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Abstract

The Standard Model (SM) of particle physics is a remarkably successful and well-tested the-
ory, with predictions that align closely with a wide range of experimental results. Neverthe-
less, certain observations and theoretical puzzles remain unexplained within this framework,
strongly indicating the presence of new degrees of freedom beyond the SM. Uncovering the
energy scale and nature of this new physics (NP) is today a central goal in particle physics.
To this end, complementary approaches are pursued: precision measurements at colliders,
studies of early-universe phenomena, explorations of weakly coupled or hidden sectors, ad-
vances in formal quantum field theory, and more. This thesis contributes to this broader
effort by focusing on the study of heavy new physics potentially residing at energy scales
above the electroweak scale, combining diverse theoretical and phenomenological inputs.

We start with an overview of the Standard Model, focusing on electroweak symmetry
breaking, the Higgs mechanism, and the flavor puzzle. In addition, we review the thermal
history of Standard Model particles in the context of cosmology. Then, we explore how cur-
rent experimental data can serve as indirect probes of high-energy scales, using the bottom-up
approach provided by effective field theories. Within this framework, we discuss scenarios in
which new physics is predominantly coupled to the third generation of the Standard Model
fermions. Next, we discuss the theoretical challenges and opportunities at future colliders
seeking to push the boundaries of energy reach, with a focus on the modelling of initial-state
radiation phenomena at lepton colliders. In particular, we discuss the origin and the phe-
nomenological impact of the mixed Z/y Parton Distribution Function. With an interest in
the various signatures that may be hiding at the high-energy frontier, in the last part we
consider the cosmological implications of Beyond the Standard Model scenarios that involve
supercooled first-order phase transitions, with a particular focus on dark matter and the
potential phenomenological signatures.

The aim of this Thesis is to contribute to our understanding of the current experimental
landscape in particle physics, emphasizing the interplay between existing experimental hints,
future collider prospects, and early universe signals of new physics.
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Chapter O

Introduction

The Standard Model (SM) of particle physics provides a consistent and predictive frame-
work for successfully describing the known fundamental particles and the electromagnetic,
weak, and strong interactions. Its formulation was completed in the 1970s, following the
development of quantum electrodynamics, the uni cation of the electroweak interaction, and
the establishment of quantum chromodynamics as the theory of the strong force. Over the
subsequent decades, the SM became the central framework for high-energy physics and has
since undergone extensive experimental scrutiny across a vast range of energy scales.

The agreement between theoretical predictions and experimental data has been extraor-
dinary. Precision measurements at colliders such as LEP, SLC, thee Tevatron, and the LHC,
as well as low-energy observables from avor physics and electroweak precision tests, have
con rmed the validity of the SM to remarkable accuracy. The discovery of the Higgs boson at
the LHC in 2012 lled in the last big missing component. Since then, detailed measurements
of Higgs production and decay rates have shown consistency with SM expectations within
current experimental uncertainties.

Despite this success, it is widely understood that the SM cannot be the ultimate theory
of fundamental interactions. Several observed phenomena lack explanation within the SM
framework. The existence of neutrino masses, established through oscillation experiments,
requires physics beyond the SM. The presence of dark matter, inferred from astrophysical
and cosmological observations, has no particle candidate within the SM particle content. The
baryon asymmetry of the universe cannot be generated in su cient quantity by SM processes.
The origin of the SM avor structure, the strong CP problem, and the naturalness of the
Higgs mass further point to the need for an extended theoretical framework. In addition, the
SM lacks a quantum description of gravity and is agnostic about the initial conditions and
evolution of the early universe.

These conceptual and observational limitations have motivated a wide range of Beyond
the Standard Model (BSM) scenarios, aiming to resolve some or all of these issues. Super-
symmetry, extra-dimensional theories, composite Higgs models, and various extensions of the
gauge and avor sectors are among the many proposed frameworks. A recurring feature of
these models is the prediction of new states, symmetries, or dynamics at energy scales that
are, in principle, accessible to collider experiments or to cosmological probes.

For many years, expectations were high that new physics would manifest at the TeV scale,
accessible to the LHC. The discovery of the Higgs boson reinforced this expectation, especially
in light of the naturalness problem and the sensitivity of scalar masses to ultraviolet physics.



However, more than a decade after the Higgs discovery, the LHC has not discovered any new
particles beyond those already present in the SM (and its predicted bound states). While
these results have imposed strong constraints on many BSM models, they have not ruled
out the possibility of new physics altogether. Instead, the ongoing High-Luminosity LHC
(HL-LHC) phase, with its increased integrated luminosity, is expected to further improve the
sensitivity to rare processes and subtle deviations, and remains a critical component of this
e ort. Today, theoretical and experimental e orts are diversifying.

The absence of direct discoveries at the LHC has emphasized the importance of indi-
rect probes especially those based on precision measurements, avor observables, and elec-
troweak processes. The Standard Model E ective Field Theory (SMEFT) has emerged as
a central tool in this context. It provides a systematic and model-independent approach to
parameterizing deviations from the SM within a bottom-up approach. In this way, it enables
global analyses of data from a wide range of processes, yielding constraints on BSM physics
that can be derived even in the absence of direct production of new particles.

At the same time, the community is actively pursuing the design and development of
next-generation experimental facilities. Proposed future colliders, including high-energy pro-
ton proton machines such as the Future Circular Collider (FCC-hh), electron positron ma-
chines like the ILC or CEPC, Muon Colliders, and FCC-ee, o er the possibility of signi cantly
extending the reach of experimental searches. These facilities are expected to probe deeper
into the structure of the Higgs sector, test the electroweak scale with greater precision, and
explore energies well beyond the current capabilities of the LHC, up ©(100)TeV. The
exploration of both the energy and precision frontiers remains a key strategy for uncovering
BSM e ects.

Beyond terrestrial experiments, cosmology o ers a complementary perspective on fun-
damental physics. The early universe acts as a natural high-energy laboratory where new
particles and interactions can leave observable imprints that can be used to test or constrain
speci ¢ particle physics scenarios. Observables such as the cosmic microwave background,
large-scale structure, primordial element abundances, and stochastic gravitational wave back-
grounds provide increasingly sensitive probes of new physics, marking the connection between
particle physics and cosmology. As experimental and observational frontiers continue to ad-
vance, the convergence of these di erent probes is expected to play an increasingly central
role in the search for new physics.

The present thesis is situated within this broad context. It aims to contribute to the
understanding of fundamental physics through a combination of theoretical and phenomeno-
logical studies, with a focus on current indirect hints, future opportunities, and the link with
cosmological observations. The structure of the thesis re ects this perspective:

Chapter 1 In the rst part, the foundational elements of the Standard Model are
reviewed. We discuss the gauge and Higgs sectors, the matter content, and the Higgs
mechanism, with an emphasis on the avor structure and the approximate symmetries
of the theory. Following this, we review the E ective Field Theory approach and the
SMEFT framework. Finally, we discuss the standard thermal history of the universe,
brie y reviewing the evolution of the SM thermal bath and the decoupling of visible
and Dark Matter particles.

Chapter 2 In this chapter, we discuss the power of the SMEFT framework in analyzing
collider data and constraining new physics scenarios. In detail, we discuss a SMEFT

3



analysis of top-philic new physics scenarios, under the assumption that NP patrticles
predominantly couple to third-generation fermions. In addition, we provide an e ective
analysis of the recently measured decay modes of mesons into neutrinos.

" Chapter 3 In the third chapter, we discuss the theoretical challenges of future ma-
chines, focusing on Muon Colliders. We begin by detailing the techniques used to
model initial-state radiation and by introducing the lepton parton distribution func-
tions (PDFs). Then, we highlight the often-overlooked mixedZ= PDF, provide an
improved higher-order analytic calculation, and emphasize its signi cance for processes
at muon colliders.

" Chapter 4 In this part, we explore the connections between particle physics and
cosmology, focusing in particular on scenarios where early-universe phenomena, such
as phase transitions and gravitational wave production, can serve as signatures of BSM
dynamics. We review the possible occurrence of some epochs of in ation, often denoted
as supercooling, and discuss their implications on the dynamics of dark sectors.

At the end, conclusions are drawn and an outlook on the results of this thesis is provided.






Chapter 1

Fundamentals

The main focus of this thesis is to explore the presence of new physics at the high-energy
frontier, namely at energy scales above the electroweak scale of the Standard Model (SM). In
this chapter, we introduce the key theoretical concepts that will underlie the work presented
in the rest of the thesis. We begin by reviewing the SM Lagrangian, its particle content,
the Higgs mechanism, and the avor structure of the theory. We then discuss the SM from
the perspective of an e ective eld theory, illustrating how higher-dimensional operators can
be systematically added to parameterize potential e ects of heavy new physics. Finally, we
turn to cosmological considerations, reviewing the thermal history of the Standard Model in
the early universe and examining the thermodynamics of the primordial plasma. Particular
emphasis is given to the freeze-out mechanism, which governs the decoupling of both visible
and dark sector particles as the universe expands and cools.

1.1 The Standard Model

The Standard Model is a renormalizable quantum eld theory that successfully describes
the strong, weak, and electromagnetic interactions. Its structure is determined by the gauge
group

Gsw = SUB)c  SU@2)L.  U@)y; (1.1)
where the rst factor is the QCD gauge symmetry group, while the other two are often
denoted as the electroweak gauge groWpe:yy .

As the most general renormalizable theory constructed froi®sy, the Standard Model
contains a rich set of ingredients. Its gauge sector consists of the gludds (A = 1;::;8),
which mediate the strong interaction, and the weak and the hypercharge bosow, (a =
1,2;3) and B, which mediate the electroweak interaction. The last boson is the complex
Higgs doubletH, which is the only scalar eld in the SM Lagrangian. Then, the matter
content consists of the SM fermion§;, that are grouped into three generations, that we label
by the avor index i. They are charged under the gauge groupsy and obtain their masses
via Yukawa interactions with the Higgs. Overall, the complete lagrangian of the SM can be
sketched as:

I—SM = I—gaugr—)"' I-matter + I—higgs + I—yukawa (1-2)

In the following sections, we will not attempt to cover all of the theoretical aspects and
phenomenological implications of the SM lagrangian in eq. (1.2). We will provide a mini-
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review of the mechanism of electroweak symmetry breaking and its consequences for the gauge
and Higgs sectors. Then, we move on to the fermionic sector, emphasizing the generation of
masses and the observed avor structure. We follow ref.s [7, 8], where a complete introduction
to the Standard Model can be found.

1.1.1 The gauge and the higgs sectors
The Yang Mills part of the SM Lagrangian is given by

1 1 1
L gauge = 21GAGA “W*w, -B B

2 a7 ; (1.3)

where the corresponding eld strength tensors take the general form
Vi =@V @V +igyf*Vvivk;

with f % denoting the structure constants of the non-Abelian gauge group. In the QCD
sector, one could also add the topologicatterm, ocp G G . Although this is a total
derivative, it has physical consequences due to non-perturbative properties of the QCD vac-
uum, and it is related to the well-known strong CP problem. However, this term will not be
discussed further in this thesis.

The Higgs sector of the SM is described by

Ly

vz oo
> (1.4)

Lhiggs = jD Hj? V(HYH) = jD Hj? HYH

where the Higgs doubleH acquires a nonzero vacuum expectation value, breaking the elec-
troweak symmetry. The measured valug' 246 GeVis determined precisely from the muon
decay rate. To describe uctuations around this vacuum, we parametrize the Higgs eld as

0 1 0 Gt 1
Hi=@, A;  H°=H hHi= 0@ A (1.5)

2

o< ©

where h denotes the CP-even physical Higgs scalag® is the charged would-be Goldstone
boson, andGs; is the neutral CP-odd would-be Goldstone. As will be discussed below, these
G' elds are eaten by the gauge bosons after symmetry breaking, providing them with
longitudinal components. By convention, the vacuum is taken real and aligned along the
neutral component of the doublet without loss of generality.

In order to derive the pattern of electroweak symmetry breaking and the resulting spec-
trum of gauge boson masses, we note that the Higgs doublet transforms(&s2),-, under
the electroweak groupGsy. Its covariant derivative then reads

DH=@H ig,WaH i;ng H; (1.6)

wheret, = 2=2 are the SU(2). generators (with 2 the Pauli matrices), andg;; g, are the
gauge couplings associated witk(1)y and SU(2)_, respectively. Substituting the Higgs



vacuum expectation valuev into the kinetic term jD Hj?, we nd

| |
V2 @g + w3 Wl w2 ? o
. -2 — 27 g

2 ? 1,3 (1.7)

= G AWHH (W2 T wWR S

8 87)
This expression gives the mass terms for the gauge bosons. First, we identify the charged
vectors _

Wt iw?
W = ﬁ927: (1.8)

Then, to diaggnalize the neutral sector, we introduce the Weinberg anglgy, de ned by
cosw = = G2+ @3 , and rotate the elds as

| | |
L N R
= COSw SN w : (1.9)
A sin w  COS w B

This identi es the massiveZ boson and the massless photoh . Overall, the Higgs kinetic
term gives

. . 2v2 2+ p)V2 . .

jiD Hj?= gZTW+W + (91892)2 Z + interactions; (1.10)
leading to the mass relations
o BV 5 _ (G RV m§

myy 4 Z 4 _co§w; map=0: (2.12)

By inserting the Higgs vev into the scalar potential, we can also obtain the mass of the
physical Higgs scalar:
V(HYH) = v 2h?+ interactions; (1.12)

from which we identify

m2=2v?; mi =mg, =0: (1.13)
Experimentally, the Higgs mass is measured to ba, ' 125 GeV while the vectors have
massmy ' 80 GeVand mz ' 91 GeV.

In summary, the Higgs vacuum expectation value breaks the electroweak gauge symmetry
asSU(2). U@)y ! U(1)em:.. The three massless degrees of freed@hare the Goldstone
bosons associated with the three broken generators. These would-be Goldstones are eaten
by the W andZ gauge bosons, becoming the longitudinal components of these now massive
vector elds. Indeed, in unitary gauge, they disappear entirely from the Lagrangian. Ex-
panding the covariant derivative also reveals all interactions among the Higdsand gauge
elds. In addition, the SM Lagrangian also contains the gauge- xing part

_1X Oy; - o 2
Lgs = 5 @V +gv HYiTHi+h:ic ; (1.14)
\%
as well as the corresponding ghost terms arising in a geneRil-gauge. We do not discuss
these terms in this introduction, and refer the reader to, e.g., [7, 8] for a complete discussion.

8



Having diagonalized the gauge sector and determined the mass spectrum, it is also useful
to introduce the combinations of broken generators = t; it,, and the unbroken electric
charge operator

Q=tz+Y: (1.15)

The elementary electric charge is given bg = g sw = ¢ cw, Which can, for example, be
checked by studying the commutatorgp[A ;W ], verifying that the W bosons have electric
charge 1in units of e.

Finally, we can write the generic covariant derivative acting on any SM fermion:

D =@ ig.G"Ta ipo’% W t, +W t  ieQA icg\; t; Qs Z : (L.16)

where TA = A=2 (A = 1;:::;8) are the SU(3)c generators and * are the Gell-Mann
matrices. Importantly, since the Higgs is color-neutral, the QCD sector and its gauge elds
are una ected by electroweak symmetry breaking.

1.1.2 Fermionic sector

In the Standard Model, the left-handed leptony ¢ ;e; L ; L; r; v) and left-handed
quarks (u;d.; ¢ ;s.; ty;h) transform as doublets under theSU(2), chiral gauge group:
! ! ! ! ! !
. . t
= e . L . L . :UL;CL;L: 117
€ L L q de SL b ( )
For convenience, we will often use the shorthand ; € for the lepton components andi! ; di
for the quark components, where = 1;2;3 denotes the family index. The right-handed
fermions, _ _ _
ek =(er; Rr; R); Ug=(URr; Gr; tr); dg=(dr; Sr; r); (1.18)
are all singlets underSU(2), . In addition, all quarks carry color charge undeiSU(3)¢, and
all Standard Model fermions have appropriate hypercharges undehl(1)y, as summarized
in table 1.1. The interactions between SM fermions and the gauge bosons follow directly
from expanding the covariant derivative in the fermionic kinetic terms. Using the explicit

expression of the covariant derivative given in eq. (1.16), these interactions can be compactly
written as:

X
Loater = if  @f + GG jop + €A jor+ f\;z jn+pq% W*j +hc : (119
f

where we have de ned the corresponding fermionic currents (color, electromagnetic, neutral,
charged):

Jsa ;J( Taou+d Tad;

jem= fo f;
f
X

Qff f;
f

(1.20)

Jn

j =) =u d+ | e



Field SUB). | SU(2). | U(Q)y | Lorentz
o—t
. ul
Left-handed quark doublets | g = @ “A 3 2 : 20
dl
oy
Left-handed lepton doublets| | = @ “A 1 2 : 20
e
Right-handed up quarks Uk 3 1 z 0 1
Right-handed down quarks dis 3 1 5 0;
Right-handed leptons eh 1 1 1 0 3
Higgs doublet H 1 2 z (0; 0)

Table 1.1: Quantum number and Lorentz irreps of the Standard Model fermions and Higgs
boson.

with Q4 tz3 Qs3,, and an implicit sum over fermion generations.
Next, we discuss the Yukawa interactions of the SM fermions, which generate their masses
after electroweak symmetry breaking. The Yukawa part of the SM Lagrangian is

Lydawa = Y dusH  YoddiH  Yfl'ekH + hec; (1.21)

where we have introduced the conjugate Higgs eldt H , with =1 ,, the antisym-
metric 2 2 matrix. Substituting the Higgs vacuum expectation value into this expression,
we obtain:

L yukawa = P53 Y up uk + Y d di + Y°€ ek + h.c.+ (interactions): (1.22)

We see that the fermion mass matrices are given Iuyff = P5 Yijx for each specieX = u;d;e
with mixing determined by the corresponding Yukawa couplings. Importantly, in the minimal
SM there are no right-handed neutrinos, so neutrinos remain massless at this level.

Each Yukawa matrix can be diagonalized by a bi-unitary transformation. Speci cally, for
each fermion specieX = u;d; e we can introduce unitary matricesU and U3 such that:

YX = (UE( )de>i(ag UI;( : (1-23)

where Ygi,, is the diagonalized Yukawa matrix for the specieX . Using these unitary rota-
tions, we can rede ne the fermion elds without changing the kinetic terms. In particular,
we de ne the mass eigenstate elds (denoted by a prime) as:

ur = Ulg ur: g = Ulr dir; €r = Ulg@r: (1.24)
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In this basis, the Yukawa interactions and corresponding mass terms are already diagonal,
so the fermions have physical masses

Y%
m = %)ﬁx : (1.25)
whereyX denotes the diagonal entries of the Yukawa matri>‘(d>i<ag. Concretely:

Yiiag = diag(Yu; Yei )5 Vg = diag(Va; Vs ¥o) s Yemg = diag(yery 5y ): (1.26)
Numerical estimates based on the measured fermion masses give [9]:

(Yu: Yo y1) (10 5; 7 10 3; 1);
(Ya;Ys;¥e) (3 10°% 5 10% 24 10 2?); (1.27)
(Yey;y) (3 10%6 104 1072

This pattern exhibits a pronounced hierarchical structure across the three generations. Un-
derstanding the origin of these hierarchies and the smallness of most Yukawa couplings -
Is known as the avor puzzle of the Standard Model.

We can now examine how the gauge interactions introduced in eq. (1.19) appear when
working in the fermion mass-eigenstate basis. The electromagnetic, color, and neutral-current
interactions remain completely unchanged and hence diagonal in avor space under these
unitary rotations, because they involve fermion bilinears with the same unitary transforma-
tion acting on both fermion and antifermion. A direct consequence is the absence of tree-level
avor-changing neutral currents (FCNCs) in the Standard Model, an important feature that
we will revisit in the next chapters when discussing potential channels to discover New Physics
signatures.

In contrast, the charged-current interactions with theW bosons do change under rota-
tion to the mass basis. On the lepton side, since neutrinos are assumed massless in the SM,
we are free to rede ne the left-handed neutrino elds by an arbitrary unitary rotation without
a ecting the kinetic terms or the Yukawa interactions. Hence, we can choosg = U¢ |,

l.e. use the same unitary rotation as for the charged leptons. With this choice, the leptonic
charged-current interaction is unchanged:

g 0 & (1.28)
On the other hand, the quark charged-current interaction becomes
uodbow (WU @ v (1.29)

where
vV ooutuY

Is the unitary Cabibbo Kobayashi Maskawa (CKM) matrix. Henceforth, we will drop the
primes and assume all SM fermion elds are expressed in the mass-eigenstate basis unless
speci ed otherwise.
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1.1.3 CKM sector

The CKM matrix V. U! Uf'y isa3 3complex unitary matrix. In general, a3 3 unitary
matrix is specied by n? = 9 real parameters: 3 rotation angles and 6 complex phases.
However, not all of these parameters are physical. The SM Lagrangian is invariant under
independent global phase rotations of the left- and right-handed quark elds,

flg! €trfiy for f=ud;

which allows us to remove 5 of the 6 phases appearing in the CKM matrix (a common
rephasing does not yield any e ect and cannot be used to absorb any further phase). Hence,
after xing this freedom, we are left with 3 real mixing angles and a single CP-violating phase

. These 4 parameters completely determine the CKM matrix. It is customary to write the

CKM as 0 1
1 0 0

V=%)O COS »3 Sin 232

0 Sin 23 COS 53
0 10

cos 13 O sin 3¢ cos 1, sSin 1 O

0 1 0 X%} Sin 1> C€OS 12 0% (2.30)
sin 3¢ 0 cos 13 0 0 1
C12C13 _ S12C13 - se!

= % S12C23  C12523S13€  Ci2C23  S12523513€0  Sp3Cis '
S12S23  C12C23S13€ C12S23  S12C23S13€ C23C13
wherec; = cog ;) ands; = sin( ). The numerical values for the angles and phase,
j j j j

according to the last experimental review [9], are:

S12 = 0:22501 0:00068 s;3 = 0:003732%5959%9; (1.31)
Sz = 0:04183%:350%; =1:147 0:026: '
Since all the measured CKM mixing angles are small, it is often useful to work with the
Wolfenstein parametrization, which provides a transparent and accurate approximation of

the avor structure. To O( 3), the CKM matrix is written as

"V Ves Voo 1 2 A3 i)

ud us ub >

V = %Vcd Ves Vcbg = % 1 72 A 2 2 +0 4 ; (1.32)
Vie Vs Vi A 3(1 i) A? 1

where the Wolfenstein parameters take the experimentally measured values [9]:

= 0:22501 0:00068 A =0:8260:.1¢:

=0:1591 0:0094 =0:3523%537%: (1.33)
These parameters can be directly related to the three rotation angles and CP-violating phase
that de ne the CKM matrix. For instance, =sin 1,! approximately matches the Cabibbo
angle 1.

lWe point out that the letter , according to common conventions, is used for both the Higgs quartic
coupling and for describing the Cabibbo angle in Wolfenstein parametrization.
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1.1.4 Approximate symmetries

To investigate physics beyond the Standard Model (BSM), it is crucial to rst understand the
symmetries that characterize the SM itself. These symmetries provide valuable guidance for
identifying observables and processes where new physics e ects are most likely to manifest.
Moreover, they o er important clues about the possible symmetry structure and dynamics
of the heavy degrees of freedom that lie beyond the SM.

A natural starting point is to identify the largest group of global symmetries acting on
the SM fermions that is compatible with the gauge symmetries. Neglecting the Yukawa
interactions, the SM Lagrangian exhibits an accidental global avor symmetry group:

G =U@B) UB) UBke UEu UB)d; (1.34)

which acts independently on the three generations of each type of fermion eld. This sym-
metry is explicitly broken by the Yukawa interactions, which reduce to:

G' Ye:u:d 60
where we identify the gauged hypercharge groug(1)y, and the global baryon and individ-

ual lepton numbersB and L;. These are accidental symmetries of the renormalizable SM
Lagrangian and can be violated at perturbative level only by higher-dimensional operators.

As discussed in previous sections, the breaking Gf by the Yukawa matrices introduces
a highly hierarchical structure in avor space, with all quark avor violation encoded in the
CKM matrix. This structure has far-reaching phenomenological implications.

Consider, for instance, FCNC processes such@&d d; transitions. These are forbidden
at tree level in the SM and only arise at loop level through box or penguin diagrams. Re-
markably, they are subject, beyond the loop factor, to strong suppressions. In particular, the
relevant amplitudes usually involve sums over CKM combinations of the forrh(k)V;! Vi ,
wheref (k) are loop functions depending on quark masses. If we neg;ect the di erence be-
tween masses, these terms would satisfy unitarity relations of the type, Vi{Vi; = 0 and
lead to the cancellation among contributions from di erent up-type quarks in the loops.
The actual contribution is then proportional to mass di erences among the virtual quarks,
suppressed anyway by small o -diagonal CKM elements. Interestingly, the dominant contri-
bution in many cases arises from top-quark loopk (= t), not because the CKM elements
V/Vy are large, but because the large top mass enhances the loop function.

The exceptional suppression of FCNC transitions within the SM makes them patrticularly
sensitive to new physics. New heavy states, even at scales far above the electroweak scale,
can induce contributions that are comparable to the SM expectations. This sensitivity turns
rare FCNC processes into powerful indirect probes of BSM dynamics.

At the same time, the observed suppression of avor-violating e ects suggests that the
avor structure of any BSM extension must be highly non-generic. This motivates the study
of approximate avor symmetries, such adJ(3)°, and speci ¢ breaking patterns that could
explain both the SM avor structure and the suppression of dangerous BSM e ects. We
will return to these ideas in Sec. 1.2.4, where we discuss how the SMEFT framework can
be organized according to avor symmetry assumptions, such as Minimal avor Violation
(MFV) or U(2)"-based approaches.

In analogy with the approximate global symmetries acting on fermions, the Higgs sector of
the Standard Model also enjoys an approximate global symmetry structure. In particular, in

UQes U@, U@L UQ) Uy (1.35)
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the limit of vanishing hypercharge and degenerate Yukawa couplings, the Higgs interactions
exhibit an enhancedSU(2), SU(2)r symmetry, whose properties and phenomenological
consequences we now brie y review.

It is useful to recast the Higgs doublet in & 2 matrix representation, de ned as

()= Gi(x) '+ h(X)l2 (1.36)

so that the Higgs sector of the Standard Model Lagrangian can be written as

2

1 h i 1 h 02
where the covariant derivative takes the form
D = @ ig—zzwa a4 ig—le 3. (1.38)

In the limit where the hypercharge couplingg; ! 0, the Higgs Lagrangian exhibits an
enhanced global symmetrySU(2).  SU(2)r, under which the Higgs eld transforms as

I U UZ. This symmetry is only broken explicitly by the gauging of hypercharge, which
corresponds to gauging only the third generator c8U(2)r, and by the di erence in the
Yukawa couplings between up- and down-type fermions.

The Higgs vacuum expectation value (VEV) spontaneously breal®U(2), SU(2)r !
SU(2)c SO(3)c, known as thecustodial symmetry. The three Nambu Goldstone bosons
associated with this breaking pattern correspond, as usual, to the degrees of freedom that
are eaten to give mass to th&/ and Z gauge bosons through the Higgs mechanism.

A direct consequence of custodial symmetry is that the tree-level relation between the
electroweak gauge boson masses and couplings:

2
My

— =1 1.39
m2 cog ( )

which is only modi ed by loop contributions. In addition, in the SM, radiative corrections
to the parameter vanish in the limit of degenerate up- and down-type fermion masses
and zero hypercharge. In contrast, many new physics scenarios particularly those involving
non-minimal Higgs sectors explicitly break custodial symmetry at tree level and typically
induce corrections to the parameter. Precision measurements, especially from LEP, have
placed stringent bounds on deviations from the SM value of thus severely constraining the
parameter space of new physics models that do not respect custodial symmetry.

1.1.5 Running couplings

We conclude this review of the Standard Model by discussing an important feature common
to all interacting QFTs: the running of couplings.

A well-known result of renormalization theory is that coupling constants acquire a depen-
dence on the energy scale. In terms of the squared couplings ; = g?=(4 ), the evolution
is governed by the corresponding-functions:

dlog |
d

(1) = o i+0(): (1.40)
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Figure 1.1: Running of the SM couplingsy:, &, G, Yt, and . Solid, dashed, and dotted lines
show the evolution obtained using the 1-loop, 2-loop, and 3-loopfunctions, respectively.

Here, o is the one-loop coe cient of the -function, which is scheme-independent.

In the SM, we are typically interested in the evolution of the gauge couplingg, g, and
01, corresponding to the gauge groupSU(3). SU(2). U(1)y. At low energies, we may
also be concerned with the running of the electromagnetic couplirey

In the presence ohg complex scalars and; chiral fermions transforming in the funda-
mental representation of a non-abelian group, the general one-loop expression toreads:

1 n
SU(N) _ s .
= — 1IN = 1.41
while for U(1) groups, denoting byQ; and Qs the charges of fermions and scalars respectively,
the coe cient is given by:

0 1
1 X X
J® = K@Z Q2+ 2A (1.42)
f s

Applying these formulas to the eld content of the Standard Model yields:

U@y — . SU@2). _ . SU®B)c — / .
- A~ - A - . 1.43

Using these results, the one-loop running of the coupling constant can be obtained by inte-
grating eq. (1.40):
@7y (o) _
O v (o= o (149
It is well known that the behavior of the coupling evolution depends on the sign o§. In
particular, QCD exhibits asymptotic freedom at high energies and becomes strongly coupled
at low energiesE QCD -

15



For completeness, we also present the one-loogunctions for the top Yukawa coupling
y; and the Higgs quartic coupling . These couplings are of particular importance as they
dominate many processes within and beyond the SM and play a key role in studies of vacuum
stability and the naturalness of the weak scale.

At one-loop, the -functions for andy; are:

31 3
16° =247 3 g+3¢ +, SH+GEY o +12%7 6y
2 9 2 17 2 9 2 2 (145)
16 © v = Wt Y %t 2% +80;

The evolution of the ve couplings discussed in this section is shown in g. 1.1. For com-
pleteness, we also display the numerical solutions using two-loop and three-locfunctions,
represented by dashed and dotted curves, respectively.

1.2 The Standard Model as an E ective Theory

We now turn to the discussion of the Standard Model E ective Field Theory (SMEFT). After
introducing the general philosophy of e ective eld theories and motivating their use, we
present a few illustrative examplesof how they can be applied within the Standard Model
framework. Finally, we introduce the SMEFT Lagrangian up to dimension-six operators,
which will play a central role in the analyses carried out in the subsequent chapters of this
thesis.

1.2.1 EFT approach

The concept of an e ective theory, or an e ective description of a physical phenomenon,
can actually be traced back long before the formulation of quantum eld theories. The core
idea is that physics often simpli es when viewed at large distances (low energies), where the
short-distance (high-energy) degrees of freedom become irrelevant. One can illustrate this
with a simple example from classical electrostatics: the potential generated by a localized,
static distribution of electric charges. If we denote byl the characteristic size of this charge
distribution, then the electric potential measured at a distance can be expanded in powers
of d=r. Intuitively, if we are very far from the source ¢ d), we cannot resolve its structure
and only need the leading terms of this expansion. More explicitly, the potential can be
written as a multipole series:

a 1 1
V(r):F+hriF+cijrier+ ; (1.46)

The higher-order terms incorporate details of the short-distance structure of the charge dis-
tribution. Indeed, by dimensional analysis, these terms are suppressed by powergdsfr)",
becoming negligible at large distances. On the other hand, the rst term corresponds to the
monopole contribution. Taking the far- eld limit r d, we recognize this as the poten-
tial generated by a point-like source with total chargeQ, allowing us to match the e ective
coecient a= Q=(4 ).

2The discussion is inspired by the GGI lectures on EFT by Adam Falkowski [10].
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This example shows that e ective descriptions can be naturally built from power counting,
dimensional analysis, scale separation, and matching to known behaviors in the appropriate
limits. In general, the accuracy of the e ective description depends on the scale separation:
as we approach the UV regimer(. d, or energiest & 1=d), the e ective expansion
breaks down and the full microscopic theory is required.

These ingredients also underlie the logic of e ective eld theories in QFT context. Sim-
ilarly to the toy electrostatic example, the idea is to construct the most general Lagrangian
that respects Lorentz invariance and the gauge and global symmetries of the theory, using
the assumed low-energy eld content:

Oq .
d 4°

X
Le =L@ Y+ Cy
d

(1.47)

whereL(@ 4 is the renormalizable part of the Lagrangian (with all operators of dimension

4) and the Oq4 denotes the set of highed-dimensional operators suppressed by powers
of the cuto scale , which characterizes the energy where the e ective description breaks
down. The corresponding expansion parameter (£=) ", where E is the typical energy
scale of the process under consideration.

Before applying this logic to the Standard Model, let us illustrate the concept with a
simple quantum eld theory example: the e ective theory of light-by-light scattering as an
IR e ective description of QED. Treating for the moment the UV physics as unknown, we
can parametrize the low-energy theory just writing all the gauge-invariant operators built
from the photon eld. Therefore, the so-called Euler-Heisenberg e ective Lagrangian reads

1 _ _
Lew = ZF F + LS + L™+ (1.48)

Gauge invariance requires that the photon eldA appears only through the eld strength

F orits dual F . Moreover, odd-dimensional operators vanish identically by Lorentz and
permutation symmetries, so the leading corrections appear at dimension 8. The most general
set of independent operators at dimension 8 is

L9 :‘1320: F )F F )+ E(F F)F F): (1.49)

Any other gauge-invariant operator at this order can be rewritten in terms of this minimal
basis. The Wilson coe cients¢; and ¢, can be determined by matching to the UV theory.
This can be done by computing the 2-to-2 photon scattering both in full QED, via loop
box diagram involving electrons, and in our e ective description via tree level vertices. This
matching yields: , ,

8 14
“% 2Bmi’ @27 25mi’ (1.50)
where m, is the electron mass and is the ne-structure constant. This demonstrates that
the cuto scale is set by the heavy patrticle scale, in this case, the electron. The EFT is
valid for processes witlrE ~ me.

Although this example is based on a well-established theory, QED, the power of the EFT
approach actually lies in its generality. Consider, for instance, that we want to discriminate
between two di erent UV completions: standard QED with a Dirac electron or scalar QED
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with a charged scalar of massns. In the scalar case one ndsc = 0, ¢ = 2=(90m%).
Hence, a precise low-energy measurement@fand ¢, would allow us to discriminate the
correct underlying theory, within a bottom-up approach and even without direct access to
the heavy states.

1.2.2 4-Fermi theory from the SM

We now illustrate the general principles of e ective eld theories with a relevant example:

the four-fermion (Fermi) theory as the low-energy limit of the Standard Model. Speci cally,

we focus on four-quark interactions that contribute to kaon physics. At low energies, the
most general e ective Lagrangian describing these interactions can be written as

Le ctO0; 0O+ h.c.= C (U|_ SL)(dL UL) C (UL UL)(dL SL) + h.c.; (151)

where the Wilson coe cients ¢; and ¢, encode the e ects of the heavy Standard Model
degrees of freedom. From the ultraviolet perspective, these operators originate from the
charged-current interaction in the SM:

Lsm %W* (VgU.  d + VesU.  SU)+ h.c.: (1.52)

Indeed, the Wilson coe cients ¢, can be determined by computing the tree-level diagram

o' K

2

W = é (VusuL SL) p2 2 hd Vu’ijdL up
W

and expanding the propagator of thew boson for p? m3,. We obtain the matching

condition C X
0= PEVeVA= ~2 VeV  6=0: (1.53)
2 2my,
This procedure, namely removing the heavyw boson propagator and replacing it by a local
four-fermion operator, is what we mean byintegrating out the heavy degrees of freedom.
Although O, is not generated at tree level, there is no symmetry that forbids its appearance.

Indeed, we can expect radiative corrections to genera€,, e.g. from the loop diagrams in

IR

Figure 1.2: QCD radiative contributions to low energy four-fermion operators. It is not
necessary to consider other diagrams thanks to current conservation.
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We recall that, in the context of renormalization theory, we can de ne the anomalous
dimension associated to an operatdd;

O
oo dogZz™, (1.54)
d
where Z©i is the renormalization costant ofO;. More in general, if the lowest dimensional
irrelevant operator is not unique, as in this case, we can have a set of operators that mix
under renormalization. The anomalous dimension consequently becomes a matrix, and we
can study the mixings due to radiative corrections by solving the di erential equations:

dlogc
0= (99 (1.55)

where, by dimensional grounds,;; depends on the marginal couplings of the theorfygg.

In the case under examination, the most important radiative corrections come from
QCD e ects. Without entering into the details of the calculation, it can be shown that
the anomalous-dimension matrix at one-loop level is:

|
=7 e (1.56)
For convenience, we can de ne the diagonal ba3i®;-, = (O; O ,)=2 and O3, = (O; +
0,)=2, which has anomalous dimensions;-, = 8 (=4 ) and 3 =4 <=4 ), respec-
tively. In this basis, the renormalization group (RG) equation in eq. (1.55) can be solved
straightforwardly, running the scale fromm,,, where the operators are generated, down
to my, the scale relevant for kaon phenomenology. Taking the Wilson coe cients to be
Ci>(My ) = C=(Mw) = ¢, we nd numerically that ¢;-o(mg) " 2¢ and Gp(Mmk ) " 0:7¢o.
The latter can be eventually used to compute the amplitudes relevant for IR processes as,
for example, non-leptonic decays.

This example illustrates the key steps involved in applying the e ective eld theory frame-
work when studying the impact of heavy degrees of freedom on low energy phenomenology.
In practice, starting from a UV Lagrangian, whether it be the Standard Model or one of
its extensions, we integrate out heavy elds at their characteristic mass thresholds and use
the renormalization group to evolve the e ective operators down to the scale of interest.
These tools are essential for interpreting precise low-energy measurements as indirect probes
of new physics. We will use these techniques in the analyses provided in chapter 2 within
the SMEFT framework, that we introduce in the next section.

1.2.3 The SMEFT lagrangian

We now introduce the formulation of the Standard Model E ective Field Theory. The
SMEFT is de ned as the e ective theory containing all the Standard Model (SM) degrees
of freedom namely the gauge bosonsG”, W2, and B, the Higgs doubletH, and the
three generations of fermions with interactions governed by the SM LagrangianL gy,

%In general, j is not necessarily a symmetric matrix, so a basis in which it is diagonal does not always
exist.
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supplemented by a tower of higher-dimensional operators. These operators are constructed
solely from SM elds and respect Poincaré invariance as well as the full SM gauge symmetry
SU(3). SU(2). U(1)y. They are suppressed by powers of a large UV scalewhich sets
the cuto of the e ective theory and the scale at which new heavy states are expected to
appear. A key assumption of the SMEFT is the existence of a signi cant mass gap separating
the electroweak scale from the unknown high-energy physics, allowing a controlled expansion
valid in the energy rangev < E <

The resulting Lagrangian is non-renormalizable in the traditional sense, as it contains
operators of dimension greater than four. However, this is not a limitation: the SM is simply
the low-energy limit of a more fundamental UV-complete theory. The higher-dimensional
operators provide a systematic parametrization of possible heavy-physics e ects on infrared
dynamics, much like the familiar Fermi theory of weak interactions (in section 1.2.2) or the
chiral Lagrangian that describes low-energy QCD.

The most general SMEFT Lagrangian can then be written as

Lowerr = Low+ L% + L0 + L% + g (1.57)

where LY denotes the terms involving gauge-invariant operators of mass dimensionbuilt
solely out of SM elds. In the following, we focus on the dimension-5 and dimension-6
operators of the SMEFT, which are most relevant for low-energy phenomenology. Moreover,
we will illustrate throughout the thesis how such operators can arise either at tree level,
by integrating out heavy states, or through radiative corrections, in close analogy with the
4-Fermi theory as the e ective low-energy limit of charged-current interactions.

Let us begin with the dimension-5 terms. Given the SM particle content and symmetries,
there is a single operator at this order, the.-violating Weinberg operator:

. X3 Ci('5)
L Shierr = ST HE H (19)a (1))bs (1.58)
ihj =1
which generates Majorana neutrino masses after electroweak symmetry breaking.

The tiny observed neutrino masses imply that this operator must originate at a very high
scale 10" > GeV. If all higher-dimensional operators arose at this same scale, then any
other e ects of new physics would also be enormously suppressed and phenomenologically
irrelevant. This suggests that this operator, if present, originates at scales much higher
than the typical scale where other SMEFT operators are generated. In general, it is often
assumed thatB and L violating e ects, tightly constrained by experiments, arise from scales

g larger than the typical SMEFT scale . Therefore, in this thesis we restrict attention to
the B L preserving sector. Concretely, we work with the SMEFT truncated at dimension-6:

X o®
Liverr = Lew+ ¢ =, (1.59)

|
which will be the basis for the phenomenological analyses discussed in the following chapters.
In general, one can write down a large number of independent dimension-6 operators built
from Standard Model elds. These include four-fermion interactions of the schematic form
( )( ), purely bosonic structures likg(HYH) (HYH) orHYHB B , and many others.
However, not all such operators are truly independent. Operators that look di erent at the
Lagrangian level can produce identical on-shell amplitudes and thus observable e ects.
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To obtain a physically meaningful parametrization of new physics e ects, we need to
work with a complete and non-redundant operator basis. Redundant operators can be sys-
tematically eliminated using integration by parts, eld rede nitions (or classical equations
of motion), and algebraic identities like Fierz identities and Dirac structure reduction. A
well-known example of such a non-redundant operator set is the so-called Warsaw basis, in-
troduced in [11], which provides a complete basis for the dimension-6 SMEFT Lagrangian.
Overall, neglecting avor indices we can count 63 operators (33 and L conserving). They
are shown explicitely in tables 1.2 and 1.3. When including the avor structure, they amount
to 1350 CP-even and 1149 CP-odd independent coe cients for the dimension-six operators.

1:v3 2:HS 3:H*D? 5: 2H3+ he:
Qs | £48C GA GB GC Ou | (HYH)®  Qu (HYH) (HYH) Qen | (HYH)(lperH)
Qe | 8¢ € GB GC Quo HYD H HYD H  Qu | (HH)(gu!9)
Qw | K w! w3 wK Quv | (HYH)(qpdrH)

Q\Q 1JK WI w?l WK

4:V2H? 6: 2VH + hc: 7: 2H?D
Qne HYHGA GA Qew | (b 'e)HW! Qi (Hyli D H)(Ip 1)
Que | WHE A  Quw | (I, e)HB Q| DI 1)
Quw | HYHW!' w! Qe | (® TAu)BGA Qne (HYID H)(e &)
Que | FHW' W Qu | @ 'u)&w! Q| (D MG a)
Ous HYHB B Qus (b u)BB Q.‘i’1 (HY'i|D'H)(qp' )
Q¢ | HHE B Qi | (G TAd)HGA Qhu (HID H)(Up u)
Quws | HY '"HW' B Qaw | (% 'd)HW! QHa (HYIiD H)(d, dr)
Qs | HY 'HW' B Qi | (p d)HB Qnua + hic: | (YD H)(up dr)

Table 1.2: The dimension-six operators in SMEFT that involve at least one scalad or
vector V bosonic eld. Operators with + h:c: have Hermitian conjugates. The subscripts
p;r;s;t are weak-eigenstate indices.

1.2.4 Flavor Symmetries in SMEFT

The proliferation of independent coe cients at dimensiond = 6 does not imply that, in a
bottom-up approach, we must remain fully agnostic and consider all 2499 operators. In fact,
many of these couplings, as for example those contributing at tree level to avor-violating
observables, are already strongly constrained. In some cases, experimental bounds push the
corresponding scale aboveO(10° TeV). If we consider this as the scale of the whole EFT
construction, then it would not be that interesting.

On the other hand, we know from the structure of the SM Yukawa couplings that avor is
highly non-generic in the renormalizabled = 4) sector. It is therefore reasonable to assume
an underlying non-generic structure that gives rise to approximate avor symmetries also at
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8:(LL)(LL) 8:(RR)(RR) 8:(LL )(RR)

Qu (Ip 16)(Is 1) Qee (& e)es &) Qee (Ip Ie)(es &)
AW | (@ a)a a) Qu | (U u)(us w) Qu (Ip I)(us )
@@ 'o)a 'a) Q| (d d)(ds d) Qu (Ip 1r)(ds )
QY | (p )& @) Qe | (& &)(us up) Qe | (% G)e @)
QY | (h 'l )& 'a) Qed (6 e)(ds d) Qi (% G)us u)
QW | (up u)(ds o) QM | (e TAa)(us TAuw)
QY | (up TAud(ds TAd) QW | (% 9)ds d)
QY | (% TAg)(ds TAd)

8:(LR)(RL)+ h:wc: 8:(LR)(LR)+ h:c: B= L=1+ hc
Qeag | (he)(dst)  Quuga | (Ghur) e (ckd) Quual i (dl, Cu, )(ql Cly)
®) i TA O (KTA ,
Qc(qr)qd (%T ur) ik (OET c) Qqque ) (qu Cajr )(uTs Ce)
1 )i .
Qlequ | (Iher) jk (asur) Quqd "k (g, Cay )(al Clv)
QAL | &) j(d w)
Qduue (d-l,—) Cu, )(uTs Ce)

Table 1.3: The dimension-six four-fermion operators in SMEFT. Operators with+ h:c:
have Hermitian conjugates. The subscriptg;r; s;t are weak-eigenstate indices.

the level ofd = 6 operators and beyond. These assumptions allow for a signi cant reduction
in the number of relevant operators, making the EFT construction more predictive and
phenomenologically interesting. One possibility to organise the EFT expansion is to think
about the approximate avor symmetries discussed in section 1.1.4. With this respect, only 47
dimension-6 operators (including avor indices) are consistent with exadt(3)°> symmetry.
All other dimension-6 operators can be viewed as additional sources of avor symmetry
breaking.

A popular and systematic approach to encode this structure is the framework Bfinimal
Flavor Violation (MFV), which assumes that the SM Yukawa couplings are the only sources
of U(3)° breaking, even beyond the renormalizable level. In this approach, the exdd(3)°-
symmetric limit corresponds to leading order in a symmetry-breaking expansion. Going
beyond this order, the Yukawa matrices are treated as spurion elds, i.e. non-dynamical
background elds transforming underG as:

Yo (1;3;1;3;1);
Yo (1;3,1,1;3); (1.60)
Yo (3;1;3;1;1):

With these transformation properties, the SM Yukawa sector becomes formally invariant

under G . Higher-dimensional operators can then be organized as a power series in the
spurion elds, ensuring formalG invariance of the full EFT. For instance, fermion bilinears
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can be constructed as

g o6; g™u¥)i o a(YaY{)i g ;i (1.61)
wherei;j =1;2; 3 denote avor indices. This approach, motivated by the observed structure
of avor in the SM, leads to a signi cant reduction in the number of independent operators,
overall by at least two orders of magnitude.

Another well-motivated idea is to impose dJ(2)° avor symmetry, a subgroup of the full
G, which treats the rst two light generations as indistinguishable and distinguishes them
from the third generation. This setup e ectively captures a broad class of Standard Model
extensions in which the third generation plays a special role, as is often the case in theories
addressing the hierarchy of fermion masses or avor anomalies.

In this framework, the Yukawa structures are reproduced by introducing a minimal set of
symmetry-breaking spurions. These spurions are su cient to organize the expansion of the

SMEFT Lagrangian in a way consistent with the observed fermion masses and mixings. A
minimal and commonly used set includes:

V- (2,151,151 Vg (1,2;1;1;1);
e (2:1;2,1;1);  wo (1;2:1;2(1);1(2):

Here, the spurionsV, and V- parametrize the mixing between the light generations and the
third one, while the  spurions account for the breaking of the residu&U(2) avor symmetry
within the light generations. Within this framework, fermion bilinears can be systematically
expanded using the spurions. Some representative examples are:

® ®; G G; G(Vg)i Gw+hc; gV (Vg ::: (1.63)

wherei = 1;2 now runs only over the rst two generations. We will not elaborate further on
this formalism here, as it will be applied explicitly in the following chapters. For complete
reviews and systematic treatments of th&J(2)" approach and its implications, we refer the
reader to [12, 13].

A nal comment is in order regarding basis choices in avor space. In general, through
appropriate rede nitions of the fermion elds and the Yukawa matrices, one can always
choose a avor basis in which the Yukawa couplings are entirely expressed in terms of fermion
masses and the CKM matrix. Two commonly adopted choices are thi®wn-type basisand
the up-type basis In the former case, the down-type quark and charged lepton Yukawas are
diagonal:

(1.62)

Ye = diag(Ye;y ;Y ) Ya = diag(Va; Ys; Yo) ;

y _ (1.64)
Yu = VCKM dlag(yu;yc; yt) :
In contrast, in the up-type basis the up-type quark Yukawa matrix is diagonal:
Ye = diag(Ye;y 1y ) Yu = diag(Yu; Yo Vo) ; (1.65)

Yo = Vekm  diag(Ya; Ys; Yb)

In either of these bases, the quark doublet$ can be written in terms of mass eigenstates as:
| |
: u Viul

(- L. . - ji “L .

T owd T g

in the down- and up-type bases respectively.

(1.66)
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1.3 Early Universe toolkit

The predictive power of the Standard Model extends well beyond collider experiments and
terrestrial observations. Its particle content plays a central role in cosmology, where it shapes
the thermal history of the early universe. Indeed, many key features of modern cosmological
observations, from primordial nucleosynthesis to the cosmic microwave background, can be
successfully described using the known particle spectrum and interactions of the SM. In
general, the early universe provides a unique laboratory for probing physics at high energies,
testing the SM content and o ering complementary hints to physics Beyond the SM.

In this section, we will not attempt a discussion of primordial in ation, nor will we explore
the full complexity of the universe's earliest moments. Instead, we will focus on the post-
in ationary evolution of the thermal bath and discuss the cosmological history of the SM
species as the universe expands and cools. Following this thermal history, we establish the
basic picture of how the known (and unkown) particles interact, decouple, and contribute to
the energy and entropy budget of the universe, providing a complete simple toolkit of the
early universe physics. These concepts will be essential and extensively used in chapter 4,
when discussing non-standard thermal histories and the freeze-out of Dark Matter candidates
in these scenarios.

1.3.1 Friedmann equations

The starting point to understand the large-scale evolution of the Universe are the Einstein's
eld equations, which relate the curvature of spacetime to its matter and energy content:

G + g =8G\T : (1.67)

Here,G is the Einstein tensor encoding the curvature of spacetime, is the cosmological
constant and T is the total stress-energy tensor describing the distribution of matter and
energy components. Under the assumption of an homogeneous and isotropic universe, it
can be shown that the general solutions to the Einstein equations take the form of the
Friedmann Robertson Walker (FRW) metric,
|

5 !

drr - r2d 2

ds? = dt?  a(t)? (1.68)

where a(t) is the scale factor and characterizes the spatial curvature ( = 0; 1, corre-
sponding to at, closed, and open universe, respectively),is just a radial coordinate while
d represents the angular part of the metric. Treating the contents of the Universe as a
perfect uid with energy density and pressureP, the stress-energy tensor can be simply
written as

T =( +P)uu Pg ; (1.69)

whereu is the 4-velocity of the uid. We stress that andP are the total energy and pressure
densities, which take into account all the components of the universe: matter, radiation, etc.
Substituting these expressions for the stress energy tensor and the FRW metric into Einstein's
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equations then leads to the well-known two Friedmann equations:

a ? 8G
= = —+ = 1.7
a 3 az 3’ (1.70)
a 4Gy
= + + .
a 3 ( 3P) 3 (2.72)

which describe the evolution of the scale fact@(t) and thus determine the expansion history
of the Universe. As customary, the expansion rate of the Universe can be described in terms
of the Hubble parameter, de ned adH (t) a(t)=at).

Using the conservation of the stress-energy tensor T = 0, one can derive the conti-
nuity equation

_+3g—( +P)= _+3H( +P)=0: (1.72)

which drives the dilution of the energy as the Universe expands. In general, di erent com-
ponents of the universe are characterized by di erent equations of state, which relate the
pressure and the density. However, for any given equation of stae=! | it is straightfor-
ward to nd the general solution to the continuity equation

[ a 3@rw). (1.73)

Depending on the value ofv, it describes di erent types of energy, for example:

A

w = 1=3: this describes pure radiation. The energy density of radiation scales as
/ a*

w = 0: this describes non-relativistic matter (dust), where the pressure is negligible
compared to the energy densityP 0. The energy density of matter scales as/ a 3.

w = 1. this describes a dark energy component (cosmological constant), the pressure
isP = ,where / const. The dark energy density remains constant as the Universe
expands.

In principle, ! could take other values between 1 and +1, but we do not consider other cases
here. We just mention that! = 1=3 corresponds to the case of a curvature component, as it
reproduces the scaling that characterizes the curvature term in the rst Friedmann equation
in (1.70). However, we measure a nearly at space 0.

According to eq. (1.70), the Hubble parameteH (t) evolves di erently depending on what
is the dominant component of the Universe. In particular, we can write the contributions
from curvature and cosmological constant as

3
= —; = ; 1.74
8G az’ 8G ' ( )
so that eq. (1.70) can be recast as follows
X
H2 = 8?” . (1.75)
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Given the dependence of each component on the universe scale faafby, as in eq. (1.73),
we can write the Hubble rate at any timet as a function of the energy components and the
Hubble rate that we observe today:

H?=Hi oa’*+ oma’+ o a?+ o a ; (1.76)

where we have de ned the ratio of the energy densities with the critical energy density:
o 3H§ .
) c ’ C 8 G N 1
and where the subscript "0' refers to the present epoch, having normalizagd= 1. The pre-
cise value ofH, is still under debate, but it is measured to be roughl{H, 70 kms *Mpc .
As clear from eq. (1.76), the sum of all the fractional energy densities i = 1. Ac-

cording to the most recent cosmological observations, the energy budget in our Universe is
approximately:

(1.77)

o ' 0:68; om = 0:32; (1.78)

with a very small radiation component and negligible curvature . Remarkably, we observe
that a large fraction of the matter component o, is actually made of Dark Matter, i.e. a
fraction of matter that is not involved in electromagnetic interactions. Its presence is inferred
only through its gravitational e ects on visible matter, light, and the large-scale structure of
the Universe. The current abundance of Dark Matter is about 5 times larger than the visible
Baryon abundance, precisely

om = 0:27; b 0:05: (1.79)

Despite playing a fundamental role in the formation and evolution of cosmic structures, the
Standard Model lacks of a DM candidate. This is indeed a strong need for physics beyond
the SM.

In the following section, and in most of this thesis, we will be interested in the early
stages of our universe when the energy was dominated by the radiation energy density of the
thermal bath, scaling asa . In chapter 4, we will also discuss some non-standard thermal
histories featuring the presence of a large cosmological constant component.

1.3.2 Thermodynamics at equilibrium

We focus on the thermal history of the Universe starting after reheating, once the Standard
Model relativistic plasma has been established and builds the dominant energy componant of
the universe. At this stage, all particle species are in thermal equilibrium, which is ensured
by their interaction rates i being much larger than the Hubble expansion ratél, so that
interactions occur on timescales much shorter than the cosmic expansion. Indeed, we can
easily estimate by dimensional analysis that the thermal average cross section, in the high
temperature limit, scales as 2=T? while the number density of particles scales as  T3.
Therefore, we can compute the ratioy=H n=H 2mp =T, implying that equilibrium
is ensured for temperatures lower than the Hubble scale (but much larger than the SM mass
scales).

As the Universe expands and cools,j; generally decreases faster thaH. Eventually,
for each particle species, the condition;,; H is satis ed, and that species decouples from
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the thermal bath. Since di erent particles have di erent interaction rates, they freeze out
at dierent times. To describe this process quantitatively, it is essential to rst establish
the thermodynamic properties of the plasma in thermal equilibrium, which will serve as the
baseline for analyzing the subsequent decoupling of each species.

At the microscopic level, when a system of particles is in kinetic equilibrium, the number
of particles per unit volume in phase space is determined by the equilibrium distribution
function. According to standard statistical mechanics, this is given by

4

1 g
fieq = : nieq: ! d® fieq : 1.80
0= S 2y TP (1.80)

whereE; = | p?2+ m? is the particle energy,T; denotes the temperature of specids and

i its chemical potential. The+( ) sign applies to fermions (bosons), and, denotes the
number of internal degrees of freedom ( spin, color, etc). Since the chemical potentials in the
early universe are generally negligible, we will set ' 0 in what follows. For each particle
species, we can then de ne the corresponding energy density and pressure as

4 Y4

FIPEM: Pz

-9 P
@) 3Ei(p)’

Two limiting regimes are particularly relevant for cosmology. These are determined by the
relative size of the particle’'s massn; and its temperatureT;:

d*pf*(p) (1.81)

Non-relativistic limit (m; Ti):

= miTi - m; =T .
=8 = & (1.82)
i=min;; Pi=Tin;,;
Relativistic limit  (m; T)):
3
N =Gg (—Z)TF;
, | (1.83)

i=digi§)Ti4; Pi:§|;

wherec = 1(3=4) and d, = 1 (7=8) for bosons (fermions). When the particles in the plasma

are in thermal (kinetic and chemical) equilibrium, they all share the same temperatur€.
Therefore, it is often useful to introduce the total energy density of all relativistic species as

2
(T = (1) 55 T (1.84)

with the e ective number of degrees of freedom de ned by

MU=Xgi% +- g 2+ (1.85)

i2B
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Here, the sums run over all relativistic bosonic and fermionic species, taking into account
both relativistic particles in thermal equilibrium and relativistic species that have decoupled
and may have a temperaturel; 6 T. As an example, we can compute the relativistic degrees
of freedom for the SM atT 100 GeV& my,, where all the species are non-decoupled, i.e.
allthe T, = T, then

G"(T my) = 2028+ 323 * I{%} * I{]Zh} *
1

é)luons W Z

+TOUE 3T 4pF + 2u3 A = 10675,

quarks leptons neutrinos

(1.86)

Having established the scaling of the energy density with temperature, we can also write the
corresponding Hubble rate as a function of the bath temperature. Substituting.q(T) into
the rst Friedmann equation in eq. (1.70) yields:

S

2 T2
H(T) = oo a(T) 1

— (1.87)

wheremp, (8 ) ¥Mp =(8 Gy) ¥?' 24 10®GeV is the reduced Planck mass.
Another important quantity describing the evolution of the Universe is the entropy den-
sity. Speci cally, we de ne the entropy density as

S  +P 22

— = = 0. 3.
s o= e Pe(MTY (1.88)
where « . T oa
k(M= 6 — +2 g ?‘ ; (1.89)

i2B T 8)2F
In general, g, 6 o,., except in the special case where all relativistic species are in thermal
equilibrium and thus share the same temperature. The conservation of the total entrojs/
implies that s/ a 3, and thus it is often combined with the number densityn; in de ning
the yield:

Yoo (1.90)

that remains constant as long as particles of type are neither produced or destroyed (nor
entropy injections in the bath take place). This is the case of the baryon asymmeti
(ng  ng)=s

1.3.3 Freeze-out and Dark Matter

If equilibrium had persisted until the present epoch, the Universe would consist almost en-
tirely of photons, as all massive species would be exponentially Boltzmann suppressed unless
protected by additional symmetries or conserved charges. Understanding how deviations
from equilibrium lead to the freeze-outof massive particles is therefore essential.

As discussed earlier, a given particle species drops out of equilibrium when its interaction
rate i (T) falls below the cosmic expansion ratél (T). To illustrate this, let us focus on
electroweak interactions. Well below the electroweak scale, gauge bosons are heavy, and the
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Figure 1.3: Number of total degrees of freedorg of the Standard Model as a function of
temperature. The entropy e ective numbergs becomes di erent below the electron positron
annihilation, after neutrino freeze-out. Image taken from [14].

cross section for weak processes can be estimated as ( =m 2)? T2, yielding an interaction

rate i N 2T3=m{,. Comparing this to the Hubble rate,
2 3 3
int mp T T
: 1.91
H my, 1 MeV (1.91)

This implies that neutrinos, which only couple via weak interactions, decouple at a temper-
ature of orderT 1 MeV, in good agreement with the more re ned valudg.' 0:8 MeV.

More generally, as the Universe expands and cools, di erent species decouple sequentially,
reducing the e ective number of relativistic degrees of freedom. This process is sketched in
g. 1.3, where we show the Standard Model e ective degrees of freedom in the energy density
(92) and in the entropy (@), following the evolution of the universe. A convenient and
really quantitative way to describe the departure from equilibrium is through the Boltzmann
equation, which governs the time evolution of the number density; of a particle species:

1 d(nja®) _
as dt
where the right-hand side, referred to as the collision term, encodes all the interactions that
produce or destroy particles. In the absence of interactions, the collision term vanishes and
the comoving number density is conserved.
For example, for a generi@! 2 process involving four di erent species, we can write
" #
1 d(n;a®) _

. nins
= h vi nin N3Ny | 1.93
2 drt 1Nz N3N e 3Ny ( )

C(fnig); (1.92)
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where hv i is the thermally averaged cross section. The structure of the collision term is
xed by requiring that it vanishes in equilibrium. In the special case of scatterings like
Xom Xpm ! 7, relevant for the discussion of freeze-out in many Dark Matter models, we
can assumen; = n, = N, N3 = ng = N+, and that the light species’ stays in equilibrium
(n-' n®%). The Boltzmann equation then simpli es to

3
alsd(Z?) = hvin ng ; (1.94)
or, in terms of the yieldY = n=s,
?t(: shvi Y2 Y& (1.95)

To make the evolution more transparent, it is conventional to introduce the dimensionless
variable x ~ m=T, wherem is the particle's mass andl is the bath temperature. In terms
of x, the Boltzmann equation becomes

dY hvis

dx xXH

During the radiation-dominated era,H / T?=mp, so this can be rewritten as

Y? XS (1.96)

dy _

ay _ 2 2 22 mthvi
dx  x2

oq 5 Os IO (2.97)

where g,.s denotes the e ective number of entropic degrees of freedom and, in principle,
depends onx. Eg. 1.97 can be solved numerically for any value of Some examples are
shown in g. 1.4.

As clear from the plot, the larger the cross secton, hence , the longer the particle
species under examination stays in thermal equilibrium with the bath before decoupling, as
expected. Thus, the rst consequence of eq. (1.97) is that the nal yield is smaller for larger
couplings and, viceversa, larger for smaller couplings (as long as our working assumptions,
like being in a radiation dominated universe, are satis ed).

Even though there is no analytic solution to the Boltzmann equation, it is possible to
derive some approximate analytic solutions in two opposite regimes: th#®t Relic limit and
the Cold Reliclimit. The former correspond to the case in which freeze-out occurs when the
particle is still relativistic. This scenario can occur when the particle is very weakly coupled
to the plasma. In other words, the conditionnhv i <H is satis ed well beforen(T) enters
the non-relativistic suppressed regime of the Boltzmann distribution, since the smallness of
the L.h.s. is due to a small thermal cross section. In this case, we simply get:

Y1 = Yeo (Xr) =0:278pm=09s (Xt) (Xt . 3); (1.98)

wherex; is the value ofx at freeze-out. On the other hand, the Cold Relic scenario correspond
to freeze-out occuring when the particle is in the non-relativistic regime. In this case, it can
be proved that the nal yield is well approximated by:

v = 3:79(n + 1) x*t (X &3) (1.99)
1 - = f ) .
9?;329; 2 Mpim o

30



Figure 1.4: Dark Matter Freeze Out for several values of the parameter. The dashed line
is the equilibrium Boltzmann distribution. As clear from the three solid curves, larger cross
section (larger ) allows the particles to stay in equilibrium in the plasma for longer times,
hence the smaller freeze-out relic abundance.

where g is the rst term in the expansion of the thermally averaged cross sectionv i '

oX "(1 bx ™), wheren =0(1) correspond to s(p)-wave annihilation, and additional coe -
cients depend on the speci c model. The moment at which freeze-out occurs typically scales
asx; / log for cold relic.

Finally, if we want to compare the freeze-out yield to the Dark Matter abundance that we

observe today, we still need to multiplyY; by the present entropy densitys, = 2:97cm 3,
by the mass of the species, and divide it by the critical density . to obtain the fractional
component py . Putting all together we get, respectively for Hot and Cold relics:

!
hot n2+ .07 m Oom

1l ey 1 (1.100)
a2 1,07 100 DX GV T

g’r‘s:gl=2 Mpi 0.

These formulae will be used in chapter 4, where we will discuss the interplay of non-standard
cosmologies driven by BSM (visible) physics on dark sectors and the dynamics of Dark Matter
particles.
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Chapter 2

Indirect Constraints on New Physics
Scenarios

The structure of the avor sector described in sections 1.1.2 and 1.1.3 leads to a rich set of
phenomenological implications. First, due to its large mass - or equivalently, i&(1) Yukawa
coupling to the Higgs the top quark plays a special role both within the Standard Model
and in many of its extensions. In the SM, thanks to the GIM mechanism [15], the top quark
provides dominant loop contributions to many low-energy avor-changing neutral-current
processes. It also induces some of the leading radiative corrections in the electroweak sector,
drives the renormalization group evolution of the Higgs quartic coupling, and plays a central
role in the (meta)stability of the Higgs potential.

The top quark also generates the largest corrections to the Higgs mass, therefore going
beyond the SM it is a crucial actor in all New Physics scenarios that aim at addressing the
naturalness problem of the EW scale. For instance, the so-called top partners are expected
to be some of the lightest new particles in such scenarios, both in supersymmetric (stops)
and in composite Higgs (vectorlike top partners) models. This expectation is reinforced by
the fact that experimental constraints from direct searches of these particles are generally
weaker than for the partners of the lighter quarks.

Furthermore, due to the large top mass, its couplings to the EW gauge bosons are still not
tightly constrained, allowing the possibility of sizable NP e ects in this sector. For all these
reason, many NP models predict new states that couple predominantly to the top quark. See
Ref. [16] for a recent review.

In contrast, the remarkable accuracy of SM predictions and the absence of signi cant
deviations in avor-changing processes involving light quarks suggest that the new dynamics
may couple more weakly to the rst two generations of fermions. This experimental scenario
often nds consistency with models that are approximately invariant underU(2)°®> avor
symmetries acting only on the light fermions, as discussed in section 1.1.4.

In general, if the new degrees of freedom are heavy, their low-energy e ects can be de-
scribed using e ective operators within the SMEFT framework, that we introduced in sec-
tion 1.2.3. Therefore, in this chapter, we focus on the EFT analysis of scenarios like the ones
described above. First, in section 2.1, we present a comprehensive study of all dimension-6
operators involving top quarks, deriving constraints from a wide set of low-energy observables
and comparing them to bounds from high-energy collider searches. This discussion is mostly
based on [1].

33



The assumption that NP predominantly couples to the third generation is further explored
in sections 2.2 and 2.3, where we carefully examine the implications of recent measurements
of rare di-neutrino modesB! K andK ! . In detall, in section 2.2, we show that
the third-generation-philic framework naturally emerges from the general hypothesis of rank-
one avor violation. Then, in section 2.3, we discuss in more detail the breaking structure of
an approximateU(2), symmetry via a minimal set of parameters, consistent with a broad set
of observables, and assess the near-future impact of dineutrino modes on such NP scenarios.
These analyses are based on refs. [2, 4].
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2.1 Constraints on top quark operators

2.1.1 EFT setup

We assume that at the UV scale (we x =1 TeV for concreteness) only e ective operators
involving the top quark are generated at the tree level and we study the indirect constraints
that can be obtained on the corresponding coe cients by considering the e ects they have
on a large set of low energy observables, comparing these to the direct constraints that have
been obtained by studying top quark processes at the LHC.

We work in the Standard Model E ective Field Theory (SMEFT) and choose the Warsaw
basis [11] of dimension-six operators:
X

Lsverr = Lsmw + C|720|(6) + Il (21)
|

that we discussed in section 1.2.3. As stated above, we focus on top-quark operators, i.e.
operators that among quarks involve only the third generation quark doublef® and right-
handed top u®, assuming that all other vanish. The lepton sector is instead left completely
general, since we want to consider also tests of lepton avor universality (LFU) and lepton
avor violation (LFV). The set of SMEFT operators is then reduced to the list in table 2.1.

In the following, the superscripts "3’ for quark indices in SMEFT coe cients are omitted, as

©

they are in the Table. We work with the rescaled coe cientsC; - in TeV 2 units.

While in the limit where only the top quark mass is considered the gauge and mass bases
are the same, we want to describe also the mixing with light generations via the Cabibbo-
Kobayashi-Maskawa (CKM) matrix and therefore we must consider all quark masses. In this
case, the avor basis at the scale is in general di erent than the quark mass bases, forcing
us to make a avor assumption at the high scale. Two common choices in the literature are
the up or down quark mass bases. If only the operators listed above are considered, then the
results of the t will of course depend on this choicé. Since we are assuming that new physics
is mostly coupled to the top quark, it is logical to work in the up-quark and charged-lepton
mass basis, wherg = (ul; V;d),| =( ;" ), andV is the CKM matrix. This will induce
CKM-suppressed operators involving rst and second generation left-handed down quarks.

We aim at deriving indirect constraints on all these operators by considering a large set
of low-energy observables in a global analysis. We include rdBemeson and kaon decays,
meson mixing observables, all the processes used to measure the Cabibbo angle, anomalous
magnetic moments of the electron and muon, lepton avor universality tests in charged-
current lepton decays, charged lepton avor-violating processes, and precision electroweak
and Higgs measurements.

Several groups studied indirect constraints on top anomalous interactions or top quark
operators. Refs. [21 25] analyzed anomalous top couplings W and Z bosons, and top
quark avor violation, considering rare meson decays and electroweak precision data. Dipole

1We assume baryon and lepton number conservation at the scale.

20One alternative could be to introduce a consistent avor symmetry, for instanceU(2)q U(2)y U(2)q
[17 19], and symmetry-breaking spurions, and consider then also the operators suppressed by the spurions,
see e.g. Ref. [20]. This would however increase greatly the number of coe cients to t and goes beyond the
purpose of our work.
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Semi-leptonic Four quarks
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Ow | (G TAWHGA |On | (HYD H)W® )

Ouww (° ud) *AW?2 | Owy (HYH)(PudH)

Oue (@ w)HB

Table 2.1: The 19 dimension-six operators considered in this work. They can be split in
four classes, depending on the elds coupled to the Top quark. We keep the lepton avor
structure arbitrary.

and scalar SMEFT operators with top quarks have been considered in Refs. [26, 27], where
indirect bounds fromb! s and electric dipole moments have been derived after the RG
evolution down to the low scale. More recently, Ref. [28] performed a more global analysis,
where several top quark operators have been considered and the indirect constraints from
B-meson observables and ! hbb have been derived and compared with direct limits from
LHC. In our work we go beyond these previous analyses by considering a much larger set of
top quark operators (all the ones that involve top quarks) and by substantially enlarging the
scope of the observables considered.

This study is structured as follows. In section 2.1.2 we review the methodology employed
for this work, discussing brie y the RGEs and matching procedures. Section 2.1.3 contains
an overview of all the observables we take into account, divided into di erent classes. In
section 2.1.4 we employ the global likelihood to derive ts in some simpli ed scenarios and
discuss the results: one coe cient at a time, interesting pairs of coe cients, and a Gaussian
t with all coe cients except those of semileptonic operators. To showcase some other
applications of our analysis, in section 2.1.5 we study two speci ¢ UV models that we match
to the SMEFT. The rst contains a scalar leptoquark coupled only to the third generation
quark and lepton doublets. The second simpli ed model, inspired by the Cabibbo anomaly,
contains a scalar and a vector leptoquark. Finally, we conclude in section 3.6. Appendix A.1
contains details on all the observables included in our analysis.
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Figure 2.1: Sketch of the EFT analysis procedure adopted in this work. g is the scale
relevant to the low energy observable under consideration.

2.1.2 Methodology

Our goal is to constrain TeV-scale top-philic scenarios deriving bounds from a large set of
low-energy observables. The EFT approach represents a suitable framework for this task, as
it allows us to consistently study and keep track of the scale dependence of the operators in
a multi-step procedure. In practice, RGEs connect di erent energy scales within the range
of validity of the EFT, while matching procedures allow us to integrate out heavy degrees of
freedom, linking EFTs valid above or below the threshold (see also the 4-Fermi example of
section 1.2.2).

The description of low energy observables below the electroweak scale relies on the LEFT
Lagrangian de ned in Ref. [29]:

Lierr = Lep+qep + § Li(5)oi(5) + § Li(e)oi(6); (2.2)
| |
where the Higgs,W and Z bosons and the top quark have been integrated out, leaving the
QCD sector with only two up-type quarks. Higher-dimension non-renormalizable operators
are generated both by the SM heavy particles and by SMEFT contributions, again in a
model-independent EFT framework. The complete list of LEFT operators is provided in
table A.4.
After having de ned our set of top-quark operators at the UV scale =1 TeV, as in
eg. (2.1), the matching to the whole set of observables is done through the following steps:
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We evolve the SMEFT coe cients C; from  down to the electroweak matching scale,
thatwe xto gw = mz ' 912 GeV. We perform this running procedure numerically
using the DSixTools package [30, 31], which implements the RG equations provided in
[32 34].

As discussed in Ref. [35], we combine the one-loop matching with one-loop RG evolu-
tion. For the matching between the SMEFT and the LEFT we use the results computed
in Ref. [36] and refer to its ancillary les for the complete expressions (see also Ref. [37]).

The LEFT coe cients [38] are then evolved from the electroweak scale down to the
energy scales g relevant to the speci c experiment, e.g. |r = 4:2 GeV for B decays,
again using the DSixTools numerical routines.

We express the low-energy observables in terms of the LEFT Wilson coe cients gen-
erated by the previous steps.

The whole process is sketched in g. 2.1, where the main steps and the corresponding energy
scales are outlined. QCD e ects are known to be relevant, especially at low energies, and
a resummation beyond the leading order is required. So, as an exception, we use the ve-
loop QCD correction for quark Yukawas and the gauge coupling from Refs. [39 41] and the
four-loop strong coupling beta function and quark mass anomalous dimension from Ref. [42].
These QCD corrections are implemented in DSixTools as well as the three-loop SM RGEs
from Refs. [43 46].

The procedure depicted in g. 2.1 does not apply to the observables de ned above/at the
EW scale, when running the SMEFT coe cients up to yy is the only necessary step. In
some cases, previous studies and results in the literature allowed us to partially or completely
skip some steps. These cases will be mentioned and discussed in the following.

Once we have expressed the low energy observables and pseudo-observables in terms of
SMEFT Wilson coe cients, we can build the log-likelihood:

X
2log(C)  *(C)=  (Oi(C) D " (O(C) s (2.3)
1)

where O, are the observablesC, are the Wilson coe cients de ned at the TeV scale, ; are
the experimental values and ?); ! the corresponding covariance matrix. The likelihood is
maximized by looking at the minimum of the chi-square, 3, so that the quantity 2 =

2 2 allows to de ne the 68% or 95% CL regions. We use our global likelihood to perform
individual, pairwise and global ts on Wilson coe cients. In practice, we allow only one,
two or a subset of parameters in the global?(C;) to vary and set to zero all the remaining
ones. Results and applications are discussed in section 2.1.4 and 2.1.5.

2.1.3 Observables

The up quark basis we employ for the left-handed quark doublet makes several top quark
operators, such as the ones from table 2.1, contribute to FCN@ ! d! transitions even at
tree-level, only suppressed by; Vyi factors. Very strong bounds to such BSM contributions
can be obtained from rareB and K decays as well as meson mixing observables. Operators
with top quarks are also expected to give relevant contributions, via loop e ects, to anomalous
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magnetic moments of leptons, tau decays, electroweak precision data, Higgs measurements
and precision measurements entering in Cabibbo-angle analyses. Finally, operators that
violate lepton avor are constrained by LFV tests in lepton and meson decays. In the
following subsections we provide some more details on these observables, postponing more
detailed discussions to Appendix A.1.

B physics

SM-suppressed FCNCb ! s transitions are powerful channels to probe new physics, in
particular in those observables for which the SM prediction is free from poorly-known long-
distance QCD e ects. Among these, after the recent update by LHCb [47], the lepton avor
universality ratios Rk and R  provide stringent constraints on NP coupled to light leptons:

Rk [1:1;6] = 0:949 0:.047;
Rk [1:1;6] = 1:027 0:.077:

Other powerful decay channels for testing new physics are the so-callgmlden-channelde-

cays, for which it can be useful to de ne the ratios with the SM predictions as
BB! KO )

BB! KO sy

using the updated SM predictions from Ref. [48]. Notably, the Belle-Il experiment recently

presented the rst evidence forasignalinth®* ! K* channel:B(B* ! K* gele 11 =

(2:3 0:5'%3) 10 °[49]. Once combined with previous upper limits, this becom@&(B* !

K* Jcomb: = (1:3 0:4) 10 °, to be compared with the SM predictiorB(B* | K* )gu =

(0:444 0:030) 10 >.* The corresponding value folR, is reported in table 2.2. On the

other hand, the strongest upper limit on theK mode comes from Belle, witlR, < 3:21at

95%CL [50] after combining the di erent modes. Several NP models a ect these decay modes

as a rescaling of the SM short-distance amplitude, that involves only A currents, in such

a way that R, = Ry . In this case it is interesting to combine the two modes, obtaining:

R¢()=2:16 0:70; (2.6)

compatible with the SM value of 1 atl:7 . We emphasize that, since we are not assum-
ing lepton avor number conservation, the inclusive sum on neutrino nal states takes into
account LFV cases:

(2.4)

R¢ o) (2.5)

X3
BB! KO )= BB! KO ) (2.7)
;=1
We conclude the list ofB decays by includingBs ! Xs , the leptonicBs! ~ ° decays as
well as semileptonic and leptonic LFV modes. The complete list 8f-physics observables we
consider is displayed table 2.2, together with measurements provided by the LHCb, Belle(-11)
and BaBar experiments.

Theoretical predictions are extensively discussed in Appendix A.1, where branching ratios
expressed in terms of low energy EFT coe cients are given. Here, we limit ourselves to show,
in table 2.3, a comprehensive sketch of SMEFT contributions to the observables considered
in the work. We brie y discuss WC's relevance and interplay in the rest of this Section.

3Rare decays of mesons into neutrinos will be deeply discussed in section 2.2 and 2.3.
4This is the SM prediction with the long-distance B* ! 1K* removed, since the experimental
collaboration treats this as background.
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Observable Experimental value Observable Experimental value
B! X, (3:49 0:19) 10 4 [51] B(Bs! €@ < 11:2 10 ?[55]
Ry 2:.93  0:90[48, 49] B(Bs! )| (301 0:35) 10 °[56]
Ry < 3:21[48, 50] BBs! )| <68 10°[57]
R [11; 6] 0:949 0.047[47] B(B;! e)| <63 10°[58]
Rg [1:1;6] 1.027 0.077[47] BBs! )| <42 10°[59
B(B! Ke ) <45 108 [52] B(By! €€ <30 10° [55]
B(B! Ke)| <236 10553 BBs! )| <26 107[56]
BB! K ) <45 105 [54] B(Bd ! ) <21 10°3 [57]
B(By! e) < 1.3 10 9[59]
B(By! ) < 1.4 10 5[59]

Table 2.2: Experimental values forB-physics observables included in this work. Bounds
are given at 95% CL. In the last column, prospects of future precision are included.

The semileptonicCgye and the combination(Cl(ql) + C,(q3)) contribute at tree level tob(d) !
S' ° processes, getting constrained by both rare mes@4! = = and semileptonicB !
K* ° decays. Within these cases, the recent analysis Rf (, provides strong constraints
on light lepton operators (see discussion in section 2.1.4 and gures therein) up to &
10 2TeV 2 level. These bounds on semileptonic current-current operators are completed
and complemented by dineutrino mode8 ! K , which are sensitive at tree level to the
combination (C§’  C) and to the Higgs-top operatorsC{;) and C{jy.

In general, contributions from 4-quark operators arise in radiative corrections, from
both the one-loop matching and the RG evolution. Similarly, the up-type dipole operators
Cus; Cys and Cyy enter the one-loop matching expression for down-type dipoles, contribut-

ing thentothe B! X decays. Inclusive radiative decays and rai@ ! ~ ° decays also

constrain the C,(ff) coe cients, making B physics bounds almost comparable to the EW
precision tests (see g. 2.4).

Remarkably, the lack of direct limits on semileptonic dimension-six operators from top-
quark measurements, such as inclusité and single top productions, makes indirect bounds
from B mesons crucial in interpreting top-philic NP scenarios. At the same time, these avor
observables provide competitive or stronger constraints on 4-quark and Higgs-top operators,
testing the robustness of global ts.

Kaon physics

Analogously to B physics, several operators in table 2.1 inducg! d transitions, driving

FCNC decays of kaons. The list of observables we considered in this work and the corre-
sponding experimental measurements are reported in table 2.4, while more details can be
found in Appendix A.1. The discussion for kaon physics follows the same lines as the one
above forB decays: the relevant coe cients constrained by each observables are reported
in table 2.3. Bounds on WC from rare kaon decays involving leptons are less relevant then
the corresponding ones 0B mesons, mainly due to the strong constraints fronR, (, and
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Tree level matching | RG and 1-loop matching
B! X, Chq s Cue. Cuw; Cus
Ry o) C|(41;3); CI(1:3): Chus Ct%s); Cu 5 Cee
K a a Cc(‘ﬁ;g); Cuu; CuW
B! KO °
Bsgq! = 1;3); . . ~(L3 . . :
sid R CI(q ) ) qu’ CI(-|q) Cu i Caus C(%ﬁ)
K!
K !
Rk Cl(ql;s): ; C(‘q‘e Ciy

Table 2.3: Most relevant WC to B-physics observables. The operators that contribute at
tree level are displayed in the left column, while operators generated by radiative corrections
are listed in the right column. The indices take values, =1,2,3 and ™ = e; . Transpose
conjugate operators are not listed since related to the already mentioned ones, @Ql.); =

(1);
CIq

(1=3);33

q , see the relevant discussions

B! , While K ! gives competitive bounds orC,
in section 2.1.4.

F =2

Meson mixing observables o er some of the most stringent constraints for several scenarios of
beyond the SM physics. Among the top quark operators we considé)glqﬁ) induce tree-level
contributions to these processes, while many more contribute at the loop level.

Model-independent expressions of new physics contributions toF = 2 amplitudes in
terms of SMEFT coe cients have been derived in Ref. [71]. The authors considered hadronic
matrix elements of the various LEFT operators at the low scale, the RG evolution to the
electroweak scale, the matching to SMEFT coe cients in the Warsaw basis (and the up
guark mass basis), and nally the SMEFT RG evolution up to a scale = 5 TeV. We
neglect the small mismatch in the RG evolution between this scale and the scale at which
we de ne our coe cients, 1 TeV, as this can be well included among the theory uncertainties
of working with the LL RG evolution. For the predictions of the SM contribution to meson
mixing we use the results of Ref. [70], speci cally the values obtained with the exclusivg,
measurements and the inclusivé/,, one (so-called hybrid scenario). Finally, we take the
experimental values for ¢, Msg, and My from the PDG combination [51]. In table 2.5 we
collect the values employed in our analysis, where experimental and theory uncertainties are
added in quadrature.

Cabibbo angle decays

Nuclear beta, baryon, pion, kaon decay and semileptonic tau decay data are also precise
new physics probes. Since the studied decay modes in the SM are suppresse® by ,
new physics contributions to the observables are only suppressed with respect to the SM by
o Y . Taking into account the per-mil level precision reached in some of the observables,
potential new physics beyond theTeV scale is probed by these decays. Within the SM
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Observable Experimental value
B(K*! * ) |(1:14%%) 10 °[60][61]
B(K.! ©9 ) < 36 10 °[62]
B(Ks! * ) < 25 10 1°[63]
B(KL! * )sp <25 10 °[64]
B(KL! e) < 56 10 12[65]
B(KL! 9% ) < 45 10 1°[66]
B(KL! Pe'e) < 33 10 1°[67]
B(K.! %" ) <91 10 1[68]
B(K*! *e" ) <79 10 1 [69]

Table 2.4: Experimental values for kaon physics observables included in this work. Bounds
are given at 95% CL.

Observable| Experimental value SM prediction
K (2:228 0:011) 103 |(2:14 012) 10°3
Mg (17:765 0:006)ps ! | (17:35 0:94)ps !
My (0:5065 0:0019)ps ! | (0:502 0:031)ps ?

Table 2.5: Experimental values [51] and SM predictions [70] for meson mixing observables.

picture, this sector is known to lead to some tensions, known as Cabibbo anomalies. It is
then interesting to incorporate it to the analysis and to check whether, within our BSM
set-up, constraints from other observables leave room for potential new physics explanations
of these anomalies.

We make use the global analysis to those observables made in Ref. [72] in terms of low-
energy EFT coe cients ;, which updates the EFT analyses made in Refs. [73, 74] and
incorporates hadronic tau decays. Consistently with the assumptions of that analysis, we
match the ; to the LEFT and then to the SMEFT at tree-level (see A.1.10). The leading
contributions induced by the studied top operators appear through leading logs in the SMEFT
running proportionally to the top Yukawa squared.

In our BSM set-up, the combined t to this set of observables translates int®(TeV)

sensitivity to CS);”. At least part of the Cabibbo tension can in principle be alleviated

by a nonzeroCl(qg’);22 value, which can play an important role in the unitarity relation. In
section 2.1.5 we discuss a UV model inspired by this anomaly. Currently, e orts in the
area are focused in understanding whether the so-called Cabibbo anomalies are genuine new
physics hints or due to underestimated uncertainties. Overall one may not expect any major
improvement in the sensitivity to new physics with respect to the quoted precision from this

sector in the short term.
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Experimental value
. ‘ T

a (28 74) 10¥| (200 84) 101
g=g 1 |27 14 10°%| (09 14) 10°3

Observable

Table 2.6: BSM contributions to anomalous magnetic moment of the leptons,a  a®*®

a®™, and LFU in decays [75]g =g 1. The correlation between theg =g and the g =g
values is of a51 %

Magnetic moments and LFU in decays

The anomalous magnetic moments of electrons and muors,= (g 2)=2, are among the
most precisely measured quantities in experimental physics,

a®® = (11596521808 2:8) 10 3;

2.8
a®P = (116592059 2:2) 10 1°: (2.8)

Remarkably, the theoretical precision of the corresponding SM predictions is similar, making
them stringent SM tests. In practice, some tensions in the associated evaluations using
di erent inputs slightly limit the current precision. Namely, as pointed out in Ref. [76], the
value ofaSM is sensitive to the input value of the ne-structure constant, ogp, and the two
most precise determinations, based on Cesium and Rubidium atomic recoils [77, 78], dier
by more than 5 . Similarly, the SM leading-order hadronic vacuum polarization (HVP)
prediction quoted in the muong 2 Theory White Paper (WP) [79 99], which constitutes
the dominant source of uncertainty foraM, is 2 below the lattice BMW value [100] and
new results on related observables [100 113] suggest that the source of the di erence may
go beyond a mere statistical uctuation. We then take the weighted average of thasM

result obtained from $&, and 52, and the weighted average of theS" one usinga gy

and a”\ys" as inputs, but adding half their di erences as additional sources of systematic

uncertainties. The corresponding values ofa = a®” aSM are compiled in table 2.6.
@)

The main way to generate an extra contribution in our BSM set-up is through the O,
operator, since top-antitop annihilation will generate, through mixing, the dipole operator
associated to the anomalous magnetic moment. The process has been recently studied within
the LEFT-SMEFT framework in Ref. [76]. Using the results from that reference, running up
to =1TeV and keeping only the studied operators we nd, infeV units,

a.= 48 10°CHiM+7:1 10 HCOith
. , (2.9)
— . 5~(3);22 . 8 ~(1);22.
a = 10 10°Cyq + 15 10 °Cgy:
Thus, barring some bizarre cancellation mechanismﬁlfgflj & 10 *TeV ? and jlegfzj &
10 3TeV 2at =1TeV can already be excluded by current g-2 measurements.
Ratios of leptonic decays of and provide very clean tests of lepton avor universal-
ity [75, 114]. Deviation from the SM predictions are often parameterized by ratios of e ective
chargesg =go, which in the SM limit are equal to1, and whose experimental values are given
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Observable | Experimental limit Observable Experimental limit
B( ! e) 5:0 10 3 [115] B(! e* ) | 27 108[121]
B( ! 3¢ 1:2 10 *?2[116] B( ! eK*K )| 41 10°8([121]
B( Au! eAu) | 83 10 B[117] B( ! ) 5.0 10 &[122]
B( ! e) 39 10 8[118] B( ! 3) 2:5 10 8[119]
B( ! 3¢ 32 10 8[119] B( ! e® 2:1 10 8[119]
B(! e ) 32 10 &[119] B( ! ) 1:3 10 7 [123]
B( ! e?9 9:;5 10 8 [120] B( ! ) 77 10 8[120]
B(! e) 11 10 7 [120] B( ! 9 1.5 10 7 [120]
B(! e9 1.9 10 7 [120] B( ! ) 25 10 8[121]
B(! K*K )| 52 108[121]

Table 2.7: Current 95% CL limits on studied LFV branching ratios.

in table 2.6. In the LEFT one has

9 4= % LViEL v
% o - (2.10)
g9 -V LVEL Vit
g 2 ee ee
wherev 246 GeV. In our set-up this translates, for = 1TeV , into
7 1=00038CYF Oy,
ge 3);33 3);22 (2.11)
. 1=0:0038CY™*  CY#);

where theCjq coe cients are in TeV 2 units.

Charged Lepton Flavor-Violating decay modes

Experimental searches of neutrinoless lepton avor-violating decay modes of leptons are suit-
able to test potential BSM scenarios at energy scales beyond the reach of searches at high-
energy colliders.

The very stringent limitson ! e, ! 3etransitionsand ! e conversion in nuclei,
currently coming respectively from MEG at PSI and SINDRUM [115 117], constitute a BSM
probe of scales of up to gsy 10°  10*TeV [124]. They were studied within the LEFT
in Ref. [125]. For our speci c SMEFT set-up, the corresponding limits translate into limits
on linear combinations of Wilson coe cients involving semileptonic operators that violate
lepton avor. They are the only operators that at the same time contain the needed BSM
LFV insertion and satisfy the assumed top-philic condition. If only one (but any) parameter
is switched on, one is able to constrain it at théC;j . 10 *TeV 2 level. Studies at PSI,
MEG Il [126], Mu2e [127] and Mu3e [128], are expected to signi cantly improve these limits
in the near future. We compile the present bounds in table 2.7.
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Figure 2.2: Sensitivity of the dierent ! edecay modes (similar hierarchy is observed for
the ! ones) to the di erent studied Wilson coe cients using the current experimental
bounds. Red, blue and purple lines correspond, respectively, to upper bounds to the coe -
cient below0:4,4 10 3and4 10 # (TeV units), assuming one parameter is present at a
time.

While the EFT description at the SMEFT-LEFT level of the tau decays is qualitatively
equivalent, leading to bounds on Wilson coe cients to the same kind of semileptonic op-
erators for our case, the underlying LFV studies are di erent [129 132]. With the existing
and future probes one does not expect to test new physics much higher thagsy, 10 TeV
[124]. However, many more potential decay channels can be experimentally accessed, as a
consequence of a tau mass that is large enough to produce hadrons. In this sense, if charged
LFV were discovered in the tau sector, the information from the di erent decay channels
would unlock the full power of the EFT approach to stringently discriminate among di erent
BSM scenarios, by having direct experimental access to the values of the di erent Wilson
Coe cients. In the meantime we can use the existing limits to set bounds on di erent com-
binations of them. Current limits, coming from Belle and BaBar [51], are expected to be
improved by Belle-1l [133]. In g. 2.2 the sensitivity of the di erent decay modes to the
di erent studied operators is shown.

Electroweak and Higgs data

Electroweak precision data Z and W decays) and Higgs measurements provide strong in-
direct constraints on new physics involving the top quark, via loop e ects. The authors of
Ref. [134] performed a global SMEFT analysis & and W pole data, WW pair production
data at LEP2, and Higgs signal strength measurements from ATLAS and CMS. SMEFT
contribution in the Warsaw basis are included at the tree-level except for observables that
are loop-generated in the SM (such al ! ;Z andgg! h), in which case one-loop
contributions are included as well. For our numerical analysis we use updated results for
the global t (including correlations), kindly provided by the authors of Ref. [134]. The
constraints on LFV Z couplings to charged leptons are taken from the t in Ref. [135], while
those the LFV couplings to neutrinos are constrained via the measurement of the e ective
number of neutrinosN updated in Ref. [136]. The t is performed in terms of specic
combinations of Wilson coe cients of the Warsaw basis evaluated at the weak scale shown
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CW Cz Cz ng c sz Cz
[g [gZ]1 [9&]1 [g¢ [g& [gg [gg
[CUH ]33 [CdH ]33 [CeH ]22 [CeH ]33 [CII ]1221

Table 2.8: List of Wilson coe cients used in the t of Ref. [134]. The ones with capitalC
are already in the Warsaw basis, while the de nition of the others is reported in App. A.1.11.

in table 2.8. Their de nition is reported in App. A.1.11.

We interpret the resulting likelihood for SMEFT coe cients as evaluated at the EW scale
(we xitat Mgz for concreteness), and then include the RG evolution up to 1 TeV to obtain
the nal likelihood for our analysis, in terms of the coe cients of the operators listed in
table 2.1. The coe cients that provide relevant constraints to our analysis are listed here,
together with the TeV-scale coe cients that contribute the most to each one:

EW/Higgs coe. TeV-scale coe cient
z . . PN G PN (<) R
gL CUB1 CUW1CHU| CHq y C|q y C|U’
oh Cue: Cuw; Crui CigY: C 5 it
Ok Cus; Cuw; Chui CHeY; Ceui Caer i3
1;3). . ) IR
gEb CI(-iq )1 CHU1 Cé](-]’s),
Zb @) 1:3) (2.12)
Or CHq; Chu; qu’ ; Cug; Cuw; 11t
C CuB; CuW; CuG
ng CuG
[Cen] Cioa
[Cu ]33 Cu; Cue; C.‘ff’; Cét;s); D

Direct bounds from LHC

SMEFT interpretations of top quark production and decay measurements at LHC have been
discussed in several works [25, 27, 137 150], providing direct bounds on 4-quark, dipole and
Higgs-top operators.

The analysis by the SMEFIT collaboration [143] includes observables from the LHC Run-II
dataset and studies connections with Higgs and diboson data. The SMEFIT tting framework
has been released as a Python open source package [148]. We exploit the exibility of this
toolbox to perform a SMEFT analysis of Higgs, top quark and electroweak production data
(see Section 3 of Ref. [143] for details) including our operators of table 2.1, with exception
of the semi-leptonic ones. The resulting constraints are reported in Appendix A.1.13. In the
next section we compare these with the indirect constraints derived from our global analysis.

2.1.4 Global analysis

The observables described in the previous section, except for the direct constraints from
LHC of section 2.1.3, are used to build the log-likelihood as in eq. (2.3). This provides global
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indirect constraints on top quark operators, that we can compare with the direct ones from
measurements at LHC. In the following we present examples of ts derived using our global
likelihood. For simplicity we assume all Wilson coe cients to be real in the following.

One-parameter ts

Wilson | Global t [TeV 2] | Dominant

Ci |( 19 23) 10°3 Ms
Cl) [( 20 10) 10'| B!

ci) (1:3 10) 101 M
C® | (17 44) 10! Ms

Cw |( 30 17) 10! 0%
Ciy | (187 88) 103 | B!
Cﬁq) (58 45) 10°? 0f%

Cuu | ( 43 23) 102 0f%
Ce |( 06 20 102| ¢
Cw |( 01 20) 10°2 Cyg
Cwi |( 03 52) 10| Cunas
Cw |( 01 31) 102| ¢

Table 2.9: Combined t for one at a time Wilson coe cients for nonleptonic operators.
The dominant observable giving the most precise bound is also displayed.

First, we perform one-parameter ts setting all the Wilson coe cients to zero except for
one. While such one-parameter set-up is not a realistic low-energy description of typical UV
scenarios, it can provide meaningful information about the new physics scale that can be
probed if that operator is generated. It also provides a way to compare the sensitivity of
di erent observables or, alternatively, which observables/sectors one should look at rst if a
speci c operator is induced by the studied UV model.

The results associated to the di erent operators, respectively nonleptonic, semileptonic
lepton- avor conserving and semileptonic lepton- avor violating, are shown in table 2.9, 2.10
and 2.11, together with which (isolated) single observable currently gives the most precise
determination of the associated Wilson coe cient. We have denedcf,’ c{’ c¥
for i = H;q;l. As shown in section 2.1.3, these linear combinations are typically the ones
appearing at leading order in the most constraining observables.

We study next the complementarity of the indirect bounds with the direct LHC ones. In
g. 2.3 we show the results of the individual ts for Higgs-Top, Dipoles and Four Quarks
operators, together with corresponding bounds derived through the SMEFIT tting frame-
work. We stress that, exclusively in this plot, Wilson coe cients are displayed according to
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Wilson | Global t[TeV 2] | Dominant Wilson Global t[TeV 2] Dominant
cy) ™| (24 35 103 Rk clt (50 81) 102 0Ze11
cy)# | (40 34) 103 Rk c22 (4:8 21) 101 0% 22
cy'®| (72 44 10| g=g c3¥ | (23 25 101 0%°33
c, )| aoe 76 102 | R, Coit | (04 10) 102 | (g 2e
cy #? | (680 700 102| R, Coal?| (18 16) 102 | Cenze

cy ¥ (18 10 101 R, Con®| (80 91) 102 | Censa

clt | ( 17 70) 10?2 9Z%: coOM (06 15 10°| (g 2e
CZ |( 43 18) 10'| gZ%, R« COZ (193 81) 10°| (g 2)

c# | (05 24) 101 oS3 CoOX 1 (70 78 10| Censa

ci | (07 39 102 Rk

CZ% | (121 92) 103 | Bs!

C3 (22 24) 101 08&%;

Table 2.10: Combined t for one at a time Wilson coe cients for semileptonic lepton-
avor-conserving operators. For reference, we also display the single observable giving the
most precise bound.

I e ! I e
Wilson
Limit Dominant Limit Dominant Limit Dominant
co, |39 10° e 50 105| ! 44 105 1 e
Chau |36 10°| ! 3e;e |27 102| ! 24 102 1 e
CY |67 10°| Au! eAu |71 102| ! 74 102| 1 e
Cy |40 10°| Au! eAu |11 101 ! 11 10| ! e
Cu |40 105| Au! eAu| 10 101| ! 1 10! 1! e
Cow ||36 105| Au! eAu| 10 101| ! 1 10 1! e
Ce |36 105| Au! eAu |10 1071 ! 0 101 1 e

Table 2.11: Upper limits (68% CL) in TeV 2 for the dierent LFV Wilson coe cients.
Family superscripts are omitted (in the working approximation bounds o€5;>" and Clo™

are found to be the same). For reference we also display the single observable giving the most
precise bound.

the SMEFIT basis (lower casecag ), whose expression in terms of the Warsaw basis can be
found in table A.3.

A few comments are in order concerning the comparison of these bounds. The combina-
tions involving the coe cients C{* are constrained up to thel0 2 level, due to the F =2
meson mixing observables that strongly constrain their sum. This result remarkably improves

48



Figure 2.3: Comparison of the indirect constraints derived in this work and the direct
bounds obtained through the SMEFIT toolbox. We display the 95% CL bounds for Wilson
coe cients in the SMEFIT basis and notation (see table A.3 for their expression in terms of
the Warsaw basis).

the bounds derived by the ATLAS and CMS direct measurements of top quark cross-sections
by 2-3 orders of magnitude. An improvement is also clear for the combinations of the Higgs-
Top operators C,(f;?’) and Cy, (cqt), mostly constrained in this analysis by the electroweak
and Higgs observables discussed in section 2.1.3. Thg (cg) coe cient represents the
only exception to the general improvement trend observed in almost all the cases. However,
as discussed in Ref. [143], the numerical t o€, performed through the SMEFIT routine
seems to be unstable, so that we do not consider this direct bound reliable (see Section 5.3

of Ref. [143] for an extended discussion).

Two-parameters ts

In this Section we carry out two-parameter ts, i.e. two Wilson coe cients at a time are
allowed to vary under the assumption that they are generated at the same scale, while all the
others are set to zero. These analyses can provide useful information on the interplay between
pairs of coe cients, highlighting what are the most constrained combinations and giving thus
intuition on their correlations. This is also the rst step towards a UV interpretation, as
WC's allowed regions can be contrasted with the relations predicted by speci ¢ UV scenarios.
Among all the possible pairs we only show some interesting cases, e.g. when the importance
of combining di erent sectors is highlighted and/or when the pair can be interesting from a
NP perspective.

The results of two-parameters ts are illustrated in gs. 2.4 - 2.9. We display th&8%CL
regions obtained when di erent subsets of data are taken as input and tl&8% and 95%CL
regions resulting from the whole set of observables. In order to better understand the under-
lying phenomenology, in some plots we also show single-observdblecontours. In this way,
we can investigate the constraining power of each sector/observable on coe cients pairs.
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Figure 2.4: Left panel: Higgs-Top coe cients C) vsCf;. Right panel: dipole coe cients
CuW VS CuB .

Figure 2.5: SemileptonicC,(q” VS C,(q ) coe cients involving electrons and muons.

To start with, in g. 2.4 we show the allowed regions for theC{;; and C{,, coe cients.
Noteworthy, constraints from the B sector, mostly due to leptonicB !  and radiative
decays, are competitive to the EW and Higgs bounds, resulting in a (slightly more than)
2 deviation from the SM prediction. This pull is mostly due to theZ boson coupling to
right-handed electrons, g3® = ( 7.3 4:4) 10 3 [134], as we show in the plot with the
dot-dashed green line marking thel bound. In the right panel, as an example of dipole
operators, we show theC, vs Cy,g plane. As expected, a strong constraint is set on the
photon direction, whose main responsible is the coe cient discussed in section 2.1.3. The
dominant constraints on the orthogonal direction are set again by the electroweak sector, as
a combined e ect of the deviations in the Z boson coupling to leptons and other (pseudo-
)observables.

In g. 2.5 and the left panel of g. 2.6, we show the two-parameters ts for theC{; ~
coe cients. The existence of at directions points out the importance of performing SMEFT
analysis using various datasets, exploiting the complementarity between di erent physics
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Figure 2.6: Left panel: semileptonicC,(J) VS Cl(q ) coe cients involving tau leptons. Bounds
from the EW sector are improved by the synergy with the other sectors. Right panel: Semilep-
tonic Cl(q;3)3 vs Cy,. 33 CO€ cients.

sectors to constraint the EFT space. Focussing oB-physics, the strong bound on the
positive combinationsCl(q”; , with = 1;2, can be ascribed to theRy (), measurements.
In addition, the recently announced measurement dR, , with a pull from the SM, drives
the allowed region for the negative combination, splitting the allowed band in two regions
depending on the interference with the SM. Interestingly, in case of electrons and muons
(9. 2.5) the deviation in R, could be compatible with the Cabibbo angle anomaly but is in
some tension with the bounds from EW precision data, which drives the global t towards
the SM. In case of tau leptons (g. 2.6), instead, the looser EW bounds and the vanishing
contribution to R allow the global analysis to overlap with the preferred region frorR .
This feature is visible also in the right panel of g. 2.6, where we display the allowed regions
in the plane C{, "** vs C¥. The semileptonic coe cients C{;™**° will be further discussed in
section 2.1.5, where the scenario of a single scalar leptoqu&gkcoupling tau leptons and top
quarks is explored. In g. 2.7 we show the tin the plane oCy, vs. Cqy for both electrons (left
panel) and muons (right panel). In both cases the global t shows an interesting interplay
of B and EW physics.

In g. 2.8, we show the pairwise ts on the LFV coe cients C{,’ and Ci.5 . In the
rst case, the global tis controlled entirely by the Au ! eAu measurement, as expected
from table 2.11. In the second case, the sensitivity of the coe cients is mostly driven by the
tau LFV decays discussed in section 2.1.3. However, LFV decay mode8ofnd K mesons,
as well bounds on LFVZ decays, can improve the constraints. This discussion also applies
to the Cl((;fg) coe cients, whose bounds are very similar to the ones derived f(&iI,(q+;2=3 ),

Regarding four-quark operators, it is clear from the left panel of g. 2.9 that the combi-
nations C{;) and C{,’ are the relevant degrees of freedom in the EFT space. In particular,
the sum is severely constrained by meson oscillations, while the orthogonal combination is
mainly constrained byBs! * , kaon decays and EW and Higgs observables. In the right
panel we display theC{) vs C{)) pair. We illustrate the e ect of the g&°® measurement,
responsible again for the main discrepancy in the EW sector. The resulting allowed region
shows a tension from the SM value within of slightly more than two sigmas.
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Figure 2.7: Here we show the semileptonic coe cient<C, vs. Cge for electrons (left) and
muons (right).

Figure 2.8: Two-parameters t for the LFV semileptonic coe cients Cl(qﬁfz) and Cl(q+;2=3 ),

The stronger constraints come from the LFV decay modes of tau lepton.

Gaussian t with no semileptonic operators

Plots pose a limitation in only allowing ts to pairs of coe cients. There are two main
possibilities to go beyond that: providing the complete likelihood or employing the Gaussian
approximation around the global maximum of the likelihood to derive a multi-dimensional
t. While the former solution is more general, it is not a t and the complexity of our analysis
make the resulting numerical function unwieldy to publish in a papet. Therefore, in this
work we opt to perform a multi-dimensional Gaussian t.

SHowever, we can provide it in electronic form upon request.
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Figure 2.9: Left panel: four-quarks C{{*® vs C{) ® coecients. ~F = 2 processes
constraint the Cé}? combination up to the 10 2 level. The di erence is constrained by the
other sectors. Right panel:C{) and C{y) .

We consider all the operators in table 2.1 except the semileptonic orfes:

C = (C{ :Cls Cuui C{Y 85 Cla s g’ Crui Curs Cuc Cuw s Cus) (2.13)
The best-t point improves the 2 from the SM value by 2 2n 2 ¢ 109

This comes mostly from the EW-Higgs sector, however it is a result in mild improvements
in several observables rather than a resolution of a speci c large anomaly. The t presents
some almost at directions, which imply correlations among some coe cients very close to

1. For this reason, we report the result in terms of the eigenvectors of the Hessian matrix
around the best- t minimum:

(K Ki)z.
2= t2>est t +(Ci Ci)( 2)ij 1(Ci Cj) = gest t + If (2-14)
K

The results for the best- t values g, and uncertainties g, are reported in table 2.12, while
the rotation matrix from these coe cients to our C; is given by K = Ukc C, with

1:00 0:000 0:000 0:016 0:004 0:004 0:021 0:001 0:000 0:000 0:000 0:000

0:005 0:089 0:015 0:058 0:000 0:984 0:004 0:117 0:000 0:009 0:044 0:063

0:004 0:011 0:039 0:018 0:001 0:1 0:145 0:28 0:015 0:494 0:447 0:667

0:007 0:013 0:09 0:053 0:003 0:081 0:316 0:64 0:024 0:673 0:126 0:059

0:005 0:007 0:074 0:042 0:002 0:025 0:259 0:525 0:025 0:548 0:213 0:55

U —_ 0:004 0:041 0:025 0:067 0:006 0:004 0:128 0:084 0:006 0:022 0:853 0:492
KC — 0:006 0:137 0:078 0:196 0:96 0:017 0:09 0:047 0:065 0:007 0:017 0:008
0:002 0:349 0:006 0:646 0:248 0:029 0:545 0:318 0:014 0:001 0:012 0:006
0:005 0:007 0:028 0:138 0:077 0:017 0:145 0:06 0:973 0:037 0:017 0:003
0:023 0:221 0:074 0:569 0:053 0:092 0:684 0:292 0:212 0:002 0:095 0:057

0:006 0:798 0:451 0:364 0:071 0:059 0:038 0:122 0:039 0:000 0:012 0:007

0:004 0:404 0:876 0:235 0:058 0:025 0:017 0:093 0:013 0:000 0:01 0:006

(2.15)
The last two coe cients, K1; and K 15, correspond to two at directions with only very weak

6An analogous Gaussian t including also semileptonic operators does not provide a physically meaningful
result. This is due to the non-Gaussianities, that become very important in light of the mild deviations from
the SM expectation present in some observables. In this case, performing a Gaussian expansion around the
global minimum provides a bad approximation to the full likelihood.
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Coe cient | Gaussian t [TeV “] || Coe cient | Gaussian t [TeV “]
K1 0:0019 0:0023 K- 0:54 0:79
K, 0:0179 0:0083 Kg 0:74 0:88
Ks 0:002 0:015 Kg 0.8 1.3
Ka 0:016 0:021 Ko 0:7 1.8
Ks 0:044 0:029 K1 12 13
Ke 0:30 0:38 K 11 16

Table 2.12: Result of our multidimensional gaussian t of non-leptonic coe cients, in terms
of the eigenvectors of the Hessian matrix.

constraints from our observables, given approximately by:

Ki  0:80C{,) +0:45C,, 0:36C{) 0:12Cy, + ::: ; (2.16)
Kz +0:40C{,) +0:88C,, +0:24C{) 0:09Cy, + ::: : '

Using the naive power counting of Ref. [151], one may estimate the allowed EFT hyper-volume

: Wi - o @) 3 @) 8 @y
spanned by the studied non-leptonic Wilson coe cients a¥%err 755 1ov2 N Tz

assuming =1 TeV. From table 2.12, experimental constraints restrict the potential SMEFT
hyperspace to a very tiny fraction of its volume, 10 3.

2.1.5 Applications for UV models

In this Section we apply our global analysis to two UV scenarios of New Physics at the TeV
scale, coupled mainly to the top quark. The rst is a simple minimal extension of the SM by
one scalar leptoquarksS;  (3;1).1-3 coupled only to the third generation quark and lepton
doublets. The second scenario is an application guided by the Cabibbo anomaly, it includes
the scalar leptoquarkSs  (3;3).1=3 as well as the vector leptoquark); (3;1):+2=3.

Single leptoquark S,

Let us consider the scalar leptoquarls;  (3;1).1=3, coupled only to the third generation
of quark and leptonSU(2), doublets:

L t Cﬁl 2|3Sl+ h.c.; (217)

wheregs = (t.; Vi djL), ls=( ; L) and ; are the Pauli matrices. While the recent interest

in this leptoquark stems from its ability to address theR(D()) and (g 2) anomalies, our

setup will not address either of those since in our ca& doesn't couple to the charm nor

the muon. Indeed, our goal is only to showcase a simple application of the global analysis.
Matching at tree level this Lagrangian to the SMEFT gives [152, 153]

.
cOB_ c@s3s_ ] ] (2.18)
'a 'a M3

For precision studies of such scenarios, however, the tree level matching is not su cient since
one-loop contributions can be important for some observables, as discussed in Refs. [154 159].
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Figure 2.10: Present constraints on theS; leptoquark model, coupled only to third gener-
ation quark and lepton doublets. The green (yellow) region is preferred at (2 ) by R, (),
while the gray region is excluded at 95%CL from direct searches at LHC. The region above
each line is excluded at 95%CL by the corresponding observable, or by our global analysis
(blue line).

For our goal it is su cient to add the leading contributions to four-quark operators, which
induce contributions to meson-mixing observables. From the complete one-loop matching of
this scalar leptoquark to SMEFT, done in Ref. [160], we extract the relevant contribution:
j !

1) = 0B = .
qu - qu - 256 2|\/|§1 '

(2.19)
These coe cients are generated at théM s, scale, that we assume to be near 1 TeV, so that
we neglect the RG evolution betweeMs, and 1 TeV.

The constraints from the global analysis, as well as from the most relevant observables,
in the plane of the ; coupling vs. the leptoquark mass, are shown in g. 2.10. The shaded
gray region is excluded by ATLAS from leptoquark pair-production searches [161]. The
regions preferred at 1 and 2 by the R, (, combination, eq. (2.6), are show in green and
yellow, respectively. Interestingly, the intermediate white region is disfavored at the 95%CL
by R, (, due to the negative interference with the SM, which suppresses the branching ratio
below the2 level. We observe an interesting interplay of constraints from di erent classes
of observables: electroweak precision data andphysics, meson mixingB and kaon rare
decays, as well as direct searches from LHC.

Two leptoquarks for the Cabibbo anomaly?

In this section we illustrate how our combined likelihood may also be used to check whether
experimental results in tension with the SM predictions can be partially accommodated
in top-philic extensions (and which ones), taking into account the restrictions imposed by
experimental results in other sectors. Here we focus on the longstanding tensions within the
SM involving the determination of the inputs of the rst row of the CKM matrix, known as
Cabibbo anomalies.
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Regardless of whether nonzero values are allowed or not for the remaining Wilson coe -
cients, the likelihood of the Cabibbo angle observables displays3a preference for a nonzero
value ofC(3) “2at =1TeV ,

[CIS);ZZ]Cabibbo =(0:19 0:06)TeV 2: (2.20)

Let us rst develop on where this preferred nonzero value comes fronﬁ:lf); induces an

unusually largeC®’  at the EW scale, due to a mixing that involves a double top Yukawa
insertion. The leading log approximation, which one may expect to give a rst approximation
for & TeV, isdisplayedin eq. (A.88). After EWSBC(3) induces, at tree level, a re-scaling
of the corresponding lepton charged current vertices, modifying the ratios of muon, beta and
kaon decays. As a consequence, the corresponding apparent unitarity relatioh is

ckm § Veal® + IV 1 2v2(1vu R I (ST v i)
NC mt o

2V2 C(3) ;22

UV C|(3) 22( L2JV) : (2.21)

Experimentally cxw IS known beyond the per-mil level and gives the main pull behind the
result of eq. (2.20).

If we set all the parameters to zero except fo€, for the EW/Higgs likelihood, we
also obtain a slight preference for nonzero values, but with the opposite sign,

[C®)22EW=Higgs = ( 0:11  0:06) TeV 2: (2.22)
Iq

(3);22

This is to be expected, since it is well known that explaining cky through increasing the
muon decay matrix element is in tension with ts in other EWPOs, e.g. see Refs. [162
164]. We may yet respect CKM unitarity and decrease the muon decay rate with respect
to the SM expectation by breaking LFU, with 0 < C ()22 < B | et us then allow for
nonzero values at theTeV scale foqu for the rst two lepton families and also for the

correspondingCl(l); , typically induced in UV models by the same couplings. The minimum

2 follows the expected pattern, plus a preference f@y """ C{Y** and C{’**  3CP™*
Both these relations and the obtained signs happen to match the couplings induced by top-
philic U; and S; leptoquarks coupled, respectively, to the rst and the second lepton family,

L u; B |1 Ul + s Oé:l 2 a|2 Sg +h:c: ; (223)
giving [152, 153]
NCEE wi? . @22 _ | si? (2.24)
lq Mg, VIV '

plus the relations with C,(ql) above. Imposing them as strict equalities one nds, in this
two-parameter scenario,

cOM=( 019 006)Tev ?; CP#=(0:14 0:04)TeV 2: (2.25)

With respect to the SM, this minimum has a 2 = 8:0 preference for the Cabibbo sector
and a 2 =5:7 for the EW/Higgs one.

Vb has a completely negligible numerical role in this relation.
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Figure 2.11: Allowed regions 5% CL) for the studied leptoquark couplings (see text) from
the Cabibbo and the EW Higgs sector and combined, in black. Masses are in TeV units. The
preferred nonzero values can be ruled out froB-physics andK -physics observables, unless
one de nes the top-philic set up in the down-quark basis.

It is only when adding constraints fromB and K physics observables when this scenario
becomes strongly disfavored. In a generic top-philic set-up de ned in any speci c avor basis
in which C{;*®" are induced, FCNCs are generated when rotating to the mass basis. In the
down sector FCNCs are very strongly constrained by the processes studied in this work, as
we have explicitly shown when de ning the top-philic condition in the up quark basis. Indeed
we show in g. 2.11 how including those constraints we can rule out this, and practically any,
top-philic explanation to the Cabibbo anomaly.

Let us nish this section by remarking that there is, however, a possible way out to the
strong constraints on FCNCs coming fronK and B physics. Assuming that there exists
some, admittedly bizarre from our infra-red perspective, mechanism in the UV theory to
select a top-philic set-up in the only basis where this operator does not induce tree-level
FCNCs in the down sector, i.e. the down-quark basis, the previous constraints fraf and
B physics do not hold, while the constraints on Cabibbo angle and EW/Higgs would give, in a
rst approximation, the same results, since the leading mechanism to modify the SM, through
modifying lepton vertices, is largely independent on quark-basis rotation. In that scenario,
this leptoquark model may still be a feasible (partial) solution to the Cabibbo anomaly.
Complementary constraints on the space of parameters may come fr@m D mixing (since
FCNCs are yet induced in the up sector) and direct leptoquark searches, bounding the
possible masses from below. Further studying this scenario is, however, well beyond the
goals and the scope of this work.
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2.1.6 Summary

We provided a global analysis of indirect constraints on SMEFT operators involving the top
quark. In fact, several motivated UV scenarios predict new physics coupled mostly with the
top. Our global analysis combines a large number of observables that do not involve directly
the top quark. These include:B, K and decays, meson mixing observables, magnetic mo-
ments of leptons, measurements of the Cabibbo angle, EW precision measurements, Higgs
physics, and LFV tests. Top quark operators contribute to these observables either at the
tree-level via the SU(2)_ connection with left-handed down quarks or via loop e ects. As-
suming that top quark operators are generated at the 1TeV scale, we evolve them down to the
scale relevant for each observable using the relevant RG and matching equations. The result
of this process is a global likelihood expressed in terms of the high-scale Wilson coe cients.

Using this likelihood we derive global indirect constraints on single coe cients, comparing
the result with the bounds obtained from LHC analysis of processes involving top quarks.
In all cases we nd that the indirect constraints are stronger than the direct ones, often by
several orders of magnitude. We then perform several 2D ts to study interesting correlations
among coe cients and the complementarity between di erent observables, that showcase
the importance of performing such global analyses. We also perform a multi-dimensional
Gaussian t of all the coe cients of non-leptonic operators, that can be useful to identify
the directions in parameter space that have strongest or weakest constraints. Indeed, among
these coe cients we identify two almost- at directions.

Finally, as examples of possible applications of our analysis we study the EFT coe cients
generated by two simple UV models. The rst includes a scalar singlet leptoquark coupled
only to the third generation of quark and lepton doublets. We show how the dierent
indirect constraints one can derive from di erent sectors combine in providing strong bounds
on the model, and how these are complementary to direct searches at the LHC. As a second
example we study a two-leptoquark scenario inspired by the Cabibbo anomaly, with only two
free couplings. This model accommodates the anomaly and improves the t quality for the
rest of EW-Higgs precision observables. Howevds, and kaon physics constraints are able
to completely rule out this scenario unless a very speci ¢ avor alignment is imposed.

Our results show how global indirect constraints on top quark operators can be powerful
in constraining new physics scenarios coupled mainly to the top quark. Such constraints are
often much stronger, or in any case complementary, to those derived from high-energy top
quark physics at colliders. Furthermore, several of the observables providing the strongest
indirect constraints are expected to be measured with a substantially better precision in the
future: R, (, and decays at Belle-ll,Ri () and Bs ! by LHCDb, ATLAS and CMS,

K ! by NA62, and several experiments are expected to improve the sensitivity on
I e LFV by several orders of magnitude. All this will further increase the relevance of
such global analysis of indirect bounds in the future.
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2.2 Implications of B! K under Rank-One Flavor
Violation hypothesis

Rare semileptonic neutral-current decays of mesons are powerful probes of New Physics due
to their loop and CKM suppression in the Standard Model. Within this class of processes,
the so-called golden-channel decays to neutrinos stand out thanks to the precision of the SM
predictions, a consequence of the neutrality of neutrinos under electromagnetic interactions,
implying the absence of long-distance non-perturbative contributions to the decay rate [48,
165 169]. While these processes were already included in the previous sections, within the
global analysis of top quark operators, we now aim at providing an in depth study under
more general assumptions.

Particularly interesting is the b! s  transition, currently studied via several decays of
B mesons into Kaons. It is useful to de ne the ratios with the SM prediction as

BB! KO )

BB! KO e’ (2.26)

Rqo) =

where in the following we employ the latest SM predictions from Ref. [48], which combine
results on the hadronic form factors from di erent lattice groups. An upper limit from the
combination of allB ! K channels has been reported by the Belle experimeri(B !

K )< 27 10 ° atthe 90% CL [50]. Assuming the central value being the SM point
(which is also motivated by the 2 excess intheK * channel) we obtainR, =1:0 1:1.
For the neutral channel Belle set the upper limitB(B® ! K2 ) < 1:3 10 ° at the
90% CL [50]® which we translate toR,, = 1:0 3:3. Recently, the Belle-Il experiment

announced the rst 3:5 evidence for thSeB+ I K™ decay, showing a&2:7 excess over
the SM prediction [49]. When combined with previous upper limits on the same mode they
obtain B(B* ! K* )=(1:3 0:4) 10 °, which corresponds toR,. =2:93 0:90, a
2:1 deviation from the SM? With 5 (50) ab ! of integrated luminosity, Belle-Il expects to
measure these rates with approximately 30% (11%) precision [170].

It is likely that the mild deviation from the SM observed inB* ! K™ is simply due to
a statistical uctuation. If the excess is instead due to a contribution of physics beyond the
SM one would generically expect correlated deviations also in other measurements. Such cor-
relations would depend on the speci c assumptions on the type of NP and its avor structure.
Our goal is to study possible correlations between this excess and other processes investi-
gated at both low and high-energy experiments, under the assumption that NP is heavier
than the electroweak scale. As a consequence, we describe NP contributions in the form of
E ective Field Theory (EFT) operators written in terms of SM elds. Similar investigations
have already been performed by several groups [171 176], while for the opposite but comple-
mentary case of light NP see Refs. [177 188]. Regarding the avor structure of NP, our goal
is to consider a scenario that is both speci ¢ enough to induce interesting correlations while
being generic enough to allow us to explore di erent directions in avor space. We there-
fore assume that the EFT avor structure follows theRank-One Flavor Violation (ROFV)

8We note that in the PDG it is reported an upper limit of 2:6 10 5, quoting that same Belle paper. We
use the value reported by Belle.

9The long-distance contribution B* ! *1 K* isremoved from the SM prediction, since it is also
treated as background in the experimental analysis.
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hypothesis [189], where the avor matrix of EFT coe cients of semileptonic operators is of
rank-1. This avor structure is automatically realised in several New Physics scenarios, such
as all leptoquark models coupled (mostly) to a single lepton avor, or with single vector-like
guarks that mix with SM quarks. In general, it is realised in all cases where a single linear
combination of quarks is coupled to NP:

L igOnp +hic: (2.27)

Such structure implies correlations between operators involving di erent families of quarks. In
the speci ¢ case discussed here, the channels most obviously correlatedto s transitions
ares! d andb! d

Thes! d transition can be tested viaK* ! * andK_! © decays, currently
investigated at the NA62 [60, 190] and KOTO [62] experiments, respectively. While an upper
limit is currently set on the neutral channel,B(K_ ! ° )< 24 10 °atthe 90% CL [62],
the NA62 experiments found evidence for the charged mode with signi cance larger than
5:BK"! )= 136("% s (hB)syst 10 M [191]. A nal sensitivity of about
15% is now expected by NA62 [192, 193], while KOTO should reach a 95%CL upper limit of
1:8 10 !0 py the end of stage-I [1941° The B ! and B ! decays, measured at
Belle [50], instead test theb! d  partonic transition.

By adding further assumptions on the gauge structure of the new physics, or by assuming
speci ¢ heavy mediators, further correlations with other leptonic and semileptonic decays,
involving also charged leptons, appear, as well as with electroweak or collider observables.

In section 2.2.1 we brie y review the low-energy EFT (LEFT) tof b! s transitions,
introduce the ROFV hypothesis and study the correlations one can derive in the LEFT. In
section 2.2.2 we study the correlations arising at the level of SMEFT. In section 2.2.3 we
focus on semileptonic four-fermion operators and review single-mediator simpli ed models.
Finally, we summarise our results and conclude in section 2.2.4. The details of all observables
discussed in our analysis are collected in App. A.1. In App. A.3 we collect the ts of EFT
coe cients related to b! s in the various scenarios. Finally, in App. A.3.3 we study
possible interpretations of theR, excess in terms of lepton-number violating operators.

2.2.1 B! KO and rank-one correlations in LEFT

Let us start by reviewing the tof B! K() measurements in the EFT framework. The
low energy e ective theory relevant to theb! s processes is described by the e ective
Lagrangian [48, 165, 166]

X h _ i
Liger = (LT +LE% ) B)(L O+ LR (r BR(L ) 5 (228)

where}*SM = et CSM with CSM  6:32[48], see App. A.1.1 for details. We also
de ne the lepton avor universal LFU coe cients as LE?R = Lff’,QLFU , and the vector/axial

combinations asLy’, LY L{® . Inthe top row of g.2.12 we plot the correlation of
Rk and Ry while varying the e ective coe cients L§f%., . In the bottom row we show the

10The proposed HIKE experiment at CERN could reachO(5%) precision onB(K* ! * ) [193], while
a stage-Il upgrade at KOTO would allow a precision of about20% in the neutral channel [194].
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Figure 2.12: Top row: Fit of available data on allB ! K() channels. Solid, dashed,
and dotted gray lines represent. , 2 and 3 contours. The magenta point represents the
SM.

Bottom row: Fit in the (Lﬁb ; L‘;b ) plane assuming lepton avor universality (left) or
contributions only in the tau neutrino (right). Red, blue, and green lines represents the EFT
directions as in the plots above.

tin the plane L{® L, assuming for simplicity LFU or new physics coupled only to tau
neutrinos. We observe a slight preference (less thdn) for the right and vector currents,
due to the absence of any excess in th€ channel. Future more precise measurements
will clarify whether the Belle-Il excess in theK * channel is something more than merely a
statistical uctuation and the interplay with the K mode will provide more information on
the chiral structure of the underlying new physics interactions. In the rest of the work we
take the excess at face value and proceed with the new physics interpretation.
The two low-energy operators in eq. (2.28) are part of an e ective Lagrangian involving
all three quark families. Focusing on the new physics contribution one has
X h ) . , _ : [
LiErr = LE (b d)( L )+ Lk (dr dR) L L) (2.29)
1]
We study scenarios with NP coupled to left, right, or vector quark currents. The key as-
sumption of this work is that the NP sector responsible for th&, signal couples to a single
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Figure 2.13: SM quark directions of the versom, shown in the semi-sphere described by
the two angles(; ). Left-hande(_:l up qua_rks_t in this space by writing the SU(2), quark
doublet in the down mass basisq = (V; u;d,)". See Ref. [189] for details.

direction in quark avor space, inducing the ROFV structure [189]. In the lepton side we con-
sider instead avor universality or coupling only to the tau avor. Under these assumptions,
the Wilson coe cient matrices in eq. (2.29) have the following structure:
8

< for LFU ,

|_ij_ v = C b NN
LRV LRV ' for only tau avor ,

J (2.30)

whereCpryv 2 R and fi is a unitary vector in U(3)q avor space. We can parametrizéh as

0 . ) 1
€ ¢ sin cos

A= e »sin sin X (2.31)
cos

where the angles and the phases can be chosen to lie in the following range

2 0,5 ;. 2[0,2); 2 215 23
The directions in avor space associated to each SM quark can be shown in the semi-sphere
described by the angle¢; ) asin g. 2.13.
For any given and , the overall coe cient C_.r.y and the phase ¢, can be univocally
determined by the tto b! s observables. As described in detail in App. A.3.1, we nd
that we can seth?R;V to be real and positive to be conservative. This yieldsg, = 0 and

db 2 (2.32)

CLrv COS sin sin = L.
LRV LRV best t

; (2.33)

where in the r.h.s we use the best- t value resulting fromthe tofalB ! K() observables,
including the Belle Il excess, which is reported in table 2.13 for the various cases.

The ansatz in eq. (2.30) allows us to correlate the EFT coecients fob! d and
s! d transitions to the one ofb! s , once the overall scaleC, ., is xed for any
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Table 2.13: Best-t values of shLEFT coecients froma tto B! K() observables,
as obtained in App. A.3.1.

‘ LFU ‘ only ‘
RH | LR™™"  (115Tev) 2|Lp  (7:7TeV) ? |
LH [L™  (142Tev) * LY (9:2Tev) 2|
v LT aLeTev) 2|Ly  (7:7Tev) ? |

given and using eq. (2.33). For simplicity we set also 4o = 0. This means that for
any direction in the quark avor space,i.e. any and , we get a precise prediction for the
new physics contribution to other observables. The EFT dependence of the relevant meson
decays observables is discussed in App. A.1.

The corresponding regions in the plane, excluded at the 95% CL, are shown in
g. 2.14 for the cases of interest. As we can see from the plots, the most severe bounds come
from K* ! * , which requiresh to be very close to the direction of the third family.
The B ! andB ! limits, shown together in the picture, exclude instead values of

0; , i.e. directions offA too much aligned to the down quarkd.

Among all the possible directions described bfy, a region that is particularly well moti-
vated from the theoretical point of view is the one near the third generation:
Naa = (O(V); O(Vis); O(1)). Indeed, NP is expected to couple more strongly to the third
generation of quarks in several explicit models, both to evade the strong avor and direct
searches constraints, that involve light quarks, as well as to address the hierarchy problem of
the electroweak scale or the SM avor puzzle. This scenario can be parametrized by [189]

Nza | (apg€ *jViaj; Bns€ *jVisj; 1) ; (2.34)

whereayg.ps are O(1) real parameters. In g. 2.14, and in the following of this study, we show
with a meshed-red area the region withayg.,d 2 [0:2 5], without providing a quantitative
analysis of these parameters. A detailed analysis of th§2), breaking spurion, in the speci c
third-generation-philic scenario, will be instead the content of 2.3.

In this section, we focused exclusively on operators that conserve total lepton numher
However, in App. A.3.3 we also discuss a possible interpretation in terms of operators that
violate L. There, we show that dimension-six operators with Lj = 2 could potentially
accommodate the excess. However, these operators are unlikely to t within the ROFV
framework since they involve both left- and right-handed quark chiralities, which in general
couple independently to NP. As a result, these operators fall outside the scope of this analysis
and are not discussed further in the main text.

2.2.2 Implications in the SMEFT

Assuming that the new physics scale lies above the electroweak scale, it is natural to work
within the Standard Model EFT (SMEFT) framework. The dim-6 operators made of quark
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Figure 2.14: Limits in the plane for NP coupled to right-handed and left-handed
qguark currents assuming LFU (on the left) or coupling only to tau neutrinos (on the right).
The case of vector-like current is very similar to the right-handed one and therefore not
reported here. The solid (dashed) blue lines refer respectively to positive (negative) values
of C, labelled asjCj ¥ [TeV]. The meshed red region correspond to the one aligned close
to the third generation, eq. (2.34) withjagy.sd 2 [0:2 5]

currents and a ecting the neutrino decay channels are

O%) e O(Hléu - WD H d q ;
oP" =1 A d 4 ; OPN=H'.DH d .4 ; (235
Od = I Ip dy dy ; Olg= HD H dy dy

We choose to work in the down-type quark basi§ so that the fermionic weak doublets in
the operators above ard, = ( ;" ) and q = (V;uj;d ), whereV is the CKM matrix.
Being aligned with the down-quark mass basis, the matching relations between the SMEFT

operators in eq. (2.35) and the LEFT ones in eq. (2.29) are, at tree level:
i = @ @A) i @i ©) :

HLo=C 1 Go Gt G (2.36)

Lk =C4 + Cly

These SMEFT operators can a ect a broad set of low energy observables both via tree and
loop level e ects, getting sizable constraints on the avor direction space. Therefore, we

we remind the reader that in section 2.1 we employed instead the up-type basis choice.
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enlarge the set of observables under consideration, whose correlation to di-neutrino modes is
studied under the ROFV hypothesis. In detail, we include the rare decaggs (K .s)! =
meson-mixing constraints, the Higgs and electroweak t from Ref. [134] (we use an updated
version kindly provided by the authors), and data from highgy dilepton tails via the HighPT

tool [195]. Details on the EFT dependence of these observables are collected in App. A.1.

We assume that the operators are induced at the UV scalgy, 1 TeV. The Wilson
coe cients are evolved down to the EW scale gw mz with the RGEs from Refs. [32
34]. Going across the EW threshold, we match the SMEFT onto the LEFT at tree-level
[29] and nally evolve the LEFT operators down to the low energy scales relevant for avor
observables [38]. Following this procedure, we eventually build a global likelihood expressed
in terms of the UV Wilson Coe cients. The RG equations are solved numerically using the
DSixTools package [31], both above and below the EW scale. Again, the whole procedure
can be sketched as in g. 2.1. In the following, unless otherwise speci ed, SMEFT coe cients
are all understood to be evaluated at the UV scaleyy .

The analysis strategy for SMEFT operators follows the same steps outlined for the LEFT
case. The only dierence lies in the t of the excess from Belle Il, now including also the
Bs! ' decay, theR, () ratios and, in some speci c case, the Mg, meson mass mixing,
whose information would otherwise be lost as they are mainly a ected, trough the correlations
coming from the SMEFT or the underlying UV structure, by the same SMEFT coe cients
related to R, .

Let us start by discussing the Higgs-quark SMEFT operator®f;,, O} and Ong. The

Belle 1l excess, as well as the other neutrino channels, are sensitive to Gﬁ? C,Sl(; + C,(fa
and Cyq coe cients. We nd that the constraints set by Bg ! * and Mg, do not
allow to accommodate the excess iR, . Indeed, an enhancement above 25% of the SM
prediction for B* ! K™ is highly disfavoured, in agreement with what was pointed out
in [172]. We report a more detailed analysis of these cases in App. A.3.2.

In the rest of this study, we focus on four-fermion semileptonic SMEFT operators, speci -
cally off " , 0" ,andO{ . We introduce the combinationsC{,’ = C{’ CY, i.e. the
relevant degrees of freedom a ecting the observables included in the analysis. The Belle Il
excess is indeed sensitive to thél(q ) and Cy coe cients, while Bs! *  provides bounds
on the positive combination. Since there could be various di erent possible combinations
of coe cients at the SMEFT level, it is useful to consider which operators are expected to
be induced from UV models. Given the EFT scales resulting from g. 2.14, scenarios that
induce the desired e ect at the loop level are expected to have light and relatively strongly
coupled states, disfavored by direct searches at the LHC. Therefore, in the next section we
present a detailed study of simpli ed models of single-mediator scenarios, that generate dif-
ferent combinations of those semileptonic operators when the heavy state is integrated out
at the tree-level.

2.2.3 Simpli ed Models

The semileptonic operators in ed. (2.35) can be induced by integrating out at the tree-level
either leptoquarks or colorless heavy vectors. The possible leptoquarks responsible for those
operators are listed in table 2.14, while colorless heavy vectors can eitherzfe (1;1;0) or

VO (1;3;0). An important feature of these UV models is the generation, at tree or loop
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level, of 4-quarks operators that aect F = 2 processes, which are highly constrained by
meson-antimeson mixing measurements [196, 197] and whose bounds are so included as well
in the following analysis. For details on the generation mechanisms of 4-quarks operators,
see App. A.2.

As already explained in the previous Section, we rst ttheB ! K() decays together
with the observables correlated trough the SMEFT or the underlying UV structure. The
details of the t and the resulting plots for all the models we consider have been put in
App. A.3.2. In the second step we perform the global analysis in tHe ) plane including
all the other observables discussed previously. For the constraints from high-tails we use
the EFT approach, assuming that the mediator's mass is above a few TeV.

Vector triplet  V°

First we consider a colorless spin-1 mediat&° transforming as(1; 3;0) under the SM group
Gswm, Whose interaction to the SM elds is given by the Lagrangian
2 3
X X oo : X
L 4 g )+ g |l al BV, (2.37)
a ij

According to the ROFV hypothesis of this work, the rank of the quark coupling matri>gg is
assumed equal to ona,e. gg = ggNiN;. A avor structure such this could arise, for example,
if the quark elds couple to V°only via mixing with a single heavy VLQ doubletQ in the
form

Lvo  GVAQ Q)+ MgQQ+(MiQq + hc:) ; (2.38)
sothatn; / M;. OnceV is integrated out, the matching with semileptonic SMEFT operators
reads

; 10l g ; .
@i - 1%9 . ~mi _ —-n -
Cq =AM, Cy =C4 =0: (2.39)
On the lepton side, we consider either LFU or only tau avor, namely
8
<g for LFU ,
g = 9 (2.40)
- g for only tau avor .
Following this, we can write Cl(qS) I =c nif; (9 =g), whereC = 0q0 =AM Zo. From the

2D ts of Ry in App. A.3.2 (g. A.9), we observe thatBg !  * highly disfavours any
enhancement oR in the LFU case. On the other hand, a coupling to only tau avor allows
to accommodate the Belle Il result. Assuming a real and positive EFT coe cient to be
conservative, we nd a best- t value

c) . (91Tev) 2 (2.41)
Setting this value, we then plot the excluded region at 95% in the plane due to
observables correlated trough the ROFV structure in g. 2.15. We nd again thak !
decay is the strongest constraint, forcing  ; 37 to evade the bounds, but di erently from
the LEFT case, the small region is now forbidden by highpr tails and EW data. With
these parameters, the contribution tdb! ¢ transition is small and the e ect in R(D()) is
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Figure 2.15: Most important limits on the plane for aV°® mediator. Contours of
the regions excluded by F =2 observables are shown fgg,=gj = 0:1(solid), 0:05dashed)
and 0:01(dot-dashed). The solid (dashed) blue lines refer respectively to positive (negative)
values ofC = g,g=4M,, labelled asjCj = [TeV]. The meshed red region correspond to the
to the third generation alignment, eq. (2.34) withjag,.sj 2 [0:2 5].

limited to 4 percent or less. Furthermore, F =2 operators are induced at the tree-level,
proportionally to g3=MJ., see eq. (A.92). Compared t(C,(q) " they depend on the ratio
194=09], which is an independent variable: smaller values suppres$ = 2 e ects. Contours
of the region excluded by meson-antimeson mixing at 95% are shown jigy=gj = 0:1, 0:05
and 0:0L It is clear that we need a certain hierarchy between the coupling to quarks and
tau, approximately jg,=gj . 0:05, in order to have a viable scenario. Such maximal allowed
value, combined with the constraintg . 2:3 coming from the tool of perturbative unitary
(PU) [198] and the xed best-t value in eq. (2.41), imply an upper limit for the vector mass:

D=

jgg=gjmx T .1
Myo. 1391GeV 005 jsin cos sin j2 (2.42)
. .. ! 1=2 1=2
19=9]™ T
762GV 505 03
where in the last step we approximatesin and cos sin 1 as found from

our analysis. Such a light mass invalidates our use of the limits from high- tails, which
employ the EFT approximation for heavy mediators. Nevertheless, we can consider the
resonant channelpp! V@ ! , and the corresponding search by ATLAS [199, 200]. In
our setup, sincejgy,=g] 1, the branching ratio to the tau pair will be  1=2 and given
the preference for havingh aligned to the third generation (small ) the production cross
section will be dominated byb b fusion (for completeness we include contributions from
all quarks). Notwithstanding the large value ofg, the width of the vector is approximately
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ot =Myo  14%so we use the narrow width approximation to obtain the total cross section:

(pp! V®1 * ) 4sz(vGDu oy X MZ
Myo

ijj = ud;s;cib

qlqj (Mvo) (243)

where s, = (13 TeV)?, Lqq (E) is the d ¢ parton luminosity and (V® ! dd) =

V°N°jg j?. We include all neutral-current(i; j ) combinations, including avor-violating ones.
For each value of we X Myo at the upper limit from eq. (2.42), setg = g™ 2.3,
and then x gy by imposing the best-t value for C( ) sb . Doing so we have all parameters
required to compute the cross section and we can compare with the upper limit from ATLAS
[199, 200]. We nd that the whole region allowed by the global t (white region in g. 2.15)
is excluded for values . 0:22 see g. 2.16.

In addition to this, another possible direct-search channel for such vectors is electroweak
pair-production, i.e. pp! V*V orV V° with subsequent decays into taus and neutrinos.
The analysis of Ref. [201] looked for pair-produced charginos decaying into taus and missing
energy, obtaining an upper limit of about 630 GeV for light LSP. This analysis could be
recasted to derive a limit on theV® mass, however the coupling to EW gauge bosons would
introduce further model dependence via the presence of a possible non-minimal coupling.
This analysis goes well beyond the purpose of our work, so we do not pursue it further.

Vector singlet Z°

We turn now to a colorless spin-1 mediatoZ ° transforming as (1;1;0) under Ggy, with
couplings 2 3

L 4 dd )+ didk dor gl 1520 (2.44)
1 ]

We are interested in scenarios where the mediator couples to a quark current with only left
(g, = 0), right (g’ =0) or vector (g' = g) couplings, denoted respectively a&lr.y -

However, we immediately discard the vector combination scenaiZd as it is non trivial to
justify a ROFV structure for it and furthermore it is highly disfavoured by meson-antimeson
mixing constraints, as they would require a larger hierarchy among the lepton and quark
couplings, namelyjg,=gj . O(10 3), with respect to the case WichB;R mediator. So we will
not discuss further this option and hence focus o’ . We then assume the quark coupling
matrix for both these mediator to have the ROFV structuregﬂ;R = ggfin,. New Z'gs
with such coupling structure are justi ed by UV scenarios with heavy vector-like quarks, as
already pointed out forV® The tree-level matching with the relevant semileptonic SMEFT
operators reads

_ gij g i i gij g
C(l) o= II;/IZZO’ CI(qS) '=0; G = T : (2.45)

where, on the lepton side we consider the same cases as done for the vector triplet, eq. (2.40).
The usual 2D ts of the Belle Il result can be found in App. A.3.2. In general, we nd that

we can accommodate the excess in all the scenarios, expect for the caseZ§ avith LFU

couplings. However, we discard? boson with LFU coupling as well as it is highly disfavoured

by the F = 2 constraints, which would require a larger hierarchy among the lepton and
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Figure 2.16: Maximal allowed values of the mediator mass in the around =2

for V%and Z2, with couplings to only tau leptons. The meshed black region is excluded by
ATLAS trough the direct search ofpp! X ! * [200]. The region outside the dashed
white line is excluded at 95% by the same observables of g. 2.15 and 2.17 except for the
high-pr dilepton tails whose constraint does not hold at such small values of the mediator
mass. The results for the region around 3 =2 are qualitatively similar to these.

quark couplings, namelyjg,=gj . O(10 2), respect to the case with lepton coupling only to
tau avor. Assuming real coe cients, we nd the best-t values
cy’ e o ©2TEV) FLoG® o (77TeV) (2.46)

Using these values, the correlation with other observables under the ROFV hypothesis is
displayed in g. 2.17. We can notice that the most severe bounds come again frém!
that requiresn to be very close to the direction of the third family while, as already discussed
for the VP case, the small region is excluded at the SMEFT level by high pr tails or by
EW data. Contours of the region excluded by meson-antimeson mixing at 95% are shown
for jg;=gj = 0:1, 0:05and 0:01 As in the vector triplet case, a hierarchy between lepton and
quark couplings, namelyjg,=gj . 0:05, is required.

The discussion on the upper limit on theZ® mass and corresponding direct searches
follows analogously to the previous section, with the main di erence that th&° cannot
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Figure 2.17: Limits in the plane for Z? and Z% mediators. Contours of the re-
gions excluded by F =2 observables are shown fgg,=gj = 0:1(solid), 0:05dashed) and
0:01(dot-dashed). The solid (dashed) blue lines refer respectively to positive (negative) val-
ues ofC =  g,g =M%, labelled asjCj **? [TeV]. The meshed red region correspond to the
to the third generation alignment, eq. (2.34) withjag,.sj 2 [0:2 5].

be pair-produced via electroweak interactions so"  resonant production is the dominant
search channel. From the maximal value gfj;=gj allowed by meson mixing we can derive
an upper limit for the vector mass after settingg at the maximal value from perturbative
unitarity, g"®  1:65. In this case the branching ratio into taus is expected to be equal to
1=2 with good accuracy and we can compute the signal cross section as in eq. (2.43) after
solving for g, by imposing the best-t values in eq. (2.46). In the case oZ8 we do not
include the contribution from u and ¢ quarks, since it couples only to right-handed down
quarks. The excluded region in the two models can be seen in g. 2.16, corresponding to a
lower limit & 0:13 (0:10) for Z? (Z9).

Leptoquarks

Leptoquarks (LQs) are hypothetical BSM states that mediate interactions between leptons
and quarks. Since LQs interacting with lepton elds of di erent avor would generate lepton
avor violating couplings once integrated out, we assume couplings only to the tau elds for
these type of single-mediator simplied models. In this case they naturally yield a Rank-
One structure, where the matching of the coe cientC of eq. (2.33) to the LQ coupling and
mass is shown in table 2.14 whilé; is proportional to the LQ coupling to the SM elds as

i ﬁi.

In our analysis we also consider meson-antimeson mixing e ects coming from loop-induced
four-quark operators (see App. A.2 for details). To do so, we set, o = 2 TeV as benchmark
point, which is beyond the lower limit of 1.3 (1.5) TeV obtained by direct searches for scalar
(minimally coupled vector) LQ coupled to third generation SM fermions [161].

The resulting 2D ts of the Belle Il excess for all the LQs listed in table 2.14 can be
found in App. A.3.2. Among the various leptoquarks we focus dR, and V,, which give the
best t to the Ry excess as shown in g. A.10, and o6,, whose t is slightly worse than
the former, as an example of LQ coupled to left-handed quarks. This is understood by the
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LQ | Spin | Gsw | Interaction term | SMEFT coe. | C |

S| o [@uEe| dis | o= cf | 3
S| 0 |[@3=|)| @ S | CF=3C) | 1S
U | 1| @329 @ | Cf = e | 1
R, | 0 |(3;2;1=6) L di(l, Ro) Cu Bk
Vo | 1| (325%) | df (1L V2) Cu e
Table 2.14: List of the leptoquark elds relevant for this work. Here i » acts on the

isospin indices.

fact that they induce a right-handed quark current, preferred by data over the left-handed
one (see g. 2.12). The scalar tripletS; performs slightly worse thanS; due to the larger
contribution to meson mixing and the vector triplet U; is expected to induce an even larger
eectin F = 2 observables, although for a precise computation it would be necessary to
introduce a UV-completion for the vector, resulting in a model-dependent analysis. As usual,
we nd that we can setC{,’ * or C,® to be real and positive to be conservative. This

yields <, =0 while the best- t values of qu ) or C,*® are respectively
() sb . 2.
Cyq Subest t (8:5TeV) <;
sb . 2.
Cia Robest t (7:5Tev) =, (2.47)
sb . 2.
Cyq Voibest t (7:5TeV) “:

Once the overall coe cient is determined fromb ! s data, we can constrain the
direction in the quark avor space,i.e. and , using the other observables correlated to
R¢ in the ROFV hypothesis. Again, for simplicity we set 4 = 0. The corresponding
constrained regions in the plane are shown in g. 2.18 for the cases of our interest.
Since C|(q ) %% or equivalently C,*® is set to be positive, the values of are restricted to
[0; Jorto[; 2 ] depending on if the LQ induces respectively a positive or negative overall
coecient C. From the plot we can read that for the S, case, the small region gets
constrained by EW data, speci calle/ the measurement of th& ! coupling, due to the
mixing along the RG evolution ofC;;} with CJ,’ (see eq. (A.89)), but it is not bounded by

dilepton tails as the positive combinationC|(q+) vanishes forS;. Viceversa,R, and V, get
the strongest bound at small from high-pr di-tau tails. These constraints are expected to
improve substantially from future measurements at (HL-)LHC. Using the projections from
the HighPT tool [195], we veri ed that the bounds on the Wilson coe cients will improve

by a factor of approximately 2. Similar improvements are expected also for the colorless
vectors. As forV? also for the leptoquarks the contribution toR(D()) is always negligible
and cannot address the observed deviation from the SM prediction. Di erent values of the
LQ coupling j j are outlined by blue contours in g. 2.18. Furthermore, a PU bound on
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Figure 2.18: Limits in the plane forS;, R, and V; leptoquarks with massn o = 2 TeV.
The solid blue lines refer to values of the LQ coupling j. The meshed red region correspond
to the one aligned to the third generation of quarks up t@O(CKM) rotations, eq. (2.34),
with jagnsd 2 [0:2 5] The dashed gray region is exclude by the argument of perturbative
unitary.

can be computed by considering all th@ ! 2 scattering in the model as discussed in
Refs. [198, 202]. By direct calculation one gets

8
332 for S,

j. 5 33 forR,, (2.48)
" 0:8 forV,.

Such bound actually excludes a relevant portion of the parameter space in thg plot, while
we are safely below the PU threshold fog; and R».

We note that R, andV, generate the same semileptonic coe ciernty, albeit with opposite
overall sign, and same four-quark operator (see App. A.2), so that they exhibit a similar
behaviour. However, most of the allowed region fov, is excluded by the perturbative
unitarity bound, eq. (2.48), as clear from g. 2.18.

When compared toV°and Z°vectors, that require a large hierarchy between the couplings
to quarks and to leptons in order to pass F = 2 constraints, leptoquarks enjoy an automatic
loop suppression of avor mixing. We therefore identifyS; and R, as the most favoured
single-mediator simplied models to accommodate the observed enhancement in Belle Il
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Figure 2.19: Top row: preferred region in the plane by the global t for the S; and
R, leptoquarks, where the value of j has been marginalised. In blue we show iso-lines of
the value ofj j that marginalizes the t. Bottom row: we show points taken from a random
scan inside of thel region of the global t (green region in the plots above), mapped in the
plane ofB* ! K* andK* ! * . We overlay the presentl constraints as well as
future prospects.

measurement oB* | K*  decay.

Motivated by these results, we proceed with a further investigation of the region at small
and 5 or 37 through the following procedure. We consider the complete? of our
analysis (including so bothb! s transitions and all the possible correlated observables) that

depends on the overall SMEFT coe cientC and on the angle variables; .2 We prole
the 2 over the C parameter,i.e. overj j since we x m o =2 TeV, namely at each(; )
point we substitute the value of] j that minimise the chi-square. The resulting gro ed ()
is used to derive thel , 2 and 3 regions shown in the top row of g. 2.19. The solid blue
lines correspond to the value of j that minimised the 2. The dot-dashed red line represents
the 1 region preferred by the excess iB* ! K™

Finally, we map the 1 (green) regions of the top row in g. 2.19 into regions in the
BB*! K* ) B(K*! * ) plane, in order to show the predicted values of these

We set ¢ = gp =0 for simplicity.
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di-neutrino modes for the two simpli ed models under examination. We overlay the present

1 constraints by Belle-l1l and NA62, as well as future prospects by the same experiments
[170] as well as by the proposed HIKE experiment at CERN [193]. It is clear that future

measurements will have a strong power to con rm or disprove de nitely the present excess
observed by Belle-1l, and to resolve the speci c direction in avor space for the new physics
couplings under the ROFV hypothesis.

2.2.4 Summary

Numerous groundbreaking advancements in particle physics have been achieved through the
measurement of low-energy observables. It is also likely that a future discovery of physics
beyond the SM will come from such experiments. In this case, correlations among these
observables are crucial for establishing new physics and identifying the appropriate UV ex-
tension of the Standard Model. However, obtaining correlations requires making theoretical
assumptions, particularly regarding the avor structure of the new physics. A generic model-
independent parametrization results in a complex analysis with numerous couplings, poten-
tially obscuring the underlying UV physics and yielding generic correlations. Conversely, a
model-dependent approach typically yields strong correlations but is limited in validity to
the speci ¢ model.

In our study, we propose a simple and motivated ansatz for the new physics that o ers
a balance between predictivity and generality: the Rank One Flavor Violation (ROFV)
hypothesis [189]. In this scenario, new physics couples to a speci c direction in avor space,
which can be varied enabling a comprehensive exploration of this hypothesis using only a few
parameters.

We speci cally examine the recent hint of a potential deviationintheB ! K  decays as
observed by the Belle Il collaboration:®> Possible correlations arise from Lorentz symmetry,
SM gauge symmetry, and avor structure. While we consider the most general operators for
Lorentz and gauge symmetries, we employ our ROFV hypothesis for the avor aspect of the

analysis.
At the LEFT analysis level, the minimal correlation under scrutiny is that with the decay
B! K . Our primary ndings are depicted in g. 2.12. We nd that right-handed

and vector currents for quarks are favored over the left-handed counterpart, as the latter
yields Ry = Ry, and currently, there is a good agreement between the observed value of
B! K and the Standard Model prediction. Our analysis using ROFV indicates that
most important observable correlating withB ! K s the transition K ! , While from
a more theoretical standpoint, the preference lies within the region aligned with the bottom
quark.

Regarding the SMEFT, we have identi ed six potential operators that could contribute to
b! s atthetreelevel. Amongthem, three involve the Higgs doublet but are not considered
phenomenologically viable due to constraints frols! * and Mg, conrming the
nding of [172]. The remaining three are semileptonic four-fermion operators. Instead of
conducting an exhaustive examination, we focused on simpli ed models of single-mediator
scenarios, which yield xed combinations of these semileptonic operators when the heavy

BContrary to Refs. [171, 172] we conservatively use the combination of Belle Il [49] and Belle [50], resulting
in a reduced value for the central value ofR, respect to the cited works.
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state is integrated out at the tree level. Loop level mediator are not considered in our work
because they have to be very light and strongly coupled to reproduce the anomalous e ect
and this scenario seems disfavoured by the present data.

Our primary phenomenological nding utilizing the ROFV hypothesis suggests the po-
tential for signi cant e ects in K ! . For this reason, and particularly for the most
promising candidatesS; and R,, we conducted an analysis providing a more detailed under-
standing of the correlation between this observable angy (see g. 2.19). We emphasize
the importance of obtaining better measurements for both observables and present future
prospects from experiments such as Belle || and NAG2.

On the theoretical front, we emphasize that new physics is favored to primarily couple to
the third generation, in both the quark and charged lepton avor spaces. This strengthens
the case of a potential connection between the anomalous data and the Yukawa structure of
the Standard Model couplings. The role of neutrino modes in the top-philic framework with
a quantitative study of the approximate U(2) symmetry will be the content of the remaining
sections of this chapter.

14We note that a proposed experiment like HIKE [193] would have been advantageous in elucidating this
speci ¢ physics case.
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2.3 Probing third-generation New physics with K !
and B! KO

In section 2.2, we examined the implications of the most recent measurement of the rare decay
B! K , carefully exploring correlations with other observables arising from renormaliza-
tion group evolution and from speci ¢ UV model assumptions. This allowed us to identify
the most constraining observables within a broad class of scenarios. Most importantly, we
showed that the general hypothesis of rank-one avor violation, when confronted with current
experimental constraints, naturally points toward a picture in which new physics, if present
at high energy scales, predominantly couples to the third generation of fermions. Moreover,
the viable parameter space is found to be consistent with the presence of approximaitg)
avor symmetries acting on the rst two generations.

In the remaining sections of this chapter, building on the insights gained from the previous
analysis, we further explore the potential of rare dineutrino modes as sensitive probes of new
physics. IndeedK ! andB! K() are the only FCNC transitions involving third-
generation leptons for which current measurements have reached the SM sensitivity. We
therefore focus on the speci c scenario of third-generation-philic interactions, corresponding
to 0 in the language introduced earlier. We allow for the presence of e ective operators
involving light quarks through the insertion of aU(2),-breaking spurionV, characterized by
a minimal set of parameters, and , which respectively quantify the size and direction of
the U(2), breaking structure. The goal of this study is to focus on these parameters, deriving
constraints and quantifying the viability of a minimal U(2), breaking scenarioj.e. 1

In section 2.3.1, for convenience, we briey revisit the EFT setup and introduce the
spurion V relevant for this analysis, providing simpli ed analytic expressions that illustrate
the role of the U(2)q breaking terms in avor observables. In section 2.3.2, we perform a
numerical study to determine the preferred values of the parametersand , along with the
current and projected experimental constraints. Finally, we comment on possible explicit UV
completions that realize such a structure. Conclusions are drawn in section 2.3.4.

2.3.1 EFT setup and the U(2)q breaking spurion

As anticipated, we work within an EFT framework assuming heavy NP predominantly cou-
pled to third-generation fermions. More precisely, we assume that the only dynamical elds
are the SM ones, and we negleti(2)® invariant operators involving light fermions. On the
other hand, since we are interested in describing avor mixing in the quark sector, we consider
operators built in terms of the leadingU(2), breaking spurion V' [20] which is responsible
for the heavy light mixing in the quark Yukawa couplings. The spurion, which transforms
as a doublet underU(2),, is parameterized as

V= "V : (2.49)

The parameters” and are assumed to be real an®(1): " control the overall size of the
spurion (the normalization is chosen such thaB ! 2 mixing is positive for "> 0 in the
standard CKM convention), while quanti es possible deviation from a minimalU(2)q
breaking structure. The minimal framework corresponds to the limit =1 [17, 20].
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In this setup there is an intrinsic ambiguity on what we denote as third generation in the
left-handed quark sector, or better which are théJ(2), singlet elds. For de niteness, we
choose again a down-aligned basis, where the quark doublets are writtergas: (Viug; d)T,
with u; andd] denoting the quark mass eigenstates, such that

!

¢ = VibuL + Vare + Vit
b

is a U(2)q singlet. On the lepton side, we focus only on amplitudes sensitive to third-

generation leptons, hence the only relevant lepton elds to consider atg = ( ; )" and

r. With these assumptions, the leading semileptonic operators involving only(2)° singlet
elds are'®

(2.50)

O =(q @)IT 1) (@ *)(IE P);
Os = (I} r) (=) (2.51)

The Wilson Coe cients associated to these three operators are dimensionful parameters that
we express in units offeV 2 X
L5P COx +h:c: (2.52)
k

In principle, in addition to the three operators in eq. (2.51) we should consider all terms
generated by the insertion of one or two spurions in each of them, separately, via the replace-
ment ¢ ! Vg . In practice, to avoid the proliferation of free parameters, we assume that
the underlying NP leads to a rank-one structure in quark avor space, as explained in the
previous section 2.2. In other words, we assume that NP is aligned to a speci c direction in
avor space, and the insertion of spurions describes the misalignment of this direction relative
to that of the ¢¢ eld in (2.50). In practice, this condition is achieved via the replacement

¢! ¢ +vd (2.53)

in the three operators in eq. (2.51).

The EFT framework we are considering is then described by ve independent parameters:
qu, C.q, Cs, ", and . The list of the observables included in the analysis and the way they
are a ected by these parameters is summarized in table 2.15.

Flavor-changing amplitudes

Before presenting the numerical results, it is useful to discuss the implications of th§2),
breaking assumptions on the di erent avor-changing amplitudes. While the complete EFT
predictions are illustrated in detail in the appendix, here we provide some simpli ed formulae
which illustrate the main e ects.

Let's start from the contributions to Rp and Rp . Here NP interfere with a tree-level SM
amplitude, hence can be treated as a small correction. Considering only the vector operators

15Since we are interested in dineutrino modes, we focus on the semileptonic operators that provide the
main tree-level contribution. However, we include a scalar operator to improve the t to other observables.
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Cs qu Cqy " Exp. indication

(pp! ) X X X bounds onA\p

EWPO X X bounds onAnp

Rp, Rp X X X X Anp=Asu > 0

BB! KO ) X X Anp=Asy < 0
BB! K ) X X JAsw + Anpj® > jAsuj?
B(K ! ) X X X || jAsm+ Anpj?> jAsuj?

Table 2.15: List of observables considered in the analysis, and their sensitivity to the EFT
parameters. In the last column we highlight the present hints of deviations from the SM, as
emerging from data.

in (2.51) and expanding to rst order in their coe cients leads to

Rpo)
FQSNA

1+2Re (CVL)

1 v¥(@+") Cy Cyq ; (2.54)

wherev = (p 2Gg) ¥ 246GeV, the explicit expression ofCy, can be found in eq. (A.66)
and we have neglected sub-leading terms 6 2). As can be noted, the observable receives
a non-vanishing correction also in absence of spurion contributions!( 0 limit), while the
e ect of the spurion is constructive for" > 0. As is well known, the vector operatorsO,,
lead to a universal shift inRp and Rp , only the scalar operator di erentiate among the two
observables (see appendix).

As far as FCNC processes are concerned, it is easy to realize tlhat s transitions
are sensitive to the insertion of a single spurion (NP amplitude proportional t8), while
s! d modes are a ected by the insertion of two spurions, with an amplitude proportional
to "2 . In the neutrino modes, NP modi es (at the tree level) the coe cients of the e ective
Lagrangian ( see appendix A.1.1) involving tau neutrinos:

iCSMi| CSM v 2C .
J ;st ' :bs lg -
(2.55)
'CSM' | CSM + " ZLZC

J ;sdJ . ;sd Ig

The e ect is potentially sizable, given the SM amplitude is loop suppressed. Note that, since
C3M  C3, the interference between SM and NP amplitude is opposite in the two modes
in the limit =1 and" > 0. Since in our framework there are no scalar nor right-handed
current operators a ecting the di-neutrino modes, a rm prediction of this setup is a universal
modi cation of B(B* ! K* )andB(B! K ) relative to their SM values. This di ers
from what happens in more general beyond-SM frameworks [171, 172, 203].

The last avor-violating e ect we consider is the modication of the b! s ampli-
tude (" = e; ) which occurs from the QED running of the(b. s_.)( . L) operator into
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