
1
2
− ρ− iη

)︁
1− λ2

2
− λ4

8

(︁
1 + 4A2

)︁
Aλ2

Aλ3 (1− ρ− iη) −Aλ2 +Aλ4
(︁
1
2
− ρ− iη

)︁
1− λ4

2
A2

⎞⎟⎟⎠ ,

(2.16)

up to order O(λ5). This parameterization reflects the strong hierarchies in the CKM matrix,
where the off-diagonal elements are suppressed by powers of λ compared to the diagonal
elements, which are of order one.

1If neutrinos are Majorana particles [70], i.e. their own antiparticles, the PMNS matrix contains two
additional Majorana phases, which do however not affect neutrino oscillations.
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In contrast, the PMNS matrix is responsible for neutrino oscillations, a phenomenon first
observed by the Super-Kamiokande experiment in 1998 [72]. The relatively large mixing angles
in the PMNS matrix, compared to the small off-diagonal elements in the CKM matrix, indicate
that neutrinos undergo significant flavor mixing. This discovery not only provided the first
evidence of physics beyond the minimal Standard Model, since neutrinos must be massive to
oscillate, but also has important implications for astrophysics and cosmology.

An important phenomenological consequence of the hierarchical structure of the CKM matrix is
the strong suppression of flavor-changing neutral currents (FCNCs) in the SM. These processes
are forbidden at tree level since the flavor rotations cancel in the Z and γ vertices with fermions.
Thus, FCNCs occur only at loop level, as depicted for example in Fig. 2.1, showing a one-loop
contribution to the t→ cγ transition.

t c

γ

W+

d, s, b

V ∗
tdi Vcdi

Figure 2.1: SM Feynman diagram contributing to the flavor-changing neutral current (FCNC)
process t → cγ at one-loop level. The vertices scale with the CKM matrix elements V ∗

tdi
and

Vcdi , where i = d, s, b denotes the down-type quark in the loop.

In the loop, all possible down-type quarks contribute, each with a different CKM factor. The
resulting amplitude is a sum of all contributions

A =
∑︂

i=d,s,b

VtiV
∗
ciAi , (2.17)

where Ai is the partial amplitudes for the t → cγ transition mediated by the i-th quark that
are a function of the loop momentum and the ratios m2

di
/m2

w, with the internal quark masses
mdi . Due to the unitarity of the CKM matrix, there is a strong cancellation between the different
contributions, which is only broken by the mass differences of the quarks in the loop.

This mass difference is, however, small since m2
di
/m2

w ∼ 0 for all down-type quarks. As the
amplitudes Ai are proportional to these mass ratios, the contributions are strongly suppressed,
leading to a very small branching ratio for FCNC processes. This suppression, also known as
the Glashow-Iliopoulos-Maiani (GIM) mechanism [73], implies that FCNCs are an excellent test
of physics beyond the SM, as new particles can strongly enhance these processes which is a
clear sign of new physics against the small SM background. In the case of identical masses, the
FCNC amplitude would vanish, as

∑︁
i=d,s,b VtiV

∗
ci = 0 due to the unitarity of the CKM matrix.

Since the mass difference in the up-quark sector is much larger than in the down-quark sector
because m2

t/m
2
W ∼ O(1) while m2

ui
/m2

W ∼ 0 for the up- and charm-quark, down-type FCNCs
are significantly less suppressed than up-type FCNCs.
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ℓ ℓ

γ

ℓ ℓ

γ

ℓ ℓ

γ

ℓ ℓ

γ

Figure 2.2: Feynman diagrams contributing to the anomalous magnetic moment of the lepton.
The diagrams show the tree level contribution (left), the one-loop vertex correction (center left)
and two examples of two-loop contributions (center right and right).

2.2. Perturbation Theory, Renormalization and the Running of
Couplings

In order to test a theory against experimental data, the ability to compute precise, testable
predictions is paramount. The classical scattering process is reflected by the tree-level amplitude,
while quantum corrections are encapsulated in loop diagrams, which represent the emission and
reabsorption of virtual particles. In the context of the SM, physical processes are computed using
perturbation theory, where observables are expanded in a series of terms ordered by increasing
powers of the coupling constant. This perturbative approach is justified when the coupling is
sufficiently small, ensuring that each successive term in the series is suppressed relative to the
preceding one, thereby allowing the series to be truncated at finite order while maintaining a
sufficient level of precision.

To systematically organize these perturbative expansions, we can employ Feynman diagrams,
which provide a pictorial representation of the underlying processes. In these diagrams, vertices
represent interactions as dictated by the Lagrangian, propagators correspond to the transmission
of particles between interaction points, and external lines represent the incoming and outgoing
states. Each element of the diagram is associated with a corresponding Feynman rule that,
taken together, allows us to compute the amplitude of the process. From the sum of all relevant
amplitudes, we obtain the cross section or decay rate, a measure of the probability of the
process occurring, by squaring the amplitude, applying the appropriate phase space factors, and
summing over the final states.

Although virtual higher-order corrections cannot be observed directly, their impact can be
measured in precision observables. This also allows to test particles heavier than the energy
scales directly accessible in experiments, since virtual particles do not have to be produced
on-shell. As an example, in Fig. 2.2 we show some Feynman diagrams for the anomalous
magnetic moment of the lepton, which we will discuss again in the context of the LEFT in
Sec. 6.1.1.

Evaluating these diagrams involves integrating over all possible momenta circulating in the loop,
which often leads to ultraviolet (UV) divergences as the contributions from high-momentum
modes become unbounded. If not properly regulated, these divergences render the computed
observables infinite and thereby compromise the predictive power of the theory. To eliminate
these divergences, a systematic renormalization procedure is employed, where the infinities that
emerge from loop integrals are absorbed into redefinitions of the parameters of the theory, such
as masses, coupling constants and fields.
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Figure 2.3: One-loop self-energy correction to the fermion propagator (left) and the correspond-
ing counterterm (right). The internal loop represents a virtual particle that contributes to the
renormalization of the mass.

In practice, the original (bare) Lagrangian is split into a renormalized part and into counterterms
that cancel the divergences. As an illustrative example, we consider the one-loop self-energy
correction to the fermion propagator, depicted in Fig. 2.3. This diagram arises from the emission
and subsequent reabsorption of a virtual boson like a photon, which modifies the propagator
and consequently the mass of the fermion. In dimensional regularization [74, 75], where
the spacetime dimension d is analytically continued to d = 4 − ϵ in order to control the UV
divergences, this diagram yields a divergence proportional to 1/ϵ. The counterterm δm is then
adjusted to cancel this divergence, rendering the renormalized propagator finite.

Similarly, vertex corrections, represented by loop diagrams affecting the interaction vertices,
introduce divergences that are canceled by the corresponding counterterms in the interaction
Lagrangian. In Quantum Electrodynamics (QED), for instance, the vertex correction arising from
the loop diagrams depicted on the center-left to right in Fig. 2.2 modifies the electron-photon
interaction, leading to a renormalization of the electromagnetic coupling constant αem.

The renormalization process not only restores finiteness and predictability, but also reveals
a scale dependence of the parameters, reflected in the running of the couplings constants.
This is quantified via the renormalization group equations (RGEs), which describe how the
renormalized couplings evolve with the energy scale µ. Central to this concept are the beta
functions, defined for a given coupling α as

β(α) = µ
dα

dµ
. (2.18)

These beta functions are computed order by order in perturbation theory by evaluating loop
corrections and extracting the associated logarithmic divergences. Their sign indicates whether
a coupling increases or decreases with the energy scale, thereby providing information on the
behavior of theory in the high energy (UV) and low energy (IR) regimes. For example, a negative
beta function implies that the coupling decreases with increasing energy, a property known as
asymptotic freedom [51, 52], while a positive beta function indicates that the coupling grows
with the energy scale and may eventually become non-perturbative, signaling the presence of a
Landau pole [76] or a strongly coupled regime.

As a concrete example, we consider the strong coupling constant αs = g2s/4π. Its one-loop beta
function is given by

β0(αs) = −
b0
2π
α2
s , (2.19)

with b0 = 11− 2/3nf . For nf = 6 quark flavors, the beta function is negative, indicating that
QCD is asymptotically free at high energies in the SM. At low energies, however, the coupling
becomes non-perturbative, leading to the phenomenon of confinement [77, 78], where quarks
and gluons are not observed as free particles, but only within bound, color-neutral states such
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as mesons and baryons. At one-loop, the RGE can be solved analytically and the running of the
strong coupling constant can be expressed as

αs(µ) =
αs(µ0)

1 + b0
2π
αs(µ0) ln(

µ
µ0

)
, (2.20)

where µ0 is the reference scale at which the coupling is defined. The running of the coupling is
a key feature of the SM and has been tested extensively in experiments, providing a quantitative
verification of the theory.

The boundary condition for the RGE is set by the value αs(µ0) of the couplings at a reference
scale. At higher orders, the RGEs are solved numerically to predict the values of the parameters
at other energy scales required for theoretical calculations of other observables. In this work,
we implement the five-loop RGEs for the strong coupling [79, 80] as well as for the electroweak
couplings [80] to compute the running of the SM parameters.

2.3. Limitations of the Standard Model and the Motivation for
New Physics

While the SM successfully describes a wide range of phenomena, it is generally regarded as an
incomplete theory. Both experimental findings and theoretical considerations indicate that the
SM serves only as an effective description applicable up to a certain energy threshold, beyond
which a more fundamental framework is required.

A major shortcoming of the SM is its inability to incorporate gravity. As a quantum field theory
based on the principle of gauge invariance, the SM successfully accounts for the electroweak
and strong interactions, but it does not include gravitational interactions. The consistent
quantization of gravity remains one of the most pressing challenges in modern theoretical
physics (see e.g. [81–83]).

Another challenge emerged with the observation of neutrino oscillations in 1998 [72]. The
discovery provided the first evidence for non-zero neutrino masses, in contrast to the SM
prediction of massless neutrinos. Various extensions of the SM have been proposed to account
for neutrino masses, such as the seesaw mechanism, which introduces heavy right-handed
neutrinos to generate small neutrino masses [84–87] or radiative models where neutrino masses
are generated through loop corrections [88, 89]. However, the exact mechanism responsible for
neutrino masses remains unknown.

Furthermore, astrophysical and cosmological observations provide strong evidence that roughly
a fourth of the energy content of the universe is composed of dark matter and two thirds of dark
energy [90–95]. The SM does not provide a viable dark matter candidate nor does it incorporate
dark energy. Numerous theoretical models have been proposed to address these shortcomings,
including supersymmetry (e.g. [96–99]), extra dimensions (e.g. [100–105]), sterile neutrinos
(e.g. [84–86]) and axion-like particles (e.g. [106–109]). To date, however, no direct evidence
for new particles or interactions has been found.

Another long-standing puzzle is the observed asymmetry between matter and antimatter in the
universe [95, 110]. Although the SM incorporates CP violation through the CKM matrix, the
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amount is insufficient to account for the observed baryon asymmetry, implying the existence of
new sources of CP violation beyond the SM.

In addition, the very formulation of the SM itself raises questions. For instance, the Higgs
mechanism, responsible for the generation of masses of the fermions and weak gauge bosons,
is introduced as a phenomenological parameterization rather than emerging from a deeper
principle. The parameters of the Higgs potential, µ2 and λ, are not predicted by the theory but
are instead fixed by experimental inputs. The lack of a fundamental quantum or dynamical
origin of the potential suggests that the Higgs sector might be only an effective description
of a more underlying theory. Alternative approaches, such as composite Higgs models (see
e.g. [111–115]), Little Higgs Models [114] or Technicolor [116], offer different perspectives
on electroweak symmetry breaking. These models propose, for example, that the Higgs boson
emerges as a composite state, that additional symmetries and dynamics are involved, or they
eliminate the need of a fundamental scalar field altogether.

The Yukawa sector also presents intriguing characteristics that hint at an underlying structure.
Both the CKM matrix and the masses of the fermions exhibit strong hierarchies, as reflected,
for example, by the Wolfenstein parameterization (2.16), whose origin remains unexplained.
Proposals such as the Froggatt-Nielsen mechanism [117] attempt to explain the observed pattern
of fermion masses and mixing by invoking additional symmetries and fields, suggesting that this
so-called flavor puzzle might provide hints towards an underlying dynamic.

Furthermore, the emergence of Landau poles in certain couplings, such as the gauge coupling
g′ of the U(1)Y group, underscores the need for a new theoretical framework. A variety
of extensions, ranging from supersymmetry and extra dimensions to grand unified theories
(e.g. [118–120]) have been proposed to address these issues by modifying the ultraviolet
behavior of the theory. To date, however, no direct evidence for new particles or interactions
predicted by these theories has been found.

In summary, while the SM provides a remarkably successful framework for describing the known
particles and their interactions, its limitations collectively motivate the search for new physics
beyond the SM. The discovery of the Higgs boson at the LHC in 2012 [12, 13] marked a major
milestone in particle physics, yet the LHC has not provided any direct evidence for new particles
or interactions so far. The question of what lies beyond remains one of the most pressing
challenges in modern physics, with profound implications for both theoretical and experimental
research.

Although future collider proposals, such as the FCC-ee [121–125], the FCC-hh [126, 127] or
the CLIC [128–131] aim to explore the high energy frontier and search for direct signals of
new particles, the construction and commissioning of such experiments represents a long-term
endeavor that may span decades. In the meantime, the focus is increasingly shifting towards
indirect probes, such as precision measurements and the study of rare decays, which can reveal
small but telling deviations from the SM predictions. A powerful tool in these searches are
effective field theories, which we explore in detail in the following chapter.
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Chapter 3

Effective Field Theories

This chapter provides an introduction to the framework of effective field theories (EFTs), which
serve as powerful tools for describing the low-energy phenomenology of physical systems.
In the first part of this chapter, Sec. 3.1, we introduce the foundational concepts of EFTs,
including the construction methodology, matching and renormalization procedures, as well
as the renormalization group evolution of Wilson coefficients. Sections 3.2 and 3.3 provide a
more detailed discussion of the Standard Model Effective Field Theory (SMEFT)[23] and the
Low-Energy Effective Field Theory (LEFT)[132], respectively. We focus on fermionic operators,
the implementation of the Minimal Flavor Violation (MFV) framework [41] in the quark sector,
and the resulting phenomenological implications.

3.1. Fundamental Principles of Effective Field Theories

EFTs are constructed around the core idea of the separation of energy scales, allowing us to
construct an effective Lagrangian that captures the relevant physics at a given energy range.
In many cases, the EFT follows from the decoupling of heavy degrees of freedom, which is
formalized by the Appelquist–Carazzone decoupling theorem [133]. In essence, it states that in
a renormalizable quantum field theory, the effects of heavy particles on low-energy observables
are suppressed by powers of the energy scale over the heavy mass and thus effectively decouple
at low energies. Their influence can then be absorbed into the parameters of the effective low-
energy theory, denoted as Wilson coefficients [134], which are determined either by matching
to the full theory or by fitting to experimental data.

This approach offers several significant advantages. First of all, it simplifies theoretical calcula-
tions by allowing us to focus exclusively on the dynamics of the relevant degrees of freedom.
Moreover, EFTs are especially useful when the underlying high-energy theory is either unknown
or non-perturbative, as they provide a systematic, model-independent framework for parameter-
izing the effects of high-energy dynamics through higher-dimensional operators and effective
coefficients. In this way, EFTs serve as a practical tool to facilitate the study of observable
phenomena without requiring detailed knowledge about the underlying fundamental theory.

There are two main approaches to constructing an EFT, commonly referred to as top-down
and bottom-up. In the top-down approach, the heavy degrees of freedom are systematically
integrated out from the existing full theory. The Wilson coefficients are computed order-by-order
in perturbation theory through a process called matching, ensuring that the EFT reproduces
the full theory at the corresponding matching scale. This approach is particularly useful for
performing simplified calculations with finite and controllable uncertainties in the low-energy
regime, where the complexity of the full theory is unnecessary. For example, in many cases, a
detailed computation using general relativity is highly complex, while the significantly simpler
approximation of Newtonian gravity is sufficient to achieve the required precision.

13
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Figure 3.1: Feynman diagram illustrating the Fermi theory of beta decays. On the left, we show
the full diagram in the SM with the exchange of a W boson. On the right, the diagram in the
effective theory is shown, where the W boson has been integrated out, giving rise to a local
four-fermion interaction with a coupling strength GF .

When the full theory is unknown or not well understood, an EFT can be constructed based
on symmetry principles or observed low-energy behavior. In this bottom-up approach, the
effective Lagrangian is built from a set of operators that respect the symmetries, ordered by their
mass dimension. The corresponding Wilson coefficients are fitted to experimental data, thereby
providing indirect insight into the underlying high-energy dynamics. An illustrative example
of this approach is Fermi’s theory of weak decays [135]. Initially constructed to describe beta
decays, it was later understood to be the low-energy limit of the electroweak theory that was
developed decades later.

The effective Lagrangian of the four-fermion interaction is given by

LFermi = −
GF√
2

(︁
ψ̄1γ

µ(1− γ5)ψ2

)︁ (︁
ψ̄3γµ(1− γ5)ψ4

)︁
, (3.1)

where the Fermi coupling GF is determined by matching to experimental data. The left handed
structure of the interaction was originally motivated by experimental findings [136] and only
later understood in the context of the electroweak theory [55]. Starting from the SM Lagrangian,
the effective operator is obtained by integrating out the massive W boson, giving rise to a
local four-fermion interaction as illustrated in Fig. 3.1. This procedure is justified by the fact
that the W boson is much heavier than the energy scale involved in beta decays, so that it is
effectively decoupled from the low-energy dynamics. Through the matching procedure, the
Wilson coefficient of the Fermi interaction is determined to be GF =

√
2g2/(8m2

W ), with g
denoting the weak coupling constant and mW the W boson mass.

In general, EFTs are organized as a series of effective operators, ordered by a power counting
parameter that reflects the suppression of higher-order contributions. This power counting
is crucial for determining the relative importance of different operators and to estimate the
uncertainties associated with neglected higher-order corrections. In the Fermi theory, for
instance, the relevant power counting parameter is p2/m2

W , where p represents the momentum
transferred by the W boson. For low-energy processes like beta decays, this parameter is
sufficiently small to justify the truncation of the operator expansion and the omission of higher-
order terms.

Although EFT operators are typically of higher mass dimensions and appear non-renormalizable
in the traditional sense, the EFT framework remains predictive through a systematic renor-
malization process. In an EFT, divergences that arise at a given order in the power counting
expansion are absorbed by the counterterms associated with operators of the same or lower
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dimension. This renormalization procedure ensures that predictions remain finite and that the
EFT expansion is well behaved order by order.

Similar to the running couplings of the SM1, the Wilson coefficients of the EFT are not constant
parameters but evolve with the energy scale according to the renormalization group equations
(RGEs). These equations are derived by imposing that the effective action is independent of the
renormalization scale µ. In practice, this leads to the condition

µ
d

dµ
⟨O⟩C(µ) = 0 , (3.2)

where ⟨O⟩ denotes the matrix element of an effective operator O and C(µ) is its corresponding
Wilson coefficient.

More explicitly, the RGEs take the form

µ
d

dµ
Ci(µ) = γijCj(µ) , (3.3)

where the anomalous dimension matrix γij encodes the mixing among different operators under
renormalization. This mixing is a key feature of EFTs, as operators that are independent at one
scale can become correlated at another due to quantum corrections.

The RGEs serve several important purposes in the EFT framework. First, they ensure that
physical observables remain independent of the renormalization scale, providing a consistent
framework for comparing theoretical predictions with experimental data. Moreover, they allow
for the resummation of large logarithms. These logarithms of the form log(µ/Λ) arise from loop
corrections and can spoil the convergence of the perturbative expansion, especially if there is a
significant separation between the energy scale µ and the cutoff scale Λ. By solving the RGEs,
these logarithms are resummed to all orders, improving the convergence of the EFT expansion.

Finally, the RGEs bridge the gap between the high-energy scale encoded in the Wilson coefficients
and the low-energy scale of the observable processes. By evolving the Wilson coefficients from
the high-energy scale at which they are matched to the full UV theory down to the low-energy
scale at which measurements are performed, the RGEs provide a systematic framework for
connecting the UV and IR physics. Thus, renormalization via the RGEs is not only essential for
maintaining the consistency and predictability of the EFT, but to ensure that the predictions
remain reliable over a wide range of energy scales.

In summary, EFTs provide a systematic framework for connecting high-energy theories to low-
energy phenomena. By organizing the effective Lagrangian through operator expansion and
power counting, and by systematically matching and employing the RGE running the Wilson
coefficients, low-energy observables can be reliably predicted without detailed knowledge of the
underlying UV theory. One of the most prominent applications of EFTs is the search for new
physics beyond the Standard Model, where they offer a largely model-independent framework
to parameterize the effects of unknown high-energy dynamics. In the following section, we
explore this application in more detail in the context of the Standard Model Effective Field
Theory (SMEFT).

1Not to be confused with the team ’running couplings’ of the TU Dortmund Campusrun.
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3.2. The Standard Model Effective Field Theory

The Standard Model Effective Field Theory (SMEFT) [23] is a theoretical framework that
extends the SM by incorporating potential effects of heavy BSM physics above the electroweak
(EW) scale. By parameterizing the effects of unknown high-energy dynamics in terms of higher-
dimensional operators and Wilson coefficients, the SMEFT provides a systematic and largely
model-independent approach to capture the indirect impact of new physics at energy scales of
colliders. In this section, we introduce the theoretical foundation of the SMEFT2, outline the
flavor assumptions adopted in our analysis and present the relevant subset of operators.

3.2.1. Theoretical Foundations of the SMEFT

The SMEFT provides a natural extension of the SM within the broader framework of EFTs. In
this approach, the SM is considered to be the low-energy limit of a more fundamental theory,
where the effects of unknown UV dynamics are systematically encoded as small deviations from
the SM predictions.

The SMEFT Lagrangian is organized as an expansion in higher-dimensional operators O(d)
i

LSMEFT = LSM +
∑︂
d>4

∑︂
i

C
(d)
i

Λd−4
O

(d)
i , (3.4)

where d denotes the mass dimension of the operator, Λ represents the scale of NP, and the
Wilson coefficients C(d)

i encode the strength of BSM effects. The sum runs over all dimensions
d > 4 and all operators O(d)

i constructed from the SM fields and their derivatives that are
invariant under the SM gauge group SU(3)C × SU(2)L × U(1)Y . The suppression by Λd−4

ensures that the SMEFT Lagrangian reduces to the SM Lagrangian in the low energy limit
(E2 ≪ Λ2), where E is the characteristic energy of the process. This structure represents a
perturbative expansion in terms of v2/Λ2 or E2/Λ2, depending on the process and operators
under consideration. Consequently, the validity of the SMEFT relies on a sufficient separation of
scales Λ≫ v,E.

Besides the necessary scale separation, the SMEFT requires NP to be weakly coupled, i.e.
that the Wilson coefficients C(d)

i are sufficiently small so that C(d)
i /Λd−4 ≪ 1. This ensures

perturbativity of the SMEFT expansion and that NP effects can be treated as small corrections to
the SM. Moreover, the SMEFT framework implies a linear realization of electroweak symmetry
breaking, where the physical Higgs boson is embedded in an SU(2)L doublet with hypercharge
Y = 1/2 as postulated in the SM [59–63] (see Sec. 2.1). In contrast, some BSM models
predict a non-linear realization, in which the Higgs boson arises, for example, as a composite
Nambu Goldstone boson of a new strong interaction (see e.g. [113, 138, 139]). In such cases,
the SMEFT can be extended to include non-linear realizations of the electroweak symmetry
breaking, as exemplified by the Higgs Effective Field Theory (HEFT) [140, 141]. Given the
experimental evidence [142, 143] that the dominantly JP = 0+ scalar boson discovered at the
LHC in 2012 [12, 13] is indeed the fundamental particle predicted by the Brout–Englert–Higgs
mechanism of the SM [59, 61], we focus on the linear realization in this work.

Apart from these caveats, the SMEFT provides a largely model-independent framework for
parameterizing NP effects. Since they encode the effects of unknown BSM physics, the Wilson

2For a recent review, see also e.g. [137]
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coefficients C(d)
i are the parameters of interest that can provide crucial insights into the underly-

ing UV dynamics. By fitting the SMEFT to experimental data, we can constrain these coefficients
and infer information about the nature of the underlying NP. In order to probe a concrete BSM
model, the SMEFT is matched to the corresponding theory at the scale Λ, which fixes the Wilson
coefficients in terms of the parameters of the full theory3.

At dimension d = 5, the SMEFT features only one gauge-invariant operator known as the
Weinberg operator OW = (φ̃†L)TC(φ̃†L), where C denotes the charge conjugation operator,
and φ̃i = ϵij(φj)

∗, with ϵij representing the totally antisymmetric epsilon-tensor with ϵ12 = +1.
The Weinberg operator violates lepton number conservation and gives rise to neutrino masses
after EWSB. Given that lepton number violation is tightly constrained by experimental data,
the corresponding NP scale Λ is bounded to be above ∼ 1014 GeV [150, 151]. More generally,
all operators at odd dimensions induce lepton or baryon number violation and are therefore
subject to strong experimental constraints [152–155]. As our analysis focuses on observables
that conserve these quantum numbers, we restrict our attention to operators of even dimensions.

With increasing mass dimension, the number of operators grows rapidly [156–158]. For instance,
the SMEFT Lagrangian at dimension d = 6 comprises 76 baryon-number-conserving operators,
whereas this number increases to 895 at dimension d = 8 [158]. Given the vast number of
operators, we restrict our analysis to dimension-six operators. This choice is further motivated
by the fact that dimension-six operators are the leading lepton-number-conserving contributions
in the SMEFT expansion and are expected to dominate the effects of NP at the EW scale,
while higher-dimensional operators are suppressed by additional powers of v2/Λ2 and are
consequently subdominant.

Possible dimension-eight effects

An important caveat is that the terms arising from the squared amplitude of dimension-six
contributions are formally of the same order in 1/Λ2 as the interference terms from dimension-
eight operators with the SM, as we illustrate in the following. In general, the amplitude for a
lepton and baryon number conserving process can be written as

A = ASM +
∑︂
i

C
(6)
i

Λ2
A6,lin

i +
∑︂
i

C
(8)
i

Λ4
A8,lin

i +O
(︃

1

Λ6

)︃
, (3.5)

where ASM is the SM amplitude, the term A6,lin
i is the linear contributions from dimension-six

operators, and A8,lin
i denotes the contributions from dimension-eight operators4. Since physical

observables are typically proportional to the cross section depending on the square of the
amplitude, we have

σ ∼|ĀSM|2 +
1

Λ2

∑︂
i

C
(6)
i 2Re

[︂
ASMA6,lin

i

]︂
+

1

Λ4

∑︂
i,j

C
(6)
i C

(6)
j

(︂
A6,lin

i

)︂†
A6,lin

j +
1

Λ4

∑︂
i

C
(8)
i 2Re

[︂
ASMA8,lin

i

]︂
+O

(︃
1

Λ6

)︃
,

(3.6)

where the first line contains the SM contribution and the interference terms from dimension-
six operators, while the second line contains the term quadratic in the dimension-six Wilson

3Various methods and automated tools have been developed in the literature, see e.g. [144–149]
4In the LEFT, additional terms from double insertions of dimension-six terms arise (see Fig. (3.25)), which

only contribute via interference at order 1/Λ4.
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coefficients and the interference terms from dimension-eight operators. Notice that both the
terms quadratic in the dimension-six Wilson coefficients (∼ C6

i C
6
j ) and the interference terms

from dimension-eight operators (∼ C8
i ) are of order 1/Λ4.

We include the quadratic terms of the dimension-six Wilson coefficients in our analysis to
constrain several operators that do not interfere with the SM, such as the dipole operators and
the LFV operators. They further help the convergence of the fit and allow us to break otherwise
flat directions in the parameter space. We do, however, not consider the interference terms
from dimension-eight operators. As dimension-eight operators are less constrained by symmetry
arguments [159], the number of Wilson coefficients C(8)

i at this dimension is significantly larger
than the number of dimension-six operators C(6)

i , making it challenging to extract meaningful
information from experimental data. For this reason, a systematic inclusion of dimension-eight
operators lies beyond the scope of this work and is left for future studies.

Moreover, the effects of dimension-eight operators are typically subleading, since new physics
effects in many BSM models are predominantly mediated by dimension-six operators. In these
cases, the associated Wilson coefficients are expected to be larger or more directly linked
to the leading new physics effects, while the contributions from dimension-8 operators are
comparatively suppressed by additional powers of the high energy scale Λ. Consequently,
including the squared dimension-6 terms is an effective approximation to capture the leading
1/Λ4 corrections, with the understanding that the neglected dimension-8 contributions are
subdominant within the energy regime and precision of many current analyses.

Important exceptions are processes that receive contributions only at the dimension-eight due to
symmetry or kinematic constraints that forbid dimension-six terms [159, 160]. For example, in
the Drell-Yan process, while the dominant new physics contributions often arise from dimension-
six four-fermion interactions, specific dimension-8 operators can generate additional momentum-
dependent corrections that affect the tails of kinematic distributions [161, 162]. Similarly, in
the electroweak sector, anomalous quartic gauge couplings appear first at dimension-8, offering
new Lorentz structures that can modify multi-boson scattering amplitudes [163].

In the flavor sector, there are cases where four-fermion operators relevant for neutral meson
mixing or rare decay processes emerge at dimension-8 when the corresponding dimension-6
contributions are absent or suppressed [164]. Although current experimental data typically do
not require the inclusion of these operators to achieve a good fit, they represent an important
source of systematic uncertainty. Moreover, certain BSM models do not induce dimension-six
operators, so that the dimension-eight operators become the leading contributions [159, 165].
For instance in some composite Higgs models, a non-linearly realized symmetry can protect the
Higgs from acquiring large corrections at dimension six, so that leading deviations from the
Standard Model may then first appear at dimension-eight [165].

Several recent studies (e.g. [159, 161, 165–168]) have investigated the impact of dimension-
eight operators on phenomenology. These works have demonstrated that with current data, the
impact of dimension-eight operators is typically at theO(1%) level, which is negligible compared
to the uncertainties associated with the dimension-six operators. However, as experimental
and theoretical precision improves, especially at high-energy colliders or in high-statistics flavor
measurements, the contributions from dimension-eight operators may become more relevant
and warrant further investigation.
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Operator basis

At a given mass dimension d, the set of possible operators O(d)
i is not unique because different

operators can be related by field redefinitions or integration by parts. Such relations introduce
redundancies unless a basis of linearly independent operators is chosen. For dimension-six
operators, the first complete, non-redundant basis was constructed by Grzadkowski et al. [169]
and is commonly known to as the Warsaw basis. Other operator bases include the strongly-
interacting light Higgs (SILH) basis[170, 171], which is tailored to UV-complete composite
Higgs models, and the Hagiwara-Ishihara-Szalapski-Zeppenfeld (HISZ) basis [172], which is
often employed in electroweak precision studies5. In this work, we adopt the Warsaw basis
because it minimizes the number of derivatives by making use of the equations of motion, a
feature particularly advantageous for our focus on fermionic observables.

To further reduce the number of free parameters, we select a subset of operators most relevant to
our observables and our focus on flavor and fermionic NP. In particular, we restrict our analysis
to dipole operators, Higgs-current operators, and leptonic as well as semileptonic four-fermion
operators. We do not consider four-quark operators, since they are already strongly constrained
by dijet production [25, 38]. Similarly, we neglect Yukawa operators because their impact on
our observables is subdominant. For simplicity, we assume that the Wilson coefficients are
real-valued, implying no additional CP violation in the SMEFT. In order to ensure the validity of
the SMEFT approach across all observables considered in this work, we assume Λ = 10TeV in
our numerical analyses. We employ the one-loop RGEs [173–175] to evolve the SMEFT Wilson
coefficients from the high NP scale Λ down to the relevant energy scales of the observables,
which are detailed in the corresponding sections. For the numerical integration of the RGEs we
employ the python package Wilson [176].

Input parameters

In the SMEFT framework, the extraction of the Lagrangian parameters from experimental data
can be affected by the presence of higher-dimensional operators. In practice, this implies that the
Wilson coefficients can shift the numerical values of the input parameters that are determined
via precision observables [137, 175, 177–181]. In the electroweak sector, for instance, SMEFT
corrections can modify the relationships between Lagrangian parameters that are interrelated
by the electroweak theory. As an example, the Fermi coupling GF , typically extracted from
the muon lifetime, may receive contributions from four-lepton operators or leptonic current
operators that alter the muon decay width.

To minimize these effects, we adopt the {αem,mW ,mZ} input scheme. This choice is motivated
by the fact that, for the subset of operators considered in this work, the relations among
these parameters remain unaffected. More details, including the numerical values of the input
parameters, are provided in Appendix A .

From these input values, we can derive other quantities, such as the weak mixing angle sin2 θW
and the Higgs vacuum expectation value v. The weak mixing angle is determined from the
relation

sin2 θW = 1−
m2

W

m2
Z

, (3.7)

5Note that both the SILH and HISZ bases are not complete, that is, they do not encompass all possible
dimension-six operators.
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at tree-level. Due to higher order corrections and the running of the SM parameters, the effective
mixing angle used for phenomenological applications is shifted by a factor of (1 + δ sin2 θW ) =
1.0349(3) [18]. For the Z-pole observables, many additional higher order contribution must
be included, which gives another factor of κb = 1.0068 for b-quark observables and a factor
κf = 1.0014 for the couplings to the Z boson to other fermions [18].

The Fermi constant GF is at tree-level related to the input parameters as

GF =
παemm

2
Z√

2m2
W (m2

Z −m2
W )

. (3.8)

The numerical value of GF is modified by higher order corrections, which give rise to a factor of
1 + δR with δR = 0.03686(21) [18]. The Higgs vacuum expectation value is defined as

v =
1√︁√
2GF

. (3.9)

Another set of parameters that may be significantly impacted by SMEFT corrections are the
CKM matrix elements, which are primarily determined from precision flavor observables such as
meson mixing and leptonic meson decays. The SMEFT introduces corrections to these processes,
which can be parameterized in terms of the Wilson coefficients [182]. In order to account
for possible SMEFT contributions in the extraction of the CKM matrix elements, we treat the
Wolfenstein parameters in Eq. 2.16 as free parameters in the global fit.

3.2.2. MFV in the SMEFT

In full generality, the SMEFT comprises 2499 free parameters at dimension d = 6 when
generation indices are fully accounted for, the majority of which originate from four-fermion
operators. This extensive parameter space poses significant challenges for constraining the
SMEFT with experimental data in full generality. However, by imposing well-motivated flavor
patterns, the number of free parameters can be strongly reduced6. Common flavor assumptions
include a U(3)5 symmetry, corresponding to the maximal flavor symmetry of the SM among the
quarks and leptons, and a U(2)3 symmetry, which singles out the third generation of quarks
while treating the first two generations as identical [183–187]. Such assumptions not only
simplify the analysis, but also enable us to connect different sectors and study correlations
and systematic deviations across various processes. In this work, we adopt the Minimal Flavor
Violation (MFV) hypothesis [41] in the quark sector following Ref. [1]7.

The MFV hypothesis is a well-motivated framework rooted in the observation that the SM
is largely invariant under the flavor symmetry Gf = U(3)Q × U(3)U × U(3)D regarding the
quark fields, with the exception of the Yukawa sector [41]8. Although the Yukawa interactions
explicitly break this symmetry, in MFV it is formally restored by promoting the Yukawa couplings
to spurions. Spurions are auxiliary fields that are assigned quantum numbers and transformation
properties under the symmetry, even though they do not correspond to dynamical degrees of

6For dedicated analyses of flavor in the SMEFT, see e.g. [183]
7For additional analyses of the SMEFT with MFV, see e.g. [33, 37–39, 183, 188, 189].
8This symmetry can be extended to also include the lepton fields. As we perform lepton-flavor specific fits,

we only apply MFV in the quark sector.
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freedom. In particular, the Yukawa matrices transform under Gf as

Yu : (3, 3̄,1), Yd : (3,1, 3̄) , (3.10)

while the SM fields transform as

Q : (3,1,1), U : (1,3,1), D : (1,1,3) . (3.11)

With this assignment, the Yukawa terms become invariant under Gf .

Building on this concept, the MFV hypothesis posits that all sources of flavor violation, both
within and beyond the SM, originate solely from the Yukawa matrices. As a result, flavor-
violating effects are naturally suppressed, especially for the light fermions of the first and second
generation, consistent with the strong suppression of FCNCs observed in experimental data. In
the SMEFT, this pattern is implemented by expanding the Wilson coefficients in terms of Yukawa
spurion insertions, thereby preserving the formal invariance under Gf . For the various quark
bilinears, the expansions take the form

CQ̄Q
ij =

(︂
a11+ a2YuY

†
u + a3YdY

†
d + . . .

)︂
ij
,

CŪU
ij =

(︂
b11+ b2Y

†
uYu + ...

)︂
ij
,

CD̄D
ij =

(︂
c11+ c2Y

†
d Yd + ...

)︂
ij
,

CQ̄U
ij =

[︂(︂
d11+ d2YuY

†
u + d3YdY

†
d + ...

)︂
Yu

]︂
ij
,

CQ̄D
ij =

[︂(︂
e11+ e2YuY

†
u + e3YdY

†
d + ...

)︂
Yd

]︂
ij
,

CŪD
ij =

[︂
Y †
u

(︂
f11+ f2Y

†
uYu + f3Y

†
d Yd + ...

)︂
Yd

]︂
ij
,

(3.12)

where the ai etc. are dimensionless coefficients, and the ellipses denote higher-order spurion
insertions.

For the expansion to be considered natural, the coefficients ai should display a hierarchy
ai ≫ ai+1 (for all other coefficients analogously), indicating that the Wilson coefficients are
dominated by their leading-order contributions. Note, however, that this hierarchy is not a
strict requirement, since the expansion serves rather as a parameterization of the SMEFT flavor
structure than as a perturbative expansion. Similar spurion expansions can be constructed for
other quark bilinears, ensuring that the MFV structure is reflected in the pattern of the SMEFT
Wilson coefficients.

Due to the strong hierarchy in the Yukawa couplings, we assume Yd ∼ 0 and Yu ∼ diag(0, 0, yt),
with the top Yukawa yt ∼ 1. This assumption has significant phenomenological implications.
In particular, interactions suppressed by the light Yukawas effectively vanish, implying that
chirality flipping interactions are only present for the top quark in this setup. Furthermore,
no right-handed charged current interactions or right-handed flavor-changing neutral currents
(FCNCs) are induced in this framework. These simplifications further reduce the number of
relevant operators, as they particularly eliminate down-type dipole and scalar operators. Tab. 3.1
summarizes the set of operators considered in this work, based on the flavor assumptions and
simplifications outlined above.



22 Effective Field Theories
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ēkγ

µel
)︁

O lu
ijkl

(︁
l̄iγµlj

)︁(︁
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Table 3.1: Dimension-six SMEFT Wilson coefficients considered in this work.

The simplified structure of Yu further implies that all higher-order insertions of the up-type
Yukawa spurion imprint as the same pattern. In practice, because all powers of Yu ∼ diag(0, 0, yt)
effectively only produce a non-zero contribution for the C33 coefficient, we can effectively sum
all higher-order contributions into one effective parameter

aϵ =

∞∑︂
i=1

y2it a1+2i , (3.13)

which encapsulates all higher-order insertions of the up-type Yukawa spurion9. In this way,
the otherwise infinite series of Yukawa insertions is reduced to a small number of effective
parameters, thereby significantly streamlining the analysis of the SMEFT flavor structure. The
resulting simplified expansion for the Wilson coefficients can be written as

CQ̄Q
ij = a1 (a1δij + aϵδi3δj3) , (3.14)

where the aϵ term captures the higher-order insertions of the up-type Yukawa spurion, while
the a1 term represents the leading-order contribution.

In order to confront the SMEFT predictions with experimental data, we rotate the Wilson
coefficients into the mass basis introduced in Sec. 2.1, which follows from the diagonalization
of the Yukawa terms.

In most cases, the rotations and higher-order terms can be absorbed by redefining the Wilson
coefficients. However, they have non-trivial phenomenological consequences for the Q̄Q and

9A similar argument can be applied more general using the Cayley-Hamilton theorem [190, 191], effectively
stating that only a finite number of powers of the Yukawa spurion are independent.
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ŪU bilinears. In particular, rotating the Q̄Q bilinears gives

Q̄iQjC
Q̄Q
ij =ūiuj(a1δij + aϵδi3δj3) + d̄idj(a1δij + aϵV

∗
tiVtj)

+ ūidjVij(a1 + aϵδi3) + d̄iujV
∗
ji(a1 + aϵδj3) ,

(3.15)

where we see that aϵ induces flavor-changing neutral currents (FCNCs) in the down quark
sector, suppressed by corresponding CKM factors VtiV

∗
tj . For these CKM factors, we employ fixed

values instead of the free parameters in the global fit to improve numerical stability of the fit.
This is further motivated because the MFV expansion is used as parameterization rather than a
fundamental description of the flavor dynamics in this work. We obtained these fixed values for
the CKM matrix following Refs. [182, 188], as described in more detail in Appendix B .

Conversely, the up-quark sector remains flavor-diagonal, since up-type FCNCs would be pro-
portional to the small down-quark Yukawa couplings, which we neglect in this work. For the
ŪU bilinears, the higher-order terms yield an additional contribution to the top-quark coupling,
effectively mimicking a U(2)3 flavor pattern. Another phenomenological consequence of this
pattern is that charged current interactions are suppressed by a CKM factor Vij for a ui → dj
transition, similar to the SM. Charged current interactions involving the top quark additionally
receive a contribution from the higher-order terms with the same CKM suppression as the
leading term.

To further reduce the dependence of our fit results on the NP scale Λ, we rescale the Wilson
coefficients by a factor of v2/Λ210. For the operators containing bilinears whose rotations and
higher-order MFV terms can be absorbed, we define the rescaled Wilson coefficients as

C̃ =
v2

Λ2
aMFVC , (3.16)

where aMFV denotes the MFV expansion for the corresponding operator. For the Q̄Q and ŪU
bilinears, the higher order spurion insertions cannot be fully absorbed and they thus lead to
phenomenological consequences. While the MFV expansion naturally introduces the parameters
a1 and aϵ, this parameterization is not optimal to investigate the synergies between the different
sectors in the SMEFT. To this end, we introduce the parameters

rL =
aQ̄Q
ϵ

aQ̄Q
1

, rR =
aŪU
ϵ

aŪU
1

, (3.17)

which quantify the relative size of the higher-order Yukawa insertions compared to the leading-
order term11. This allows us to parameterize the Wilson coefficients for the Q̄Q and ŪU bilinears
as

Cij = C̃
(︂
δij + rL/Rδi3δj3

)︂
, (3.18)

in the flavor basis, with

C̃ =
v2

Λ2
a1C . (3.19)

10With this rescaling, the only effect of Λ arises from the RGE running.
11In Ref. [1], these parameters are denoted as γa and γb, respectively.
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The mass basis coefficients are obtained as outlined above. Taken together, this gives the
following mass-basis parameterization for the different quark currents:

ūL
i
uL

j
∼ C̃ (δij + rLδi3δj3) , d̄L

i
dL

j
∼ C̃ (δij + rLV

∗
tiVtj) ,

ūL
i
dL

j
∼ C̃Vij (1 + rLδi3) , d̄L

i
uL

j
∼ C̃V ∗

ji (1 + rLδj3) ,

ūR
i
uR

j
∼ C̃ (δij + rRδi3δj3) , d̄R

i
dR

j
∼ C̃δij ,

ūR
i
dR

j
= 0 , d̄R

i
uR

i
= 0 ,

ūL
i
uR

j
∼ C̃δi3δj3 , d̄L

i
dR

i
= 0 ,

d̄L
i
uR

j
∼ C̃V ∗

jiδj3 , ūL
i
dR

i
= 0 .

(3.20)

The FCNC contributions are directly proportional to the parameter rL, rendering it particularly
sensitive to flavor observables such as b→ s transitions where the CKM suppression is minimal.
In contrast, rR plays a more prominent role in top-quark observables, as higher-order insertions
of the up-type Yukawa spurion predominantly affect the top-quark sector. These parameters
need not be universal across all operators, so we allow rL and rR to vary independently for each
coefficient. We also perform fits assuming universal values for rL and rR, which corresponds
to scenarios in which the flavor structure of all operators originates from the same underlying
dynamic.

Regarding lepton flavor, we consider multiple scenarios. First, we perform lepton-flavor-specific
fits by treating each Wilson coefficient Cij as an independent parameter for different lepton
flavors i, j. This approach allows us to investigate NP with lepton-flavor non-universal couplings,
which arise, for example, in many leptoquark models [192] or in models with gauged lepton
flavor symmetries [193]. Such an approach enables us to probe deviations in each lepton flavor
separately, without imposing a priori assumptions about the flavor structure of BSM physics.

We also examine scenarios with lepton-flavor universal couplings. In the simplest case, we
assume a lepton-flavor diagonal coupling CLD = δijCij , which is motivated, by observations in
b→ s transitions, indicating that lepton-flavor non-universal effects are small among electron
and muon couplings [44, 45]. Additionally, we consider a lepton-flavor violating scenario CLFV,
in which all off-diagonal elements are assumed to have the same magnitude. This pattern can
naturally arise in models with inherent LFV interactions, such as seesaw models or models with
heavy vector-like leptons. Given that LFV processes are strongly constrained by experimental
data [18], the scale associated with these couplings is expected to be significantly higher than
the scale of the lepton-flavor diagonal interactions.

3.3. The Low Energy Effective Field Theory

While the SMEFT provides a useful framework for observables at and above the electroweak (EW)
scale, many precision flavor observables and other low-energy processes require a dedicated EFT
that is valid well below the EW scale. The Low Energy Effective Field Theory (LEFT) provides a
systematic EFT description of the interactions among the SM particles at energies where the
top quark as well as the W , Z and Higgs boson have been integrated out. In effect, LEFT is
a systematic extension of the Fermi theory (discussed in Sec. 3.1) that not only captures all
low-energy phenomena but also accommodates possible BSM contributions.
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In constructing the LEFT, only the light quarks, the leptons, and the massless gauge bosons are
retained as dynamical fields. In this low-energy regime, the full SM gauge group SU(3)C ×
SU(2)L × U(1)Y is broken down to SU(3)C × U(1)em. Consequently, the SU(2)L symmetry
that links the left-handed fields in the SMEFT is not manifest in the LEFT, and the left-handed
fermions are treated as independent fields. Moreover, the LEFT operators are constructed using
the photon field strength Fµν directly rather than the hypercharge or the weak gauge bosons as
in the SMEFT.

The LEFT coefficients can be expressed in terms of the SMEFT coefficients by matching the two
EFTs at the EW scale. We perform the matching at tree level at the scale µ = mW , which can
be obtained trivially by equating the effective Lagrangians12. Tab. 3.2 lists the relevant LEFT
operators that match onto the SMEFT operators considered in this work. In order to distinguish
the operators and coefficients of the SMEFT and the LEFT, we denote the former as O and C
and the latter as Q and C, respectively. We provide the full analytical matching expressions in
App. C .
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Table 3.2: LEFT Wilson coefficients induced by the SMEFT operators considered in this work.

In order to connect the LEFT coefficients at the matching scale to the coefficients at the scale of
the observables, we employ the one loop RGEs of the LEFT are given in Ref. [195]. We use the
python package Wilson [176] to evolve the LEFT coefficients from the matching scale down
to the energy scale relevant for each observable. Note that, due to the divergence of the QCD
coupling αs at low energies, we do not evolve the coefficients below 2 GeV, which we adopt
as the nominal scale for processes at very low energies, such as lepton decays or anomalous
magnetic moments.

12The one loop matching equations can be found in Ref. [194]. Employing the one loop matching is only
necessary when two loop RGEs are available.
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In contrast to the SMEFT, the LEFT Wilson coefficients carry explicit mass dimensions, for in-
stance [Ceγ ] = −1 for the dipole operator and [CV,LL

ee
ijkm

] = −2 for the four-fermion operators, since

the suppression by the high scales Λ or the Higgs vev v is not factored out. The power counting
in the LEFT is determined by the typical energy scales of the processes under consideration and
the residual low-energy dynamics.

Another difference between the SMEFT and the LEFT is that the LEFT also receives SM contribu-
tions to the Wilson coefficients, while the SMEFT coefficients are all zero in the SM limit. This is
because the LEFT is constructed to describe low-energy processes, where the SM contributions
are relevant, while the SMEFT is designed to capture the effects of heavy degrees of freedom
that are integrated out at high energies. In order to distinguish between the SM and possible
BSM contributions, we split the LEFT Wilson coefficients into two parts,

C = CSM + CBSM , (3.21)

where CSM denotes the SM contributions and CBSM the BSM contributions. The SM contributions
are obtained by evaluating the LEFT operators in the SM limit, while the BSM contributions
arise from the SMEFT operators. In the remainder of this work, we will only refer only to the
BSM contributions, unless stated otherwise. The SM contributions are included to compute SM
predictions and interference terms.

Matching phenomenology

At tree level, the four-fermion operators in the SMEFT directly match onto the corresponding
LEFT operators, preserving the chirality structure. However, because the SU(2)L symmetry
is no longer manifest, the LEFT contains more four-fermion operators than the SMEFT. As a
result, the SMEFT imposes correlations among the LEFT operators containing left-handed fields,
a feature that can be tested experimentally.

Moreover, the leptonic dipole operators in the SMEFT match onto the LEFT dipole coefficient
Ceγ as

Ceγ
ij

=
1√
2v

C̃eγ
ij

, (3.22)

with the linear combination of the SMEFT coefficients

C̃eγ
ij

=

(︃
cos θWCeB

ij
− sin θWCeW

ij

)︃
, (3.23)

where cos θW and sin θW are the cosine and sine of the weak mixing angle, respectively. The
orthogonal combination

C̃eZ
ij

=

(︃
sin θWCeB

ij
+ cos θWCeW

ij

)︃
, (3.24)

however, does not match onto the LEFT at tree level. This implies that Ceγ in the LEFT results in
flat directions in the parameter space of the SMEFT, which can be resolved by a combined fit
including SMEFT observables that constrain CeZ .

Within our MFV setup, the only quark dipole contribution induced at tree level in the SMEFT
is the top-quark coupling. However, since the top quark is integrated out in the matching to
the LEFT, no quark dipole operators are generated at tree level. A similar argument applies to
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ū

ℓ−

ℓ+

q

Z q2 ≪ m2
Z

C̃φu C̃φe

SMEFT u

ū
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Figure 3.2: Feynman diagrams illustrating the matching of the SMEFT Higgs-current operators
to the LEFT four-fermion operators. The left diagram shows the double insertion of the Higgs-
current operators, and the right diagram shows the resulting four-fermion LEFT operator after
integrating out the Z boson.

the scalar and tensor operators O(1)
lequ and O(3)

lequ, which also do not contribute in the matching
procedure. Consequently, the LEFT does not feature scalar or tensor operators in our setup.

The Higgs-current operators in the SMEFT also match onto the LEFT four-fermion operators. In
general, the matching also includes double insertions of SMEFT coefficients, for instance

CV,RR
eu
ijkl

=
1

v2

(︄
C̃ eu

ijkl
−
(︃(︂

δij2s2θ − C̃φe
ij

)︂(︂
− δkl

4

3
s2θ − C̃φu

ij

)︂)︃)︄
, (3.25)

as illustrated in Fig. 3.2. In order to maintain a consistent power counting in v/Λ, we distinguish
between contributions generated by single insertions (C/Λ2) and double insertions (C2/Λ4)
of SMEFT coefficients, so that the double insertions contribute only in the interference terms
between the LEFT and SM amplitudes.

The quark Higgs-current operators further induce a four-quark operator in the LEFT, QV,LL
dd
ijkl

,

even though we do not consider four-quark operators in the SMEFT. This operator is relevant
for the mass differences in meson mixing, which we will discuss in Sec. 6.2.1. Other four-quark
operators such as those with up-type quarks and different chirality structures are also induced
at tree level, but they are not relevant for the observables considered in this work.
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Chapter 4

Statistical Methods for EFT Analyses

In modern experimental and theoretical studies alike, the extraction of meaningful results
from increasingly complex data sets requires a rigorous and transparent statistical treatment.
Accurate quantification and consistent propagation of statistical, systematic, and theoretical
uncertainties, including their correlations, are essential for deriving reliable parameter estimates,
conducting hypothesis tests, and constructing confidence intervals. Robust uncertainty treatment
is particularly crucial when combining multiple measurements or interpreting results within the
EFT paradigm.

In this chapter, we present a comprehensive overview of the statistical methods employed
in our analysis. We begin by reviewing the fundamentals of statistical inference in Sec. 4.1,
comparing frequentist and Bayesian methodologies as outlined in Refs. [196–198]. Sec. 4.2
outlines our fitting procedure, including the treatment of uncertainties and prior selection.
Finally, Sec. 4.3 presents toy-model studies to illustrate these concepts, highlighting the impact
of marginalization and the choice of priors.

4.1. Statistical Framework

Constraining the Wilson coefficients in the SMEFT Lagrangian demands a robust statistical
framework to quantify the agreement between theoretical predictions and experimental data. To
this end, a crucial quantity is the likelihood L(x |θ), which provides a measure of the probability
of observing data x given a set of model parameters θ. Maximizing the likelihood allows us
to determine the most probable values of the Wilson coefficients, with confidence or credible
intervals providing a measure of their uncertainties.

For Gaussian uncertainties, the likelihood of the outcome xi given the parameters θ can be
expressed as

Li(xi|θ) =
1√︁

(2π)σ2
i

exp

(︃
− (xi − µi(θ))

2

2σ2
i

)︃
, (4.1)

where µi(θ) is the theoretical prediction as a function of the model parameters θ, and σi denotes
the total uncertainty. The combined likelihood of a set of statistically independent observables is
then given by the product of the likelihoods of all observables

L(x|θ) =
∏︂
i

Li(θ|xi) , (4.2)

allowing for a straightforward combination of various observables in the fit.

In cases where observables are not independent, the likelihood can be extended to account for
correlations between observables. This is typically incorporated using the covariance matrix Σij

28
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defined as

Σij =

{︄
σ2
i if i = j ,

ρijσiσj if i ̸= j ,
(4.3)

where σi and σj are the uncertainties of observables i and j, respectively, and ρij is the
correlation coefficient between them. The likelihood then takes the form

L(x|θ) = 1√︁
(2π)n|Σ|

exp

(︃
−1

2
(x− µ(θ))TΣ−1(x− µ(θ))

)︃
, (4.4)

where n is the number of observables and x is the vector of observables and |Σ| is the determinant
of the covariance matrix.

In the limit of uncorrelated observables, the covariance matrix becomes diagonal with Σij =
σ2
i δij , where σi is the uncertainty of observable i. In this case, |Σ| =

∏︁
i σ

2
i and the likelihood

reduces to the product of the individual likelihoods, as shown in Eq. (4.2).

Following the construction of the likelihood function, statistical inference provides estimates
of the model parameters and their uncertainties. There are two main paradigms for statistical
inference, which are frequently referred to as the frequentist and Bayesian approaches. While
both methods give similar results in many cases, they are based on different philosophical
foundations and have distinct implications for the interpretation of results.

Frequentist methods regard parameters as fixed but unknown quantities, interpreting the
probability as the long-run frequency of observing the data given the parameters. In practice,
the maximum likelihood estimation (MLE) method is a common approach in frequentist statistics
to find parameter values that maximize the likelihood function, yielding point estimates of the
parameters. Frequentist intervals, known as confidence intervals, reflect ranges within which the
true parameter value is expected to fall with a predefined frequency (e.g., 95%) upon repeated
experiments. These intervals typically derive from likelihood thresholds, frequently utilizing
chi-squared distributions.

Conversely, Bayesian inference treats parameters as random variables with a probability distribu-
tion that encodes prior beliefs or information before observing data. Observational data updates
these priors through Bayes’ theorem [199]

P(θ|x) = L(x|θ)π(θ)Z , (4.5)

where π(θ) is the prior probability distribution of the parameters, and

Z =

∫︂
dθL(x|θ)π(θ) , (4.6)

is the marginal likelihood, also referred to as the evidence. The resulting posterior distribution
P(θ|x) then reflects both the prior information and the likelihood of the observed data. This
concept is illustrated in Fig. 4.1, which shows a broad Gaussian prior in orange, a Gaussian
likelihood in blue and the resulting posterior distribution in red. With sufficient data, posterior
distributions typically converge, reducing sensitivity to prior assumptions, a property known as
Bayesian consistency.

The posterior distribution serves as a distributional basis from which best-fit values based on the
mode, median, or mean can be extracted, as well as credible intervals that provide a measure
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of the uncertainties of the parameters [200]. If uniform priors are employed, the results of
Bayesian inference align with frequentist MLE outcomes.

P( )

Prior

Posterior
Likelihood

Figure 4.1: Illustration of the Bayesian framework. The prior distribution π(θ) is updated by
the likelihood L(x|θ) to yield the posterior distribution P(θ|x).

Both, the frequentist and Bayesian approaches are commonly used in particle physics. The
prerequisites for using a frequentist approach, i.e. repeated measurements of the same ob-
servable, are easily met in high-energy physics experiments, where large datasets of particle
collisions are collected. The Bayesian approach, on the other hand, is particularly popular in
cosmology, where oftentimes only a single measurement of an observable is available, thus
making a frequentist approach impractical.

In the context of SMEFT, frequentist methods are, for example, used by Ellis et al. [31], González-
García et al. [163, 201], Greljo et al. [35, 39, 202] Hurth et al. [33, 188, 189], Maltoni et
al. [203–205] and Westhoff et al. [38, 206], while Bayesian fits are used by e.g the SMEFIT
collaboration [32, 207, 208] or de Blas et al [209, 210]. In Ref. [211], an explicit comparison of
the two approaches is made, showing that they yield similar results in many cases. The main
differences are found for underfluctuated observables, where the Bayesian approach tends to
yield tighter constraints on the Wilson coefficients due to volume effects in marginalization.

In this work, we adopt the Bayesian approach, which allows us to incorporate prior information
obtained by prefits about the Wilson coefficients and the CKM parameters. This is particularly
useful in the context of large global SMEFT fits, where prior knowledge can help to constrain
the parameter space and improve the robustness of the results.

4.2. Fitting Procedure

The general objective of the fitting procedure is to obtain credible intervals for the Wilson coeffi-
cients C̃i, thereby quantifying potential BSM effects within the SMEFT framework. Moreover,
the posterior distribution of the MFV ratios rL/R defined in Eq. (3.17) is also of interest, as it
provides indirect information about the quark-flavor structure of the Wilson coefficients. To this
end, we utilize the EFTfitter package [212], which is built upon the Bayesian Analysis Toolkit
(BAT.jl) [213, 214].

As a first step, the full likelihood function is constructed including statistical, systematic and
theory uncertainties. We assume all uncertainties to be Gaussian distributed. In case where
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uncertainties are presented as asymmetric, we adopt a conservative approach by symmetrizing
them using the larger uncertainty value. Experimental correlations between observables are
taken into account as provided by the experimental collaborations. These correlations have been
shown to have a significant impact on the SMEFT fits, as demonstrated e.g. in Ref. [215]. Given
that we assume BSM effects to be small, we neglect theoretical uncertainties of the SMEFT
signal predictions.

To determine optimal priors for the Wilson coefficients, we initially conduct a prefit analysis
employing Reactive Nested Sampling through the UltraNest package [216]. For these fits, we
utilize flat priors in the ranges [−10, 10]. If the posterior distribution extends beyond this range,
we expand the priors accordingly until sufficient convergence is achieved. This step identifies
critical parameter space regions relevant to our analysis and excludes the possibility of secondary
solutions. For the main fit, uniform priors within the ranges established by the prefit analysis
are chosen for the Wilson coefficients. Regarding the CKM parameters, we employ Gaussian
priors derived from a separate fit neglecting SMEFT effects, as detailed in Appendix B . For the
MFV ratios, we adopt flat priors in the ranges [−10, 10] for rL and rR.

To ensure an effective sampling of the posterior distribution, we employ the robust adaptive
Metropolis–Hastings algorithm [217] for the final fits. This algorithm dynamically adapts the
proposal distribution based on the current state of the Markov chain, allowing for an efficient
exploration of the parameter space. For each fit, we run Nchains = 20 independent chains, each
comprising 106 steps. The first 30% of these samples are discarded as burn-in. The subsequent
samples provide the basis for constructing posterior distributions and credible intervals for the
Wilson coefficients.

4.3. Toy Model Studies

In this section, we present toy model analyses designed to illustrate the statistical treatment
and highlight the effects of marginalization and prior choices on the determination of Wilson
coefficients. We focus on simplified scenarios involving two Wilson coefficients, C1 and C2, and
dimensionless observables Xi(C1, C2).

4.3.1. Comparison of Bayesian and Frequentist Approaches

We first consider a simplified scenario with a single observable

Xa(C1, C2) = 1 + C2
1 + 3C2

2 + 2C1C2 , (4.7)

with an assigned theoretical uncertainty of σth
a = 0.1. The dependence of Xa on the Wilson

coefficients is quadratic and cannot be fully expressed as a linear combination of the coefficients,
allowing us to constrain both coefficients simultaneously.

For our benchmark scenario, we assume a SM-like measurement Xexp
a = 1.00(0.05), giving

us a total uncertainty of σtot =
√︁
σ2
exp + σ2

th ≈ 0.11. Assuming a Gaussian distribution of the
uncertainties, we can write the likelihood function as

L(C1, C2) =
1√

2πσtot

exp

(︃
− (Xexp

a −Xa(C1, C2))
2

2σ2
tot

)︃
, (4.8)
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which corresponds to

χ2(C1, C2) =
(Xexp

a −X(C1, C2))
2

σ2
tot

=
(C2

1 + 3C2
2 + 2C1C2)

2

0.1122
, (4.9)

in a frequentist context.

Minimizing the χ2 function yields the best-fit values Copt
1 = 0, Copt

2 = 0 and χ2
min = 0.

Confidence intervals are determined by ∆χ2 thresholds corresponding to specific confidence
levels, forming elliptical contours in the C1–C2 plane.

Because our toy observable Xa depends on the two Wilson coefficients C1 and C2 only through
the combination

C′ =
√︂
C2

1 + 3C2
2 + 2C1C2 , (4.10)

a single measurement of Xa can only constrain the combination C′ and thus a single direction
in the two-dimensional parameter space. In a frequentist interpretation, Wilks’s theorem then
postulates that the relevant ∆χ2 threshold for a desired confidence level corresponds to one
degree of freedom, not two. Thus, for example, the boundary of the 68% confidence level region
is ∆χ2 = 1.0, while the boundary of the 2σ region is ∆χ2 = 4.0.

We show the 1σ, 2σ and 3σ regions as orange contours in Fig. 4.2. We compare these contours
to the two-dimensional posterior distribution obtained from a Bayesian analysis, which is shown
in blue. The Bayesian credible intervals coincide closely with the frequentist confidence intervals,
showing that the two approaches yield similar results in the case of a Gaussian likelihood and
flat priors.

Figure 4.2: Confidence intervals in the C1–C2 plane for a toy model analysis with a single
observable Xa. We show the results using a frequentist approach in orange and the results from
a Bayesian analysis in blue. The contours indicate the 1σ, 2σ and 3σ intervals, corresponding to
68%, 95% and 99.7% confidence levels.

To obtain bounds on the individual Wilson coefficients from the posterior, we marginalize over
the second coefficient in the Bayesian framework. In the frequentist approach, conversely, the
one-dimensional confidence intervals of C1 can be obtained by profiling over C2 and minimizing
χ2 for each fixed value of the coefficient of interest. and then determining the regions in
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parameter space that satisfy χ2(C1, C2) < χ2
min +∆χ2. Concretely, we find C1 = −3C2 in this

scenario, yielding

χ2
prof(C1) =

4C4
1

9σ2
tot

, (4.11)

which can be solved for the one-dimensional confidence intervals.

We compare the resulting confidence intervals on |C1| in Tab. 4.1. We show results from the
frequentist approach as well as the corresponding credible intervals obtained by a Bayesian
analysis. We further compare the results from a two-parameter study to the one-parameter fit
with C2 = 0. We see that the bounds from the frequentist approach are slightly larger than
those from the Bayesian approach. Moreover, the two-parameter fits broader constraints than
the fits with C2 = 0, since the latter do not feature destructive interference in the observable
Xa and thus result in tighter bounds.

Fit type 1σ 2σ 3σ

Frequentist (2-parameter) 0.41 0.58 0.71

Bayesian (2-parameter) 0.30 0.49 0.65

Frequentist (C2 = 0) 0.33 0.47 0.58

Bayesian (C2 = 0) 0.27 0.42 0.55

Table 4.1: Bounds on |C1| for different confidence levels from a toy model analysis with a single
observable Xa. We compare the bounds from the frequentist approach with the
bounds from the Bayesian approach, using a two-parameter fit as well as a simplified
one-parameter analysis with C2 = 0.

4.3.2. Non-SM like Measurements and Impact of Priors

To explore the influence of non-SM-like measurements, we consider a modified benchmark,
Xexp = 1.25± 0.05, representing a 2.2σ deviation from the SM. This measurement results in
an elliptical best-fit contour defined by C2

1 + 3C2
2 + 2C1C2 = 0.25. We further investigate the

impact of the prior choice by comparing fits using a flat prior to a fit with a Gaussian prior with
a width of 0.5 centered around the SM expectation of Ci = 0

Cprior
i =

2

2π
exp

(︁
−2C2

i

)︁
. (4.12)

Fig. 4.3 shows the resulting two-dimensional posterior distribution as well as the marginalized
distributions for the Wilson coefficient C1. The blue contours correspond to the fit using flat
priors, while the orange contours indicate the bounds resulting from a fit with Gaussian priors.
The results show a significant difference between the two approaches. The Gaussian priors bias
the posterior distribution towards smaller values, reducing the posterior width. This highlights
the importance of the choice of priors in the analysis, especially in the case of non-SM-like
measurements.
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This difference is also reflected in the marginalized posterior distribution for C1, which is
shown in the upper panel of Fig. 4.3. The blue histogram shows the one-marginalized posterior
distribution obtained from the fit with flat priors, while the orange histogram shows the
marginalized posterior distribution obtained from the fit with Gaussian priors. The vertical lines
indicate the 1σ, 2σ and 3σ intervals. We see that the bounds from the fit with Gaussian priors
are stronger than those from the fit with flat priors. Moreover, the fit with flat priors exhibits
a double-peak structure and slightly disfavors the SM point compared to the best fit points at
|C1| = 0.5, whereas the fit with Gaussian priors exhibits a distribution with a broad best-fit
plateau in the range [−0.4, 0.4].

Figure 4.3: Marginalized posterior distribution for the Wilson coefficient C1 (top) and two-
dimensional bounds on the Wilson coefficients C1 and C2 (bottom) from a toy model analysis
with a single observable X. We show the results from a fit with flat priors in blue and the results
from a fit with Gaussian priors in orange. The contours and vertical lines indicate the 1σ, 2σ
and 3σ intervals.

This shows that the choice of priors can have a significant impact on the results of the analysis,
especially in the case of non-SM-like measurements. While flat priors lead to similar results to
the frequentist approach, Gaussian priors can bias the posterior distribution towards certain
regions of the parameter space. We thus aim to use flat priors in our analysis, as they are less
sensitive to the choice of prior and provide a more robust estimate of the parameter space.

4.3.3. The Impact of Marginalization

To investigate the impact of marginalization on the bounds, we introduce an additional observ-
able

Xb(C2) = C2, (4.13)
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with a benchmark measurement Xexp
b = 0.00± 0.05 and a theory uncertainty σth

b = 0.05. This
observable adds a second constraint on the parameter space and enhances our sensitivity to C2.
Fig. 4.4 shows the results of a combined fit to both observables Xa and Xb.

On the lower left, we show the two-dimensional posterior distribution in the C1–C2 plane,
which is obtained by combining the likelihood functions from both observables. The contours
indicate the 1σ, 2σ and 3σ intervals. We further show the marginalized posterior distributions
as well as the posterior distribution from a fit setting Cj = 0 on the upper left for j = 2 and on
the right for j = 1.

Figure 4.4: Marginalized posterior distributions for the Wilson coefficient C1 (top), C2 (right)
and two-dimensional credible intervals on the Wilson coefficients C1 and C2 (bottom) from a toy
model analysis using two observables Xa and Xb. We show the posterior of the two-parameter
analysis in blue and the one-parameter fit with Cj = 0 in red. The contours and vertical lines
indicate the 1σ, 2σ and 3σ intervals.

We see that the marginalized posterior distribution for C2 is significantly more narrow than
the one-dimensional posterior distribution obtained from the fit with C1 = 0, showing that in
certain cases, a combined fit can significantly tighten the bounds on the Wilson coefficients
compared to single-parameter fits. This is due to volume effects in marginalization, as seen also
in e.g. Ref. [211].

In other cases, however, the bounds from the combined fit can be weaker than those from the
single-parameter fits, as can be seen for the coefficient C1. This is due to the fact that setting
C2 = 0 in the fit with Xa prevents potential cancellation effects in the observable Xa, which
leads to tighter bounds on C1.
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Chapter 5

Collider Observables in the SMEFT

In this chapter, we explore how the SMEFT framework can be used to systematically capture
the effects of heavy new physics on collider processes. First, we discuss the methodology for
simulating SMEFT contributions to key observables at the LHC in Sec. 5.1. We then study several
processes in more detail, including electroweak boson decays (Sec. 5.2), dilepton production
at LEP (Sec. 5.3), the Drell–Yan process at the LHC (Sec. 5.4) as well as top quark production
and decay (Sec. 5.5). By examining the sensitivity of these processes to the SMEFT Wilson
coefficients, we highlight the different directions in parameter space that are probed by the
various processes and discuss their complementarity in combined analyses.

5.1. Collider Processes in the SMEFT

Many collider observables can be categorized as either unfolded measurements or raw event
counts. Unfolded measurements attempt to correct the data for detector effects to provide
observables that are as close as possible to the particle- or parton-level quantities. This unfolding
process typically relies on a response matrix derived from simulations and assumes that the
migration of events between reconstructed and true kinematic bins is well understood.

While unfolding allows for a more direct comparison between experimental results and theoreti-
cal predictions at the parton level, it introduces model-dependent uncertainties and can amplify
statistical fluctuations. Moreover, it often relies on bin-by-bin corrections or regularized matrix
inversion, which come with trade-offs in terms of bias and variance. In this work, examples of
unfolded observables include the measurements of the Z and W boson observables at LEP and
the LHC [17, 218–220] as well as dilepton production at LEP [221], which are discussed in
Secs. 5.2 and 5.3, respectively.

For these observables, we can directly compare the experimental results to the theoretical
predictions of the cross sections, without the need for additional corrections or simulations. We
compute the cross sections in the SMEFT at leading order using using MATHEMATICA [222] with
the FEYNCALC [223–226] and SmeftFR v3.0 [227] packages.

In contrast, some experimental results, such as measurements of DY production [228–232]
are presented as raw or background-subtracted event yields, either in inclusive regions or in
binned distributions at detector level. These observables are closer to what is actually measured
and avoid the uncertainties associated with unfolding, but they pose a challenge for SMEFT
interpretations. In order to compare these data to the SMEFT, we require full simulations of
the contributions at the detector level, including parton showering, hadronization, acceptance,
and efficiency effects. As these include various non-perturbative effects, an analytical treatment
of these computations is not feasible. Instead, they are typically computed using Monte Carlo
event generators, as we discuss in the following.

36



Collider Observables in the SMEFT 37

Typically, the theoretical description of collider processes is factorized into two main components:
the short distance, hard scattering process of the partons, which is computed perturbatively as
an expansion in the coupling constants, and the long-distance, non-perturbative effects that are
associated with the internal structure of the colliding protons. This separation is formalized by
the QCD factorization theorem [233, 234], which ensures that at sufficiently high energies, the
hard scattering is independent of the proton’s non-perturbative content, up to power-suppressed
corrections of order ΛQCD/Q, where Q denotes the momentum transfer and ΛQCD is the QCD
scale.

Hard Scattering Process and Flavor Composition

To compute the hard scattering process, we calculate the partonic cross-section σ̂(ŝ) at the scale
of the partonic center-of-mass energy ŝ at leading order using the Monte Carlo event generator
MADGRAPH5_aMC@NLO [235]. For the implementation of the SMEFT Lagrangian, we employ
the SMEFTsim 3.0 package [180, 236], which provides FeynRules [237, 238] source files as well
as pre-exported models in the UFO format [239] for the dimension-six SMEFT operators in the
Warsaw basis [169], which can be directly imported into MADGRAPH5_aMC@NLO .

At hadron colliders such as the LHC, the composition of the colliding protons must also be
taken into account. This internal structure is described by parton distribution functions (PDFs),
which parameterize the parton content of the colliding protons by quantifying the probability of
finding a parton with a given momentum fraction x within the proton. In practice, the PDFs
depend on the factorization scale µF , which separates the short-distance dynamics of the hard
scattering from the non-perturbative long-distance effects. The PDFs are typically determined
from global fits to experimental data (see e.g. [240–248]), such as, for example, deep inelastic
scattering or Drell-Yan (DY) production, ensuring that they accurately reflect the parton content
of the proton at various energy scales.

In this work, we use the leading-order Monte Carlo variant of the NNPDF4.0 PDF sets [248, 249]
as implemented in LHAPDF 6 [250]. We choose a dynamical factorization scale µF = mT , where
mT is the transverse mass of the final-state particles. We illustrate the PDFs in Fig. 5.1, showing
the quark (solid), antiquark (dashed) and gluon PDFs (orange) at the scales µ2

F = 103 GeV2 and
µ2
F = 106 GeV2. Note that because of the large top-quark mass, the top-quark contribution to

the PDFs is negligible at LHC energies, so that we neglect the top-quark PDFs in our analysis.
For the charm and bottom quarks, the PDFs of the quark and antiquark coincide, as they are
produced symmetrically through gluon splitting.

At large x, the PDFs are dominated by the valence quarks, which carry most of the proton’s
momentum. These large momentum fractions are particularly relevant for high-energy processes
such as DY production with high-invariant-masses, which typically probes x ≤ 0.1 − 0.5. At
small x, the PDFs are dominated by the gluons, which are scaled by a factor of 1/10 in Fig. 5.1.
Therefore, processes such as tt̄ production are typically dominated by gluon-gluon fusion at LHC
energies, which allows for a high sensitivity on the gluon dipole operators OuG, as discussed
in Sec. 5.5. The DY process, on the other hand, does not receive contributions from the gluon
PDFs at leading order, as leptons do not couple to gluons.

Below x ∼ 10−2, the sea quarks, produced primarily through gluon splitting, begin to contribute
significantly to the PDFs. Among the sea quarks, the heavier flavors are suppressed at moderate
and high x due to their larger mass. As the factorization scale µF increases, this mass effect
gradually diminishes and the PDFs approach a more universal form because the quark masses
become less relevant compared to the energy scale of the process. This is illustrated in Fig. 5.1,
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Figure 5.1: NNPDF4.0 PDFs [248, 249] multiplied by x at µ2
F = 103 GeV2 (left) and

µ2
F = 106 GeV2 (right). The PDFs are shown as a function of the momentum fraction x of

the parton within the proton. The solid lines represent quarks, while the dashed lines represent
antiquarks. For c and b quarks, the quark and antiquark PDFs are identical. The gluon PDF,
scaled by a factor of 1/10, is shown in orange, up-type quarks are shown red and down-type
quarks in blue.

where we see that at µ2
F = 106 GeV2, the gap between the light and heavy quarks is significantly

reduced compared to µ2
F = 103 GeV2.

For a process based on quark-antiquark annihilation (e.g. DY production), we can further define
parton luminosity functions

Lqiq̄j (τ) = τ

∫︂ 1

τ

dx
x

[︁
fqi(x, µF )fq̄j (τ/x, µF ) + fq̄j (x, µF )fqi(τ/x, µF )

]︁
, (5.1)

where fqi(x, µF ) are the PDFs for a quark qi evaluated at momentum fraction x and factorization
scale µF , and τ = ŝ/s is the ratio of the partonic center-of-mass energy squared to the hadronic
center-of-mass energy squared. The parton luminosities encapsulate the probability of finding
the required quark-antiquark pairs within the protons to initiate the hard scattering process.

The hadronic cross-section is then obtained by convoluting the partonic cross-section, σ̂(ŝ), with
the corresponding parton-luminosity functions Lqiq̄j (τ)

σ =
∑︂
ij

∫︂
dτ
τ
Lqiq̄j (τ) σ̂(τs) , (5.2)

where the sum runs over all relevant quark flavors. Fig. 5.2 illustrates the parton luminosity
functions for the flavor diagonal (upper left), FCNC (upper right) and CC (lower panels) quark
contributions. We see that the light up and down quarks dominate the parton luminosities,
while the heavier quarks, such as the charm and bottom quarks, are significantly suppressed
due to the PDFs. This hierarchy reflects the fact that the quark-antiquark collisions at high
energies are primarily driven by valence quark interactions. As a result, processes that are
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driven by quark-antiquark annihilation at tree-level are especially sensitive to any new physics
modifications of the light quarks, while sensitivity to heavier quarks is suppressed.
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Figure 5.2: Parton luminosity functions for the NNPDF4.0 PDF sets [248, 249]. We show
the flavor-diagonal contributions (upper left), FCNC contributions (upper right), and charged-
current contributions for uidj →W+ (lower left) and uid̄j →W+ (lower right). The luminosi-
ties are shown as a function of τ = ŝ/s, where ŝ is the partonic center-of-mass energy squared
and s is the hadronic center-of-mass energy squared.

Furthermore, while neutral-current SM processes are strictly flavor diagonal at tree-level, i.e.,
only quark-antiquark and dilepton pairs of the same flavor contribute, the SMEFT framework in-
duces additional FCNC and lepton-flavor-violating (LFV) contributions. The FCNC contributions
in our MFV framework are, however, strongly suppressed by the CKM factors compared to the
flavor-diagonal contributions, as outlined in Sec. 3.2.2

Even though processes at hadron colliders can only be measured inclusively with regard to
the initial-state partons, i.e., the hadronic cross section is a sum over all possible partonic
configurations, the different contributions do not interfere, so multiple flavor components of
the Wilson coefficients can be constrained simultaneously, as long as dimension-six squared
terms are included. A similar argument holds for different chiralities of the initial and final
state fermions. At high energies, the interference terms between different chirality contributions
are suppressed by the smallness of the SM Yukawa couplings, so that the contributions can
be treated independently. This is particularly relevant for the four-fermion operators, which
typically receive contributions from both left-handed and right-handed fermions.
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Hadronization, Parton Showering, and Detector Simulation

After computing the hard scattering process and folding in the PDFs, the parton-level events
are further processed using PYTHIA 8.3 [251] to simulate hadronization, parton showering,
initial and final state radiation, as well as particle decays. These effects account for the non-
perturbative dynamics of QCD and QED, which are important to accurately model the hadronic
final state and the decay products of the particles produced in the hard scattering process.

The parameters governing these non-perturbative effects are tuned to experimental data to
ensure an accurate phenomenological description. In our simulation, we employ the CMS Tune
MonashStar [252] for CMS and the ATLAS A14 central tune with NNPDF2.3LO [253] for ATLAS.

Finally, the detector response is modeled using the parametric simulation tool DELPHES3 [254]
with detector cards tailored for the CMS and ATLAS detectors. The detector simulation accounts
for the acceptance and efficiency of the detector, as well as the resolution of the measured
observables. The resulting events are then binned into histograms or analyzed in terms of
differential distributions, depending on the experimental setup and the observable under
consideration using the ROOT [255] or the MADANALYSIS 5 [256] framework.

Energy Enhancement of the SMEFT Contributions

An important advantage of collider observables in the SMEFT is that the contribution of some
operators grows with the energy of the process, so that the SMEFT contributions are enhanced
in the high-energy tails of differential distributions [2, 34, 35, 162, 167, 257–259]. This is
particularly relevant for four-fermion operators, for which the amplitudes typically scale as ŝ/Λ2

in the high-energy limit, with ŝ being the center-of-mass energy squared of the process. As the
SM cross-section typically falls off as 1/ŝ, the SMEFT contributions can become dominant in the
high-energy tails of distributions, thus strongly enhancing the sensitivity to the corresponding
Wilson coefficients.

Another type of operators featuring an energy enhancement, although less pronounced, are
the dipole operators, which scale as v

√
ŝ/Λ2. An exception is the contribution of the gluonic

dipole operators OuG and OdG to the process pp→ νν̄j, which receive full energy enhancement
∼ ŝ/Λ2 as they contribute to the longitudinal modes of the Z boson [2, 260]. The Higgs-current
operators, on the other hand, do not scale with energy, but rather contribute through a correction
of the order v2/Λ2 to the amplitude. Hence, they are only subdominant at high energies.

To illustrate the different energy-scaling behavior of the SMEFT operators, Fig. 5.3 shows
corresponding examples of SMEFT contributions to the differential event count for the DY
process pp → e+e− at CMS [228]. We compare the SM prediction (red) from the CMS
collaboration [228] to the contributions of the four-fermion operator O(3)

lq (orange), the dipole

operator OeW (dark-blue), and the Higgs-current operator O(3)
φl (light-blue) computed at leading

order following the simulation procedure outlined above.

As expected, the contribution of the semileptonic four-fermion operator O(3)
lq features a pro-

nounced rise in the tail of the me+e− distribution, before falling off at the masses above ∼ 1TeV
due to PDF suppression. By contrast, the dipole contributions from OeW grows more modestly,
with a characteristic enhancement proportional to v

√
ŝ/Λ2 in the amplitude. The Higgs-current

operator O(3)
φl , conversely, enters purely through a v2/Λ2 correction, yielding only a small,

energy-independent contribution to the spectrum. Both, the dipole and the Higgs-current
operators, however, retain the characteristic Z-pole peak in the differential distribution. This is
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Figure 5.3: Differential event count for the DY process pp→ e+e− at CMS. The SM prediction
(red) from Ref. [228] is shown together with the simulated contributions of the operators O(3)

lq

(orange), O(3)
φl (light-blue), and OeW (dark-blue).

due to the fact that contribute via modifying the Zℓℓ vertex, thus scaling proportional to the
Z-contribution.

5.2. Z and W Boson Decays

Decays of the massive electroweak gauge bosons, the Z and the W , have long served as
precision probes of the electroweak sector of the SM. Within the framework of the SMEFT,
higher-dimensional Higgs-current operators can modify the couplings between the gauge bosons
and the fermions. Furthermore, electroweak dipole operators introduce chirality-flipping
contributions to the decays of the Z and W bosons, which are suppressed in the SM due to the
small fermion masses.

In this section, we discuss the key observables and their sensitivities to the SMEFT Wilson
coefficients. Our analysis focuses on the Z boson decays into fermion-antifermion pairs, the
asymmetries in these decays, and the W boson decays into a lepton-neutrino pair as well as into
a quark-antiquark pair. By combining these observables, we obtain complementary constraints
on the SMEFT Wilson coefficients and effectively resolve flat directions in the parameter space.

5.2.1. Partial Z Widths

In the SM, the massive Z boson arises a linear combination of the neutral electroweak gauge
bosons W 3 and B (see Sec. 2.1). Consequently, its couplings to fermions are determined by
both the weak isospin and the hypercharge, as prescribed by the electroweak framework. This
leads to gauge couplings with distinct left-handed and right-handed components, which can be
expressed as

gf,SM
L
ij

= δij
(︂
T f
3 −Qf sin

2 θW
)︂
, gf,SM

R
ij

= −δijQf sin
2 θW , (5.3)
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in the SM, where T f
3 is the weak isospin of the fermion f , Qf is its electric charge, and

θW is the weak mixing angle. At tree level, the partial decay width of the Z boson into a
fermion-antifermion pair is given by1

Γ(Z → fif̄j) = Nf
c
GFm

3
Z

6π
√
2

[︄(︃
gfL
ij

)︃2

+

(︃
gfR
ij

)︃2
]︄
, (5.4)

where Nf
c is the number of colors of the fermion f , with Nf

c = 1 for leptons and Nf
c = 3 for

quarks.

The partial widths of the Z boson decaying into fermion–antifermion pairs represent some
of the most precisely measured observables in the electroweak sector. Table 5.1 presents
the experimental results obtained at LEP [17] alongside the corresponding Standard Model
prediction. In our analysis, we incorporate the correlation matrix provided in Tab. 7.1 of
Ref. [17] for these measurements. Including these correlations is crucial, as they have been
shown to significantly affect the derived bounds [215].

Observable Measurement SM Prediction

Γ(Z → e+e−) 83.92(12)MeV [17] 83.987(68)MeV [17]

Γ(Z → µ+µ−) 83.99(18)MeV [17] 83.986(68)MeV [17]

Γ(Z → τ+τ−) 84.08(22)MeV [17] 83.796(67)MeV [17]

Γ(Z → νν̄) 497.4(2.5)MeV [17] 501.435(45)MeV [18]

Γ(Z → had) 1745.8(2.7)MeV [17] 1742.3(1.6)MeV [17]

Γ(Z → bb̄) 377.6(1.3)MeV [17] 376.02(0.74)MeV [17]

Γ(Z → cc̄) 300.5(5.3)MeV [17] 300.10(0.47)MeV [17]

Table 5.1: Measurements of the Z boson decay widths as well as the corresponding SM predic-
tions used in this analysis.

While the Z boson couplings to fermions are flavor diagonal in the SM, the SMEFT operators can
induce LFV couplings. Such contributions can be constrained by measurements of the Z boson
branching fractions into LFV final states, such as B(Z → eµ). Tab. 5.2 summarizes the current
95% CL limits on these branching fractions as measured by the ATLAS collaboration [218, 219].

Moreover, the dineutrino channel, which is measured inclusively with regard to the neutrino
flavor, can also receive LFV contributions, thereby offering additional constraints. Similarly,
within the SMEFT framework, FCNC operators may contribute to the total hadronic width of the
Z boson, which can be constrained by the measurements of the total hadronic width presented
in Tab. 5.1.

In the presence of higher-dimensional operators in the SMEFT, the couplings in Eq. (5.3) and,
consequently, the Z boson partial widths, receive additional contributions. In this framework,

1Note that while this expression is derived at tree level, the SM predictions in Tab. 5.1 incorporate QED
and QCD final state corrections as well as contributions from non-factorizable complex corrections [17].
For the computation of the SMEFT contributions, these corrections are neglected.
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B(Z → eµ) B(Z → eµ) B(Z → eµ)

95% CL limit 2.62 · 10−7 [218] 5.0 · 10−6 [219] 6.5 · 10−6 [219]

Table 5.2: 95% CL limits on the Z boson branching fractions with LFV final states measured by
the ATLAS collaboration.

the modified couplings of the Z boson to fermions are given by

gνL
ij
=

1

2
δij −

1

2
C̃−

φl
ij

, gνR
ij
= 0 , (5.5)

geL
ij
= δij

(︃
sin2 θW −

1

2

)︃
− 1

2
C̃+

φl
ij

, geR
ij
= δij sin

2 θW −
1

2
C̃φe

ij

, (5.6)

guL
ij
= δij

(︃
1

2
− 2

3
sin2 θW

)︃
− 1

2
C̃−

φq
ij

, guR
ij
= −2

3
δij sin

2 θW −
1

2
C̃φu

ij

, (5.7)

gdL
ij
= δij

(︃
−1

2
+

1

3
sin2 θW

)︃
− 1

2
C̃+

φq
ij

, gdR
ij
=

1

3
δij sin

2 θW −
1

2
C̃φd

ij

, (5.8)

where the linear combinations of Wilson coefficients are defined as

C̃±
φl = C̃

(1)
φl ± C̃

(3)
φl , C̃±

φq = C̃(1)
φq ± C̃(3)

φq . (5.9)

In addition to these vector-coupling contributions, the SMEFT framework also induces dipole
couplings via electromagnetic dipole operators. As the decay Z → tt̄ is kinematically not
allowed and the all other quark-dipole operators vanish in our MFV SMEFT framework, only the
leptonic dipole operators contribute.

The resulting dipole contribution to the partial Z boson decay width is given by

ΓDipole(Z → ℓiℓj) = Nf
c
GFm

3
Z

24π
√
2

(︃
C̃2

eZ
ij

+ C̃2
eZ
ji

)︃
, (5.10)

with the effective dipole coefficient C̃eZ defined in Eq. (3.24). Since mf ≪ mZ , the SM dipole
contributions, scaling as m2

f/m
2
Z , are negligible.

Different observables in the SMEFT framework offer complementary sensitivity to various
combinations of Wilson coefficients. Taken individually, many of the observables exhibit flat
directions in the parameter space and do thus not allow to constrain individual coefficients,
whereas a combined fit can resolve these degeneracies. As an example, we consider the charged
lepton width sensitive to C̃+

φl and the dineutrino channel probing the orthogonal combination
C̃−

φl. By analyzing both observables simultaneously, we can separately constrain C̃1
φl and C̃3

φl.
In the left panel of Fig. 5.4, we show the 95% CL posterior regions for a two-dimensional fit
neglecting RGE effects and mixing in the eµ sector. The posterior regions for the charged-lepton
and dineutrino channels are shown in orange and blue, respectively, while the red contour
illustrates how their combination yields tight, non-degenerate bounds on both C̃1

φℓ and C̃3
φℓ.

An analogous synergy occurs in hadronic decays, with up-type quark final states probing the
combination C̃−

φq and down-type states probing C̃+
φq. Each quark channel, however, features
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interference between the SMEFT and the SM, producing two distinct preferred regions in the
fit. As a result, the combined quark analysis admits four disconnected allowed regions in
the (C̃1

φq, C̃
3
φq) plane, as shown in the right panel of Fig. 5.4. We show the bounds from the

Z → cc̄ channel in orange, Z → bb̄ in blue and the combined fits in red. Including additional
observables, such as hadronic W decays or flavor observables, provides independent bounds in
these parameter planes, fully lifting the remaining degeneracies and significantly strengthening
the overall constraints on the SMEFT Wilson coefficients.

Figure 5.4: Synergies between the Z boson decay channels in the C̃1
φl–C̃

3
φl plane (left) and

the C̃1
φq–C̃3

φq plane (right). The colored regions correspond to the 90% credible regions of the
posterior probability distributions. We show the individual fits to Z → eµ (Z → cc̄) in orange,
Z → νν̄ (Z → bb̄) in blue and the combined fit in red.

5.2.2. Z Asymmetries

In addition to partial width measurements, asymmetry observables of the Z boson offer further
constraints on the SMEFT Wilson coefficients [261]. A key observable is the forward-backward
asymmetry, defined as

Af
FB =

σf
F − σ

f
B

σf
F + σf

B

, (5.11)

where the forward and backward cross sections are given by

σf
F =

∫︂ 1

0

d cos θ
dσ(e+e− → f+f−)

d cos θ
, σf

B =

∫︂ 0

−1

d cos θ
dσ(e+e− → f+f−)

d cos θ
. (5.12)

These asymmetries benefit from the cancellation of many systematic uncertainties in the mea-
surements, such as those related to the luminosity and detector effects, making them highly
precise probes of the Z boson couplings. Furthermore, the forward-backward asymmetry is
sensitive to the differences between left-handed and right-handed couplings, thereby provid-
ing additional information and helping to disentangle the contributions from different Wilson
coefficients.

At tree level, the differential cross section for the process (e+e− → f+f−) is given by [17]

dσ(e+e− → f+f−)

d cos θ
=

3

8
σtot
ff

[︁
(1 + cos2 θ)(1− PeAf ) + 2(1−Ae − PeAf ) cos θ

]︁
(5.13)
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where Pe denotes the electron beam polarization and Af is the asymmetry parameter defined
by

Af =
(gfL)

2 − (gfR)
2

(gfL)
2 + (gfR)

2
. (5.14)

Integrating Eq. (5.12) over the forward and backward regions as in Eq. (5.11) shows that the
forward-backward asymmetry is proportional to AeAf , thus provides a direct probe of the chiral
structure of the couplings.

The experimental measurements of the forward-backward asymmetries are corrected for radia-
tive effects and photon-exchange contributions, yielding the pole asymmetries denoted as A0,f

FB .
These are directly related to the asymmetry parameters as

A0,f
FB =

3

4
AeAf , (5.15)

which allows for their direct computation within the SMEFT framework given the modified
couplings in Eq. (5.8).

An important caveat is that the forward-backward asymmetry is defined as a ratio, where both
the numerator and the denominator depend on the SMEFT Wilson coefficients. To maintain a
consistent expansion in powers of Λ−2, we expand the asymmetries up to order Λ−4. Further
details on this procedure can be found in Appendix D .

Moreover, additional contributions arise from contact four-fermion interactions. For charged
leptons, this contribution is given by

A0,ℓ
FB, 4f =

3(C̃2
ee

eeℓℓ
+ C̃2

ll
eeℓℓ

− C̃2
le

eeℓℓ

− C̃2
le

ℓℓee

)

4(C̃2
ee

eeℓℓ
+ C̃2

ll
eeℓℓ

+ C̃2
le

eeℓℓ

+ C̃2
le

ℓℓee

)
, (5.16)

and for quarks by

A
0,u/d
FB, 4f =

3(C̃2
eu/d
eeqq

+ (C̃∓
lq

eeqq

)2 − C̃2
lu/d
eeqq

− C̃2
qe

qqee

)

4(C̃2
eu/d
eeqq

+ (C̃∓
lq

eeqq

)2 + C̃2
lu/d
eeqq

+ C̃2
qe

qqee

)
, (5.17)

which we expand up to Λ−4. These additional four-fermion contributions must be taken into
account when comparing SMEFT predictions with experimental measurements of the Z boson
forward-backward asymmetry.

Tab. 5.3 summarizes the experimental measurements of the Z boson forward-backward asym-
metries at LEP [17]. We further include the correlations of the data given in Tabs. 2.13 and 5.11
of Ref. [17] in our fit.

5.2.3. W Decays

Decays of the W boson provide additional information on SMEFT Wilson coefficients by probing
charged current interactions, complementary to the neutral current interactions accessed via Z
boson decays. The W boson can decays either into a charged-lepton-neutrino pair (W → ℓν)
or into a quark-antiquark pair (W → qq̄′). Partial width measurements from colliders such as
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Observable Measurement [17] SM Prediction [17]

A0,e
FB 0.0145(25) 0.01627(27)

A0,µ
FB 0.0169(13) 0.01627(27)

A0,τ
FB 0.0188(17) 0.01627(27)

A0,b
FB 0.0992(16) 0.10324(88)

A0,c
FB 0.0707(35) 0.07378(68)

Table 5.3: Measurements of the Z boson forward-backward asymmetries at LEP [17], alongside
the corresponding SM predictions [17].

LEP [262–265], the Tevatron [266, 267] and the LHC [220] provide stringent test on the SM
predictions dictated by the EW theory.

SMEFT contributions modify the partial decay widths of the W boson decays by introducing
corrections from higher-dimensional operators. At tree level, the partial width for the decay
W → ℓiνj in the SMEFT is given by

Γ(W → ℓiνj) =
m3

W

12πv2

(︄(︄
δij + C̃

(3)
φl
ij

)︄2

+ C̃2
eW
ij

)︄
, (5.18)

which is sensitive to the triplet Higgs-current coefficient C̃(3)
φl and the electroweak dipole

coefficient C̃eW .

Within the SM, only lepton-flavor-diagonal couplings (i = j) contribute to the decay W → ℓiνj .
However, the SMEFT framework can introduce additional lepton-flavor-violating (LFV) couplings,
where i ̸= j. Since experimental measurements do not distinguish the neutrino flavor, all
neutrino species contribute incoherently. As a result, the partial width for Γ(W → ℓiν) is given
by the incoherent sum over all neutrino flavors

Γ(W → ℓiν) =
∑︂
j

Γ(W → ℓiνj) . (5.19)

The W decay width thus simultaneously probes both, lepton-flavor-diagonal and LFV couplings.

Notably, the sensitivity of the W boson decay to the dipole coefficient C̃eW offers an opportunity
to disentangle the contributions from the electroweak dipole coefficients in the Z boson decays,
which only probe to the linear combination C̃eZ . By combining information from both W and Z
processes, it is possible to separately constrain the individual contributions from C̃eW and C̃eB ,
thereby lifting the degeneracies of the individual observables in the parameter space.

Fig. 5.5 illustrates this interplay for the eµ coefficients by showing individual and combined
two-dimensional fits of C̃eW and C̃eB , neglecting RGE running and mixing. The blue region
shows the 95% posterior region from the W → eν fit, which is relatively broad owing to large
SM backgrounds and experimental challenges associated with the neutrino in the final state.
The orange region shows the 95% contour from the bound on B(Z → eµ), which is narrow
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Figure 5.5: Synergies between the W and Z boson decay channels in the C̃eW –C̃eB plane for
the eµ coefficients. The colored regions correspond to the 90% credible regions of the posterior
probability distribution. We show the individual fits to the W decay measurement in blue, the Z
decay width in orange, and the combined fit in red.

along the C̃eZ direction but insensitive to the orthogonal combination. The red contour shows
the combined fit, which strongly reduces the allowed region by lifting the flat direction and
constraining both coefficients individually.

In addition to the leptonic channels discussed above, the hadronic decays of the W boson
provides additional information by probing the triplet Higgs-current operator C̃(3)

φq . At tree level,
the partial decay width for the W boson decaying into a quark-antiquark pair is given by

Γ(W → uid̄j) =
m3

W Nc

12πv2

(︃
Vij + C̃(3)

φq
ij

)︃2

, (5.20)

where Nc = 3 is the number of colors and Vij denotes the corresponding CKM matrix element.
In our MFV SMEFT framework, no dipole contributions are induced as the decay to a top quark
is kinematically forbidden. The total hadronic width typically measured by experiments is given
by the sum over all accessible final states

Γ(Whad) =
∑︂
i,j

Γ(W → uid̄j) , (5.21)

where the sum extends over all quark flavors except for the top quark.

Tab. 5.4 summarizes the experimental data we employ in our fit, obtained from the W boson
branching fraction measurements from by CMS collaboration [220]. By multiplying the mea-
sured branching fractions with the total W boson width [18], we obtain the partial widths that
can be directly compared with SMEFT predictions. Branching fractions, in contrast, need to be
expanded in powers of Λ2 to keep a consistent SMEFT expansion, significantly complicating the
computations as a myriad of different channels and Wilson coefficients contribute to the total
decay width. We also incorporate the correlation matrix presented in Fig. 8 of Ref. [220].
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Γ(W → eν) Γ(W → µν) Γ(W → τν) Γ(Whad)

0.226(5) GeV 0.228(5) GeV 0.225(6) GeV 1.407(29) GeV

Table 5.4: Measurements of the W boson branching fractions by the CMS collaboration [220].

The SM predictions for the partial decay width W → ℓiνi are 0.22629(4)GeV [18], assuming
mℓ/mW ≈ 0. For the decay into a quark-antiquark final state uid̄j , the SM prediction is given
by |Vij |20.7053(4)GeV [18] where the prediction includes the effects of final state QED and
QCD corrections [268, 269].

5.3. Dilepton Production at LEP

Beyond the Z-pole observables discussed in the previous section, measurements of off-peak
dilepton production e+e− → ℓ+ℓ− with ℓ = e, µ, τ at LEP provide additional constraints on
the SMEFT parameter space. In particular the four-lepton operators Oee, Oll and Ole induce
contact interactions scaling as s/Λ2 at high energies, which dominate the SMEFT contributions
at energies well above the Z resonance. Additionally, leptonic Higgs-current and electroweak
dipole operators induce chirality-dependent modifications to the Zℓ+ℓ− and γℓ+ℓ− vertices,
altering both the overall rate and the angular distributions of the final-state leptons. The
clean environment at LEP thus allows for precise measurements and stringent constraints on
lepton-flavor specific new physics.

We compute the SMEFT contributions to this process at tree level using MATHEMATICA [222]
in combination with the FEYNCALC [223–226] and SmeftFR v3.0 [227] packages. In general,
the differential cross section for the process e+e− → ℓ+ℓ− with ℓ ̸= e within the SMEFT
framework can be factorized into contributions corresponding to the Mandelstam variables t and
u. Contributions proportional to s can always be rewritten in terms of u and t employing the
relation s+ t+ u =

∑︁
mi ≈ 0 which allows us to substitute s = −(t+ u), assuming mℓ ≪

√
s.

Each of these contributions gives rise to a distinct angular dependence of the outgoing leptons,
so that the differential cross section can be expressed as

dσ

d cos θ
=

1

16π2s

[︁
ηu2(1− cos θ)2 + ηt2(1 + cos θ)2 + ηut (1− cos2 θ)

]︁
, (5.22)

where θ is the scattering angle of the outgoing lepton in the center-of-mass frame. The
coefficients ηu2 , ηt2 and ηut encode the dependence on the SMEFT Wilson coefficients.

The terms proportional to (1 − cos θ)2 contributing to ηu2 are generated by interactions in
which the incoming and outgoing leptons share the same chirality (i.e. both left-handed or both
right-handed). Consequently, this contribution receives corrections from operators such as Oee

or Oll.

In contrast, the terms contributing to ηt2 that give rise to a (1 + cos θ)2 dependence arise from
interactions where the incoming and outgoing leptons have opposite chiralities. For instance,
left-handed incoming leptons converting into right-handed outgoing leptons, or vice versa.
This structure is typically induced by operators like Ole, which couples left-handed leptons to
right-handed ones. Vertex corrections arising from the Higgs-current operators modify both
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of these terms by introducing interference effects with the SM amplitude or among different
SMEFT contributions.

The terms proportional to (1− cos θ2), contributing to ηut originate from vertex structures with
mixed chiralities, involving both left-handed and right-handed leptons on the incoming and
outgoing sides. In the limit of massless leptons, such contributions vanish in the SM. Within
SMEFT, however, these terms are generated by the dipole operators, offering a unique angular
structure.

Analogous arguments apply to the e+e− → e+e− process. The computation of the differential
cross section is, however, more involved due to additional t-channel contributions from photon
and Z boson exchange that must be taken into account. Therefore, we rely on the numerical
evaluation of the cross sections using MATHEMATICA for this process.

We employ the differential cross-section measurements at
√
s = 207GeV from the DELPHI

collaboration [221] as experimental input. We only use the highest energy bin, since the
energy-enhancement of the SMEFT operator is most pronounced in this region and employing
only one bin reduces the impact of unknown correlations if the data. Fig. 5.6 illustrates the
data and the different chirality structures contributing in the SM and the SMEFT. We show the
different angular distributions in Eq. (5.22) together with the SM predictions and the data on
e+e− → µ+µ− from Ref. [221].
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cos
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(1 + cos )2

(1 cos 2)
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Figure 5.6: Differential cross section for the process e+e− → µ+µ− at
√
s = 207GeV as

a function of cos θ. The data from Ref. [221] is indicated by the black dots, while the SM
prediction presented in Ref. [221] is shown in red. The contributions of the different chirality
structures are shown in blue and orange.

5.4. The Drell-Yan Process in the SMEFT

The Drell-Yan (DY) process, denoting the production of a lepton-antilepton pair at a hadron
collider, is a key process for probing semileptonic new physics (see e.g. [2, 162, 201, 260,
270–273]). In the SMEFT, it receives contributions from several operator classes, most notably
semileptonic four-fermion interactions. These operators induce contact terms, which yield
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strong constraints in the high-invariant mass tails of the dilepton spectrum due to the s/Λ2

scaling of the amplitudes.

In addition to the four-fermion coefficients, DY observables further test the Higgs-current
and the leptonic electroweak-dipole operators, for which the amplitudes scale as v2/Λ2 and
v
√
ŝ/Λ2, respectively [34, 162]. The interplay of these operators not only shifts the total

rate, but also affects the shape of the differential cross sections, allowing us to set competitive
bounds on numerous coefficients simultaneously. We compute the corresponding contributions
following the simulation process outlined in Sec. 5.1. In the following, we present the theoretical
description of the DY process in the SMEFT, discuss the experimental setup, and summarize the
sensitivity of the DY channels to the various Wilson coefficients.

5.4.1. Neutral-Current Drell-Yan Process

In the SM, the neutral-current Drell-Yan process is primarily mediated by the exchange of a
photon or a Z boson between an initial-state quark-antiquark pair, where the partonic cross
section is known up to N3 order in QCD [274]. Experimentally, the differential distributions
of neutral current DY processes are typically presented in terms of the invariant mass of the
dilepton system, mℓℓ. An exception is the τ+τ− channel, where the transverse mass mtot

T is
used because the rapid decays of the τ leptons into final states with neutrinos prevent a full
reconstruction of the event.

The experimental data depend sensitively on the kinematic cuts that are optimized for each
analysis. We account for these effects by recasting the original analyses using ROOT [255], and
we validate our simulation setup by reproducing the SM predictions for the DY process. We
achieve a good agreement with the results reported by the experimental collaborations, typically
with a deviation of less than 20%.

As the distinct chirality structures of the DY amplitude can be treated as independent fields
in the high-energy limit, we can simultaneously constrain multiple linear combinations of
Wilson coefficients. However, owing to the interference between the photon and the Z boson
contributions, the different contributions are non-trivially correlated, leading to a complex
interplay among the various operators. Of particular importance for the neutral current DY
process are the linear combinations

C̃±
lq = C̃

(1)
lq ± C̃

(3)
lq , C̃±

φl = C̃
(1)
φl ± C̃

(3)
φl , C̃±

φq = C̃(1)
φq ± C̃(3)

φq , (5.23)

which arise from the left-handed lepton and quark currents. The various combinations can be
probed by distinct initial and final state configurations, leading to a rich phenomenology.

Tab. 5.5 summarizes the contributions of the different linear combinations to the partonic
processes. It is evident that by analyzing only a single channel at a time, we encounter flat
directions in the parameter space along which the likelihood remains constant. Combining the
channels accessible by the composite structure of the proton allows us to largely break theses
degeneracies. The only exception is the operator O−

φl, which is only probed by dineutrino final
states. Although studies of the dineutrino DY process within the SMEFT exist [2, 260], they do
not yet include the Higgs-current operators, so we do not consider this process here. Instead,
we can resolve this flat direction by combining DY data with measurements of the Z → invisible
decay width (see Sec. 5.2.1) or with the charged current DY process, described in the following
subsection.
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Operator Processes Operator Processes

O+
lq dLd̄L → ℓ+ℓ−, uLūL → νν̄ O−

lq uLūL → ℓ+ℓ−, dLd̄L → νν̄

O+
φl pp→ ℓ+ℓ− O−

φl pp→ νν̄

O+
φq dLd̄L → ll O−

φq uLūL → ll

Table 5.5: Contributions of the linear combinations O±
lq, O±

φl and O±
φq of SMEFT operators to

the neutral-current DY process.

The experimental data on the DY process that we employ to constrain the Wilson coefficients
are summarized in Tab. 5.6. We include measurements of the DY process for the e+e−, µ+µ−,
and τ+τ− channels as well as for the LFV processes e+µ−, e+τ−, and µ+τ−.

Process Observable Integrated Luminosity # Bins Experiment Reference

pp→ ee dσ
dmee

137 fb−1 117 CMS [228]

pp→ µµ dσ
dmµµ

140 fb−1 48 CMS [228]

pp→ ττ dσ
dmtot

T
139 fb−1 4 ATLAS [229]

pp→ eµ dσ
dmeµ

139 fb−1 4 ATLAS [230]

pp→ eτ dσ
dmeτ

139 fb−1 4 ATLAS [230]

pp→ µτ dσ
dmµτ

139 fb−1 4 ATLAS [230]

Table 5.6: Measurements of the neutral current Drell-Yan process considered in this work. We
list the process, the differential observable, the integrated luminosity, number of
bins, the experimental collaboration as well as the reference.

There are, however, important caveats to consider when interpreting DY data within the SMEFT
framework. One significant challenge is the potential masking of BSM effects in the PDFs, as
the PDFs are in part extracted from DY data. Consequently, any new physics deviations might
be inadvertently absorbed into the PDF fits, thereby diluting the sensitivity of the analysis. A
possible solution is to perform a simultaneous fit of both the PDFs and the SMEFT parameters,
as demonstrated, for example, in Ref. [202], but such an approach is beyond the scope of this
work.

Another simplification employed in our analysis is the neglect of SMEFT effects on background
processes. Although the background contributions for electron and muon channels are typically
small, significant backgrounds arise in processes involving τ leptons due to misidentifications
and other experimental challenges. Ideally, these background contributions should be modeled
consistently within the SMEFT framework. However, this level of detail is deferred to future
work.

Finally, it is crucial to ensure the validity of the EFT expansion. The DY data extend to bins
with invariant masses up to several TeV, necessitating that the new physics scale Λ remains
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sufficiently well separated to ensure a good convergence of the EFT expansion. To this end, we
assume a benchmark value of Λ = 10TeV throughout our analysis.

5.4.2. Charged-Current Drell-Yan Process

While the neutral current DY process is mainly mediated by the Z boson and the photon
in the SM, the charged current process arises from W boson exchange. In the SMEFT, this
process is predominantly sensitive to the triplet operators O(3)

φq , O(3)
φl , and O(3)

lq , as well as to the
electroweak dipole operator OeW . These operators modify the W boson couplings to quarks
and leptons and give rise to addition four-fermion contact interactions. An important feature
of the charged current channel is that the neutrino flavor is not determined experimentally.
As a consequence, the total cross section is obtained as a sum over the cross sections for the
individual neutrino flavors,

σ(pp→ ℓiν) =
∑︂
j

σ(pp→ ℓiνj) , (5.24)

where the sum runs over the three neutrino flavors. This summation inherently incorporates both
lepton-flavor-diagonal (LFD) and lepton-flavor-violating (LFV) contributions, which contribute
incoherently and can therefore be constrained simultaneously.

Experimentally, the charged current DY process is typically analyzed in terms of the transverse
mass mT, which is defined as

mT =
√︂

2pℓT p
miss
T (1− cos(∆ϕ)) , (5.25)

where pℓT is the transverse momentum of the charged lepton, pmiss
T is the missing transverse

momentum, and ∆ϕ is the azimuthal angle between the charged lepton and the missing
transverse momentum. Deviations in the shape and normalization of the mT , distributions can
signal the presence of new physics effects in charged currents, which would imprint in the triplet
SMEFT coefficients.

We simulate the SMEFT contributions following the process outlined in Sec. 5.1. Tab. 5.7,
summarizes the data used to constrain the Wilson coefficients in our analysis. We include
measurements of the charged current DY process for the eν, µν, and τν channels.

Process Observable Integrated Luminosity # Bins Experiment Reference

pp→ eν dσ
dmT

139 fb−1 65 ATLAS [231]

pp→ µν dσ
dmT

139 fb−1 54 ATLAS [231]

pp→ τν dσ
dmT

138 fb−1 18 CMS [232]

Table 5.7: Measurements of the charged current Drell-Yan process considered in this work. We
list the process, the differential observable, the integrated luminosity, number of
bins, the experimental collaboration as well as the reference.

A key benefit of the charged-current process is that it helps to disentangle the different linear
combinations of Wilson coefficients presented in Eq. 5.23. In particular, the charged current adds
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a linearly independent direction in the parameter space by constraining only the C̃(3)
lq directions.

Fig. 5.7 illustrates this synergy by showing the 95% credible regions of the two-dimensional fits
in the C̃(1)

lq -C̃(3)
lq plane for the eµ coefficients. We show the bounds from a fit to charged-current

process pp→ eν in orange, a fit to the neutral current process with up(down)-type quarks in
the initial state in light blue (medium blue), a fit to the combined neutral current process in
dark blue and the combined fit to the neutral and charged current processes in red. We see
how the combination of the various channels leads to a significant reduction in the allowed
parameter space, lifting degeneracies and tightening the bounds on the Wilson coefficients. This
demonstrates the power of combining different channels to extract more information from the
data and improve our understanding of the underlying physics.

Figure 5.7: Synergy between the neutral current and charged current Drell-Yan processes in the
C̃

(1)
lq -C̃(3)

lq plane. The 95% credible regions are shown for the pp→ eν process in orange, the
neutral current process with up(down)-type quarks in the initial state in light blue (medium
blue), the combined neutral current process in dark blue, and the combined fit to the neutral
and charged-current processes in red.

5.5. Top-Quark Observables

In many extensions of the SM, new dynamics and particles are expected to preferentially affect
the third generation of fermions. In particular, the top quark plays a unique role in the SM and
the search for new physics, as it is the heaviest known elementary particle and the only quark
that decays before hadronizing. This special role is also reflected within the MFV framework
discussed in Sec. 3.2.2, where the top quark receives the strongest corrections from higher-order
spurion insertions. Therefore, the top-quark sector is expected to be particularly sensitive to the
effects of flavor-symmetry breaking.

Furthermore, the top quark observables provide a complementary probe of the flavor structure
that is not accessible by the DY process discussed in Sec. 5.4. While DY observables are
predominantly sensitive to the light quarks due to the structure of the PDFs, the top quark, and
to a lesser extent the bottom quark, are strongly PDF suppressed (see Fig. 5.1). Consequently,



54 Collider Observables in the SMEFT

the third generation is only weakly constrained by DY measurements, making direct probes of
top quark observables a crucial part of global analysis in the SMEFT.

Precision measurements of top quark properties, such as decay widths, helicity fractions, and
various production channels, therefore offer valuable probes of both the SMEFT modifications
and the MFV parameterization (see e.g.Refs. [26, 29–31, 37, 38, 275]). In the following section,
we explore the observables associated with top-quark decay as well as top-quark pair production
and discuss their sensitivity to SMEFT Wilson coefficients.

5.5.1. Top-Quark Decay Observables

In the SM, the top quark decays almost exclusively into a W boson and a b quark. Although
decays into an s or d quark are in principle possible, they are strongly suppressed by small
CKM elements, Vts and Vtd, respectively, entering the decay amplitude. FCNC decays such as
t→ cγ are even further suppressed by the GIM mechanism introduced in Sec. 2.1, making these
channels negligibly small in the SM2.

In contrast to the decays of light fermions, the W boson is produced on-shell in the decay of
the top quark, leading to a rapid decay process. The top quark therefore decays before it can
hadronize, allowing for a direct measurement of its intrinsic characteristics, such as spin and
polarization. Within the SMEFT framework, higher-dimensional operators can modify both the
total decay width and the angular distribution of the decay products, measured via the helicity
fractions of the W boson.

Decay Width

The total top-quark decay width is a fundamental observable that reflects the strength of the
charged-current interactions of the third generation, making it sensitive to modifications in the
W coupling to fermions. The SMEFT operators can modify the decay width by altering the
coupling strength of the tWdi vertex, with di = d, s, b. At tree-level, the top quark decay width
in the SMEFT is given by

Γt =
∑︂

i=d,s,b

m3
t

16πv2

(︃
1− m2

W

m2
t

)︃2
[︄(︃

1 + 2
m2

W

m2
t

)︃
(Vti + C̃(3)

φq
i3

)2

+ 2

(︃
2 +

m2
W

m2
t

)︃
C̃2

uW
i3
− 6
√
2
mW

mt
(Vti + C̃(3)

φq
i3

)C̃uW
i3

]︄ (5.26)

where the first line corresponds to the contribution of the Higgs-current operator O(3)
φq , and the

terms in the second line represent the contribution of the dipole operator OuW as well as the
interference between the two, respectively. To incorporate higher-order QCD corrections, the
tree-level width is multiplied by a factor 1− 2αs/3π(2π

2/3− 5/2) ∼ 0.91[276], resulting in a
SM prediction of 1.343(8)GeV. The value is in good agreement with the current experimental
average of Γt = 1.42(19)GeV [18].

2In the MFV framework, no up-type FCNC are induced that might otherwise potentially contribute to FCNC
top-quark decays.
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Helicity Fractions

The helicity fractions of the W boson, denoted as the left-handed (FL), right-handed (FR), and
longitudinal (F0) components, provide a sensitive probe of the structure of the weak interaction
and the nature of the tWb vertex. In the SM, the V-A structure of the weak interaction implies that
the longitudinal component is dominant, accompanied by a sizable left-handed fraction, while
the right-handed fraction is strongly suppressed. In the SMEFT framework, higher-dimensional
operators can alter this pattern by introducing new Lorentz structures or by interfering with
the SM amplitude, thereby altering the relative size of the helicity fractions. Detailed angular
analyses of the decay products can therefore provide a powerful tool to constrain the SMEFT
parameter space.

We compute the SMEFT contributions to the helicity fractions at tree level using the FEYN-
CALC [223–226] and SmeftFR v3.0 [227] packages in MATHEMATICA [222]. The resulting partial
widths read

Γ0 =
∑︂

i=d,s,b

m3
t

16πv2

(︃
1− m2

W

m2
t

)︃2
[︄
(Vti + C̃(3)

φq
i3

)2 − 2
√
2
mW

mt
(Vti + C̃(3)

φq
i3

)C̃uW
i3

+ 2
m2

W

m2
t

C̃2
uW
i3

]︄
,

ΓL =
∑︂

i=d,s,b

m3
t

8πv2

(︃
1− m2

W

m2
t

)︃2
[︄
m2

W

m2
t

(Vti + C̃(3)
φq
i3

)2 − 2
√
2
mW

mt
(Vti + C̃(3)

φq
i3

)C̃uW
i3

+ 2C̃2
uW
i3

]︄
,

ΓR =0 ,

(5.27)

where we neglect the b quark mass since mb ≪ mt,mW . The helicity fractions are defined as
the ratios

Fi =
Γi

Γ
, (5.28)

with i = 0, L,R. To maintain a consistent expansion in powers of Λ−2, we expand the helicity
fractions up to order O(1/Λ4) as described in Appendix D .

Since we neglect mb and our MFV setup does not induce any right-handed charged current
operators at tree level, the right-handed helicity fraction receives no SMEFT contribution.
Consequently, any observation of a significant right-handed component would signal new
physics beyond the MFV ansatz.

As experimental input, we employ the measurements of the helicity fractions from the ATLAS
collaboration [277] at

√
s = 13TeV using 139 fb−1 of data. We also incorporate the correlation

matrix given in Tab. 2 of Ref. [277] in the analysis. For the SM predictions, we rely on the
results from Ref. [278] computed at NNNLO QCD and NLO EW accuracy. Tab. 5.8 summarizes
the numerical values of both the experimental data and the SM predictions.

5.5.2. Top-Quark Pair Production

Top-quark pair production is an extensively studied process at hadron colliders that helps to
test the SM and to probe potential BSM effects in the third generation of quarks. In addition to
the inclusive differential pair-production cross section measurements [279], several analyses
have extended the investigation to top-quark pair production in association with additional
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Observable Measurement [277] SM Prediction [278]

F0 0.684(15) 0.686(3)

FL 0.318(9) 0.312(2)

FR -0.002(14) 0.00157(2)

Table 5.8: Experimental data on the helicity fractions of the top quark decay products by the
ATLAS collaboration at

√
s = 13TeV using 139 fb−1 of data [277], as well as the

corresponding SM predictions [278].

particles, such as an additional Z boson [280] or W boson [281], an additional photon [282], or
a Higgs boson [283], to probe modified couplings of the top quark. These associated production
channels are sensitive to different combinations of Wilson coefficients, and therefore provide a
complementary window into the SMEFT parameter space.

In the SMEFT framework, higher-dimensional operators can induce deviations not only in the
overall cross section but also in the detailed kinematic distributions, such as the invariant mass of
the top quark pair or the transverse momentum distributions of the extra particles. We simulate
the SMEFT contributions at tree-level using MADGRAPH5_aMC@NLO [235] in conjunction
with the SMEFTsim 3.0 package [180, 236]. The generated events are binned and analyzed
with MADANALYSIS 5 [256], following the binning and selections reported in the corresponding
experimental studies.

Given that the gluon-fusion channel dominates top quark pair production at the LHC, the
largest SMEFT contributions typically arise from the OuG operator, which modifies the top-gluon
coupling. Meanwhile, operators such as OuW , OuB and O−

φq affect the subleading contributions
mediated by the Z boson and photon exchange. Notably, the associated production processes
enhance our sensitivity to these operators. For example, the OuW operator is predominantly
constrained by tt̄W production. Similarly, the linear combinations

C̃uZ = − sin θW C̃uB + cos θW C̃uW , C̃uγ = cos θW C̃uB + sin θW C̃uW , (5.29)

are primarily probed by tt̄Z and tt̄γ production, respectively.

Tab. 5.9 summarizes the top quark pair production observables used in our SMEFT fit, listing
the processes, observables, number of bins, and the references for the experimental data and
the corresponding SM predictions.

In addition, we incorporate constraints from top-quark pair production in association with
leptons, pp → tt̄ℓ+ℓ−. For quark-current and -dipole operators affecting the top-quark pair
production, we use the results reported by the CMS collaboration in Ref. [288]3. For constraints
on semileptonic four-fermion operators, we employ the lepton-flavor-specific analysis from
the ATLAS collaboration, as presented in Ref. [289]. This analysis is performed lepton-flavor
specific, aligning closely with our objective, but does not include contributions from dipole and
Higgs-current operators.

3This analysis also includes the pp → tt̄ℓν process.
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Process Observable Number of Bins Reference SM Reference

pp→ tt̄ dσ
dmtt̄

15 [279] [279]

pp→ tt̄Z dσ
dpT(Z)

7 [280] [284]

pp→ tt̄γ dσ
dpT(γ)

11 [282] [285]

pp→ tt̄W σ(tt̄W ) 1 [281] [286]

pp→ tt̄H σ(tt̄H) 1 [283] [287]

Table 5.9: Top quark pair production observables considered in the global SMEFT fit. We list the
processes, observables, number of bins used in the analysis, as well as the references
for the experimental data and the SM predictions.

The tt̄ℓℓ channel is particularly valuable, as it uniquely probes semileptonic coefficients involving
right-handed top-quarks. It thus directly constrains the MFV ratio rR, defined in Eq. (3.17).
While operators involving left-handed quark doublets are indirectly constrained via SU(2)L
relations to b-quark observables, they remain weakly constrained in the DY process due to PDF
suppression. Consequently, the tt̄ℓℓ process provides essential additional sensitivity. Furthermore,
this channel uniquely tests scalar and tensor coefficients C̃(1)

lequ and C̃(3)
lequ, which are otherwise

not directly accessible in collider observables within the MFV framework.

For our analysis, we directly utilize the ∆lnL values provided by the experimental collabora-
tions. To evaluate the likelihood across the parameter space, we perform a two-dimensional
interpolation of the provided binned likelihood functions using a radial basis function (RBF)
method. We randomly sample 100 points across the parameter space, applying a weighting
factor proportional to 1/r, where r is the distance from the parameter space center. This
approach ensures denser sampling in regions with higher likelihood, while adequately covering
the entire parameter space. The resulting likelihood distribution is subsequently approximated
by a multivariate Gaussian function.

Coefficient 90% CI Coefficient 90% CI

C̃−
lq [−0.027, 0.065] C̃qe [−0.048, 0.048]

C̃lu [−0.041, 0.052] C̃eu [−0.034, 0.056]

C̃
(1)
lequ [−0.11, 0.11] C̃

(3)
lequ [−0.020, 0.020]

Table 5.10: 90% credible intervals (CI) for the semileptonic four-fermion Wilson coefficients
obtained from tt̄ℓℓ production.

To assess the impact of the inclusion of the ttℓℓ channel as well as the updated measurements of
tt̄W and tt̄H production compared to the previous global fit in Ref. [1], we compare the results
of a fit to the top quark observables using the observables and measurements outlined above
(2025) with the previous results of Refs. [1] (2023) and [36] (2021) in Tab. 5.11.
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Analysis C̃uB C̃uG C̃uW

2021 [36] [-0.0215, 0.0245] [-0.0214, 0.0032] [-0.0058, 0.0018]

2023 [1] [-0.000, 0.0224] [-0.0017, 0.0003] [-0.0010, 0.0032]

2025 [-0.0006, 0.023] [-0.0014, 6.0e-5] [-0.0009, 0.0005]

Analysis C̃
(1)
φq C̃

(3)
φq C̃φu

2021 [36] [-0.19, 0.99] [-0.081, 0.025] [-0.80, 0.63]

2023 [1] [-0.08, 0.83] [-0.113, 0.017] [-0.68, 0.30]

2025 [-0.16, 0.25] [-0.023, 0.0095] [-0.37, 0.29]

Table 5.11: 90% credible intervals of the top-quark sector fits from Ref. [36] (2021) and Ref. [1]
(2023), compared with the fit results using the updated data included in this work
(2025).

We see significant improvements with regard to the analysis in Ref. [1], particularly for C̃(3)
φq

and C̃uW . This stems mainly from the new data on tt̄W , while the inclusion of the tt̄ℓℓ channel
helps to better constrain C̃φu. In addition, ttℓℓ provides additional sensitivity to the semileptonic
operators that were unconstrained by the tree-level top-quark observables in Ref. [1]. The
corresponding 90% credible intervals for the Wilson coefficients are summarized in Tab. 5.10.
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Chapter 6

Flavor Observables in the LEFT

Given the current lack of direct hints for BSM physics, increasing focus has been placed on
indirect probes of new dynamics in precision flavor measurements. The high experimental
accuracy of these observables allows to set strong bounds on new physics, in particular in the
context of flavor-changing neutral currents (FCNCs) and lepton-flavor-violating (LFV) processes.
Due to the GIM mechanism and the small neutrino masses, these processes are highly suppressed
in the SM, making them ideal probes of BSM physics due to small experimental backgrounds.

We systematically analyze both, leptonic and mesonic observables to obtain a comprehensive
picture of flavor physics in the SMEFT and place limits on a wide range of coefficients. By utilizing
the LEFT framework, we aim to obtain a largely model-independent picture of BSM effects
at low energies that can be directly mapped onto the SMEFT. Notably, different observables
probe complementary combinations of Wilson coefficients, which helps break degeneracies in
the parameter space and tighten the constraints.

In the leptonic sector, we concentrate on the anomalous magnetic moments of charged leptons
as well as different lepton decay channels, including lepton-flavor violating decays, charged
current processes and semileptonic channels. We further explore the mesonic sector through
mass splittings in neutral meson mixing and leptonic as well as semileptonic meson decays,
focusing in particular on FCNC transitions.

6.1. Leptonic Observables

Leptonic processes benefit from precise experimental measurements and are largely free from
the hadronic uncertainties that complicate quark-based probes like meson decays, making them
sensitive probes of potential new physics. LFV processes, in particular, are tightly constrained,
since the SM background is effectively negligible. While the LEFT features a multitude of
unrelated leptonic coefficients, the SMEFT framework dictates a link among left-handed currents,
thus connecting neutrino and charged lepton observables and allowing for a comprehensive
analysis of the underlying dynamics.

In the LEFT, leptonic transitions are described by the four-fermion contact interactions and the
electromagnetic dipole operator Qeγ . The latter contributes strongly to the magnetic moments
of charged leptons, which are measured with high precision. The off-diagonal, LFV components
of the same operator, on the other hand, induce radiative lepton decays, such as µ→ eγ, which
are effectively background-free and therefore very sensitive to BSM effects.

Four-lepton operators, by contrast, are best probed by three-body lepton decays, including both
lepton-flavor violating decays ℓi → ℓjℓkℓl and flavor-conserving modes with neutrinos in the
final state, such as ℓi → ℓjνiν̄j . In addition, semileptonic four-fermion operators are probed by
semileptonic tau decays τ → ℓiM and τ → νiM , offering further tests of charged- as well as
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neutral-current interactions. By combining measurements across these various channels, we can
simultaneously probe multiple flavor structures and set limits on wide range of LEFT Wilson
coefficients.

6.1.1. Anomalous Magnetic Moments

The anomalous magnetic moment of a charged lepton is defined as

aℓ =
gℓ − 2

2
, (6.1)

where gℓ denotes the gyromagnetic factor. It encapsulates the quantum corrections to the
magnetic moment of the leptons, hence serving as a high-precision test of the SM and its
potential extensions. While the Dirac equation predicts gtree

ℓ = 2 at tree level, higher-order
corrections induce a significant shift of this value, leading to a non-zero SM prediction for aℓ.
Since the anomalous magnetic moment essentially captures the cumulative effect of all quantum
corrections, it is highly sensitive to virtual new particles contributing to the loops, which might
not be directly accessible at colliders. The leading SM contributions arise from one-loop QED
corrections, which are well understood and accurately predicted [18, 43, 290].

For the electron, ae is predicted up to five-loop order [291], matching the high experimental
accuracy that features a precision of 12 significant digits [18]. Notably, the muon anomalous
magnetic moment, aµ, exhibits a persistent 5σ tension with the SM prediction [43, 290], known
as the muon g − 2 anomaly 1. This discrepancy is one of the few potential signals of BSM
physics at present experimental facilities. By contrast, the short lifetime of the tau lepton,
ττ ∼ 2.9 · 10−13s [18], limits the precision of its anomalous magnetic moment measurement,
so that currently only a 95% credible interval on aτ is available [293]. Tab. 6.1 summarizes
the experimental measurements of the anomalous magnetic moments of the charged leptons
alongside their corresponding SM predictions.

Observable Measurement SM Prediction

ae 1159.65218062(12) · 10−6 [18] 1159.652181606(23) · 10−6 [291]

aµ 1165.92059(22) · 10−6 [43] 1165.91810(43) · 10−6 [290]

aτ 0.057 < aτ < 0.024 (95%CL) [293] 0.01532279(5) [294]

Table 6.1: Experimental measurements of the anomalous magnetic moments of the charged
leptons together with the corresponding SM predictions.

In the LEFT, the dominant contribution to aℓ arises from the electromagnetic dipole operator

aℓ =
2mℓ√
παem

Ceγ
ℓℓ

, (6.2)

1During the finalization of this thesis, a new SM prediction was published in Ref. [292], showing no tension
between the SM and experimental values.
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where the Wilson coefficient Ceγ is evaluated at the scale µ = 2GeV2. Since Qeγ features a
chirality-flip, its effect scales with the lepton mass, mℓ enhancing sensitivity for the muon and
tau compared to that of the electron.

When matching from the SMEFT to the LEFT, Ceγ receives tree-level contributions from the
SMEFT coefficients C̃eB and C̃eW . The coefficient Ceγ thus defines a flat direction in the SMEFT
parameter space, as it is not uniquely determined by the SMEFT coefficients. In addition,
renormalization-group (RG) mixing links the dipole terms to the scalar and tensor operators
C̃

(1)
lequ and C̃(3)

lequ as illustrated by the Feynman diagrams in Fig. 6.1, further complicating the
interpretation of the bounds on Ceγ within the SMEFT. Consequently, robust constraints on BSM
scenarios require combining limits from aℓ with complementary probes, like Z-pole observables
sensitive to C̃eZ and high-pT processes (e.g. pp→ tt̄ℓℓ) that test scalar and tensor interactions.

ℓ ℓ
C̃

(1,3)
lequ

γ

µ≪ v
t

ℓ ℓ

γ

Ceγ

Figure 6.1: Feynman diagrams illustrating the operator mixing of the electromagnetic dipole
operator with the scalar and tensor operators in the SMEFT. The red dot indicates the SMEFT
operator insertion, while the orange dot represents the LEFT operator contribution.

6.1.2. Lepton-Flavor-Violating Decays

Lepton-flavor-violating (LFV) decays are essentially null-tests in the SM, suppressed both by the
GIM mechanism and the smallness of neutrino masses. Within the LEFT, LFV processes arise
from the off-diagonal entries of the electromagnetic dipole operator Ceγ , as well as from the
four-lepton contact terms. We consider three classes of LFV decays, namely radiative decays
ℓi → ℓjγ, three-body decays ℓi → ℓjℓkℓl, and semileptonic tau decays τ → ℓiM , each probing
distinct combinations of Wilson coefficients.

Radiative Decays

Radiative decays, ℓi → ℓjγ, directly test the off-diagonal entries of the electromagnetic dipole
coefficient Ceγ in the LEFT, complementing the information obtained on the diagonal components
from the anomalous magnetic moments. At tree-level, the partial width for a radiative decay
lepton decay in the LEFT is given by

Γ(ℓi → ℓjγ) =
m3

ℓi

4π

(︃
|Ceγ

ij

|2 + |Ceγ
ji

|2
)︃
. (6.3)

The chirality flip of the transition implies a suppression by the third power of the lepton mass,
m3

ℓi
, effectively enhancing the contribution for heavier leptons.

2This scale is selected instead of the natural choice µ ∼ mℓi , in order to avoid potential QCD-induced
divergences in the RGE running.
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The current experimental limits are very tight, due to the clean signature and effective back-
ground suppression. Especially the decay µ→ eγ has been measured with outstanding precision,
thanks to the comparatively long lifetime of the muon and the excellent experimental sensitivity.
Tab. 6.2 summarizes the current experimental limits on the branching ratios of the radiative
decays. The most stringent bounds are obtained from the MEG II experiment, which has recently
set a limit on the branching ratio of µ→ eγ at 2.2 ·10−13 [295]. Other decays are less accessible
due to the short lifetime of the τ , but still provide valuable information on LFV interactions.

B(µ→ eγ) B(τ → eγ) B(τ → µγ)

< 2.2 · 10−13 [295] < 3.3 · 10−8 [296] < 4.2 · 10−8 [297]

Table 6.2: Current experimental limits on the branching fractions of LFV radiative decays at
90% CL.

To illustrate the reach of the data on anomalous magnetic moments and radiative LFV decays in
constraining the electromagnetic dipole operator, we perform a simplified single-coefficient fit
neglecting RGE effects. Using the relation

C̃ =
v2

Λ2
C , (6.4)

we can translate limits on |Cijeγ | into lower bounds on the new-physics scale Λ/
√
C. The

resulting sensitivities are displayed in Fig. 6.2. Our findings show that radiative decays provide
stronger constraints than anomalous magnetic moments by orders of magnitude, owing to the
background-free searches in LFV analyses. In particular, the current limit on the eµ dipole
coefficient implies Λ ≳ 7 ·105 TeV for a unit Wilson coefficient, marking one of the most stringent
bounds in the SMEFT framework.

C̃eγ
11

C̃eγ
22

C̃eγ
33

C̃eγ
12

C̃eγ
13

C̃eγ
23

100

102

104

Λ (TeV)

a`i

Γ(`i → `jγ)

Figure 6.2: Lower bounds at the 90% credible level on Λ/
√
C for the dipole coefficient Ceγ

ij

,

obtained from fits to the anomalous magnetic moment of charged leptons (orange) and to
branching fractions of radiative LFV decays (blue).
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Three-Body Decays

LFV three-body lepton decays, ℓi → ℓjℓkℓl, provide highly sensitive probes of LFV four-lepton
coefficients CV,XY

ee = (ℓ̄Xγ
µℓX)(ℓ̄Y γµℓY ) with X,Y = L,R, as well as dipole mediated photon

penguins for final state containing an opposite-sign same-flavor pair. If the final state consists of
three leptons of the same flavor (j = k = l), the partial width can be expressed as [298–300]

Γ(ℓi → ℓj ℓ̄jℓj) =
m5

ℓi

1536π3

(︃
2
(︁
CV,LL

ee
jijj

)︁2
+ 2
(︁
CV,RR

ee
jijj

)︁2
+
(︁
CV,LR

ee
jijj

)︁2
+
(︁
CV,LR

ee
jjji

)︁2)︃
+
m3

ℓi
αem

12π2Γℓi

(︄
log

m2
ℓi

m2
ℓj

− 11

4

)︄(︃
|Ceγ

ij

|2 + |Ceγ
ji

|2
)︃

−
m4

ℓi

√
αemπ

96π3Γℓi

(︃(︁
2CV,LL

ee
jijj

+ CV,LR
ee

jijj

)︁
Ceγ

ji

+
(︁
2CV,RR

ee
jijj

+ CV,LR
ee

jjji

)︁
Ceγ

ij

)︃
,

(6.5)

where the first line corresponds to pure four-lepton contributions, the second line accounts for
the electromagnetic dipole operator, and the third line describes the interference between the
two. The logarithmic term arises from the phase space integration and is a consequence of
the chirality flip induced by the dipole operator. The different chirality structures contribute
incoherently, allowing us to constrain several Wilson coefficients simultaneously. Notably, the
decay rate scales with the fifth power of the lepton mass, which strongly enhances the sensitivity
to heavier lepton flavors.

For a final state consisting of an opposite-sign same-flavor lepton pair ℓ̄kℓk together with a
lepton of different flavor ℓj , the partial width is given by [298–300]

Γ(ℓi → ℓj ℓ̄kℓk) =
m5

ℓi

1536π3

(︃(︁
CV,LL

ee
jikk

)︁2
+
(︁
CV,RR

ee
jikk

)︁2
+
(︁
CV,LR

ee
jikk

)︁2
+
(︁
CV,LR

ee
kkji

)︁2)︃
+
m3

ℓi
αem

12π2Γℓi

(︄
log

m2
ℓi

m2
ℓk

− 3

)︄(︃
|Ceγ

ij

|2 + |Ceγ
ji

|2
)︃

−
m4

ℓi

√
αemπ

96π3Γℓi

(︃(︁
CV,LL

ee
jikk

+ CV,LR
ee

jikk

)︁
Ceγ

ji

+
(︁
CV,RR

ee
jikk

+ CV,LR
ee

kkji

)︁
Ceγ

ij

)︃
,

(6.6)

where the prefactors differ slightly compared to Eq. (6.5), as the leptons are now distinguishable.
The overall structure is, however, analogous.

A final state with two identical same-sign leptons ℓj , on the other hand, implies lepton flavor
violation by two units, in contrast to the decays in Eqs. (6.5) and (6.6). Here, the dipole
operator does not contribute, since two LEFT insertions are required which are of order Λ−8

after squaring the amplitude. Hence, only the four-lepton operators contribute and the partial
width is given by [298–300]

Γ(ℓi → ℓj ℓ̄kℓj) =
m5

ℓi

1536π3

(︃
2
(︁
CV,LL

ee
jijk

)︁2
+ 2
(︁
CV,RR

ee
jijk

)︁2
+
(︁
CV,LR

ee
jijk

)︁2
+
(︁
CV,LR

ee
jkji

)︁2)︃
. (6.7)

Tab. 6.3 lists current 90% CL experimental limits. The limit B(µ− → e−e+e−) < 10−12 [301]
currently provides the most stringent constraints on LFV four-lepton interactions, while decays
involving the tau lepton are experimentally less accessible.
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Observable Limit Observable Limit

B(τ− → e−e+e−) 2.7 · 10−8 [302] B(τ− → µ−µ+µ−) 2.1 · 10−8 [302]

B(τ− → e−µ+µ−) 2.7 · 10−8 [302] B(τ− → e+µ−µ−) 1.7 · 10−8 [302]

B(τ− → µ−e+e−) 1.8 · 10−8 [302] B(τ− → µ+e−e−) 1.5 · 10−8 [302]

B(µ− → e−e+e−) 1.0 · 10−12 [301]

Table 6.3: Current experimental limits on the branching fractions of LFV three-body lepton
decay, all at 90% CL.

Semileptonic Tau Decays

Semileptonic decays of the τ provide a valuable and complementary handle on LFV interactions.
They probe semileptonic four-fermion operators, in contrast to the four-lepton operators probed
by the LFV three-body decays. While the purely leptonic channels yield exceptionally clean
observables, semileptonic modes necessarily include hadronic matrix elements, carrying inherent
non-perturbative uncertainties. These matrix elements are encoded in decay constants and form
factors, computed, for example, using lattice QCD.

Depending on whether the hadronic final state is a pseudoscalar meson or a vector meson,
distinct linear combinations of LEFT Wilson coefficients are probed, providing the opportunity
to disentangle different chirality combinations. For decays into pseudoscalar mesons P , such as
π, K, or η, the amplitude can be expressed in terms of the effective coefficients CPV A/AA, which
are defined as

CPV A/AA
ij

=
∑︂
q,km

κP,q
km

(︃
CV RR

eq
ijkm

− CV LR
qe

kmij

∓
(︃
CV LL

eq
ijkm

− CV LR
eq

ijkm

)︃)︃
, (6.8)

with the flavor factors κP,q
km. These factors encode the quark content of the meson as well as

the corresponding hadronic decay constant fP . As numerical values for fP , we employ results
obtained by lattice QCD computations, to avoid potential SMEFT effects that might arise in
experimental determinations. We list the definition of the factors κP,q

km and the numerical values
of the decay constants fP in Appendix E in Tabs. 7 and 5, respectively. The partial width for the
decay τ → ℓiP is then given by

Γ(τ → ℓiP ) =
m3

τ

256π

(︃
1− m2

P

m2
τ

)︃2 (︂
|CPV A

i3
|2 + |CPAA

i3
|2
)︂
. (6.9)

For decays into vector mesons V , such as ρ, ω, K∗, or ϕ, additional contributions arise from the
LFV components of the electromagnetic dipole operator, mediated by photon exchange. The
relevant combinations of LEFT Wilson coefficients can be defined as

CVV V/AV
ij

=
∑︂
q,km

κV,q
km

(︃
CV RR

eq
ijkm

+ CV LR
qe

kmij

±
(︃
CV LL

eq
ijkm

+ CV LR
eq

ijkm

)︃
− 4δij

e2Qq

mV

)︃
,

CVT/T5
ij

= −
∑︂
q,km

eQq

mV
δkmκ

V,q
km(Ceγ

ij

± Ceγ
ji

) ,

(6.10)
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where Qq denotes the electric charge of the quark q. The prefactors κV,q
km are defined analogously

to the pseudoscalar factors in Eq. (6.8). We list the definition of the factors κV,q
km in Appendix E

in Tab. 8, and the numerical values of the decay constants fV in Tab. 5. The resulting expression
for the partial width of the decay τ → ℓiV is given by

Γ(τ → ℓiV ) =
m3

τ

256π

(︃
1− m2

V

m2
τ

)︃2
(︄(︃

1 +
2m2

V

m2
τ

)︃(︂
|CVV V

i3
|2 + |CVAV

i3
|2
)︂

+ 32

(︃
1 +

m2
V

2m2
τ

)︃(︂
|CVT

i3
|2 + |CVT5

i3

|2
)︂
+

24mV

mτ

(︂
CVT
i3
CVV V

i3
+ CVT5

i3

CVAV
i3

)︂)︄
,

(6.11)

where the first term corresponds to the four-lepton contributions, the second term accounts for
the dipole operators and the third term describes the interference between the two.

Tab. 6.4 summarizes the current experimental limits on the branching fractions of LFV semilep-
tonic τ decays. The most strongest limits are obtained from the Belle II experiment, which has
set bounds on the branching ratios of τ → ℓV decays at the level of 10−8 [303].

Observable Limit Observable Limit

B(τ− → e−π0) 8.0 · 10−8 [304] B(τ− → µ−π0) 1.1 · 10−7 [304]

B(τ− → e−η) 9.2 · 10−8 [305] B(τ− → µ−η) 6.5 · 10−8 [304]

B(τ− → e−η′) 1.6 · 10−7 [304] B(τ− → µ−η′) 1.3 · 10−7 [304]

B(τ− → e−ρ0) 2.2 · 10−8 [303] B(τ− → µ−ρ0) 1.7 · 10−8 [303]

B(τ− → e−ω) 2.4 · 10−8 [303] B(τ− → µ−ω) 3.9 · 10−8 [303]

B(τ− → e−K∗) 1.9 · 10−8 [303] B(τ− → µ−K∗) 2.9 · 10−8 [303]

B(τ− → e−K̄∗) 1.7 · 10−8 [303] B(τ− → µ−K̄∗) 4.3 · 10−8 [303]

B(τ− → e−ϕ) 2.0 · 10−8 [303] B(τ− → µ−ϕ) 2.3 · 10−8 [303]

Table 6.4: Current experimental limits on the branching fractions of LFV semileptonic tau
decays, all at 90% CL.

6.1.3. Charged-Current Lepton Decays

In the SM, charged-current lepton decays, both the purely leptonic mode ℓi → ℓjνν̄ and the
semileptonic decay τ →Mν, are mediated by the exchange of a W boson, governed by the V-A
structure of the weak interaction. At energies far below the W mass, the heavy gauge bosons
can be integrated out, leading to an effective theory described by local four-fermion operators.
These decays thus provide a cross-check of the collider probes of charged-currents, provided by
the W boson decay widths and the charged current DY production.

A distinctive feature of these decays is that the neutrinos in the final state escape detection,
and their individual flavors are not resolved. Experimental and theoretical rates are therefore
summed over all neutrino species, rendering the decay widths inclusive with regard to neutrino
flavors. This inclusivity causes lepton-flavor–diagonal (LFD) and lepton-flavor–violating (LFV)
contributions to enter incoherently, allowing both to be constrained simultaneously. In this
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sense, charged-current lepton decays probe new interactions complementary to purely leptonic
or flavor-changing neutral–current observables.

Charged-Current Three Body Decays

The decays ℓi → ℓjνkν̄m are among the most precisely measured processes in particle physics,
free from hadronic uncertainties and calculated to very high accuracy in the SM. Tab. 6.5
summarizes the current experimental measurements of the leptonic decay widths, alongside the
corresponding SM predictions. We compute the SM predictions following Ref. [306], including
electroweak radiative corrections.

Observable Measurement SM Prediction

Γ(µ− → e−νν̄) 2.995984(3) · 10−19 GeV [307] 2.994(5) · 10−19 GeV

Γ(τ− → e−νν̄) 4.045(11) · 10−13 GeV [307] 4.028(7) · 10−13 GeV

Γ(τ− → µ−νν̄) 3.936(11) · 10−13 GeV [307] 3.918(7) · 10−13 GeV
.

Table 6.5: Experimental values of the partial decay widths of the charged-current leptonic decay
of charged leptons, compared to the SM predictions computed following Ref. [306].

The partial width within the LEFT is given by

Γ(ℓi → ℓjνkν̄m) =
∑︂
k,m

m5
ℓi
|CV,LL

νe
kmij
|2

1536π3
, (6.12)

neglecting the mass of the final state lepton and the neutrinos. Since the width scales with
the fifth power of the lepton mass, contributions to τ decay are enhanced by a factor of
(mτ/mµ)

5 ∼ 106 compared to the muon decay. The latter are, however, measured to a much
higher precision.

Semileptonic Charged-Current Tau Decays

Semileptonic modes of the tau lepton, τ → Pν with P = π,K, provide an additional handle on
charged current interactions coupling lepton to quark currents. Non-perturbative effects in the
hadronic matrix elements are encoded in the decay constants fP , which we list in Appendix E
in Tab. 5.

In the LEFT, the partial width for the decay τ → νiP is given by

Γ(τ → νiP ) =
m3

τ

128π
f2
P

(︃
1− m2

P

m2
τ

)︃2

|CV,LL
νedu
i3kl

|2 . (6.13)

Tab. 6.6 summarizes the experimental partial widths and the corresponding SM predictions
for τ decays into the lightest pseudoscalar mesons π and K. For the computation of the SM
predictions, we include electroweak radiative corrections, following Ref. [308].



Flavor Observables in the LEFT 67

Observable Measurement SM Prediction

Γ(τ− → π−ν̄) 2.453(12) · 10−13 GeV [307] 2.451(33) · 10−13 GeV

Γ(τ− → K−ν̄) 1.578(23) · 10−14 GeV [307] 1.618(13) · 10−14 GeV
.

Table 6.6: Experimental values of the partial decay widths of semileptonic τ decays including
neutrinos, together with the corresponding SM predictions computed following
Ref. [308].

6.2. Meson Decays

Meson decays offer a wealth of observables via various different decay channels. In particular,
FCNC transitions are highly suppressed in the SM by the GIM mechanism, making them very
sensitive to possible new physics contributions. This suppression is even more pronounced for
LFV processes, which are forbidden at tree-level and highly suppressed at loop level due to the
smallness of neutrino masses, rendering the SM background essentially negligible.

In this section, we explore mass differences in the B(s)-B̄(s) meson systems as well as leptonic
and semileptonic meson decay modes within the LEFT. The mixing-induced mass splittings
∆ms/d are governed by four-quark operators and depend sensitively on the CKM matrix ele-
ments, thus providing a powerful probe of the flavor structure of the SMEFT. Purely leptonic
meson decays, such as B(s) → ℓ+ℓ− benefit from minimal hadronic uncertainties, as they are
encoded in a single decay constant that can be determined with high precision using lattice
QCD. Semileptonic decays, such as B → K(∗)ℓ+ℓ−, on the other hand, offer extensive kinematic
information, enabling discrimination among different Wilson coefficients and sensitivity to
various operator structures. By combining multiple decay channels, we can effectively constrain
different linear combinations of Wilson coefficients, enhancing the sensitivity of our searches for
new physics within the SMEFT.

6.2.1. Mass Differences in Meson Mixing

Neutral Bq-B̄q mixing proceeds in the SM through box diagrams, in which a meson oscillates
into its antiparticle via the exchange of two virtual W bosons and up-type quarks in the loop.
The GIM mechanism strongly suppresses these transitions, resulting in small mixing amplitudes
in which the top-quark contribution dominates. The resulting mass splitting ∆mq between
the heavy and light mass eigenstates depends on short-distance physics, encoded in the LEFT
Wilson coefficients, as well as on the CKM matrix element combination |VtqV

∗
tb|. The theoretical

prediction of ∆mq also relies on the evaluation of non-perturbative hadronic matrix elements
of the four-quark operator, which is determined most reliably through lattice QCD, thereby
minimizing hadronic uncertainties.

Extensions of the SM may introduce new heavy particles that enter the mixing loop or generate
new contact interactions at tree level, making the mass splitting a sensitive indicator of BSM
dynamics. Within the SMEFT, the leading effects on ∆mq arise from double insertions of the
operator Oφq+ , which allows for FCNC couplings to the Z at tree-level. Integrating out the heavy
degrees of freedom maps this contribution onto the four-quark LEFT operator QV,LL

dd , which
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describes a purely left-handed four-quark contact interaction. Under the MFV assumption, no
other chirality structures contribute to the mixing, as they would require right-handed FCNCs.

Fig. 6.3 illustrates the different contributions to the mixing of a Bq meson into its antiparticle
B̄q. The left diagram shows an example of the SM process, whereas the diagram in the middle
illustrates the contribution that arises from the double insertion of the SMEFT operator O+

φq.
The diagram on the right shows the corresponding contribution in the LEFT, induced by the
operator QV,LL

dd after integrating out the heavy degrees of freedom.

b

q̄

q

b̄

W−

W+

Vtb V ∗
tq

Vtq V ∗
tb

t t

SM

b

q̄

q

b̄
Z

C̃+
φq C̃+

φq µ≪ mZ

SMEFT

b

q̄

q

b̄

CV,LL
dd

LEFT

Figure 6.3: Feynman diagrams for Bq-B̄q mixing. On the left, we show an example for the SM
process mediated by the exchange of virtual W bosons and top quarks. The diagram in the
middle show the contribution from the SMEFT operator O+

φq, which contributes to the mixing
through double insertion. The right diagram shows the resulting contribution in the LEFT after
integrating out the heavy gauge bosons, described by the operator QV,LL

dd .

The mass difference in the LEFT framework is given by3 [182, 309–311]:

∆mq =
mBqf

2
Bq
B̂Bq

3

(︃
m2

W

4π2v4
(VtqV

∗
tb)

2S0(xt)η2B − 8CV,LL
dd

qbqb

)︃
, (6.14)

where fBq is the decay constant of the Bq meson, and B̂Bq is the bag parameter encoding
hadronic matrix elements. The function S0(xt) represents the Inami-Lim loop function, defined
as

S0(x) =
4x− 11x2 + x3

4(1− x)2 − 3x3 log x

2(1− x)3 , (6.15)

with xt = m2
t/m

2
W , and η2B denotes short-distance QCD corrections4.

Note that the computation of the mass difference in Eq.(6.14) differs from that in Ref.[1]. The
latter includes loop-level matching, introducing additional contributions from C̃uW , whereas
in this work, we consistently employ tree-level matching to remain aligned with the one-loop
RGE precision. Additionally, we correct a normalization factor in the definition of the Wilson
coefficient C dd

qbqb

V,LL. The factor |V tqV ∗
tb|2, which was mistakenly included in Ref. [1] in the

definition of Cmix
V,LL is omitted here. This correction leads to stronger constraints on the Wilson

coefficients C̃(1)
φq and C̃(3)

φq .

Tab. 6.7 summarizes the SM predictions alongside the current experimental measurements of
the mass differences in the B(s) meson systems.

3The LEFT operator QV,LL
dd arises from double insertion of the SMEFT operator O+

φq and thus is of order
Λ−4. Contributions ∼ (CV,LL

dd )2 are hence of order Λ−8 and therefore neglected.
4Numerical values for these parameters are provided by lattice QCD computations and summarized in

Appendix E , Tab. 4.
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Observable Measurement SM Prediction

∆md 0.5069(19) ps−1 [307] 0.504(26) ps−1

∆ms 17.766(6) ps−1 [307] 17.68(76) ps−1

Table 6.7: Experimental measurements and SM predictions of the mass differences in the B(s)

meson systems.

6.2.2. Leptonic Meson Decays

Leptonic meson decays offer comparatively clean observables, since all hadronic uncertainties
are encoded in a single decay constant that can be determined with percent-level accuracy
using lattice QCD computations. In the SM, these decays are helicity suppressed, i.e. they scale
with the mass of the final state lepton, leading to small branching ratios especially for the light
leptons. This suppression can be advantageous for BSM searches, as it offers a low–background
environment in which new scalar or pseudoscalar interactions, such as those mediated by new
charged Higgs bosons or by leptoquarks, could lift the suppression and produce significant
enhancements.

Leptonic meson decays offer a variety of different channels, depending on the initial state meson
and the final state leptons. Each channel probes distinct combinations of Wilson coefficients
due to variations in chirality structures and flavor couplings, allowing for a comprehensive
exploration of the parameter space and complementary tests of the LEFT and SMEFT. In the
following, we discuss the different modes and their implications for BSM physics.

Leptonic Decays of Neutral Pseudoscalar Mesons

In the LEFT, the partial decay width P → ℓiℓj of a pseudoscalar meson P reads [312]

Γ(P → ℓ−i ℓ
+
j ) =

√︂
λ(m2

P ,m
2
ℓi
,m2

ℓj
)

128πm3
P

(︂(︁
m2

P − (mℓi +mℓj )
2)︁ (mℓi −mℓj )

2|CP
V A
ij
|2

+
(︁
m2

P − (mℓi −mℓj )
2)︁ (︁mℓi +mℓj

)︁2 |CP
AA
ij
|2
)︂
,

(6.16)

with the Källén function λ(a, b, c) = a2 + b2 + c2 − 2(ab+ ac+ bc). The effective coefficients
CP

V A
ij

and CP
AA
ij

are defined in Eq. (6.8).

For flavor-conserving final states with i = j, the expression reduces to

Γ(P → ℓ−i ℓ
+
i ) =

mPm
2
ℓi

32π

√︄
1−

4m2
ℓi

m2
P

|CP
AA
ii
|2 , (6.17)

where only the axial-axial coefficient CP
AA contributes. Here, we focus on the decays of B0

and Bs mesons, since the decays of light pseudoscalar mesons, such as the π0 or the η, are
dominated by long-distance contributions, which our EFT setup does not reliably account
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for5. In the case of the Bs meson, we correct the partial width by a factor of (1 − ys) with
ys = ∆Γs/(2Γs) ∼ 0.064(4) [18] to account for the width difference ∆Γs of the two neutral-
meson mass eigenstates6.

Tab. 6.8 compiles the current experimental limits and measurements of the leptonic decay width
alongside the SM predictions. For most of the decays, only upper limits are available, since
the branching ratio is strongly chirality suppressed by the lepton mass and thus challenging to
observe, especially for the electron channel. The branching ratios for the decays into tau leptons
are larger in the SM, but experimentally much more challenging due to the rapid decay of the
τ . The only decay that has been observed to date is the B0

s → µ+µ− channel [18], which is in
good agreement with the SM prediction.

Observable Measurement SM prediction

Γ(B0 → ee) < 1.1 · 10−21 [18, 313] 1.03(6) · 10−27

Γ(B0 → µµ) < 6.5 · 10−23 [18, 314] 4.40(0.24) · 10−23

Γ(B0 → ττ) < 9.1 · 10−16 [315] 9.2(0.5) · 10−21

Γ(B0
s → ee) < 4.1 · 10−21 [18, 313] 3.36(0.16) · 10−26

Γ(B0
s → µµ) 1.45(12) · 10−21 [18] 1.43(7) · 10−21

Γ(B0
s → ττ) < 3.0 · 10−15 [18, 315] 3.04(0.14) · 10−19

Table 6.8: Current limits and measurements of the leptonic decays of neutral pseudoscalar
mesons into a lepton flavor conserving charged lepton pair. All limits are given at
90% CL.

Additionally, there are various experimental searches for LFV leptonic meson decays. In the SM,
these processes vanish at tree-level and remain beyond current experimental reach at higher
orders, so any nonzero observation would be an unambiguous sign of new physics. Within the
LEFT framework, the partial decay width for the LFV decay P → ℓ+i ℓ

−
j simplifies to

Γ(P → ℓ+i ℓ
−
j ) =

mPm
2
ℓj

128π

(︄
1−

m2
ℓj

m2
P

)︄2 (︂
|CP

V A
ij
|2 + |CP

AA
ij
|2
)︂
, (6.18)

with i ̸= j and mℓi ≪ mℓj . In contrast to the LFC decays, both the vector and axial vector
coefficients contribute to this process. Since no LFV decay has been measured to date, only 90%
CL bounds are available, which we list in Tab. 6.9 .

Leptonic Decays of Charged Pseudoscalar Mesons

The purely leptonic decay of a charged pseudoscalar meson, P− → ℓ−ν̄ℓ, proceeds in the SM
through the tree-level exchange of a W boson, providing a clean probe of charged current

5In our MFV setup, no up-type FCNCs and hence no neutral current D meson decays are induced.
6For the B0 meson, the width splitting is yd ∼ 0.001(10) [307] and is thus negligible
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Observable Limit Observable Limit

B(π0 → eµ) 3.2 · 10−10 [316] B(η → eµ) 6.0 · 10−6 [317]

B(η′ → eµ) 4.7 · 10−4 [318] B(KL → eµ) 4.7 · 10−12 [319]

B(B0 → eµ) 1.0 · 10−9 [320] B(B0
s → eµ) 5.4 · 10−9 [320]

B(B0 → eτ) 1.6 · 10−5 [321] B(B0
s → eτ) 1.4 · 10−3 [322]

B(B0 → µτ) 1.4 · 10−5 [323] B(B0
s → µτ) 4.2 · 10−5 [323]

Table 6.9: Current experimental limits on the branching fractions of LFV decays of neutral
pseudoscalar mesons, all at 90% CL.

interactions. In the LEFT, the partial decay width can be expressed as

Γ(P → ℓiνj) =
mPm

2
ℓi

64π
f2
P

(︄
1−

m2
ℓi

m2
P

)︄2

|CV,LL
νeud
jikm

|2 , (6.19)

where fP is the decay constant of the pseudoscalar meson P . The factor m2
ℓi

reflects the helicity
suppression of the decay, similar to the leptonic decay of neutral pseudoscalar mesons, which
strongly suppresses the decay width for light leptons.

The SM contribution to the coefficient CV,LL
νedu is governed by the CKM matrix and the Higgs vev v

CV,LL,SM
νedu
jikm

= δij
2Vmk

v2
, (6.20)

where Vmk is the CKM matrix element that enters the um-dk-W vertex. Within the SMEFT
framework, the effective operator QV,LL

νedu receives additional tree-level contributions from
the triplet operators O(3)

lq and O(3)
φq . Under the assumption of MFV, only left-handed currents

contribute to the charged-current interactions of light quarks, so that CV,LL
νeud is the only coefficient

relevant for this process.

Experimentally, the measurements of the decay widths represent the inclusive sum over all
kinematically accessible neutrino flavors Γ(P → ℓiν) =

∑︁
j Γ(P → ℓiνj), since the neutrino

flavors are not directly observable. While only the flavor diagonal combination i = j contributes
within the SM, the SMEFT and LEFT also allow for flavor off-diagonal contributions, which can
be sizable in the presence of LFV new physics.

Tab. 6.10 summarizes the current experimental determinations and upper limits on these partial
widths alongside the SM predictions. For light mesons, the decay widths are measured with high
precision and are in good agreement with the SM predictions. In heavier systems such as the
D and Ds mesons, the muon and tau modes are observed with uncertainties of a few percent,
while the electron channels are beyond the current experimental reach. The branching fraction
of the leptonic decay of the B+ meson is suppressed by the large total B+ decay width, so that
mostly upper limits are available, with the exception of the B+ → τ+ν channel that has been
measured with a precision of about 20%. Overall, the measurements are in good agreement
with the SM predictions, placing stringent bounds on any BSM contribution to CV,LL

νeud .
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Observable Measurement [GeV] SM prediction [GeV]

Γ(π+ → e+ν) 3.110(10) · 10−21 [18] 3.17(4) · 10−21

Γ(π+ → µ+ν) 2.5281(5) · 10−17 [18] 2.471(31) · 10−17

Γ(K+ → e+ν) 8.41(4) · 10−22 [18] 8.58(5) · 10−22

Γ(K+ → µ+ν) 3.379(8) · 10−17 [18] 3.340(20) · 10−17

Γ(D+ → e+ν) < 5.6 · 10−18 [18, 324] 5.93(9) · 10−21

Γ(D+ → µ+ν) 2.38(11) · 10−16 [18] 2.52(4) · 10−16

Γ(D+ → τ+ν) 7.6(1.7) · 10−16 [18] 6.71(10) · 10−16

Γ(D+
s → e+ν) < 1.1 · 10−16 [18, 325] 1.616(16) · 10−19

Γ(D+
s → µ+ν) 7.03(16) · 10−15 [18] 6.87(7) · 10−15

Γ(D+
s → τ+ν) 7.04(16) · 10−14 [18] 6.69(7) · 10−14

Γ(B+ → e+ν) < 3.9 · 10−19 [18, 326] 4.4(1.1) · 10−24

Γ(B+ → µ+ν) < 3.4 · 10−19 [18, 327] 1.9(5) · 10−19

Γ(B+ → τ+ν) 4.4(1.0) · 10−17 [18] 4.2(1.0) · 10−17

Table 6.10: Current experimental values and limits on the partial width of leptonic decays
of charged pseudoscalar mesons, alongside the corresponding SM predictions
computed using Eq. (6.19). All limits are at 90% CL.

Quarkonia Decays

Leptonic decays of quarkonium states offer opportunities for probing complementary chiral struc-
tures of quark–lepton interactions and also possible contributions from electromagnetic dipole
operators. They also provide the advantage of probing the quark-flavor-diagonal components of
the Wilson coefficients, which give the dominant contribution in the MFV approach.

Within the LEFT, the partial decay width of a vector quarkonium state V into a lepton pair can
be expressed as [328]
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+
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(6.21)
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where yi = mℓi/mV . The effective coefficients CVV V , CVAV , CVT , and CVT5
are defined in Eqs. (6.8)

and (6.10) in terms of the LEFT coefficients. They provide an orthogonal probe of the LEFT
parameter space compared to the pseudoscalar decays P → ℓiℓj , thus allowing for a more
comprehensive exploration of the Wilson coefficients.

The first line of Eq.(6.21) describes the pure vector and axial-vector contributions, which
dominate for light leptons and heavy quark masses. The tensor and pseudotensor operators
in the second line that arise from the dipole operators are suppressed by the quarkonia mass
and are thus only relevant if they are significantly enhanced by new physics. Interference terms
between different Lorentz structures, shown in the last line of Eq.(6.21), are suppressed by
factors of yi and yj , rendering them negligible in the limit of light final-state leptons. For vector
meson decays, there is no helicity suppression as no chirality flip is required, allowing for sizable
branching ratios even for light leptons.

Tab. 6.11 summarizes the current experimental measurements of lepton-flavor diagonal decays,
alongside the corresponding SM predictions. The uncertainties in the SM predictions are
dominated by the uncertainties in the decay constants, which are determined through lattice
QCD computations. The numerical values of these decay constants are listed in Appendix E ,
Tab. 5.

Observable Γexp [GeV] ΓSM [GeV]

Γ(Φ→ e+e−) 1.266(15) · 10−6 [18] 1.41(11) · 10−6

Γ(Φ→ µ+µ−) 1.21(9) · 10−6 [18] 1.37(10) · 10−6

Γ(J/ψ → e+e−) 5.53(11) · 10−6 [18] 5.59(24) · 10−6

Γ(J/ψ → µ+µ−) 5.52(11) · 10−6 [18] 5.57(24) · 10−6

Γ(Υ→ e+e−) 1.29(5) · 10−6 [18] 1.31(4) · 10−6

Γ(Υ→ µ+µ−) 1.34(4) · 10−6 [18] 1.31(4) · 10−6

Γ(Υ→ τ+τ−) 1.40(6) · 10−6 [18] 1.30(4) · 10−6

Table 6.11: Current experimental values of the partial widths of lepton-flavor diagonal leptonic
quarkonia decay widths, alongside the corresponding SM predictions computed
using Eq. (6.21).

Searches for lepton-flavor-violating branching fractions of quarkonia (V → ℓ+i ℓ
−
j , i ̸= j) have

reached sensitivities down to the order of 10−6. No signal has been observed to date, and the
resulting upper limits compiled in Tab. 6.12 constrain the off-diagonal components of the LEFT
coefficients. These bounds are complementary to those from the leptonic decays of neutral
pseudoscalar mesons, as they probe the orthogonal combinations of LEFT Wilson coefficients.

While pseudoscalar meson decays do not allow for decays into massless final states due to the
helicity suppression, quarkonia can decay invisibly via V → νiν̄j in the SM and beyond. In our
MFV setup, only left-handed charged currents contribute, leading to the simplified expression

Γ(V → ν̄iνj) =
f2
Vm

3
V

192π

(︃
|CV LL

eq
ijkk

+ CV LR
eq

ijkk

|2
)︃
, (6.22)
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V B(V → e±µ∓) B(V → e±τ∓) B(V → µ±τ∓)

Φ < 2.0 · 10−6 [329]

J/ψ < 1.6 · 10−7 [330] < 7.5 · 10−8 [331] < 2.0 · 10−6 [332]

Υ < 3.9 · 10−7 [333] < 2.7 · 10−6 [333] < 2.7 · 10−6 [333]

Table 6.12: Current experimental limits on branching fractions of LFV quarkonia decays, all at
90% CL.

following from Eq. (6.21). The total invisible decay width is the incoherent sum over all neutrino
flavors, Γ(V → νν̄) =

∑︁
i,j Γ(V → νiν̄j).

Experimentally, the invisible branching fractions have not yet been observed and the current 90%
CL limits exceed the SM predictions by several orders of magnitude. As a result, constraints on
the LEFT coefficients from these invisible modes remain comparatively weak, leaving significant
room for potential new degrees of freedom contributing to semileptonic operators. Tab. 6.13
summarizes the current experimental limits on the invisible decays of quarkonia, alongside the
corresponding SM predictions.

Observable Limit [GeV] SM prediction [GeV]

Γ(Φ→ νν̄) < 7.2 · 10−7 [334] 8.0(0.6) · 10−14

Γ(J/ψ → νν̄) < 6.1 · 10−8 [335] 2.06(9) · 10−12

Γ(Υ→ νν̄) < 1.6 · 10−8 [336] 4.6(0.4) · 10−19

Table 6.13: Current 90% CL experimental limits on branching fractions of quarkonia decays to
a dineutrino pair, together with the corresponding SM predictions computed using
Eq. (6.22).

6.2.3. Semileptonic Meson Decays

Semileptonic meson decays yield a plethora of observables including differential decay widths,
kinematic distributions and angular observables that go well beyond the simple branching
fractions accessible by purely leptonic decays. These allow for stringent tests of lepton-flavor
universality, the isolation of specific operator structures in the LEFT, and the discrimination
between competing new-physics scenarios. The comparatively large branching ratios of semilep-
tonic channels also allow for high experimental precision, which in turn improves the sensitivity
to deviations from the SM predictions.

This comes, however, at the cost of a more intricate theoretical description due to the presence
of more complex hadronic matrix elements. A central ingredient are the hadronic form factors,
which encapsulate the non-perturbative QCD effects in the P → P ′ and P → V transitions. In
contrast to the decay constant that parameterize purely leptonic decays, the form factors are
continuous functions depending on the kinematic variable q2, which denotes the invariant mass
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of the lepton pair. The form factors are typically extracted from experimental data, lattice QCD
calculations or light-cone sum rules at certain points of q2. These results are then extrapolated
using parameterizations such as the BCL [337] or the BSZ [338] parameterization to obtain
a continuous description over the whole kinematic range. In this work, we aim to minimize
potential BSM contaminations in these form factors by relying only on lattice QCD computations
and light-cone sum rules. Details of the parameterizations and numerical inputs are collected in
Appendix E .

Charged-Current Semileptonic Decays

At tree-level, charged current processes, such as B → Dℓν or D → Kℓν are mediated by the
exchange of a W boson in the SM, providing direct sensitivity to the corresponding CKM matrix
elements. The LEFT framework allows for additional BSM contributions to the decay amplitudes,
which can be parameterized in terms of the effective coefficient CV,LL

νedu , similar to the purely
leptonic decay of charged pseudoscalar mesons. The differential decay width for the decay
P → P ′ℓν can be expressed in the LEFT as [339]
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where q2 denotes the invariant mass of the lepton-neutrino pair, f+(q2) and f0(q
2) are the

vector and scalar form factors, respectively, and

EP ′ =
m2

P +m2
P ′ − q2

2mP
, (6.24)

is the energy of the final state meson P ′. The factor η2EW accounts for the leading short-distance
electroweak corrections [340], with ηEW = 1.009 for B meson decays and ηEW = 1.0066 for D
meson decays [339].

The full decay width follows from integrating Eq. (6.23) over the allowed kinematic range
m2

elli
< q2 < (mP −mP ′)2. Since the decay width is the incoherent sum over all neutrino

flavors, the total decay width probes lepton-flavor diagonal as well as off-diagonal contributions
simultaneously, where only the flavor diagonal contributions are present in the SM. For decays
into vector mesons, P → V ℓν, the differential decay width can be expressed as [307, 341, 342]
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with the amplitudes
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where A1, A2, and V denote the form factors.
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Tab. 6.14 summarizes the variety of semileptonic channels that we consider in this analysis. A
detailed lists of current experimental measurements and limits as well as the corresponding SM
predictions are provided in Appendix E . We find overall consistency between the data and the
SM, with no tension above ∼ 1.5σ among all decays.

Meson eν µν τν

D0 K−, K∗−, π−, ρ− K−, K∗−, π−, ρ−

D+ K̄0, K̄∗0, π0, η, ρ, ω K̄0, K̄∗0, π0, η, ρ, ω

Ds ϕ, K∗0 ϕ

B0 D−, D∗−, π−, ρ− D−, D∗−, π−, ρ− D−, D∗−, π−

B+ D̄0, D∗, π0, ρ0 D̄0, D∗, π0, ρ0 D̄0, D∗

Bs D−
s , D∗−

s , K−

Table 6.14: Overview of the semileptonic charged-current decays analyzed in this work. The
decay channels are grouped according to the final state lepton flavor. Further
details on the experimental measurements and SM predictions of the decay widths
can be found in Appendix E .

Neutral-Current Semileptonic Decays

Flavor-changing neutral current (FCNC) decays of B mesons are particularly sensitive to NP
effects in semileptonic four-fermion operators since their SM contributions are strongly GIM
suppressed. Moreover, they directly test the higher order contributions in the MFV framework,
thereby providing indirect probes of the size of flavor-symmetry breaking in the quark sector.

Especially decays into vector mesons, such as B → K∗ℓ+ℓ−, exhibit a rich experimental
signature due to the polarization degrees of freedom of the final state, leading to a variety of
angular observables. These detailed angular distributions allow for a multi-dimensional analysis
that can disentangle the Lorentz structure of the NP contributions.

The decay P → V ℓ+ ℓ− can be fully described by the dilepton invariant mass q2 as well as three
kinematic angles, θℓ, θV , and ϕ, denoting the angles between the lepton and the V meson, the
V meson and the P meson, and the angle between the decay plane of the lepton pair and the
V meson, respectively. By projecting the four-dimensional distribution d4Γ

dq2d cos θℓd cos θV dϕ onto
specific angular functions, the independent contributions of the different helicity amplitudes
can be isolated [343].

From these, commonly used observables can be constructed, such as the longitudinal polarization
fraction FL(q

2), which measures the fraction of longitudinally polarized vector mesons in the
decay, the forward-backward asymmetry AFB(q

2), which quantifies the asymmetry between the
forward and backward directions of the lepton pair, and the normalized angular coefficients
Si(q

2). The decay amplitudes in these processes depend on multiple form factors, including
vector, axial-vector, and tensor form factors. We provide details on the form factors and their
parameterizations in Appendix E .
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To further enhance the sensitivity to the Wilson coefficients, optimized observables can be
constructed, which are linear combinations of the angular coefficients that maximize the
sensitivity to specific NP contributions and further reduce experimental and theory uncertainties.
In particular, the optimized observables Pi(q

2) defined as [344, 345]

P1 =
2S3

1− FL
, P2 =

2AFB

1− FL
, P3 = − S9

1− FL
,

P ′
i =

Si√︁
FL(1− FL)

, i = 4, 5, 6, 8 ,
(6.27)

are experimentally well accessible and theoretically clean at large recoil.

As the computation of semileptonic meson decay observables in the LEFT is highly complex, we
rely on the python package flavio [346] to compute the LEFT contributions for decays and
employ the corresponding SM predictions from the literature7

Tabs. 6.15 and 6.16 summarize the observables that we consider for the lepton-flavor diagonal
decays into pseudoscalar mesons and vector mesons, respectively. Furthermore, Tab. 6.17
summarizes the current experimental limits on lepton-flavor violating semileptonic decay widths,
which are sensitive to the lepton-flavor off-diagonal components of the LEFT coefficients.

Observables Data Ref SM Ref

Γ(B0 → π0e+e−) 90% CL limit [347] [348]

Γ(B0 → π0µ+µ−) 90% CL limit [347] [348]

Γ(B+ → π+e+e−) 90% CL limit [349] [348]⟨︁
dσ
dq2

⟩︁
(B+ → π+µ+µ−) 9 bins [350] [351, 352]

Γ(B0 → K0e+e−) inclusive [18] [353]⟨︁
dσ
dq2

⟩︁
(B0 → K0µ+µ−) 6 bins [354] [353]

Γ(B+ → K+e+e−) inclusive [18] [353]⟨︁
dσ
dq2

⟩︁
(B+ → K+µ+µ−) 11 bins [354] [353, 355]

Γ(B+ → K+τ+τ−) 90% CL limit [356] [353]

Table 6.15: Overview of the observables for semileptonic decays into pseudoscalar mesons
(P → P ′ℓ+ℓ−) considered in this work.

Semileptonic decays to invisible final states, most notably B → Kνν̄, offer an additional handle
to probe semileptonic operators. These decays are particularly interesting as they are sensitive
to the presence of new physics in the form of additional light degrees of freedom, such as dark
photons or dark scalars, which can escape detection in collider experiments. Experimentally,
the branching ratio is reported inclusively over all neutrino flavors, potentially allowing for the
presence of LFV interactions. Recently, the decay B+ → K+νν̄ has been observed by the Belle
II collaboration with a branching ration of B(B+ → K+νν̄) = 2.3(0.7) · 10−5 [372], which is
2.7σ above the SM prediction BSM(B

+ → K+νν̄) = 5.58(0.37) · 10−6 [353], sparking great

7Analytical expressions can be found in e.g. Refs. [300, 312].
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Process Observables Ref SM Ref

B0 → K∗0e+e− FL, P (′)
i (1 bin) [357] [358]

B0 → K∗0µ+µ− FL, P (′)
i (8 bins) [42] [346, 358]

B0 → K∗0τ+τ− 90% CL limit on B [359] [346]

B+ → K∗+e+e− Γ(B+ → K∗+e+e−) [18] [346]

B+ → K∗+µ+µ− FL, P (′)
i (8 bins) [360] [346, 358]

Bs → ϕe+e− FL, S3 (3 bins) [361] [346]

Bs → ϕµ+µ− FL, S3, S4, S7 (5 bins) [362] [346]

Bs → K∗µ+µ− Γ(Bs → K∗µ+µ−) [363] [364]

Table 6.16: Overview of the observables for semileptonic decays of pseudoscalar mesons into
vector mesons (P → V ℓ+ℓ−) considered in this work.

Observable 90% CL limit [GeV] Observable 90% CL limit [GeV]

Γ(B0 → π0eµ) 6.1 · 10−20 [365] Γ(B0 → K0eµ) 1.6 · 10−20 [366]

Γ(B+ → π+eµ) 6.8 · 10−20 [365] Γ(B+ → π+eτ) 3.0 · 10−17 [367]

Γ(B+ → π+µτ) 2.9 · 10−17 [367] Γ(B+ → K+eµ) 3.7 · 10−20 [368]

Γ(B+ → K+eτ) 1.2 · 10−17 [367] Γ(B+ → K+µτ) 1.9 · 10−17 [367]

Γ(B0 → K∗0eµ) 2.5 · 10−21 [369] Γ(B0 → K∗0eτ) 1.3 · 10−17 [370]

Γ(B0 → K∗0µτ) 3.6 · 10−18 [371] Γ(B+ → K∗+eµ) 4.0 · 10−19 [368]

Γ(Bs → ϕeµ) 6.9 · 10−21 [369]

Table 6.17: Current experimental limits on the branching fractions of LFV semileptonic decays
of B mesons, all at 90% CL. The upper part of the table lists the decays into
pseudoscalar mesons, while the lower part lists the decays into vector mesons.

interest in the particle physics community8 [374–385]. The decay proceeds via a b→ s FCNC,
which is highly suppressed in the SM and thus very sensitive to NP contributions. In our MFV
framework, it provides a direct probe of the higher order spurion insertions via the ratio rL.

8For up-type FCNC transitions c → uνν̄, the BESIII collaboration has set an upper limit of
B(D0 → π0νν̄) < 2.1 · 10−4 [373], which we do not include in this work as no up-type FCNCs are
induced in our MFV setup.
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In the LEFT, the differential decay width of a B meson to a pseudoscalar meson P and a neutrino
pair is given by [386]

dΓ
dq2

(B → Pνiν̄j) =
λ3/2(m2

B ,m
2
P , q

2)

1536π3m3
B

|f+(q2)|2
(︃
|CV,LL

νq
ijkl

+ CV,LR
νq
ijkl

|2
)︃
. (6.28)

For the decay B+ → K+νν̄, we add an additional long distance contribution to the SM
prediction following Ref. [353], which arises from the tree-level decay B→τ+ντ with the
subsequent decay τ+ → K+ν̄τ . This contribution is two orders of magnitude larger than the
short-distance contribution and thus dominates the partial decay width.

The Kaon decay K+ → π+νiν̄j depends on the same sets of Wilson coefficients, but the
computation is more involved due to sizable charm-quark contribution. We follow Refs. [387,
388] for the computation of the LEFT decay width and employ the SM prediction given in
Ref. [388].

Observable Measurement [GeV] SM prediction [GeV]

Γ(K+ → π+νν̄) 6.1(2.1) · 10−27 [18] 4.18(0.32) · 10−27 [388]

Γ(B0 → π0νν̄) < 3.9 · 10−18 [389] 2.56(0.55) · 10−20

Γ(B0 → K0νν̄) < 1.1 · 10−17 [389] 1.78(0.10) · 10−18

Γ(B+ → π+νν̄) < 5.6 · 10−18 [389] 5.1(1.1) · 10−20

Γ(B+ → K+νν̄) 9.2(2.8) · 10−18 [372] 2.08(0.10) · 10−18

Γ(B0 → ρνν̄) < 1.7 · 10−17 [389] 7.4(1.1) · 10−20

Γ(B0 → K∗0νν̄) < 7.8 · 10−18 [389] 3.95(0.36) · 10−18

Γ(B+ → ρ+νν̄) < 1.2 · 10−17 [389] 1.48(0.21) · 10−19

Γ(B+ → K∗+νν̄) < 1.6 · 10−17 [389] 3.95(0.36) · 10−18

Γ(Bs → ϕνν̄) < 2.3 · 10−15 [390] 4.2(0.3) · 10−18

Table 6.18: Current experimental values and limits on the partial decay width of semileptonic
decays to invisible final states, alongside the corresponding SM predictions com-
puted using Eqs. (6.28) and (6.29). All limits are at 90% CL. The upper part
presents measurements of the decay with a pseudoscalar meson in the final state,
while the lower part lists the decays into a vector meson.

The decay width for the decay of a B meson to a vector meson, B → V νν̄, is given by [386]

dΓ
dq2

(Pi → V νiν̄j) =
λ1/2(m2

Pi
,m2

V , q
2) q2

192π3m3
Pi

[︄
λ(m2

Pi
,m2

V , q
2)

4(mPi +mV )2
|V |2|CV,LL

νq
ijkl

+ CV,LR
νq
ijkl

|2

+

(︄
8m2

Pi
m2

V

q2
|A12|2 +

(mPi +mV )2

4
|A1|2

)︄
|CV,LL

νq
ijkl

− CV,LR
νq
ijkl

|2
]︄
,

(6.29)
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where V , A12, and A1 are the vector and axial-vector form factors, respectively. Tab. 6.18
summarizes the current experimental measurements and limits together with the corresponding
SM predictions.
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Chapter 7

Global Fits of Collider and Flavor Observables

In this chapter, we present the results of our global fits of collider and flavor observables in
the SMEFT framework. In Sec. 7.1, we systematically explore the constraints on the SMEFT
parameter space and the synergies between different lepton flavors. Sec. 7.2 investigates the
flavor structure of the SMEFT by examining the posterior distributions of the MFV ratios riL
and riR. We then turn to the CKM matrix fit in Sec. 7.3, where we compare our results to the
literature and demonstrate the feasibility of a joint fit of SMEFT and CKM parameters. Finally,
we present predictions for dineutrino decay rates in Sec. 7.4.

7.1. Constraints on the Wilson Coefficients

We perform simultaneous fits to the 24 Wilson coefficients listed in 3.1. We further include 8
MFV ratios riL and riR defined in 3.17 as well as the Wolfenstein parameters λ, A, ρ and η as free
parameters. Because the dipole operators and the scalar and tensor four-fermion operators are
not Hermitian, we include the corresponding coefficients C̃ij and C̃ji as independent degrees
of freedom in the fit. In total, this gives us 36 free parameters for the lepton-flavor-conserving
(LFC) and universal fits, and 42 parameters for the lepton-flavor-violating (LFV) fits due to the
additional Wilson coefficients for the non-Hermitian operators.

To offer a clear and systematic presentation of our results, we categorize the Wilson coefficients
according to their phenomenological impact. First, we present the results for the Higgs-current
operators, followed by the four-lepton operators. We then discuss the dipole operators and
finally the semileptonic four-fermion operators. We further provide the 90% credible intervals
and lower bounds on Λ/

√
C in Appendix F .

7.1.1. Higgs-Current Operators

As shown in Chapters 5 and 6, the Higgs-current operators contribute to a plethora of observables
as they alter the coupling between the heavy gauge bosons and the fermions. We consider the
leptonic Higgs-current operators C̃(1)

φl , C̃(3)
φl , C̃φe, as well as the quark Higgs-current operators

C̃
(1)
φq , C̃(3)

φq , C̃φu and C̃φd in our analysis. We discuss the leptonic and quark Higgs-current
operators separately, as they show different behavior in the global fit results.

Leptonic Higgs-Current Operators

We present the 90% credible intervals for the leptonic Higgs-current operators in Fig. 7.1. LFC
couplings are shown in red, LFV couplings in blue and lepton-flavor universal scenarios in
orange. The numerical values of the credible intervals are summarized in Appendix F in Tab. 11.

81
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Figure 7.1: 90% credible intervals for the leptonic Higgs-current coefficients. We show the
LFC coefficients in red, the LFV coefficients in blue and the lepton-flavor universal scenarios in
orange.

We find all Wilson coefficients to be compatible with zero within the 90% credible range, except
for the C̃(1)

φl coefficient in the LU scenario, that shows a minor deviation towards positive
values. The strongest single-flavor bounds are obtained for the LFV coefficients C̃φe, which
are constrained up to about 7 · 10−5 for the eµ coupling and about 8 · 10−4 for the eτ and µτ
coefficients. These tight constraints result from the strong limits on LFV Z → ℓiℓj decays, which
are especially tight for the eµ with B(Z → eµ) < 2.62 · 10−7 [218]. The LFV bounds on C̃(1/3)

φl ,
on the other hand, are about two orders of magnitude weaker, as the linear combination C̃−

φl is
only weakly constrained by the Z → νν̄ decays, thus broadening the credible intervals for both,
C̃

(1)
φl and C̃(3)

φl .

For the LFC coefficients, we find the bounds on C̃
(1)
φl and C̃φe to be of the order of 5 · 10−3,

whereas the bounds on C̃(3)
φl are about a factor of 3 stronger as they receive additional constraints

from charged current processes, such asW → ℓiνj and P → ℓiνj decays. Overall, the constraints
on coefficients involving τ leptons are weaker compared to coefficients involving only light
leptons, due to the experimental challenges arising from the short lifetime of the τ lepton.

The LU and LD scenarios yield stronger constraints than the fits to individual lepton flavors
in most cases. The only exception is the C̃φe coefficient, with a 90% credible interval of
[−2.0, 1.3] · 10−4 in the LD scenario compared to [−6.7, 6.8] · 10−5 for the eµ coefficient. This is
due to the fact that the best fit points of the LFC couplings are slightly shifted away from zero,
thus widening the credible intervals in the combined fit.

Using the upper limits on the Wilson coefficients, we can derive lower bounds on Λ/
√
C, thereby

providing an estimate of the scale probed by current data. We adopt a conservative approach
by taking the endpoint of each credible interval with the larger absolute value. The resulting
reaches for the leptonic Higgs-current operators are shown in Fig. 7.2 and summarized in Tab. 12
in Appendix F .

Our results show that the leptonic Higgs-current operators are probed at scales ranging from
about 1.4 TeV for the operatorsO(1/3)

φq in the eτ and µτ fits, to about 30 TeV for the eµ component
of Oφe. The latter is far beyond the current direct reach of the LHC, demonstrating the power of
indirect probes of new physics in the SMEFT framework. For the operators involving left-handed
leptons, the reach of the LFC operators is slightly higher than most LFV operators, whereas this
is reversed for the right-handed operators due to the strong constraints from LFV Z → ℓiℓj
decays.
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Figure 7.2: Lower bounds on Λ/
√
C for the leptonic Higgs-current coefficients. The scales are

derived from the largest absolute value of the 90% credible intervals of the Wilson coefficients
presented in Fig. 7.1.

Moreover, the combination of the different lepton flavors in the LU and LD scenarios leads to a
significant increase in the reach for the leptonic Higgs-current operators. This is particularly
pronounced for O(1)

φq , where the largest individual flavor reach of about 3.8 TeV for the eµ
coupling is increased to about 15 TeV in the LD scenario, corresponding to a factor of 4. This
highlights the power of combined fits in the SMEFT framework, which can significantly enhance
the sensitivity to BSM physics.

Quark Higgs-Current Operators

We present the 90% credible intervals for the quark Higgs-current operators in 7.3 and the
lower bounds on the Λ/

√
C scale in 7.4. The corresponding numerical values are summarized

in Tab. 13 and 14 in Appendix F , respectively.
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ee e e LU LD

Figure 7.3: 90% credible intervals for the quark Higgs-current coefficients. The upper panel
shows the bounds for left-handed operators, while the lower panel shows the bounds for right-
handed operators.

We see shifts towards negative values for the coefficients C̃φd for all lepton flavors, which are
mainly driven by the slight deviations in the Z → bb̄ observables. All other coefficients are
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Figure 7.4: Lower bounds on Λ/
√
C at 90% credible level for the quark Higgs-current coeffi-

cients. The scales are derived from the largest absolute value of the 90% credible intervals of
the Wilson coefficients.

compatible with zero within the 90% credible intervals. As expected, we do not see strong
enhancements from the combination of different lepton flavors in the LU and LD scenarios, as
the quark Higgs-current operators are lepton-flavor universal by construction. We find the reach
to be of similar magnitude as for the single-flavor fits of the leptonic Higgs-current operators,
which is of the order of a few TeV.

The dependence on the lepton-flavor scenario is not very pronounced, in particular for the right-
handed operators Oφu and Oφd. This is to be expected, as the corresponding coefficients are
mainly constrained by the Z → bb̄ and Z → cc̄ decays, which are lepton-flavor universal. For the
left-handed operators, on the other hand, the sensitivity of flavor data to the Wilson coefficients
is larger, in particular to the triplet coefficients C̃(3)

φq that contribute to the charged-current LEFT
coefficient CV,LL

νedu . As this coefficient features a strong interference between the Higgs-current
and the four-fermion operators in these decays, this leads to a larger dependence on limits of
the lepton-flavor-specific coefficients and thus on the lepton-flavor scenario.

7.1.2. Four-Lepton Operators

In the lepton-flavor-specific scenarios with LFC couplings, we only consider the coefficients
C̃iiii for the four-lepton coefficients C̃ll, C̃le and C̃ee. For the LFV coefficients, we consider
two different flavor contractions for C̃ll and C̃le, which are C̃ijij and C̃ijji with i ̸= j. For the
right-handed operator Oee, the LFV coefficients are unconstrained by the data because the only
bounds on the LFV four-lepton operators arise from decays involving neutrinos. Thus, we do
not present bounds on them here. They are nonetheless included in the fits with a flat prior in
the range [−10, 10].

We show the resulting 90% credible intervals for the four-lepton operators in Fig. 7.5 and the
corresponding lower bounds on Λ/

√
C in Fig. 7.6. The numerical values are summarized in

Tab. 15 and 16 in Appendix F . For the LFV coefficients, we show the results for C̃ijij as striped
bars and use solid bars for the C̃ijji coefficients. While both flavor structures give similar
results for the C̃le coefficients, the C̃ijij coefficients are significantly less constrained than the
C̃ijji components of the C̃ll coefficients, as the latter interfere with the SM contribution in the
ℓi → ℓjνiν̄j decays, while the former only contribute ∼ C̃2.
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Figure 7.5: 90% credible intervals for the four-lepton coefficients. The dotted lines represent
the bounds on the coefficients C̃ijij , while the solid lines show the bounds on the coefficients
C̃ijji. The coefficients C̃ee are not shown, as they are unconstrained by the current data.

Figure 7.6: Lower bounds on Λ/
√
C for the four-lepton coefficients at the 90% credible level.

The scales are derived from the largest absolute value of the 90% credible intervals shown in
7.5. The striped bars represent the bounds on the coefficients C̃ijij , while the solid bars show
the bounds on the coefficients C̃ijji. The LFV components of C̃ee are not shown, as they are
unconstrained by the current data.

The reach of the single-flavor constraints is of the order of O(0.1TeV) for all coefficients. The
lepton-flavor universal scenarios, on the other hand, yield significantly stronger bounds as they
include a multitude of additional flavor combinations. In the LU scenario, the combinations
C̃iijj contribute as well, which are for example tested by dilepton production at LEP, increasing
the reach by a factor of about 3 compared to the single-flavor scenarios. In the LD scenario, the
enhancement is even larger as all C̃ijkl coefficients are tested, which are strongly constrained
by LFV lepton decays ℓi → ℓjℓkℓl. The resulting lower bounds on the Λ/

√
C scale are of the

order of 30 TeV, highlighting again the benefits of combined fits in the SMEFT framework.

Moreover, we see that the 90% credible intervals for the LFV components of C̃ll with the C̃ijji

flavor structure are slightly shifted away from zero towards negative values. This results from
the fact they feature a negative interference term with the SM contribution in the ℓi → ℓjνiν̄j
decays, which show some non-significant enhancements compared to the SM predictions. Due
to the interference terms, a large part of the posterior is concentrated in the negative region,
leading to a shift of the credible intervals towards negative values. The coefficients are, however,
still compatible with zero within 3σ.
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7.1.3. Dipole Operators

We include leptonic as well as up-type quark dipole operators in the global fit. The leptonic
dipole coefficients include C̃eW and C̃eB , while the up-type quark dipole coefficients comprise
C̃uW , C̃uB and C̃uG, where the latter only contribute to the top-quark coupling in the MFV
framework. The down-type quark dipole operators are not included in the fit, as they do not
contribute in our MFV setup. We discuss the leptonic and the quark dipole coefficients separately
in the following.

Leptonic Dipole Operators

The leptonic dipole operators predominantly contribute via the linear combination C̃eγ and C̃eZ

defined in Eqs. 3.23 and 3.24 to the observables. They are mainly constrained by Z decays
and the anomalous magnetic moments of the leptons or radiative lepton decays, respectively.
We present the 90% credible intervals for the leptonic dipole operators in Fig. 7.7 and the
corresponding lower bounds on Λ/

√
C in Fig. 7.8, while the numerical values are summarized

in Tabs. 17, 18 in Appendix F .

Since the leptonic dipole operators are not Hermitian, we include the coefficients C̃ij and
C̃ji as independent degrees of freedom in the fit. While most observables are sensitive to the
combination C̃2

ij + C̃2
ji, charged-current processes, such as W → ℓiνj , are sensitive to only one

of the coefficients, leading to slight differences in the corresponding credible intervals.
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Figure 7.7: 90% credible intervals for the leptonic dipole coefficients. The dotted lines represent
the bounds on the coefficients C̃ji, while the solid lines show the bounds on the coefficients C̃ij

with i < j.

We find the strongest single-flavor bounds for the C̃eB coefficient in the ee and µµ fits, with
limits of about 4 · 10−3. These result from the strong constraints on the anomalous magnetic
moments of the electron and muon, which are sensitive to the Wilson coefficient C̃eγ that
receives the largest contribution from the C̃eB coefficient. For the ττ coefficient, on the other
hand, the anomalous magnetic moment is not constrained as strongly, leading to a 90% credible
interval of the order 0.8, which is the weakest bound among the leptonic dipole coefficients.

Although the bounds on the coefficient Ceγ from LFV radiative lepton decays, ℓi → ℓjγ, are
stronger than the bounds from the anomalous magnetic moments as shown in Sec. 6.1, the LFV
components of C̃eB are less constrained than the LFC components. This is because the scalar
and tensor four-fermion operators C̃(1/3)

lequ , which are only very weakly constrained in the LFV
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Figure 7.8: Lower bounds on Λ/
√
C for the leptonic dipole coefficients derived from the 90%

credible intervals shown in 7.7. The dotted bars represent the bounds on the coefficients C̃ji,
while the solid bars show the bounds on the coefficients C̃ij with i < j.

fits, mix strongly with the leptonic dipole operators under RGE and thus broaden the credible
intervals for the LFV components of C̃eB and C̃eW significantly.

In the ee and µµ fits, on the other hand, the scalar and tensor four-fermion operators are directly
constrained by ttℓℓ production, thus reducing the impact of these operators on the credible
intervals of the leptonic dipole coefficients. Nonetheless, the RGE effects still lead to a significant
reduction in the reach on Λ/

√
C by approximately 2 orders of magnitude compared to the

simplified fits presented in Fig. 6.2 in Sec. 6.1, demonstrating the strong impact of flat directions
on the fits.

Notably, we do not see deviations in the 90% credible intervals of the leptonic dipole coefficients
from zero, even though the data shows a deviation at the 5σ level in the measurement of the
anomalous magnetic moment of the muon, as discussed in Sec. 6.1. This is due to the RGE
effects, which dilute the impact of the LEFT coefficient Ceγ on the individual SMEFT coefficients
C̃eB and C̃eW . The resulting credible intervals are thus compatible with zero, even though the
LEFT fit shows a significant deviation from zero for the Ceγ coefficient.

In the ττ and the LFV scenarios, the C̃eW coefficients are more strongly constrained than the
C̃eB coefficients by a factor of roughly 2-3, as the former additionally contributes to charged
current processes and further give the leading contribution to the C̃eZ coefficients, which are
well constrained by Z decays.

Moreover, the results show that the lepton-flavor democratic (LD) scenario yields significantly
stronger bounds than the other fits, with a reach of nearly 1000 TeV for the C̃eB coefficient,
compared to bounds of the order of 0.1-1 TeV for the single-flavor scenarios. This strong
enhancement arises due to the combination of the tight constraint on the C̃eγ coefficient from
the decay µ → eγ with the bounds on C̃(1/3)

lequ from the ttℓℓ for ee and µµ. The latter lifts the
nearly flat direction in the parameter space arising from the RGE effects, thereby significantly
tightening the credible intervals for the leptonic dipole coefficients and demonstrating the power
of combined fits in the SMEFT framework.

Due to the RGE effects, the limits on the leptonic dipole coefficients would strongly profit from
a more precise measurement the ttℓℓ coupling, which would allow to constrain the scalar and
tensor four-fermion operators more tightly. These are currently the limiting factors in the fits,
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as they mix strongly with the leptonic dipole operators under RGE running. Moreover, also
a better measurement of the Z → ℓiℓj decays would help to tighten the bounds on the C̃eZ

coefficients, which are comparatively weakly constrained compared to the strong limits on the
C̃eγ coefficients from the anomalous magnetic moments and radiative lepton decays.

Both of these measurements could, for example, be performed at the FCC-ee [121–125] or the
Compact Linear Collider (CLIC) [128–131], which could help improve the bounds by orders of
magnitude. This is particular interesting given the current anomalies in the anomalous magnetic
moment of the muon. Constraining the other directions in the parameter space would help to
pinpoint potential deviations in the SMEFT, which can currently not be observed due to the
weakly constrained directions in the parameter space.

Up-Type Quark Dipole Operators

Fig. 7.9 shows the 90% credible intervals for the up-type quark dipole operators, while 7.10
presents the corresponding lower bounds on Λ/

√
C. The up-type quark dipole operators are

mainly constrained by the top-quark observables, to which the leptonic operators contribute only
subdominantly. Thus, the results for the up-type quark dipole operators depend only weakly on
the lepton-flavor scenario.
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Figure 7.9: 90% credible intervals for the up-type quark dipole coefficients.

Figure 7.10: Lower bounds on Λ/
√
C at 90% credible level for the up-type quark dipole

coefficients. The scales are derived from the largest absolute value of the 90% credible intervals
shown in 7.9.
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We see a slight shift of the credible intervals of C̃uB towards positive values. All coefficients are,
however, compatible with zero within 2σ. The strongest bounds are obtained for the C̃uW and
C̃uG coefficients, with limits of the order 10−3, corresponding to a reach on Λ/

√
C of roughly

10 TeV, whereas the C̃uB coefficient probes scales of 1.7 TeV.

7.1.4. Semileptonic Four-Fermion Operators

The semileptonic four-fermion operators are the largest class of operators in this work and most
relevant for many observables. They comprise operators with a vector structure, such as O(1/3)

lq ,

as well as the scalar and tensor operators O(1/3)
lequ . We will discuss the results for the scalar and

tensor operators first, followed by the vector operators.

Scalar and Tensor Four-Fermion Operators

The tensor and scalar four-fermion operators do not interfere with the SM contributions and only
contribute via the coupling to the top-quark in our MFV framework. As they are not Hermitian,
we include the coefficients C̃ij and C̃ji as independent degrees of freedom in the fit. We present
the resulting 90% credible intervals in Fig. 7.11 and the corresponding lower bounds on Λ/

√
C

in Fig. 7.12, where the striped bars represent the bounds on the coefficients C̃ji, while the solid
bars show the bounds on the coefficients C̃ij with i < j. The numerical values of the credible
intervals and the lower bounds on Λ/

√
C are summarized in Tab. 21 and 22 in Appendix F ,

respectively.
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Figure 7.11: 90% credible intervals for the scalar and tensor four-fermion coefficients. The
dotted lines represent the bounds on the coefficients C̃ji, while the solid lines show the bounds
on the coefficients C̃ij with i < j.

Notably, the only direct collider probe of these operators is ttℓℓ production, which is sensitive
to the ee and µµ coefficients. Apart from that, the coefficients are only constrained via their
mixing with the electroweak dipoles under RGE running, resulting in very weak bounds for
most coefficients. In particular, the reach of the scalar and tensor four-fermion operators is
at the order 1TeV for the ee and µµ coefficients, while it is roughly 0.1TeV or below for all
other lepton flavors. In general, the tensor operator C̃(3)

lequ features larger RGE mixing with the

electroweak dipoles than the scalar operator C̃(1)
lequ, leading to stronger bounds on the former by

an order of magnitude.

In the LU and LD scenarios, we find a strong enhancement of the reach by a factor of about
10-20 compared to the single-flavor scenarios for the C̃(3)

lequ coefficients, while limits on the C̃(1)
lequ

coefficients are of similar magnitude. This is a result of the strong enhancement of the LU and
LD C̃eB coefficients, which directly contribute to the tensor coefficients C̃(3)

lequ via the strong
mixing under RGE running. The scalar coefficients, on the other hand, receive less RGE mixing,
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Figure 7.12: Lower bounds on Λ/
√
C for the scalar and tensor four-fermion coefficients at the

90% credible level. The scales are derived from the largest absolute value of the 90% credible
intervals shown in 7.11. The striped bars represent the bounds on the coefficients C̃ji, while the
solid bars show the bounds on the coefficients C̃ij with i < j.

and are thus mainly constrained by ttℓℓ production, resulting in a similar reach as the ee and
µµ coefficients.

The sensitivity on these operators could be significantly improved by a more precise measurement
of the ttℓℓ coupling. Simultaneously, this would also improve the fit of the leptonic dipoles via
their RGE mixing. The prime facilities to perform such measurements would be lepton colliders,
such as the FCC-ee [121–125], CLIC [128–131] or a muon collider [391, 392].

Vector Semileptonic Four-Fermion Operators

Fig. 7.13 shows the 90% credible intervals for the vector semileptonic four-fermion operators,
while 7.14 presents the corresponding lower bounds on Λ/

√
C. The vector operators contribute

to a large number of observables, including DY production, ttℓℓ production, as well as various
flavor observables such as meson and semileptonic τ decays.
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Figure 7.13: 90% credible intervals for the semileptonic four-fermion coefficients with a vector
structure.
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Figure 7.14: 90% credible lower bounds on Λ/
√
C for the semileptonic four-fermion coefficients

with a vector structure. The scales are derived from the largest absolute value of the 90% credible
intervals shown in 7.13.

The resulting credible intervals are of the order of 10−3 for all coefficients except ττ operators
including right-handed fermions, which are about an order of magnitude weaker. The corre-
sponding lower on Λ/

√
C range from about 2 TeV for the ττ coefficients to about 30 TeV for the

LD C̃
(3)
lq coefficient.

We find that the limits in the LFV fits are about a factor 2-4 stronger than the limits in the LFC
fits. The reason is that the corresponding observables do not feature a SM contribution, leading
to a reduced background and stronger sensitivity on potential BSM contributions.

Furthermore, the bounds on operators with left-handed quark doublets are slightly stronger
than the bounds on operators with right-handed quarks, particularly for the LFC coefficients.
This is due to the fact that the left-handed operators contribute to FCNC flavor observables, such
as B → K(∗)ℓℓ, which are well constrained by the data. The right-handed operators, on the
other hand, only contribute to lepton-flavor-conserving processes in the MFV framework, such
as DY processes and ttℓℓ production.

Interestingly, we find a small tension in the C̃eu coefficient in the LU scenario, with a credible
interval of [0.43, 3.2] · 10−3, whereas similar deviations are absent in fits to the individual
lepton flavors. This deviation thus arises solely from the interplay of the different flavors and
observables, as well as the overall tightening of the credible intervals in combined fits, showing
the significant impact of flavor assumptions on the results.

We further find slight enhancements in the C̃(3)
lq coefficients for eµ and µτ , with 90% credible

intervals of [0.28, 3.7] · 10−4 and [0.65, 4.4] · 10−4, respectively. These are probably driven
by slight excesses in some high-pT bins of the DY process pp → µν measured by the ATLAS
collaboration [231], to which the C̃

(3)
lq coefficients contribute strongly due to the energy-

enhancement of the four-fermion operators.

7.1.5. Summary of the Credible Intervals

Overall, we find that the 90% credible intervals for the Wilson coefficients are mostly compatible
with zero in all lepton-flavor scenarios. We further see significant differences in the credible
intervals for the different classes of operators and the different lepton-flavor scenarios. For, e.g.,



92 Global Fits of Collider and Flavor Observables

the vector semileptonic four-fermion operators and C̃φe, the LFV couplings are in general more
strongly constrained than the LFC couplings. This is due to the fact that the corresponding LFV
observables do not receive any SM contributions, making them especially sensitive to the SMEFT
coefficients. For the leptonic dipole coefficients, on the other hand, the bounds on ee and µµ
components are tighter than the LFV bounds, as the latter are significantly broadened by the
RGE mixing with the scalar and tensor four-fermion operators.

We further see strong synergies arising in the combination of different lepton flavors for several
coefficients. This is most pronounced for the electroweak dipole coefficients, the four-lepton
coefficients and C̃(3)

lequ, where the LU and in particular the LD bounds are orders of magnitude
stronger than the results of fits to individual lepton flavors.

The strongest constraints are obtained for the dipole coefficient C̃eB in the LD scenario with a
corresponding lower bound on Λ/

√
C of ∼ 1000TeV. The scalar and tensor operators C̃(1)

lequ and

C̃
(3)
lequ are currently the least constrained, with the exception of the ee and µµ components. This

is because the LFV and ττ coefficients are only indirectly constrained via the RGE mixing with
the electroweak dipole operators. Their 90% credible limits are of the order of 2 · 102, leaving
ample room for new physics in these operators.

In the future, the fits could be further improved with new data from a high-energy lepton
collider such as the FCC-ee [121–125], CLIC [128–131], or a muon collider [391, 392]. These
facilities could provide more precise measurements of the ttℓℓ coupling, thus tightening the
constraints on the scalar and tensor four-fermion operators. Simultaneously, this would also
improve the constraints on the leptonic dipole coefficients via their RGE mixing. Moreover,
better measurements of Z → ℓiℓj decays would allow more precise probes of C̃eZ as well as
the Higgs-current operators. In addition, dilepton production at lepton colliders would help
constrain the four-lepton operators, which are currently only weakly constrained in single-flavor
fits.

7.2. Posterior Distributions of the MFV Parameters

In this section, we present the results on the posterior distributions of the MFV ratios riL and riR
resulting from our global SMEFT fits. These ratios provide insight into the relative strength of
the flavor-diagonal leading term compared to the higher-order spurion insertions in the MFV
expansion (3.12).

The ratios riR are defined for right-handed up-type quarks, so that we include such ratios for
the operators Oφu, Olu, and Oeu. We show the resulting posterior probability distributions in
Fig. 7.15.

We find all posterior distributions to be completely flat, indicating no sensitivity on the structure
of right-handed couplings given the data included in this work. This is due to the fact that
this ratio solely contributes to the coupling to top-quarks. The corresponding constraints are,
however, orders of magnitude weaker than the bounds from DY and flavor observables, which
are mostly sensitive to the first two generations of quarks. As a result, the posterior distributions
for the ratios riR remain unconstrained.

In the future, the sensitivity could be improved with more data on top-quark couplings, in
particular of the ttℓℓ vertex. As mentioned in Sec. 7.1, the most promising experimental
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Figure 7.15: Posterior probability distributions for the MFV ratios rφu
R (left), rluR (center), and

reuR (right).

prospects for this are high-energy lepton colliders that operate above the tt̄ threshold, such as
the FCC-ee [121–125], CLIC [128–131] or a muon collider [391, 392]. These colliders offer a
clean environment with high luminosity, which could lead to improved constraints on the MFV
ratios riR as well as on the Wilson coefficients in general [208, 393, 394].

For the left-handed operators, we find sensitivity on the ratios riL in all cases, i.e. for O(1/3)
φq ,

O
(1/3)
lq , and Oqe. The reason is that in addition to the contribution to the top-quark couplings

similar to rφu
R , these ratios also contribute directly to FCNCs as well as to lepton-flavor-conserving

couplings of down-type quarks (see Eq. (3.20)). This results in increased sensitivity on the
structure of the MFV expansion, which is reflected in the shape of the posterior for the ratios riL.

For the ratios of the Higgs-current operators, rφq(1)

L and rφq(3)

L , we show some examples of the
posterior probability distributions in Fig. 7.16. For the sake of clarity, we show the remaining
distributions in Appendix F in Fig. 1.

Figure 7.16: Posterior probability distributions for the MFV ratio rφq(1)

L (left) and rφq(3)

L (right)
for the ee, ττ , eµ and LU lepton-flavor scenarios. The remaining distributions are shown in
Appendix F in Fig. 1.
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For rφq(1)

L (left panel of Fig. 7.16), the posterior distributions exhibit distinct shapes across

the different lepton-flavor scenarios. They are notably broader than for rφq(3)

L , indicating less
sensitivity on the MFV structure. Moreover, they exhibit slight asymmetries, particularly in the
eµ scenario. The ττ scenario features the most pronounced peak, which is centered around
rφq(1)

L ∼ −0.5, suggesting that the data may favor a non-zero contribution of higher-order
spurion insertions. The ee and eµ distributions, in contrast, are flatter and more symmetric,
indicating less pronounced sensitivity.

In the case of rφq(3)

L (right panel of Fig. 7.16), the distributions are more narrow and very
similar across the different lepton-flavor scenarios. The peaks of the ττ , eµ and LU scenarios
are centered around rφq(3)

L ∼ −1, corresponding to a cancellation of the leading MFV term with

the higher-order spurion insertion in the top-quark coupling ∼ C̃(1 + rφq(3)

L ). The ee scenario is

shifted further towards negative values, with the peak centered around rφq(3)

L ∼ −1.3, indicating
a slight preference for larger contributions of higher-order spurion insertions.

Furthermore, we show the posterior distributions for the ratios riL of the semileptonic four-
fermion operators O(1/3)

lq and Oqe in Fig. 7.17.

Figure 7.17: Posterior probability distributions for the MFV ratio rlq
(1)

L (left), rlq
(3)

L (center)
and rqeL (right) for the µµ, ττ , µτ , and LD lepton-flavor scenarios. The remaining distributions
are shown in Appendix F in Fig. 2.

For these distributions, the posterior shapes vary substantially across the different lepton-flavor
scenarios. Similar to the Higgs-current operators, the distributions for the ττ scenario exhibit
the most pronounced peaks, centered around riL ∼ 0 for O(1/3)

lq and around riL ∼ −1 for Oqe,
indicating a strong sensitivity to the MFV structure. This may be attributed to the relatively weak
collider constraints in the ττ scenario, which in turn allows the flavor observables, sensitive to
the product C̃ · riL, to impose comparatively stronger bounds.

The other lepton-flavor scenarios, in particular the µµ and µτ scenarios, show broader distri-
butions with some asymmetry, suggesting a mild preference for non-zero higher-order spurion
insertions. In contrast, the LD scenario leads to broad, flat distributions with no pronounced
peaks, suggesting weak sensitivity. This is likely because the constraints on the Wilson coeffi-
cients C̃ are very tight in the LD scenario, so that the product C̃ · riL is constrained to be close to
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zero, leading to a flat posterior distribution for riL. The µµ and µτ cases fall in between, with
moderate widths and some asymmetry, indicating a mild preference for non-zero higher-order
spurion insertions.

We further observe that the posterior distributions for rqeL are significantly narrower than those

for rlq
(1/3)

L and rlq
(3)

L . A reason might be that the operators O(1)
lq and O(3)

lq also contribute to the
b→ sνν̄ decays, which are directly sensitive to the product C̃ · riL. Notably, a 3σ deviation from
the SM has been reported in the decay B+ → K+νν̄ [372], which prefers large values of C̃ · riL.
As the Wilson coefficient C̃ are already constrained by other processes to be very small, this
broadens the posterior distributions for riL.

In general, all posterior distributions are consistent with riL = 0, corresponding to the absence
of higher-order spurion contributions in the MFV expansion. This outcome is expected, given
the lack of systematic deviations from the SM in the data, which would necessitate sizable
flavor-breaking terms to accommodate. However, there is still ample room for large higher-order
spurion contributions, as the sensitivity of the data is not sufficient to rule out such contributions.

Our results differ from those of Ref. [1], where a characteristic double-peak structure was found
for the posterior distributions of the ratios riL. In that analysis, the MFV ratios were assumed
to be universal across all operators involving a given quark bilinear. In our approach, this
assumption is relaxed, allowing the MFV ratios to vary independently for each operator, which
leads to qualitatively different posterior shapes.

7.3. Fit Results of the CKM Matrix

In this section, we present the results for the CKM matrix elements obtained from the global
fits, where we treat the Wolfenstein parameters as nuisance parameters. To ensure sensitivity
to these parameters across all lepton-flavor scenarios, we include the observables ∆md, ∆ms,
Γ(B+ → τ+ν̄) and the ratio Γ(K+ → µ+νµ)/Γ(π

+ → µ+νµ) (see Appendix B ) in all fits,
following Ref. [182]. For scenarios including SMEFT couplings to the muon, we use the partial
widths Γ(π+ → µ+νµ) and Γ(K+ → µ+νµ) instead of their ratio, as SMEFT contributions
largely cancel in the latter.

Fig. 7.19 shows the 1σ credible intervals of the Wolfenstein parameters λ, A, ρ, and η obtained
from the posterior probability distributions of the Wilson coefficients in the different lepton-
flavor scenarios. Black lines indicate the average, while colored bands show the 1σ credible
intervals. We compare our results to the current CKMfitter averages [395, 396] shown in gray.

We find our results to be compatible with the CKMfitter averages for all lepton-flavor scenarios.
In general, we observe a tendency in our results towards smaller values of A and larger values
of ρ compared to the literature, which is, however, within the 1σ uncertainties. Moreover, we
see consistency between the different lepton-flavor scenarios.

Furthermore, we extract the CKM matrix elements from the posterior distributions of the
Wolfenstein parameters using the parameterization presented in Eq. (2.16). The resulting
averages (black) and 1σ credible intervals (colored bands) of the CKM matrix elements are
shown in Fig. 7.19. We find that the CKM matrix elements are largely compatible with the
current CKMfitter averages [395, 396], shown in gray. We observe a slight deviation for the
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Figure 7.18: 1σ credible intervals of the Wolfenstein parameters λ, A, ρ and η. We show the
average in black and the 1σ credible intervals in colored bands. We compare our results to the
current CKMfitter averages[395, 396], for which we show the average and the 1σ uncertainties
as gray lines and bands, respectively.
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Figure 7.19: 1σ credible intervals of the CKM matrix elements obtained from the posterior
distributions of the Wolfenstein parameters. We compare our results to the current CKMfitter
averages [395, 396], shown including the 1σ uncertainties in gray.

CKM matrix element Vtd for the µµ, LU and LD scenarios, which are however consistent within
2σ.

The trend we see, for example, in |Vcb| towards smaller values is in line with the general trend
observed in the literature, where exclusive determinations yield smaller values than inclusive
determinations [18, 339]. The comparatively small values for |Vtd| and |Vts|, on the other hand,
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are mainly driven by the observables ∆md and ∆ms, which are sensitive to the CKM matrix
elements via the mixing angles in the Bd and Bs systems (see Sec. 6.2.1).

Overall, our uncertainties are larger than the current CKMfitter averages, which is expected
given the smaller set of observables in our fit and the additional uncertainties arising from the
inclusion of possible BSM contributions via the Wilson coefficients. Nonetheless, the results
demonstrate the feasibility of a joint fit of SMEFT and CKM parameters, which is crucial to
avoid potential biases arising from the assumption of SM-like CKM parameters in the SMEFT fits.
Combined SMEFT and CKM fits were also performed in, e.g., Refs. [182, 188], finding similar
results.

7.4. Predictions for Dineutrino Decay Rates

We employ the posterior distributions of the Wilson coefficients obtained from the global fit to
derive predictions of the branching fractions of the dineutrino decays B → K(∗)νν̄, B → πνν̄
and B → ρνν̄. These decays are particularly interesting given the first measurement and the
observed deviation in the branching fraction of the decay B+ → K+νν̄ reported by the Belle II
collaboration [372]. They are mediated by b→ sνν̄ and b→ dνν̄ transitions, which are sensitive
to potential BSM contributions to FCNC couplings.

We compute the branching ratios based on Eqs. (6.28) and (6.29) for the decay into pseudoscalar
and vector mesons, respectively. We show the resulting probability distributions in Fig. 7.20
for the B0 decays, whereas the posterior distributions of the short-distance contributions to B+

decays are presented in Appendix F in Fig. 3.

We compare the results using the posterior from our LU fit (blue) to the SM predictions neglecting
SMEFT effects (orange), as well as the current experimental bounds (red). We also show the
projected sensitivities of the Belle II experiment [397] (dashed purple lines) if available.

Figure 7.20: Predictions for the dineutrino decays B0 → K0νν̄ (top left), B0 → K∗0νν̄ (top
right), B0 → π0νν̄ (bottom left), and B0 → ρ0νν̄ (bottom right) based on the posterior of the
LU fit. Colored bands indicate the 68% and 90% credible intervals; the orange band denotes
the 1σ SM prediction. Red lines represent current experimental 90% CL bounds, while dashed
purple lines show projected sensitivities of the Belle II experiment [397].
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For b → s transitions, our predictions align closely with the SM values. In contrast, the
predictions of the branching fractions for b → d transitions are slightly lower than the SM
expectations, reflecting our fit’s preference for smaller values of the CKM matrix element |Vtd|.
The decays with a b → d transition are more strongly suppressed in the SM due to the small
CKM matrix element Vtd, so that the experimental bounds are currently orders of magnitude
larger than the SM predictions. A signal in these decays would thus be a clear indication of new
physics.

In general, the uncertainties of the predictions using our posterior distributions are significantly
larger than that of the SM predictions, which is expected given the additional uncertainties
arising from the SMEFT contributions. Tabs. 7.1 and 7.2 summarize the predicted short-distance
contributions to the branching fractions for B → K(∗)νν̄ and B → π/ρνν̄, respectively, across
different lepton-flavor scenarios. The numbers in parentheses indicate 1σ uncertainties. We see
that the predictions are similar across the different flavor scenarios.

Fit B0 → K0νν̄ B(B0 → K∗0νν̄) B(B+ → K∗+νν̄)

ee 4.26(0.94)× 10−6 9.4(2.1)× 10−6 1.02(0.22)× 10−5

µµ 4.26(0.86)× 10−6 9.5(1.9)× 10−6 1.02(0.21)× 10−5

ττ 4.4(1.0)× 10−6 9.8(2.3)× 10−6 1.06(0.25)× 10−5

eµ 4.32(0.90)× 10−6 9.6(2.0)× 10−6 1.03(0.21)× 10−5

eτ 4.35(0.89)× 10−6 9.7(2.0)× 10−6 1.04(0.21)× 10−5

µτ 4.20(0.98)× 10−6 9.3(2.2)× 10−6 1.00(0.23)× 10−5

LU 4.15(0.96)× 10−6 9.2(2.1)× 10−6 9.9(2.3)× 10−6

LD 4.17(0.53)× 10−6 9.3(1.2)× 10−6 1.00(0.13)× 10−5

Table 7.1: Predictions for the B → K(∗)νν̄ branching fractions in the various lepton-flavor
scenarios. The numbers in parentheses indicate the 1σ uncertainties. For the
decay B+ → K∗+νν̄, there are additional long-distance contributions from
B+ → τ+(→ K∗+ν̄)ν [353, 398], which are not included here.

There are additional long-distance contributions from the decay B+ → τ+(→M+ν̄)ν for B+

decays, where M is either a pseudoscalar or vector meson [353, 398], which are not included
in Tabs. 7.1 and 7.2. These contributions can in principle also be affected by new physics. In
contrast to the short-distance contributions, which are governed by FCNC semileptonic four-
fermion operators, the long-distance contributions are captured by the Wilson coefficient CV,LL

νedu ,
sensitive to charged-current interactions.

For the decays into pseudoscalar mesons, we can infer predictions for the long-distance con-
tributions from the partial widths of the decays B+ → τ+ν and τ+ → P ν̄, using Eqs. (6.19)
and (6.13), respectively. Using the posterior of our LU fit, we find

B(B+ → K+νν̄)LD = 6.2(1.1) · 10−7 , (7.1)

B(B+ → π+νν̄)LD = 9.4(1.6) · 10−6 . (7.2)



Global Fits of Collider and Flavor Observables 99

Fit B(B0 → π0νν̄) B(B+ → π+νν̄) B(B0 → ρ0νν̄) B(B+ → ρ+νν̄)

ee 6.2(1.4)× 10−8 1.32(0.29)× 10−7 1.78(0.39)× 10−7 3.83(0.85)× 10−7

µµ 5.9(1.2)× 10−8 1.28(0.27)× 10−7 1.71(0.36)× 10−7 3.70(0.77)× 10−7

ττ 6.4(1.5)× 10−8 1.37(0.32)× 10−7 1.84(0.44)× 10−7 3.96(0.94)× 10−7

eµ 6.1(1.3)× 10−8 1.32(0.28)× 10−7 1.77(0.38)× 10−7 3.82(0.81)× 10−7

eτ 6.2(1.3)× 10−8 1.34(0.28)× 10−7 1.79(0.37)× 10−7 3.87(0.81)× 10−7

µτ 6.0(1.4)× 10−8 1.29(0.30)× 10−7 1.72(0.41)× 10−7 3.72(0.88)× 10−7

LU 5.8(1.4)× 10−8 1.24(0.30)× 10−7 1.67(0.40)× 10−7 3.60(0.86)× 10−7

LD 5.81(0.78)× 10−8 1.24(0.17)× 10−6 1.68(0.23)× 10−7 3.62(0.49)× 10−7

Table 7.2: Predictions for the short-distance contributions to the B → π/ρνν̄ branching frac-
tions in the various lepton-flavor scenarios. The numbers in parentheses indicate
the 1σ uncertainties. For the decays of the B+, there are additional long-distance
contributions from B+ → τ+(→M+ν̄)ν [353, 398], which are not included here.

While the long-distance contributions to the B+ → K+νν̄ amount to about 10% of the total
branching fraction, the long-distance contributions to the B+ → π+νν̄ are nearly two orders of
magnitude larger than the short-distance contributions, thus dominating the total branching
fraction.

Testing the MFV Hypothesis

One of the core features of the MFV approach in the SMEFT is the absence of right-handed
FCNCs. As a result, the short-distance contributions to dineutrino decays are only sensitive to a
single Wilson coefficient, CV,LL

νd , in the LEFT1. Hence, the dependence on the Wilson coefficient
cancels in the ratio of the branching fractions, leading to a prediction that is independent of
new physics contribution.

Thus, such ratios of branching fractions are fixed to the SM expectation in the MFV hypothesis,
which can be tested with future Belle II data. The ratios of the dineutrino branching fractions
are only determined by the kinematic factors, form factors, and CKM elements. The kinematic
factors can be computed following Eqs. (6.28) and (6.29), while the form factors used in this
analysis are listed in Tab. 6 in Appendix E .

To access the ratio of the CKM factors between the b → d and b → s transitions, we employ
the numerical value |Vtd/Vts|2 = 0.0416(0.0018) obtained from the LU fit. We list the resulting
predictions for the ratios of the B0 dineutrino branching fractions in Tab. 7.3.

The ratios of the dineutrino branching fractions of the same transition, either b→ s or b→ d,
are solely governed by kinematic factors as well as the form factors, which we assumed to be
unaffected by new physics. There is, moreover, an additional factor of 1/2 for the decay into
a π0 or ρ0 meson compared to the decay into Kaons due to isospin. The ratio of a branching

1See e.g. Refs [374–376] for a discussion of right-handed currents.
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K∗0 K0 ρ0 π0

K∗0 1 0.451(38) 0.0181(29) 0.0063(14)

K0 1 0.0403(58) 0.0139(30)

ρ0 1 0.346(85)

Table 7.3: Ratios of the dineutrino branching fractions in the MFV hypothesis. Each entry
should be read as the ratio of the branching fraction to the column meson to that
of the final state with the row meson (i.e., column divided by row). The ratios are
fixed to the SM expectation in the MFV hypothesis, which are only determined by
kinematic factors, form factors, and CKM factors.

fraction with a b → d transition to one with a b → s transition is moreover suppressed by a
factor of |Vtd/Vts|2.

Observing a deviation from these predictions would indicate the presence of new physics beyond
the MFV or the SMEFT framework. This could be due to the presence of new right-handed
currents, which would induce the Wilson coefficient CV,LR

νd and lead to additional contributions
to the dineutrino decays that are absent in the MFV hypothesis. Alternatively, it could also
indicate the presence of new light degrees of freedom, such as a light dark photon, in which
case the SMEFT framework would not be applicable.
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Chapter 8

Conclusions and Outlook

In this thesis, we have performed lepton-flavor-specific global fits combining collider and flavor
observables in the SMEFT framework. Our analysis systematically explored the synergies be-
tween different classes of observables, enabling comprehensive constraints of the 17-dimensional
SMEFT parameter space and resolving directions that would otherwise remain unconstrained.
In particular, we investigated the flavor structure of the SMEFT by examining the Minimal Flavor
Violation approach in the quark sector and assessing the impact of lepton flavor on the global
fits.

We have included the largest set of decays in a SMEFT fit to date, covering 163 different
lepton and meson decays. The total number of observables is significantly larger, as several
decays are measured differentially. We further consider a multitude of collider measurements
and additional flavor observables, such as the anomalous magnetic moments of leptons and
neutral meson mixing. This extensive dataset allows us to probe a wide range of SMEFT Wilson
coefficients across many different flavor combinations, thereby improving the sensitivity to BSM
effects.

Most notably, we have found that the combination of different lepton flavors, and thus of distinct
observables, can extend the reach on the new physics scale Λ by more than two orders of
magnitude relative to single-flavor fits, as illustrated in Fig. 7.7 for C̃eB . This highlights the
power of the synergies inherent in global SMEFT fits, which can significantly improve sensitivity
to BSM effects. In the lepton-flavor democratic global fit, we were able to test BSM scales of
Λ ∼ 1000TeV for a Wilson coefficient of order O(1), which is well beyond the direct reach of
current collider experiments.

While we found most Wilson coefficients to be consistent with C̃ = 0 within the 90% credible
intervals, some deviations from the SM were observed. Although they are not statistically
significant, with more data and improved uncertainties such hints might someday provide the
first indications of new physics in the SMEFT framework. Surprisingly, the largest deviation is
found for C̃eu in the lepton-flavor-universal fit (Tab. 25), despite the absence of such anomalies
in the individual lepton-flavor-specific fits. This again highlights the importance of flavor in the
SMEFT framework and the potential of global fits to uncover new dynamics.

While this thesis represents a step toward a more comprehensive and consistent search for
low-energy imprints of heavy new physics, it also reveals potential for future improvements.
Dimension-8 operator contributions, currently omitted from our analysis, could be included
in future fits for a more consistent SMEFT expansion and to test BSM models, such as certain
composite Higgs models [165], that are not captured by dimension-6 operators. Furthermore,
integrating SMEFT fits with PDFs (see e.g. [202, 399, 400]) will be essential, since the impact
of future high-energy collider data on the PDF determination is expected to increase. A
simultaneous fit of SMEFT coefficients and PDFs will prevent potential new physics effects from
being masked by the PDFs, which is particularly important for Drell-Yan production, as it relies
heavily on the quark PDFs.
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In the coming years, the Belle II experiment promises further progress by delivering extensive
new data, particularly on rare decays such as FCNC and lepton-flavor-violating processes [397].
These measurements will sharpen the tests of the SM and might offer further insights into
the flavor structure of the SMEFT. In particular, the measurement of dineutrino decay rates
will provide new opportunities. Not only will these measurements allow for tests of the MFV
hypothesis, but they will also provide lepton-flavor inclusive probes of new dynamics. If the
current anomaly in B(B → Kνν̄) persists, it would provide compelling evidence of BSM physics.
In the SMEFT framework, he SU(2)L symmetry predicts correlated effects in the b → sℓ+ℓ−

sector, which could be tested in flavor observables as well as in DY production.

At the same time, the high-luminosity phase of the LHC (HL-LHC) and prospective upgrades
such as the High-Energy LHC (HE-LHC) are expected to further explore the high-energy frontier,
thereby improving the sensitivity to energy-enhanced operators in the SMEFT. The HL-LHC
will increase the available data by a factor of 10, while the HE-LHC may double the collision
energy to 27 TeV and triple the integrated luminosity. This would boost the sensitivity to the
SMEFT coefficients by more than a factor of three compared to current bounds, particularly for
the energy-enhanced four-fermion operators [2]. The combination of these improved high-pT
probes with the precision measurements from Belle II offers a promising approach to explore
even the most subtle effects of BSM physics and provide guiding directions for future searches.

One of the most significant improvements in SMEFT fits is expected from more precise measure-
ments of the ttll vertex, which is currently only weakly constrained. This could, for example, be
realized at a future high-energy lepton collider, which would allow for precise measurements
of the ℓ+ℓ− → tt̄ process. Facilities currently under consideration, such as the Future Circular
Lepton Collider (FCC-ee) [121–125] or the Compact Linear Collider (CLIC) [128–131], would
be particularly well-suited for such measurements. They provide clean collision environments,
thus combining the advantages of energy enhancement with high-precision measurements.

The corresponding tt̄µµ vertex, on the other hand, would be best probed at a muon collider,
for which the first feasibility studies are currently being conducted [391, 392]. Such a collider
would also provide further insights into the recent muon anomalies by testing process such as
µµ→ bs [401].

The ttℓℓ vertex would not only improve the sensitivity to semileptonic four-fermion operators, but
also significantly improve the constraints on the leptonic dipole coefficients. The determination
of these coefficients is currently limited by the RGE mixing with the scalar and tensor coefficients,
which contribute only via the top quark coupling in MFV and are therefore not well constrained
by current data. The only direct probe included in this work is tt̄ℓ+ℓ− production, which
provides constraints only on the ee and µµ couplings.

Moreover, better determinations of the top-quark couplings would also help to improve the
sensitivity to the MFV ratios rL and rR, which encode the relative strength of higher-order
spurion insertions compared to the leading, flavor-diagonal term in the MFV expansion. These
ratios are currently only weakly constrained, in particular for operators with right-handed quark
couplings. The reason for this is that the constraints from top-quarks, testing C̃ · (1 + rL/R), are
significantly weaker than those on the light quark flavors, which predominantly test only C̃.

In addition, a lepton collider would allow for more precise measurements of the Z and W boson
decays, which are the main drivers for the constraints on the Higgs-current operators. The C̃eZ

and C̃eW coefficients would also benefit from such high-precision measurements, thus further
improving the bounds on the leptonic dipole coefficients. Moreover, measurements of ℓℓ→ ℓiℓj
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processes would improve the bounds on the four-lepton coefficients, which are currently among
the least constrained coefficients in the single-flavor fits.

Eventually, the most promising avenue for a direct discovery of heavy BSM physics probably
remains a high-energy hadron collider. One such potential collider is the FCC-hh [126, 127],
intended to operate at energies of up to 1000 TeV. While such a facility remains a long-term
prospect, the years leading up to its realization will be crucial for the development of the
necessary theoretical tools and the identification of the most promising directions for BSM
dynamics. In this quest, EFT methods will play a central role in providing a systematic framework
to combine experimental advances with new theoretical insights, thereby guiding the search for
new physics.

In conclusion, this thesis demonstrated that global SMEFT fits, combining the energy-enhanced
reach of collider observables with the precision of flavor measurements, offer a powerful
approach for model-independent BSM searches. Moreover, we find that the fits could be further
improved with future data at lepton colliders, such as measurements of ℓℓ→ tt̄, ℓℓ→ ℓiℓj , and
improved determinations of the Z branching fractions. The results presented in this analysis
provide a solid foundation for future studies and demonstrate the great potential of the interplay
between flavor and high-pT observables in the SMEFT framework.
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Appendix

A Numerical Input Values

In order to compute predictions in the SM or the SMEFT, numerical input values for the
parameters of the theory are required. Besides the masses of the particles and the strong
coupling constant αs(mZ), the electroweak parameters need to be fixed as well. In the SM,
the electroweak parameters such as the masses of the W and Z bosons, the Higgs vev, and the
electromagnetic coupling constant αem are partially related via the electroweak theory. Thus,
only a subset of these parameters is independent and needs to be specified by measurements.
Once these parameters are fixed, all other electroweak parameters (e.g. the Fermi constant GF

or the weak mixing angle sin2 θW ) can be derived using the relations of the electroweak theory.

Once the SM is extended by dimension-six operators, however, the relationships between a
given set of input measurements and the underlying parameters of the Lagrangian can be
shifted [137, 175, 177–181]. The measured quantities receive a SMEFT correction due to the
potential presence of new physics, which can be parameterized by the Wilson coefficients of the
dimension-six operators. As an example, we consider the Fermi constant GF , for which we can
generally denote the relation between the measured value and the underlying parameters as

Gmeas
F = GSM

F + δGF , (A .1)

where GSM
F is the value of the Fermi constant in the SM Lagrangian, Gmeas

F is the experimental
value and δGF is a shift depending on the Wilson coefficients of the dimension-six operators. In
the Warsaw basis, this shift is given by [137, 177]

δGF =
1

v2Gmeas
F

(︃
C̃ll + C̃′

ll

4
− C̃(3)

φl

)︃
, (A .2)

where C̃ll and C̃′
ll denote the different flavor structures of the dimension-six operator Oll.

This shift in the Fermi constant leads to a changes in the related electroweak parameters. For
example, we can express the shifts in vev, the gauge couplings g and g′ and the weak mixing
angle sin2 θW in terms of the shift in the Fermi constant as [137]

δv2 =
δGF

Gmeas
F

,

δg
′
=

g
′meas

√
2 cos(2θmeas

W )
sin2(θmeas

W )δGF ,

δg =
gmeas

√
2 cos(2θmeas

W )
sin2(θmeas

W )δGF ,

δ sin2 θW = 2 cos2(θmeas
W ) sin2(θmeas

W )

(︄
δg

′

g′meas −
δg

gmeas

)︄
,

(A .3)
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where g and g′ are the gauge couplings of the SU(2)L and U(1)Y gauge groups, respectively.
Similar relations arise for other electroweak input values, such as the masses of the W and Z
bosons, and the electromagnetic coupling constant αem.

As a result, different choices of input parameters, also known as input schemes, can lead to
different combinations of Wilson coefficient entering a given observable. Although the physical
predictions must remain independent of the input scheme, the intermediate mapping from the
input parameters to the Wilson coefficients can vary.

In this work, we adopt the {αem,mW ,mZ} input scheme. In this scheme, the input parameters
are only affected by purely bosonic dimension-six operators, which we neglect in our analysis.
Thus, the input parameters are not shifted by the presence of new physics, which significantly
simplifies the computations. Moreover, since the Fermi constant GF is not employed as an input
parameter, the lepton decays ℓ→ ℓ′νν̄ do not contribute to our defining relations. Consequently,
the associated branching fractions are not fixed by the input scheme and can be treated as free
parameters in the fit.

The numerical values used throughout this work are listed in Tab. 1.

Parameter Value Parameter Value

mW 80.369(13) GeV [18] mZ 91.1880(20) GeV [18]

mh 125.250(11) GeV [18] me 510.99895000(15) keV [18]

mµ 105.6583755(23) MeV mτ 1.77693(9) GeV [18]

mu 2.16(7) MeV [18] md 4.70(7) MeV [18]

mc 1.2730(46) GeV [18] ms 93.5(8) MeV [18]

mt 72.57(29) GeV [18] mb 4.183(7) GeV [18]

αem 0.0072973525693(11) [18] αs(mZ) 0.11830(70) [339]

Table 1: Numerical input parameters extracted from experiment and lattice computations used
throughout this work.
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B Simplified Fit of the CKM Matrix

In order to obtain fixed values for the CKM matrix elements to use in the MFV parameterization,
we follow Ref. [182] and perform a fit of the Wolfenstein parameterization (2.16) using the
measurements of Γ(K → µνµ)/Γ(π → µνµ), Γ(B → τντ ), ∆Md, ∆Ms listed in Tab. 2. The
computation of these observables is outlined in Sec. 6.2.2 for the leptonic meson decays and in
Sec. 6.2.1 the mass differences in the Bd and Bs systems.

Observable Measurement

B (B+ → τ+ν̄τ ) 1.09(24) · 10−4 [18]

Γ(K+ → µ+νµ)/Γ(π
+ → µ+νµ) 1.3367(32) [18]

∆Md 0.5069(19) · 1012 ℏs−1 [18]

∆Ms 17.765(5) · 1012 ℏs−1 [18]

Table 2: Input values for the CKM matrix fit.

In contrast to the global fit, we neglect possible SMEFT contributions and perform a fit using only
the four Wolfenstein parameters λ,A, ρ, η as degrees of freedom. Employing the Bayesian frame-
work outlined in Sec. 4.2, we get {λ̂, Â, ρ̂, η̂} = {0.22532(47), 0.804(17), 0.184(32), 0.388(52)},
corresponding to

|VCKM| =

⎛⎜⎝0.97429(11) 0.22532(47) 0.00405(49)

0.22520(47) 0.97346(11) 0.04081(85)

0.00832(21) 0.04016(87) 0.999167(35)

⎞⎟⎠ , (B .4)

in agreement with the values obtained in Ref. [182] as well as with the current values of the
CKMfitter group [395, 396]. The uncertainties are larger than the current CKMfitter averages,
which is expected given the smaller set of observables in the fit.



Appendix 107

C Matching the SMEFT onto the LEFT

We match the SMEFT onto the LEFT at tree-level at the scale µ = mW following [132]. The
matching for the dipole operators is given by

Ceγ
ij

=
1√
2v

(︁
− sin θW C̃eW

ij
+ cos θW C̃eB

ij

)︁
. (C .5)

The four lepton operators receive matching contributions from the four lepton SMEFT operators
as well as from the Higgs-current operators. The matching conditions are given by

CV,LL
ee

ijkl
=

1

v2

(︄
C̃ ll

ijkl
− 1

4

(︃(︂
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φl
kl
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(C .6)
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ijkl
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(C .7)

CV,LR
ee

ijkl
=

1

v2

(︄
C̃ le

ijkl
−
(︃(︂

δij(2s2θ − 1)− C̃+
φl
ij

)︂(︂
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, (C .9)
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(C .10)

(C .11)

The matching conditions for the semileptonic four fermion operators are given by
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CV,LL
eu
ijkl
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(C .25)

The matching conditions for the four-quark operators are given by
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D Expansion of Ratios in the SMEFT

Many observables, e.g. branching fractions and asymmetries, are given as ratios where not only
the numerator but also the denominator can be affected by new physics contributions. In order
to keep a consistent expansion in C̃, we expand these ratios up to the second order in the Wilson
coefficients. As an example, we consider the branching ratio Bi, which is defined as

Bi =
Γi

Γtotal
, (D .28)

in terms of the partial decay width Γi and the total decay width Γtotal =
∑︁

j Γj . Both, the partial
and the total decay width can be affected by NP contributions. We can write the partial decay
width Γi as a sum of the SM contribution Γi,SM and the new physics contributions proportional
to the Wilson coefficients C̃n as

Γi = Γi,SM +
∑︂
n

ainC̃n +
∑︂
n,m

binmC̃nC̃m , (D .29)

and the total decay width similarly as

Γtotal =
∑︂
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with

ΓSM =
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j

Γj,SM . (D .31)

We can then expand the branching ratio to second order in C̃ as
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(D .32)

In the case of a vanishing SM contribution ΓSM
i = 0, the interference terms ai vanish as well and

the branching ratio is given by

Bi =
∑︂
n,m

binm

ΓSM C̃nC̃m +O(C̃3) . (D .33)
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The same holds for other ratios of observables, such as asymmetry parameters or ratios of decay
widths as well.
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E Meson Decays in the LEFT

Tab. 3 summarizes the numerical values of the meson masses used throughout this work.

Meson Mass [GeV] Meson Mass [GeV]

π0 0.1349768(5) [18] π+ 0.13957039(18) [18]

η 0.547862(17) [18] η′ 0.95778(6) [18]

ρ 0.77526(23) [18] ρ+ 0.77511(34) [18]

ω 0.78266(13) [18] ϕ 1.019461(16) [18]

K0 0.497611(13) [18] K+ 0.493677(15) [18]

K∗0 0.89555(20) [18] K∗+ 0.89167(26) [18]

D0 1.86484(5) [18] D+ 1.86966(5) [18]

Ds 1.96835(7) [18] J/Ψ 3.096900(6) [18]

D∗0 2.00685(5) [18] D∗+ 2.01026(5) [18]

D∗
s 2.1122(4) [18] Υ(1S) 9.46040(10) [18]

B0 5.27972(8) [18] B+ 5.27941(7) [18]

Bs 5.36693(10) [18] B∗
s 5.4154(14) [18]

B∗ 5.32475(20) [18]

Table 3: Numerical input values of the meson masses used in this analysis. The masses are
taken from the Particle Data Group [18].

Meson mixing

Tab. 4 lists the numerical values of the input parameters used for the computation of the mass
differences in the Bd,s systems.

Parameter Value

f2
Bd
B̂Bd 0.2106(55) GeV[402]

f2
Bs
B̂Bs 0.2561(57) GeV[402]

η2B 0.5500(75) [403]

Table 4: Numerical values of the input parameters used for the computation of the mass
differences in the Bd,s systems.
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Decay constants

In the study of leptonic and semileptonic decays of mesons, the non-perturbative effects are
commonly parameterized in terms of decay constants fM . The decay constant of a pseudoscalar
meson P (e.g. π, K, B) is defined by the matrix element of the axial-vector current between
the vacuum state and the meson state

⟨0|q̄1γµq2|P (p)⟩ = ifP p
µ , (E .34)

where p is the four-momentum of the meson and q1 and q2 are the contributing quark fields. It
is a non-perturbative quantity that can be computed using lattice QCD or other non-perturbative
methods.

Similarly, for a vector meson V (e.g. ρ, K∗, Υ), the vector decay constant fV is defined by

⟨0|q̄1γµq2|V (p, ε)⟩ = −ifV mV ε
µ , (E .35)

where mV is the mass of the vector meson and εµ is its polarization vector. The broader
decay width that is typically associated with vector mesons makes Lattice QCD calculations
more challenging, so that the decay constants are often extracted from light-cone sum rules
calculations.

Tab. 5 list the numerical values of the decay constants used in this analysis.

fM Value [MeV] fM Value [MeV]

fπ 130.2(0.8) [339] fq
η 108(3) [404]

fs
η -111(6) [404] fq

η′ 89(3) [404]

fs
η′ 136(6) [404] fρ/ω 199(4) [405]

fϕ 241(9) [406] fK 155.7(0.3) [339]

fK∗ 241 [407] fJ/Ψ 418(9) [408]

fD 210.4(1.5) [339] fDs 247.7(1.2) [339]

fΥ 649(31) [409] fB 190.0(1.3) [339]

fBs 230.3(1.3) [339]

Table 5: Decay constants of the mesons used in this analysis.

Form Factors

In semileptonic decays of heavy mesons, the hadronic matrix elements are no longer simple
constants but functions of the momentum transfer q2 between the initial and final states. These
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dependencies are encapsulated in form factors, defined as

⟨P ′(k)|q̄1γµq2|P (p)⟩ = f+(q
2)

(︃
(p+ k)µ − m2

P −m2
P ′

q2
qµ
)︃
+ f0(q

2)
m2

P −m2
P ′

q2
qµ , (E .36)

⟨P ′(k)|q̄1σµνqνq2|P (p)⟩ = i
fT (q

2)

mP +mP ′

(︁
q2(p+ k)µ − (m2

P −m2
P ′)qµ

)︁
, (E .37)

for a decay into a pseudoscalar meson P ′, where p and k are the four-momenta of the initial
and final mesons, respectively, and q = p− k is the momentum transfer.

For decays into vector mesons, the matrix element is more complicated due to the presence of
the polarization vector ε of the vector meson. The matrix elements can be expressed as

⟨V (k, ε)|q̄1γµq2|P (p)⟩ = ϵµνρσε∗νpρkσ
2V (q2)

mP +mV
, (E .38)

⟨V (k, ε)|q̄1γµγ5q2|P (p)⟩ = iε∗ν

(︂
A1(q

2)gµν(mP +mV )−A2(q
2)
(p+ k)µqν

mP +mV

− (A3(q
2)−A0(q

2))qµqν
2mV

q2

)︂
, (E .39)

⟨V (k, ε)|q̄1σµνqνq2|P (p)⟩ = ϵµνρσε∗νpρkσ2T1(q
2) , (E .40)

⟨V (k, ε)|q̄1σµνqνγ5q2|P (p)⟩ = iε∗ν

(︃
T2(q

2)
(︁
gµν(m2

P −m2
V )− (p+ k)µqν

)︁
+ T3(q

2)qν
(︃
qµ − q2(p+ k)µ

(m2
P −m2

V )

)︃)︃
, (E .41)

where V (q2), A1(q
2), A2(q

2), A3(q
2), A0(q

2), T1(q
2), T2(q

2) and T3(q
2) denote the form factors

depending on the momentum transfer q2.

To determine the form factors, non-perturbative methods, such as lattice QCD valid at high q2

or light-cone sum rules describing the low q2 region are employed to calculate discrete values
at specific q2. The form factors are then interpolated to the full kinematic range of the decay
process using suitable parameterizations. Most parameterizations are based on the z expansion,
which maps the q2 plane onto the unit circle using

z(q2; t0) =

√︁
t+ − q2 −

√
t+ − t0√︁

t+ − q2 +
√
t+ − t0

, (E .42)

where t+ = (mP +mP ′/V )2 and t0 is a reference point chosen to minimize |z(q2)| across the
physical region. The form factors are then expressed as a series expansion in z(q2), for which
different parameterizations exist.

The most common approaches are the Boyd–Grinstein–Lebed (BGL) parameterization [410]

F (q2) =
1

P (q2)ϕ(q2)

N∑︂
n=0

anz
n(q2) , (E .43)
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with the Blaschke factor

P (q2) =
z(q2)− z(m2

P∗)

1− z(q2)z(m2
P∗)

, (E .44)

accounting for sub-threshold poles at q2 = m2
P∗ and the outer function ϕ(q2) encoding the

known branch-cut behavior and phase-space factors. The expansion is typically truncated at
N = 3 or N = 4. The expansion coefficients an are determined from a fit to the lattice QCD
and light-cone sum rules data, with the unitarity constraint

∞∑︂
n=0

an ≥ 1 . (E .45)

Another frequently used parameterization is the Bourrely–Caprini–Lellouch (BCL) parameteriza-
tion [337]

f+(q
2) =

1

1− q2/mP∗

N−1∑︂
n=0

bn
[︂
z(q2)n − (−1)n−N n

N
z(q2)N

]︂
, (E .46)

f0(q
2) =

N∑︂
n=0

b0nz(q
2)n , (E .47)

where the subtraction term in f+(q2) enforces the correct behavior in the limit q2 → t+.

A common parameterization for the vector-meson form factors is given by the Bharucha–Straub–Zwicky
(BSZ) expansion [338]

F (q2) =
1

P (q2)ϕ(q2)

N∑︂
n=0

anz
n(q2) , (E .48)

following the same analytic structure as the BGL parameterization but computing ϕ(q2) pertur-
batively. In all three schemes, the combination of analyticity, unitarity and controlled truncation
yields a systematically improvable, model-independent description of the form factors across
the entire physical q2 range.

Tab. 6 lists the form factors we use for the SM and LEFT predictions in our analysis. To avoid
possible BSM contaminations, we rely purely on Lattice QCD calculations as well as light-cone
sum rule results.

Chiral coefficients

We give the definition of the flavor factors and summarize the relevant form factors for the
effective chiral coefficients defined in Eqs. (6.8) and (6.10) for the pseudoscalar and vector
mesons, respectively. The numerical values of the decay constants fP and fV are listed in Tab. 5.
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Decay Reference Framework Parameterization

D → π [411] LQCD BCL (N=4)

D → η [342] LCSR single pole

D → η′ [412] LQCD single pole

D → K [339] LQCD BCL (N=4)

B → π [339] LQCD BCL (N=3)

B → K [1] LQCD BSZ (N=3)

B → D [339] LQCD BCL (N=3)

Bs → K [339] LQCD BCL (N=4)

Bs → Ds [413] LQCD BCL (N=2)

D → ρ [342] LCSR two-parameter pole

D → ω [342] LCSR two-parameter pole

D → K∗ [342] LCSR two-parameter pole

Ds → ϕ [342] LCSR two-parameter pole

Ds → K∗ [342] LCSR two-parameter pole

B → ρ [338] LCSR BSZ (N=3)

B → K∗ [338] LCSR BSZ (N=3)

B → D∗ [414] LQCD & LCSR BSZ (N=3)

Bs → ϕ [338] LCSR BSZ (N=3)

Bs → K∗ [338] LCSR BSZ (N=3)

Bs → D∗
s [339] LQCD BGL (N=3)

Table 6: Form factors used for the semileptonic decays of mesons. The upper part of the table
lists the form factors for the decays into pseudoscalar mesons, while the lower part lists
the form factors for the decays into vector mesons. The framework used for the calcula-
tion is indicated in the third column, while the parameterization used for the form fac-
tors is listed in the last column. LQCD stands for Lattice QCD, LCSR for light-cone sum
rules, BGL refers to the Boyd–Grinstein–Lebed parameterization [410], BCL to the Bour-
rely–Caprini–Lellouch parameterization [337] and BSZ to the Bharucha–Straub–Zwicky
expansion [338].
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P km κP,u
km κP,d

km

π0 11 fπ/
√
2 −fπ/

√
2

η 11 fq
η/
√
2 fq

η/
√
2

η 22 0 fs
η

η′ 11 fq
η′/
√
2 fq

η′/
√
2

η′ 22 0 fs
η′

KL 12 0 fK

D0 12 fD 0

B0 13 0 fB

Bs 23 0 fBs

Table 7: Flavor factors for the pseudoscalar mesons P . The flavor factors are defined in terms
of the decay constants fP and the quark content of the mesons. The indices km refer
to the quark content of the meson.

V km κV,u
km κV,d

km

ρ 11 fρ/
√
2 −fρ/

√
2

ω 11 fω/
√
2 fω/

√
2

K∗ 21 0 fK∗

K̄∗ 12 0 fK∗

ϕ 22 0 fϕ

J/Ψ 22 fJ/Ψ 0

Υ 33 0 fΥ

Table 8: Flavor factors for the vector mesons V . The flavor factors are defined in terms of the
decay constants fV and the quark content of the mesons. The indices km refer to the
quark content of the meson.
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Decay Γexp [GeV] ΓSM [GeV]

D0 → K+eν 5.69(0.04) · 10−14 [18] 5.67(0.08) · 10−14

D0 → K+µν 5.47(0.07) · 10−14 [18] 5.54(0.07) · 10−14

D0 → π+eν 4.67(0.07) · 10−15 [18] 4.55(0.07) · 10−15

D0 → π+µν 4.28(0.19) · 10−15 [18] 4.49(0.07) · 10−15

D+ → K̄0eν 5.56(0.06) · 10−14 [18] 5.72(0.08) · 10−14

D+ → K̄0µν 5.58(0.12) · 10−14 [18] 5.59(0.07) · 10−14

D+ → π+eν 2.37(0.11) · 10−15 [18] 2.33(0.03) · 10−15

D+ → π+µν 2.23(0.10) · 10−15 [18] 2.30(0.03) · 10−15

D+ → ηeν 7.1(0.4) · 10−16 [18] 8.1(1.7) · 10−16

D+ → ηµν 6.6(0.4) · 10−16 [18] 8.0(1.5) · 10−16

B0 → D+eν 1.06(0.06) · 10−14 [415] 1.00(0.01) · 10−14

B0 → D+µν 1.04(0.06) · 10−14 [415] 1.00(0.01) · 10−14

B0 → D+τν 4.3(0.9) · 10−15 [18] 2.95(0.13) · 10−15

B0 → π+ℓν 6.33(0.17) · 10−17 [18] 6.8(2.2) · 10−17

B+ → D0ℓν 9.20(0.32) · 10−15 [18] 1.01(0.05) · 10−14

B+ → D0τν 3.1(1.0) · 10−15 [18] 2.97(0.14) · 10−15

B+ → π0ℓν 3.01(0.12) · 10−17 [18] 3.4(1.1) · 10−17

Bs → Dsµν 1.00(0.09) · 10−14 [416] 1.00(0.06) · 10−14

Bs → K+µν 4.6(0.4) · 10−17 [417] 7.9(2.2) · 10−17

Table 9: Measurements and SM predictions for the semileptonic decays into pseudoscalar
mesons. The SM predictions are computed using Eq. (6.23) with the form factors listed
in Tab. 6.

Semileptonic meson decays

Tab. 9 lists the measurements and SM predictions for the branching ratios of the semileptonic
decays into pseudoscalar mesons, while Tab. 10 lists the measurements and SM predictions for
the decays into vector mesons.



118 Appendix

Decay Γexp [GeV] ΓSM [GeV]

D0 → K∗+eν 3.45(0.26) · 10−14 [18] 3.13(0.33) · 10−14

D0 → K∗+µν 3.0(0.4) · 10−14 [18] 3.09(0.33) · 10−14

D0 → ρ+eν 2.41(0.19) · 10−15 [18] 2.81(0.39) · 10−15

D0 → ρ+µν 2.17(0.21) · 10−15 [18] 2.78(0.38) · 10−15

D+ → K̄∗eν 3.44(0.07) · 10−14 [18] 3.15(0.33) · 10−14

D+ → K̄∗µν 3.36(0.10) · 10−14 [18] 3.11(0.33) · 10−14

D+ → ρ0eν 1.21(0.06) · 10−15 [18] 1.43(0.20) · 10−15

D+ → ρ0µν 1.53(0.25) · 10−15 [18] 1.42(0.19) · 10−15

D+ → ωeν 1.08(0.07) · 10−15 [18] 1.21(0.17) · 10−15

D+ → ωµν 1.13(0.13) · 10−15 [18] 1.20(0.16) · 10−15

D+
s → ϕeν 3.14(0.21) · 10−14 [18] 3.21(0.58) · 10−14

D+
s → ϕµν 2.94(0.15) · 10−14 [18] 3.18(0.57) · 10−14

D+
s → K∗eν 2.8(0.4) · 10−15 [18] 3.06(0.52) · 10−15

B0 → D∗+eν 2.13(0.10) · 10−14 [418] 2.48(0.56) · 10−14

B0 → D∗+µν 2.14(0.10) · 10−14 [418] 2.47(0.56) · 10−14

B0 → D∗+τν 6.3(0.4) · 10−15 [418] 6.4(1.7) · 10−15

B0 → ρℓν 1.06(0.14) · 10−16 [18] 9.7(2.9) · 10−17

B+ → ρℓν 6.3(0.4) · 10−17 [18] 9.7(2.9) · 10−17

B+ → D∗ℓν 2.24(0.11) · 10−14 [18] 2.48(0.56) · 10−14

B+ → D∗τν 7.6(0.8) · 10−15 [18] 6.4(1.7) · 10−15

Bs → D∗
sµν 2.25(0.22) · 10−14 [416] 2.02(0.41) · 10−14

Table 10: Measurements and SM predictions for the semileptonic decays into vector mesons.
The SM predictions are computed using Eq. (6.25) with the form factors listed in
Tab. 6.



Appendix 119

F Credible Intervals and Auxiliary Plots

In this appendix, we present auxiliary results from the global fits, including the 90% credible
intervals for the Wilson coefficients and the lower limits on Λ/

√
C for each lepton flavor

combination, as well as additional plots that illustrate the posterior distributions of the Wilson
coefficients and the predictions of dineutrino decay rates.

Lepton-Flavor Specific Credible Intervals

We show the lepton-flavor specific 90% credible intervals and lower bounds on Λ/
√
C for

the Wilson coefficients obtained in the global fits in Tabs. 11–26 for the different classes of
Wilson coefficients. The tables are organized by the lepton flavor combinations, with each row
corresponding to a specific lepton pair or combination. The columns list the Wilson coefficients
and their respective credible intervals or reaches on Λ/

√
C.

90% CI C̃
(1)
φl C̃

(3)
φl C̃φe

ee [−0.087, 5.2] · 10−3 [−2.1, 0.72] · 10−3 [−1.6, 5.8] · 10−3

µµ [−3.7, 7.5] · 10−3 [−0.57, 2.1] · 10−3 [−3.9, 8.8] · 10−3

ττ [−0.41, 1.4] · 10−2 [−0.88, 3.3] · 10−3 [−1.1, 1.0] · 10−2

eµ [−2.1, 4.3] · 10−3 [−4.0, 2.0] · 10−3 [−6.7, 6.8] · 10−5

eτ [−3.0, 2.3] · 10−2 [−2.1, 2.8] · 10−2 [−8.6, 8.6] · 10−4

µτ [−2.5, 3.3] · 10−2 [−3.1, 2.4] · 10−2 [−7.6, 7.6] · 10−4

LU [0.0085, 2.7] · 10−3 [−1.2, 0.97] · 10−3 [−0.49, 3.9] · 10−3

LD [−2.2, 2.7] · 10−4 [−2.0, 2.6] · 10−4 [−2.0, 1.3] · 10−4

Table 11: 90% credible intervals (CI) for the leptonic Higgs-current coefficients.
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Λ/
√
C/TeV C̃

(1)
φl C̃

(3)
φl C̃φe

ee 3.4 5.3 3.2

µµ 2.8 5.4 2.6

ττ 2.1 4.3 2.3

eµ 3.8 3.9 30

eτ 1.4 1.5 8.4

µτ 1.4 1.4 8.9

LU 4.7 7.2 3.9

LD 15 15 17

Table 12: Lower limit on Λ/
√
C in TeV for the leptonic Higgs-current coefficients at 90%

credible level.

90% CI C̃
(1)
φq C̃

(3)
φq C̃φu C̃φd

ee [−3.2, 4.8] · 10−3 [−3.0, 0.65] · 10−3 [−0.66, 1.0] · 10−2 [−1.6,−0.23] · 10−2

µµ [−4.1, 4.2] · 10−3 [−1.0, 2.0] · 10−3 [−4.3, 9.5] · 10−3 [−1.3,−0.21] · 10−2

ττ [−2.7, 4.0] · 10−3 [−1.5, 1.5] · 10−3 [−0.34, 1.0] · 10−2 [−1.4,−0.28] · 10−2

eµ [−2.9, 4.1] · 10−3 [−1.7, 0.97] · 10−3 [−4.3, 9.2] · 10−3 [−1.3,−0.21] · 10−2

eτ [−2.9, 4.4] · 10−3 [−2.8, 0.55] · 10−3 [−4.2, 9.3] · 10−3 [−1.4,−0.22] · 10−2

µτ [−3.2, 3.6] · 10−3 [−1.1, 1.5] · 10−3 [−4.6, 9.0] · 10−3 [−1.3,−0.18] · 10−2

LU [−3.0, 4.8] · 10−3 [−1.1, 1.3] · 10−3 [−6.2, 8.8] · 10−3 [−1.5,−0.29] · 10−2

LD [−2.9, 3.0] · 10−3 [−1.6, 3.1] · 10−3 [−5.5, 8.3] · 10−3 [−1.3,−0.07] · 10−2

Table 13: 90% credible intervals (CI) for the quark Higgs-current coefficients.
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Λ/
√
C/TeV C̃

(1)
φq C̃

(3)
φq C̃φu C̃φd

ee 3.5 4.5 2.4 1.9

µµ 3.8 5.5 2.5 2.1

ττ 3.9 6.4 2.4 2.1

eµ 3.9 5.9 2.6 2.1

eτ 3.7 4.6 2.6 2.1

µτ 4.1 6.3 2.6 2.2

LU 3.5 6.7 2.6 2.0

LD 4.5 4.4 2.7 2.2

Table 14: Lower limits on Λ/
√
C in TeV for the quark Higgs-current coefficients at 90% credible

level.

90% CI C̃ll C̃ee C̃le

ee [−0.011, 0.2] [−0.23, 0.13] [−0.24, 0.076]

µµ [−7.7, 8.0] · 10−2 [−0.31, 0.56] [−0.85, 1.0]

ττ [−0.049, 0.32] [−0.68, 1.6] [−2.1, 3.1]

eµ (ijji) [0.0078, 0.11] [−0.55, 0.52]

eµ (ijij) [−0.31, 0.33] [−0.59, 0.54]

eτ (ijji) [0.015, 0.16] [−0.74, 0.71]

eτ (ijij) [−0.39, 0.41] [−0.75, 0.67]

µτ (ijji) [0.0097, 0.14] [−0.65, 0.69]

µτ (ijij) [−0.35, 0.36] [−0.68, 0.65]

LU [−0.85, 2.7] · 10−2 [−7.9, 0.3] · 10−2 [−2.6, 0.4] · 10−2

LD [−3.9, 6.3] · 10−5 [−4.5, 2.7] · 10−5 [−9.3, 5.7] · 10−5

Table 15: 90% credible intervals (CI) for the four-lepton coefficients. In the LFV fits, the flavor
combinations ijji and ijij are treated as independent degrees of freedom. The
coefficient C̃ee is not constrained in the LFV fits, so that no credible intervals are
shown for these cases.
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Λ/
√
C C̃ll C̃ee C̃le

ee 0.55 0.51 0.50

µµ 0.87 0.33 0.24

ττ 0.44 0.20 0.14

eµ (ijji) 0.76 0.33

eµ (ijij) 0.43 0.32

eτ (ijji) 0.62 0.29

eτ (ijij) 0.39 0.29

µτ (ijji) 0.65 0.30

µτ (ijij) 0.41 0.30

LU 1.3 0.83 1.5

LD 31 37 26

Table 16: 90% credible level lower limits on Λ/
√
C in TeV for the four-lepton coefficients. The

flavor combinations ijji and ijij are treated as independent degrees of freedom in
the LFV fits. The coefficient C̃ee is not constrained in the LFV fits, so that no lower
limits are shown for these cases.

90% CI C̃eB C̃eW

ee [−3.5, 3.5] · 10−3 [−2.4, 2.4] · 10−2

µµ [−4.1, 4.2] · 10−3 [−2.9, 2.9] · 10−2

ττ [−0.85, 0.77] [−0.2, 0.18]

eµ [−0.37, 0.37] [−0.11, 0.11]

µe [−0.36, 0.35] [−0.11, 0.11]

eτ [−0.51, 0.5] [−0.15, 0.15]

τe [−0.51, 0.5] [−0.15, 0.15]

µτ [−0.4, 0.38] [−0.11, 0.12]

τµ [−0.45, 0.45] [−0.13, 0.13]

LU [−5.4, 5.5] · 10−5 [−2.4, 2.4] · 10−2

LD [−5.9, 0.1] · 10−8 [−1.7, 1.7] · 10−4

Table 17: 90% credible intervals (CI) for the leptonic dipole coefficients. Note that the flavor
combinations ij and ji are independent degrees of freedom as the dipole operators
are not Hermitian.
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Λ/
√
C/TeV C̃eB C̃eW

ee 4.1 1.6

µµ 3.8 1.4

ττ 0.27 0.55

eµ 0.41 0.76

µe 0.40 0.74

eτ 0.35 0.64

τe 0.34 0.63

µτ 0.37 0.68

τµ 0.39 0.71

LU 33 1.6

LD 1.0 · 103 19

Table 18: 90% credible level lower limits on Λ/
√
C in TeV for the leptonic dipole coefficients.

The flavor combinations ij and ji are treated as independent degrees of freedom as
the dipole operators are not Hermitian.

90% CI C̃uB C̃uW C̃uG

ee [0.0076, 2.2] · 10−2 [−6.8, 2.0] · 10−4 [−1.2, 0.073] · 10−3

µµ [0.0077, 2.2] · 10−2 [−6.8, 2.0] · 10−4 [−1.2, 0.076] · 10−3

ττ [−0.021, 2.3] · 10−2 [−7.1, 2.2] · 10−4 [−1.3, 0.14] · 10−3

eµ [0.015, 2.2] · 10−2 [−6.7, 2.0] · 10−4 [−1.2, 0.063] · 10−3

eτ [0.017, 2.2] · 10−2 [−6.8, 2.0] · 10−4 [−1.2, 0.063] · 10−3

µτ [0.0081, 2.2] · 10−2 [−6.7, 2.0] · 10−4 [−1.2, 0.07] · 10−3

LU [0.015, 2.2] · 10−2 [−6.7, 2.0] · 10−4 [−1.2, 0.061] · 10−3

LD [0.013, 2.2] · 10−2 [−6.6, 2.1] · 10−4 [−1.2, 0.066] · 10−3

Table 19: 90% credible intervals (CI) for the quark dipole coefficients.
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Λ/
√
C/TeV C̃uB C̃uW C̃uG

ee 1.7 9.5 7.1

µµ 1.7 9.5 7.1

ττ 1.6 9.2 6.8

eµ 1.7 9.5 7.1

eτ 1.7 9.4 7.1

µτ 1.7 9.5 7.1

LU 1.7 9.5 7.1

LD 1.7 9.6 7.1

Table 20: 90% credible level lower limits on Λ/
√
C in TeV for the quark dipole coefficients.

90% CI C̃
(1)
lequ C̃

(3)
lequ

ee [−0.14, 0.15] [−2.7, 2.6] · 10−2

µµ [−0.22, 0.2] [−3.1, 3.2] · 10−2

ττ [−110.0, 114.0] [−6.6, 5.9]

eµ [−190.0, 193.0] [−3.1, 3.1]

µe [−190.0, 189.0] [−3.0, 3.0]

eτ [−49.0, 57.0] [−3.9, 3.8]

τe [−48.0, 49.0] [−3.8, 3.7]

µτ [−33.0, 60.0] [−3.1, 2.9]

τµ [−45.0, 44.0] [−3.4, 3.4]

LU [−0.1, 0.1] [−3.8,−2.0] · 10−6

LD [−5.2, 6.8] · 10−3 [−2.7, 2.1] · 10−5

Table 21: 90% credible intervals (CI) for the scalar and tensor four-fermion coefficients. Note
that the lepton flavor combinations ij and ji are independent degrees of freedom as
the four-fermion operators are not Hermitian.
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Λ/
√
C/TeV C̃

(1)
lequ C̃

(3)
lequ

ee 0.65 1.5

µµ 0.53 1.4

ττ 2.3 · 10−2 9.6 · 10−2

eµ 1.8 · 10−2 0.14

µe 1.8 · 10−2 0.14

eτ 3.5 · 10−2 0.13

τe 3.3 · 10−2 0.12

µτ 3.7 · 10−2 0.13

τµ 3.2 · 10−2 0.14

LU 0.76 1.3 · 102

LD 3.0 47

Table 22: 90% lower limits on Λ/
√
C in TeV for the scalar and tensor four-fermion coefficients.

The lepton flavor combinations ij and ji are treated as independent degrees of
freedom as the four-fermion operators are not Hermitian.

90% CI C̃
(1)
lq C̃

(3)
lq C̃qe

ee [−1.2, 1.2] · 10−3 [−0.4, 1.4] · 10−3 [−0.99, 1.7] · 10−3

µµ [−0.63, 1.5] · 10−3 [−0.92, 1.0] · 10−3 [−1.9, 1.4] · 10−3

ττ [−3.4, 2.8] · 10−3 [−1.3, 2.2] · 10−3 [−7.1, 1.5] · 10−3

eµ [−2.7, 3.6] · 10−4 [0.28, 3.7] · 10−4 [−3.1, 3.0] · 10−4

eτ [−3.5, 4.2] · 10−4 [−0.26, 4.8] · 10−4 [−4.0, 4.1] · 10−4

µτ [−3.4, 4.0] · 10−4 [0.65, 4.4] · 10−4 [−3.9, 4.0] · 10−4

LU [−4.6, 5.5] · 10−4 [−2.4, 3.0] · 10−4 [−4.9, 8.5] · 10−4

LD [−1.4, 1.3] · 10−4 [−0.73, 6.2] · 10−5 [−1.5, 1.6] · 10−4

Table 23: 90% credible intervals (CI) for the semileptonic four-fermion coefficients with two
left-handed quark doublets.
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Λ/
√
C/TeV C̃

(1)
lq C̃

(3)
lq C̃qe

ee 7.1 6.7 5.9

µµ 6.4 7.7 5.6

ττ 4.2 5.2 2.9

eµ 13 13 14

eτ 12 11 12

µτ 12 12 12

LU 11 14 8.4

LD 21 31 19

Table 24: 90% lower limits on Λ/
√
C in TeV for the semileptonic four-fermion coefficients with

two left-handed quark doublets.

C̃lu C̃ld C̃eu C̃ed

ee [−2.5, 1.6] · 10−3 [−2.1, 2.5] · 10−3 [−1.5, 4.2] · 10−3 [−3.3, 1.8] · 10−3

µµ [−3.2, 5.2] · 10−3 [−2.9, 1.9] · 10−3 [−7.6, 5.1] · 10−3 [−2.9, 3.9] · 10−3

ττ [−1.4, 0.96] · 10−2 [−5.5, 7.4] · 10−3 [−2.6, 0.42] · 10−2 [−0.27, 1.4] · 10−2

eµ [−4.8, 4.8] · 10−4 [−5.4, 5.4] · 10−4 [−2.7, 2.8] · 10−4 [−4.7, 4.7] · 10−4

eτ [−5.8, 6.7] · 10−4 [−5.1, 4.1] · 10−4 [−5.5, 5.4] · 10−4 [−4.6, 4.5] · 10−4

µτ [−5.4, 6.3] · 10−4 [−4.9, 3.8] · 10−4 [−5.2, 5.0] · 10−4 [−4.3, 4.3] · 10−4

LU [−1.0, 1.7] · 10−3 [−1.8, 1.4] · 10−3 [0.43, 3.2] · 10−3 [−2.7, 0.57] · 10−3

LD [−2.7, 3.6] · 10−4 [−2.4, 2.4] · 10−4 [−2.7, 2.8] · 10−4 [−2.6, 2.4] · 10−4

Table 25: 90% credible intervals for the semileptonic four-fermion coefficients including two
right-handed quark singlets.



Appendix 127

Λ/
√
C/TeV C̃lu C̃ld C̃eu C̃ed

ee 4.9 4.9 3.8 4.3

µµ 3.4 4.6 2.8 3.9

ττ 2.1 2.9 1.5 2.1

eµ 11 11 15 11

eτ 9.5 11 11 11

µτ 9.8 11 11 12

LU 6.1 5.8 4.3 4.7

LD 13 16 15 15

Table 26: 90% lower limits on Λ/
√
C in TeV for the semileptonic four-fermion coefficients

including two right-handed quark singlets.
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Auxiliary Plots for MFV Ratios

Here, we present the auxiliary plots for the ratios of the MFV coefficients for operators with
left-handed quark doublets, riL. Fig. 1 show the distributions of the ratios for the Higgs-current
coefficients, while Fig. 2 shows the distributions for the semileptonic four-fermion coefficients.

Figure 1: Posterior distributions for the MFV ratio rφq(1)

L (left) and rφq(3)

L (right) for the µµ, eτ ,
µτ and LD lepton-flavor scenarios.

Figure 2: Posterior distributions for the MFV ratio rlq
(1)

L (left), rlq
(3)

L (center) and rqeL (right) for
the ee, eµ, eτ and LU lepton-flavor scenarios.

Auxiliary Plots for Dineutrino Predictions

Fig. 3 shows the predictions of the B+ →Mνν̄ decays obtained using the posterior of the LU fit.
We show our predictions in blue, the SM predictions without SMEFT effects in orange, the current
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experimental bounds in red and the projected sensitivities of the Belle II experiment [397] in
purple.

Figure 3: Predictions for the short-distance contributions to the dineutrino decaysB+ → K∗+νν̄
(top left), B+ → π+νν̄ (top right) and B+ → ρ+νν̄ (bottom) based on the LU fit. Colored bands
indicate the 68% and 90% credible intervals; the orange band denotes the 1σ SM prediction.
Red lines represent current experimental 90% CL bounds, while dashed purple lines show
projected sensitivities of the Belle II experiment [397]. There are additional long-distance
contributions from B+ → τ+(→ P+ν̄)ν [353, 398] that are not included here.
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Glossary

BSM Beyond the Standard Model

CKM Cabibbo-Kobayashi-Maskawa matrix

CLIC Compact Linear Collider

DY Drell-Yan

EFT Effective Field Theory

EW Electroweak

EWSB Electroweak Symmetry Breaking

FCC Future Circular Collider

FCNC Flavor-Changing Neutral Current

GIM Glashow-Iliopoulos-Maiani mechanism

HISZ Hagiwara-Ishihara-Szalapski-Zeppenfeld

HE-LHC High-Energy Large Hadron Collider

HL-LHC High-Luminosity Large Hadron Collider

IR Infrared

LD Lepton Flavor Democratic

LEFT Low-Energy Effective Field Theory

LEP Large Electron-Positron Collider

LFC Lepton-Flavor Conserving

LFV Lepton-Flavor Violation

LHC Large Hadron Collider

LU Lepton Flavor Universal

MFV Minimal Flavor Violation

MLE Maximum Likelihood Estimation

NP New Physics

PDF Parton Distribution Function

PMNS Pontecorvo-Maki-Nakagawa-Sakata matrix

QCD Quantum Chromodynamics

QED Quantum Electrodynamics

RGE Renormalization Group Equation

SILH Strongly Interacting Light Higgs

SLC Stanford Linear Collider

SM Standard Model

SMEFT Standard Model Effective Field Theory

UV Ultraviolet

VEV Vacuum Expectation Value
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