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ABSTRACT

In this thesis we explore two complementary extensions of the Standard Model, corresponding
to a light new physics scenario featuring a (dark) vector boson, and a heavy new physics scenario
involving a scalar leptoquark. Focusing on their flavour-changing interactions and observables,
which provide highly sensitive probes of physics beyond the Standard Model, we employ the
framework of effective field theory to systematically analyse both setups. In the first part of
this thesis, we provide an overview of the Standard Model, flavour and effective field theories.
In the second part, we study the light dark vector boson model. We focus on flavour violating
interactions between the new vector and the Standard Model fermions, and analyse how such
interactions can arise from the Yukawa diagonalisation and the renormalisation group equations
at 1-loop. Then, we use experimental data and our theory calculation from two-body decays to set
constraints on the model parameters. Furthermore, we also use the tool of perturbative unitarity
to set bounds on the model. In the third part, we consider scalar leptoquarks, corresponding to a
heavy new physics model. Here, we compute the Wilson coefficients to order O(a) for AF = 2
processes from matching the effective and full theories, which involves the calculation of 1-loop
amplitudes in the effective theory and 2-loop in the full theory. Finally, we analyse the 1-loop
corrections to the effective theory for AF’ = 1 processes. We focus on a particular computational
procedure involving Dirac traces, which requires a careful examination of the Dirac algebra in
different ~5 schemes, and extract results in a general gauge and for different IR regulators.
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CHAPTER 1

Introduction

The Standard Model (SM) of particle physics stands as one of the most successful models of
nature. From its development in the 1960s, to the discovery of the Higgs boson in 2012, the SM
has been proven to be the best and most complete theory for understanding subatomic physics
to date. Its success solidified the quantum field theory (QFT) framework and its predictive power,
marking a triumphant achievement in the progress of science.

Despite its success, the SM is neither a “final” nor “complete” model. In the process of science, all
theories and models are continuously tested, and extended, modified or developed accordingly.
Of course, the SM is no exception to this process, and current evidence establishes the need for
physics beyond the Standard Model (BSM). Current unexplained phenomena include Dark Matter
(DM), neutrino masses and the observed matter—antimatter asymmetry, none of which can be
explained within the SM. Moreover, there are puzzles in the SM itself, which are not necessarily a
problem but one would hope they will be resolved. For example, in the SM there is no explanation
for the notable hierarchy between the fermion masses and the elements of the quark mixing
matrix. Additionally, there is the so-called strong CP puzzle, namely the unexplained reason of
why the 6 parameter in quantum chromodynamics (QCD) is so close to (or even exactly) zero.
Of course, there is also the more broad issue of trying to reconcile the SM and gravity under a
common framework.

The physics community has been and is investing much effort in researching these new physics
(NP) topics, with experimental and theoretical collaborations all around the world working to-
wards finding BSM physics. So far no direct evidence for NP has been found, but the work con-
tinues. Two complementary approaches are taken to search for NP: the direct production of new
particles at high-energy colliders, and the indirect search for SM deviations in precision observ-
ables. At the high-energy frontier, experiments such as the LHC search for heavy BSM particles
with masses above the electroweak (EW) scale. Meanwhile at the precision (low-energy) frontier,
experiments such as BELLE-II use intense beams of particles and sensitive detectors to directly
produce and study new, weakly interacting particles that lie below the EW scale.

At the precision frontier, flavour physics plays a crucial role in testing the SM and searching for
BSM physics. Flavour physics is dedicated to studying the intricate interactions between the dif-
ferent types (flavours) of SM fermions, and how fermions change flavour in certain processes. In
particular and of central importance to this work are flavour-changing neutral currents (FCNCs),
processes where a quark changes its flavour (for example, from a strange quark to a down quark)



2 1. Introduction

without changing its electric charge. FCNCs are highly suppressed in the SM, making them very
sensitive to NP, and thus an excellent probe for BSM models. Therefore, potential contributions
from NP can lead to measurable deviations of the SM predictions while also indirectly probing
higher energy scales than direct searches. In this context, the appropriate framework is given by
effective field theories (EFTs), since FCNCs are most prominently observed in rare, low-energy
decays. Moreover, EFTs allow us to simplify and systematically study NP effects in a model in-
dependent way, that is, without committing to specific UV models. In this manner, one can link
BSM effects with low energy observables, since the EFT carries imprints of NP particles.

In this thesis, we investigate two distinct BSM models: one featuring heavy NP and another
involving light NP. The first model focuses on scalar leptoquarks (LQs), which are typically ex-
pected at the TeV scale, well above the EW scale. LQs are particles that directly couple to SM
quark and leptons, and are motivated by their potential to explain flavour anomalies (deviations
from the SM) as well as by their emergence in grand unified theories. The second model con-
sists of light dark vectors (LDVs), with masses at the GeV scale. Recent null results in heavy NP
searches have shifted some focus towards scenarios where NP is light and weakly interacting.
LDVs—which encompass dark photons and Z’ bosons—are compelling candidates for particle
DM. Together, these two models offer complementary insights into NP effects in flavour observ-
ables, with LQs representing heavy NP, and LDVs representing light NP, each leaving distinct
imprints in the EFT description.

This thesis is based on Refs. [1, 2] and organised into three main parts. In Part I, we lay the
foundations by introducing the SM and discussing its essential aspects which underpin the sub-
sequent studies of the LQ and LDV models. In particular, we focus on the SM flavour interactions
and motivate how FCNCs serve as powerful probes in the search for BSM physics. Moreover, we
present the EFT framework, clearly distinguishing between the scenarios in which the NP is
heavy or light.

In Part II we study the LDVs. We first introduce the model under consideration, and analyse
how FCNC interactions between the LDV and SM fermions can be generated (at tree-level). We
then consider the FCNC of two-body decays for mesons and leptons with the LDV, and use our
theoretical computation together with experimental measurements to constrain the model. We
close this part with a theoretical requirement central to QFTs, namely the fact that probability is
conserved and therefore, QFTs are unitary. This yields non-trivial constraints on the amplitudes
of 2 — 2 processes, and we use such considerations to further analyse the model and deepen our
understanding of the setup.

In Part I1I, we begin by studying the effect of LQs on meson mixing via the appropriate EFT. In
the EFT, the LQs are integrated out of the theory and the mixing processes are mediated by four-
fermion operators. We then compute the QCD corrections to both theories, i.e., in the full theory
with LQs and the EFT, and demand both theories to be equal, which yields the relevant param-
eters encoding the LQ effects on the mixing processes. We later focus on the EFT for processes
where the flavour quantum number changes by one unit. We compute the QCD corrections to
the EFT as a function of general parameters, thereby generalising previous calculations. Finally,
we close the thesis with a detailed analysis of a novel procedure to compute loop amplitudes in
current—current EFT operators. This methodology can potentially simplify and speed up other-
wise cumbersome and complicated calculations.



PART I

The Standard Model, Flavour and Beyond

In this first part of the thesis, the relevant concepts needed to motivate and understand Part II
and Part III are introduced. Chapter 2 provides an overview of the SM, with a particular focus
on flavour physics and its role as a tool to explore BSM models. Then, in Chapter 3 EFTs are
introduced as the framework of the thesis, for both heavy and light BSM particles.






CHAPTER 2

The Standard Model

In this chapter we review the main aspects of the SM of particle physics relevant for Part II
and Part III. In Section 2.1, we introduce the particle content and interactions of the SM. In Sec-
tion 2.2, we discuss the Higgs mechanism for the bosonic sector, and in Section 2.3 we cover
the corresponding mechanism for fermions as well as the corresponding fermion-gauge boson
interactions in the EW sector. In Section 2.4, we briefly review QCD, and finally, in Section 2.5
we motivate flavour physics as an approach to study and search for NP. We use Greek indices
v, a, B3, ... for spacetime components, and Latin indices 4, j, k, [, . . . for flavour indices. Ein-
stein’s summation convention is used throughout the thesis, i.e., repeated indices are summed
over. We also use Feynman slash notation, with X = ~vH X sy VX,

2.1. Field Content

The SM is the QFT that describes all known fundamental particles and their interactions, except
gravity. The interactions among SM fields are governed by symmetry principles, which deter-
mine and constraint their form. Concretely, the SM is a gauge theory with the symmetry group

Gy = SU(3)C X SU(?)L X U(l)y . (2.1)

The SU(3). gauge group corresponds to QCD, and the SU(2)1, x U(1)y group to the EW sector.
A main ingredient of the SM is the explanation for particles having mass. This is accomplished
via the Higgs mechanism, which breaks down the EW group to U (1)ep, quantum electrodynamics
(QED) according to

SUB)ex SUR2)L xU(l)y = SU(3)e x U(1)em , (2.2)

while SU(3). remains unbroken. The charges of fields under the SU(3)., SU(2)r, and U(1)y
groups are referred to as colour, weak isospin and hypercharge, respectively. The U(1)en, electric
charge Q of a particle is related to its weak isospin component 7° and its hypercharge Y via the
Gell-Mann-Nishijima relation

1
Q=T3+Y with T3 = 508 (2.3)

where T is the third SU(2), generator and o3 its corresponding Pauli matrix. The particle con-
tent of the SM consists of fermions with spin 1/2 and bosons with spin 1 or 0. The fermions are
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Table 2.1.: SM field content including the representation under the SM gauge group Gsyr =
U(l)y x SU(2)r x SU(3)c¢. Different fermion flavours (i = 1,2, 3) as well as
the Higgs H are indicated in terms of their SU(2), components that differ by the
associated weak isospin T and electric charge Q. Fermion subscripts L, R refer
to left-handed (LH) and right-handed (RH) chirality, respectively.

Field Flavours UQl)y x SU(2)p x SU(3)¢ T Q
1 2
i u ¢ t 1 +§ +§
Q 5 5 77273 1 1
d s b 6 ol
L L L 2 3
i 2 2
U UR,CR,tR 5,1,3 0 —|—§
i 1 1
dR dR,SR,bR —5,1,3 0 —g
L Ve vy Vs (_1 ) 1) +§ 0
E] s 27 9 1
S\ \T/y 9 -1
ezé €R, MR, TR (_171a 1) 0 -1
1
+ +5 +1
1
H (bo <2,2, 1> %
10} _ -
5 0

divided into quarks and leptons, and the bosons into gauge bosons with spin 1 and the Higgs, the
only spin-0 scalar particle of the SM. The gauge bosons arise from the local gauge invariance and
mediate the interactions between particles. The SM fields are classified according to their charges
under the SM gauge group Gy of Eq. (2.1), as summarised in Table 2.1. The Higgs H isa SU (2) -
doublet and QCD singlet responsible for spontaneously breaking the EW sector down to QED, as
depicted in Eq. (2.2), after acquiring a non-trivial vacuum expectation value (VEV) v = 246 GeV.
The fermions are classified into colour charged quarks and colourless leptons. According to their
representation under SU(2)y, they are further distinguished between left-handed (LH) quark
doublets ()7, and right-handed (RH) singlets dr, ur, as well as LH lepton doublets L; and RH
singlets ep. Thus, LH and RH fermions carry different charges under SU (2),, rendering the SM
a chiral theory, a very particular feature of our physical world. The upper and lower SU(2),
components of (), and Ly, correspond to LH up- and down-type quarks uy, dy, as well as LH
neutrinos v, and charged leptons ¢, respectively. Note that neutrinos in the SM do not have
a RH counterpart, as they would be uncharged under the SM group. Notably, the SM fermion
representations (Jr, ur, ugr, L1, er come in three different copies called generations, families,
or flavours that share the same quantum numbers and only differ in their masses. The flavours
are indicated by the ¢ = 1,2, 3 index in Table 2.1. Flavour physics [3-5] studies the properties
and interactions of the different fermions, and plays a crucial role in understanding the SM and
potential NP. In this thesis we study extensions of the SM with particular flavour structures not
realised in the SM, and consider particular physical processes and tools to analyse such models.
For now we strict the discussion to the SM and its main features. The Lagrangian of the SM is
given by renormalisable operators of dimension d < 4, where eight gluons G};,a = 1,...,8,
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three ij, b = 1,2,3 and one' hypercharge B, boson of SU(3)., SU(2), and U(1)y, respec-
tively, mediate the interactions between the SM particles given in Table 2.1. Additionally, the
Higgs doublet interacts with the SM fermions through the Yukawa interaction. The Lagrangian
is given by

O%M = ggauge + o%ermion + gHiggs + gYukawa ) (2-4)
1 1 1

Lrage = = Wi, W — 2 B B" — G}, G (2.5)

Lrermion = 1Q" PQ" + iL'IPL' + idy Pdly + iy Puly + i€ Pey (2.6)

LBiiggs = (D, H)' (D'H) - V (H), (2.7)

Lrskawa = —QHY &y — Q'HY )y — L'HY e, + h.c. (2.8)

where H = ioo H* and the indices i, j denote the flavour, with summation over 7, j being implicit.
We do not specify the Higgs potential V' (H ) for now, which will be discussed in the next section.
The first term of Eq. (2.4) contains the gauge boson kinetic terms, with

Ff, = 0,A% — 0,A% + go f&° AL AS for  FS, = {W},, G5, Bu}. (2.9)
In this expression, g¢ is the coupling of the corresponding gauge group; with G = {SU(3).,
SU(2)r,,U(1)y} we denote gg = {gs, g, '}, while f2% are the respective group structure con-
stants. For an Abelian group, like U(1)y, ['}chl)y = 0, and thus no B, self-interactions are
present. The second and third terms of Eq. (2.4) contain the interactions of the fermions and

Higgs with the SM gauge bosons through the covariant derivative

Dy = (0 — i9'Yo By — 9T Wit — 195 80 Gi) (2.10)

which acts on the SM fermions and Higgs according to the charge assignments of Table 2.1. In
Eq. (2.10), YF are the hypercharges of each family of fermions, and 7 the generators of the
corresponding gauge group given by

1
TgU(S) = 5)\6“ a=1,...,8 \; = Gell-Mann matrices, e
A1

TgU(z) =50 4= 1,2,3 04 = Pauli matrices.

Notice the particular form of the interactions in Eq. (2.10) for each field, with the correspond-
ing charges of Table 2.1. All fermions interact with the hypercharge boson B,,, while only LH
doublets (@, L) interact with the W bosons of SU(2)r, (the SM is chiral), and only the quarks
(Q, uRr, dg) interact with the gluons G; of SU(3)., since the leptons and Higgs are colourless.
Additionally, the Higgs interacts with the SU(2)1, x U(1)y sector. Crucially, the hypercharges
YV [ are the same for every generation, that is, they are flavour universal. This is an important
feature of the SM that is not necessarily true for NP models. We will see an example of this in
Chapter 5.

No explicit mass terms for gauge bosons are allowed in the SM due to gauge invariance. This is
also the case for fermions since LH and RH fields transform differently under SU(2), and thus
a mass term ~ b1y is forbidden. This is remedied by the Higgs mechanism, which allows for
the gauge bosons to gain mass after electroweak symmetry breaking (EWSB) through the Higgs
interactions in Zegs of Eq. (2.4). Likewise, the Higgs mechanism gives mass to the SM fermions
through the Yukawa interaction -Zyykawa after EWSB. In the next two sections we focus on the
Liggs and Lyyrawa respectively, and explain the relevant elements of the Higgs mechanism for
the bosons and fermions, where flavour plays a central role.

'The number of gauge bosons equals the dimensionality of their corresponding gauge group, given by dimSU(N) =
N? — 1 and dimU(N) = N°.
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2.2. Electroweak Symmetry Breaking

In the SM, the masses of the EW bosons, as well as the fermions, are generated through EWSB.
This occurs when the EW gauge symmetry spontaneously breaks down to electromagnetism:

SU2), xU(1)y = U(1)em - (2.12)
The Higgs—gauge Lagrangian before EWSB reads
L=t w12 (D) (D) - V(H
H__Z( ;w) _Z ,uu+(,u )( )_ ( )7 (213)
) .
V(H) = —m?H'H + ) (HTH) .
For m > 0, A > 0, the potential V' (H) is minimised at
m?  v?
(HTH) = oy =5 With v= m/ V= 246 GeV . (2.14)

Then, the Higgs field acquires a nonzero VEV (H) = 1/4/2(0,v)”. This vacuum state “breaks”
three of the generators of SU(2);, x U(1)y, corresponding to 7%, T2, and the orthogonal com-
bination of 7% and Y. The unbroken generator is given by Q = T2 + Y, which we identify as
the electric charge associated with U (1)en. According to Goldstone’s theorem, EWSB results in
three massless scalar fields, 7% (a = 1, 2, 3), known as the Goldstone bosons. Due to the SU(2),
symmetry, they can be rotated away, and in unitary gauge, these Goldstone modes are absorbed
by the gauge fields, providing them with mass. Meanwhile, the gauge boson associated with
U(1)em remains massless and is identified with the photon A,,. Let us parametrise the Higgs
field in unitary gauge as follows:

0
H = v h ) (2‘15)
- + -
V2 V2
where the neutral real scalar field h is the physical Higgs boson. The masses of the gauge bosons
arise from the (D, H )' (D*H) term' of the Lagrangian in Eq. (2.13). The covariant derivative
acting on the Higgs reads

D,H = 8,H — igWiT H — %g’BMH. (2.16)
With the parametrisation of Eq. (2.15) (and ignoring h terms), we find the following quadratic

gauge boson terms

/ 2
(DHH)T (D'H) D 92;2 [(Wﬁ)Q + (W3)2 + <ggBu — Wj’) ] . (2.17)

To diagonalise the mixed terms, the {B,,, W[Z’ } bosons are rotated to the mass eigenstate basis
{A,, Z,,} according to the Weinberg rotation

B cos 6 —sinf A !
= v v "1 with tanfy = L, (2.18)
WS sinfy,  cos Oy Z, 9

1 A A
"The Higgs h gets a mass term from the potential, V (H) = QmihQ + \wh?® + Zh4 — ZU4, with mp = V2Av = 125

GeV.
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where Oy is the Weinberg angle. On the other hand, the charged bosons are identified with
W/jt =1/V2 (Wl} F ZWE ), and the following mass spectrum is obtained
gu gu

mwy ==—7—, mag=0. (2.19)

mZZQCOSGW7 2

Therefore, the Z,,, Wf bosons have acquired a mass while the photon A, remains massless. In
the broken phase, the covariant derivative D,, = 9, — igT"W — ig'Y B, reads
g oy -1 99’
D, =0, —i—= (W Tt +W, T 717( —— (T*+Y) A
I3 12 \/§ ( © Y ) 92 +g/2 /92 +g/2 ( ) H
. g — . g 3 s 2 ;
=0, — iz WiTH+w, T") - - (T? — Qsin® Ow) Z, — ieQA,,

g7 — g/2Y> Z, —i

(2.20)

1
with TF = 3 (01 + ia2). The electromagnetic coupling e and charge () have been identified
with A, according to

/

99

€= —F— = gsinfw = ¢’ cos O ,
Vg +g? (2.21)
Q=T°+Y.

It is instructive to count the degrees of freedom (DOF) before and after EWSB. Prior to the mech-
anism, the theory contains massless W, B, bosons, each with two physical polarisation states,
giving 2 x 4 = 8 DOF. Including the four real scalar fields from the Higgs, the total number
of DOF is 12. After EWSB, the three Goldstone bosons arising from the Higgs field are “eaten”
by the gauge bosons, which then acquire a longitudinal polarisation. Consequently, the gauge
sector now contains 3 x 3 = 9 DOF from the massive bosons together with 2 DOF from the
(massless) photon, plus the Higgs boson h, preserving the total 12 DOF.

At energies much higher than the electroweak scale (£ > my, mz), the Goldstone Boson Equiv-
alence Theorem (GBET) [6-8] asserts that the scattering amplitudes involving longitudinally po-
larised electroweak gauge bosons (WLi, Z 1) are equivalent to those involving the corresponding
Goldstone bosons (7=, 7°), up to corrections of order O(my/E). This equivalence arises be-
cause, in the high-energy limit, the dominant contribution to the longitudinal polarisation of
massive gauge bosons behaves as if it were provided by the Goldstone bosons that are “eaten”
during EWSB. At high energies, the longitudinal W polarisation can be approximated by [9]
e? (p) ~ p"/mw and the corresponding amplitude can be found scattering the Goldstone boson
via replacing W}' — —90"m/my, so that M(W W — X) ~ M(rm — X), which consid-
erably simplifies high-energy calculations. In Section 5.2 we will see an explicit example of the
GBET for an abelian massive vector. Importantly, scattering processes with longitudinal bosons
might (and do) grow with the energy (since €}/ (p) ~ p!/myy). This leads to a violation of unitar-
ity. Unitarity requires that the S matrix satisfies SST = I, which in turn imposes that scattering
amplitudes must not grow uncontrollably with energy; otherwise, cross sections would increase
without bound, leading to a violation of probability conservation. For instance, processes such
as W; W, — W; W would violate unitarity if the energy-growing terms were not precisely
canceled by the corresponding Higgs contributions. Indeed, the Higgs interactions that generate
the gauge boson masses also cancel the otherwise problematic energy—-growing terms in scatter-
ing amplitudes. In fact, unitarity arguments impose an upper bound on the Higgs boson mass of
roughly m;, < 1TeV [10] to ensure perturbative consistency, which nowadays we know to be
in agreement with the observed value m;, = 125 GeV. In Chapter 7, we will further explore the
implications of unitarity for a particular BSM setup.
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2.3. Fermion Masses and Interactions

The SM Lagrangian of Eq. (2.4) contains the SU(2), x U(1)y invariant Yukawa interaction
DgYukawa = _QZHYC;de Ql Y” ] EiHYZjeg% + h.c. (2.22)

where the Higgs couples to LH doublets and RH SU(2), singlets through the 3 x 3 Yukawa
couplings Y;j . The Yukawa interactions are responsible for generating fermion masses after

EWSB'. After symmetry breaking and using the Higgs parametrisation of Eq. (2.15), we find
— 7 Z] J m i i h
Prakawa = —\f (d &+ W Y0, + & Yie ) 1+ %) 4 he. (2.23)
v

The interaction in Eq. (2 23) can be diagonalised according to the singular value decomposition,
suchthat Yy = U foK P where Uy, K are unitary matrices and Yf is diagonal. Afterwards, we

perform the following field redefinitions®

ur, = Uyur, dp —Usdy, er — Ueer, (2.24)
ur — Kyur, dg— Kqdr, er— Kceg, '

under which the Yukawa terms reduce to the fermion mass terms and fermion-Higgs interaction’

Rawa = — (il iy + mil iyl + mi el i) (1 i ) the,

Y, = diag (my, me, my) ,

V2 (2.25)

vV A
mg =—=Yy = diag (mgq, ms, myp) ,
1= 5% g (ma, ms, mp)

v ~
—Y, = diag (me,my, m,) .
\/§ g( M )

We observe that the Higgs mechanism results in the fermions acquiring masses and flavour di-
agonal interactions to h. Thus, EWSB allows for the gauge bosons and fermions to acquire mass
terms, which are not (explicitly) allowed in the unbroken phase of Eq. (2.4). In the case of the
gauge sector (see Section 2.2), the diagonalisation is accomplished via the Weinberg rotation to
the {Z,,, A, } mass eigenstates. On the other hand, the Yukawa diagonalisation is implemented
by the singular value decomposition, and via the rotations of Eq. (2.24). This rotation trans-
forms the Lagrangian from the flavour basis (FB) to the mass basis (MB). In the FB, the quarks
and leptons are described in terms of their weak interactions and the Yukawa interactions are
non-diagonal. In the MB, on the other hand, they are described in terms of their physical states,
where the Yukawa interactions are diagonalised as given by Eq. (2.25).

My, =

me =

Until now, we have considered the gauge-Higgs sector (in Section 2.2) and the Yukawa interac-
tions. Crucially, the Weinberg rotation and the “MB rotation” of Eq. (2.24) must also be applied
to the fermion-gauge boson interactions of the SM Lagrangian of Eq. (2.4). Before rotating to the

!Neutrino masses can be implemented via a Yukawa interaction ~ L-Y,,I;[ vr + h.c., but in the SM m, = 0 and thus
such a term is not considered.

*Notice that neutrinos do not have to be rotated since they do not appear in the Yukawa interaction.

*Since Yf are diagonal the Lagrangian is flavour diagonal.
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MB, the interactions of the SM fermions in the FB of Eq. (2.4) are given by (omitting the SU(3).
interactions, which we discuss in Section 2.4)

L St (Yo B+ SW° ) up +dy, (Yoo B—SW) di, + iy (Yag'B) ufy + diy (Yag' B) diy
+a, (Yeg B+ Sw7) e+ (YLg’E ~ W) v+ (Yeg B)

4—7uLWV+ L—I-TdZW UL+\7 LW+6L+7€LW v

— ﬁyjjdll/d‘;% — EYU?]@ZLU‘}% \/§YZJ€L€R =+ h.C.

(2.26)

The first two lines correspond to the 5, Wi’ neutral currents (NCs) of quarks and leptons, respec-
tively. The charged currents (CCs) of quarks and leptons in the third line are already expressed
in terms of the W/jt = 1/V2 (Wﬁ F 2W3) bosons. The last terms correspond to the Yukawa
interactions after EWSB. In the FB, the interactions of the fermions with the gauge bosons are
flavour diagonal, but the Yukawa terms are non-diagonal. In order to go to the MB, the diago-
nal Yukawa matrices are introduced according to Y; = U f?fK } together with the rotations of

Eq. (2.24). The effect of this rotation on the neutral currents is as follows’
_ . _ i . _ .
A > dyYoBdy, — i, (UYoUa) " Bd), = diYoBdy,,
Se D dnYyBdh, — &b (K;Yde>” Bdl, = A Yy Bdi, | (2.27)
e D dyWdy, — &y, (UjUa)” Widl, = dywia,

where we have considered the down quarks, with the analogous results for the up quarks and
leptons. We see that the neutral interactions are unaffected by the rotations of Eq. (2.24) and
remain flavour diagonal in the MB. While the Wg interactions (last line of Eq. (2.27)) are trivially
unaffected by the rotation, for the B, interactions (first two lines of Eq. (2.27)) this is a conse-
quence from the fact that the SM hypercharges Yy are flavour universal, that is, the same for
each of the three generations of each fermion family”. Mathematically, and with explicit flavour
indices, this means

Yfij|hypercharge = YfHSXS Vf = Q7 u, d7 L, €, (2'28)

where the subscript hypercharge is to clarify that we are refering to the SM hypercharges and not
to the Yukawa matrices. Therefore, the rotation matrices Uy, Ky commute with the hypercharges
and the NCs remain flavour diagonal in the MB. As a result, flavour-changing neutral currents
(FCNCs) are forbidden in the SM. FCNCs are processes in which a quark changes its flavour
without altering its electric charge, mediated by neutral particles such as the Z,,. We just showed
that in the SM such processes are not possible (at tree-level), due to the flavour universality of
the hypercharges. This is not necessarily the case for NP models, and in Part II of this thesis we
will consider a BSM model in which the new charges are not flavour universal, which allows for
tree-level FCNC interactions. For the quark CCs, the rotation to the MB modifies the Lagrangian
according to

Zee D iVVJFI_LZ.LVM &) + iW’Ji (VT )ijuj (2.29)

V2 kML T 5 L\Vexm) "YU .

'Kinetic terms are invariant under the rotations of Eq. (2.24).

*1f this were not the case, the SM would be anomalous.
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where Vegm = UJUd is the Cabibbo-Kobayashi-Maskawa (CKM) matrix. Unlike for the NCs,
the charged interactions exchange up and down quarks of distinct flavour with [11]

Vadl  |Vas| Vi 0.97435 0.22500 0.00369
Vexm| = | Vgl [Ves| [Vl | = | 0.22486  0.97349 0.04182 | - (2.30)
Vial  [Vis| Vi 0.00857 0.04110 0.99911

Note that the matrix is close to unity in the diagonal entries Vj; ~ 1, while V;; < 1. Itis
instructive to write the CKM matrix in the Wolfenstein parametrisation [11]

-5 A AN (p—in)
2
Vekm = )\ 1— % A2 + O\ (2.31)
AN(1—p—in) —AN? 1

with A = 0.22453 4 0.00044, A = 0.836 + 0.015,p = 0.12270918 5 = 0.35575:01%. This
parametrisation elegantly reveals the hierarchical structure of the CKM matrix: its diagonal el-
ements are of order one, while the smallest off-diagonal entries appear in the upper right and
bottom left corners. Thus, unlike FCNCs, flavour-changing charged currents (FCCCs) are possi-
ble in the SM, with the CKM controlling their strength. Crucially, the parameter 7, corresponding
to the CKM matrix complex phase, is the source of CP-violation in the SM. Finally, the quark-
gauge boson interactions and quark masses in the MB read

B :ﬁZHJZ“ +eA,JY, — (deLdR + mytrur + L < R)
W
A o A b (2.32)
€ —1 7, -7 1 T
v T Wiag VI, + Wrdiyt (V) |

where we have introduced the Z,,, A, bosons with the Weinberg rotation of Eq. (2.18), and the
flavour diagonal NCs are given as follows

Tha = Qi (Q"Q" + Uy uly + dpdi) = J) + J)

Jf = COSGwJE _ o WJB[
cos Oy (2.33)
. 1. 1 .
Ji=QTQ = Supy"uy — Sdpy"dy,

i = QYoy"Q" + RYunuf + dpYuyd

In the lepton sector, the situation is similar but the key differences are that there is only one
Yukawa term and that no RH neutrinos are present in the SM. As we have seen, after rotating to
the MB according to Eq. (2.24) the NCs remain flavour diagonal, since the lepton hypercharges
are also flavour universal. But for the charged interactions

g i + P g . _ I

Lo D =AW UYe) + ¢, uhiy? 234
where Upyns = U;f U. is the Pontecorvo—-Maki-Nakagawa-Sakata (PMNS) matrix, which arises
after rotating ey, according to Eq. (2.24) and v;, — U,vr. The PMNS matrix is the leptonic

analogous to the CKM matrix in the quark sector. But since no neutrino mass term is present in
the SM, the U, matrix can be freely taken to be U,, = U, such that Uppns = L. Therefore, in the



2.4. Quantum Chromodynamics 13

SM no PMNS matrix arises because there is no neutrino mass matrix to diagonalise, and there
is no mismatch between the neutrino flavour and mass basis. Consequently, flavour-changing
processes in the lepton sector are not induced, and the lepton-gauge boson interactions and
fermion masses

e
L = 7 Z,J?" + eA,JE — (meérer + L > R)
e S . . (2.35)
+— (Wi Aate, + W e~y ] .
ﬁsin@w [ ”w L7 €L o LY L]

Despite this, the observation of neutrino oscillations [12] indicates that neutrinos must possess
small masses, with Z m, < 0.12 €V on the total neutrino mass [13]. Neutrino masses can
be generated through a Yukawa term upon including a RH neutrino in the SM, but to generate
a neutrino mass m, ~ 0.1 eV a tiny Yukawa coupling is needed, with Y, ~ 1072, This is
unnaturally small compared to the Yukawa couplings of other leptons like the electron, with
Y, ~ 1075 This brings up the possibility that a different mechanism generates the neutrino
masses. If the neutrinos are Majorana particles, i.e., their own antiparticle, a new mass term can
be written in the Yukawa sector

U IR
Lliawa = LY, Huly — ngD}fZ/g% + h.c. (2.36)

where v/, = Cvk, with C being the charge conjugation matrix. After EWSB, the corresponding
mass matrix is diagonalised for Mg > m = Y,v/V/2, which results in heavy my ~ Mg and
light eigenstates m, ~ m?/Mpg. This process is known as the seesaw mechanism, and explains
the smallness of the neutrino masses by assuming heavy RH neutrinos. The need for neutrino
masses implies the existence of BSM physics, with the possibility of having RH neutrinos and
mass generation mechanisms that differ from the SM Higgs mechanism. In this thesis we do not
focus on neutrino physics, but we note that it is a relevant topic for BSM physics, and we refer
the interested reader to Refs. [14, 15] for further details on the topic.

2.4. Quantum Chromodynamics

QCD is the theory of strong interactions, corresponding to the SU(3). gauge group of the SM
symmetry group of Eq. (2.1). The strong force is what binds quarks together to form protons,
neutrons, and other hadrons. It is the strongest of the fundamental forces, but only operates at
very short distances (on the scale of atomic nuclei). QCD contains eight gluons GZ, a=1,...,8
which mediate quark interactions, as given in Eq. (2.10). The leptons and Higgs are uncharged
under QCD and thus do not participate in its interactions.

In QCD, quarks and gluons have a quantum number called colour. Quarks transform under the
fundamental representation of SU(3). and come in one of three colours (red, blue or green),
and are represented as q,, where = 1,2, 3 is the colour index. Meanwhile, gluons carry a
combination of colour and anti-colour and transform under the adjoint representation of SU(3).,
with eight possible combinations of colour and anti-colour. In sections Sec 2.2 and Sec 2.3 we
have seen that EWSB results in the gauge bosons and fermions acquiring mass, and discussed the
flavour interactions in the FB and MB. We learned that FCNCs are not present in the SM, while
FCCCs are possible through the CKM and PMNS matrices (if neutrinos are massive). While
quarks come in different flavours, gluons are massless particles with flavour blind interactions.
The QCD Lagrangian reads

1 _ _ _ A
Zocp = —ZGA“”G,fV + Ga(id)4p6as — Mqlata + 9s0a® asT s | (2.37)
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where a, 3 are colour indices and T, are the SU (3 ). generators, as given in Eq. (2.11). No flavour
indices 4, j are explicitly written for QCD because the interactions are flavour independent and
thus the interactions are flavour diagonal. Notice that we have written an explicit mass term for
the quarks in Eq. (2.37), which corresponds to the mass term generated after EWSB, as discussed
in Sec 2.3. Moreover, the QCD Lagrangian is readily in the MB, as it is trivially invariant under
the rotations of Eq. (2.24).

QCD exhibits a particular property known as confinement. In nature, quarks and gluons are
never found in isolation, and are always confined in hadrons. This is because the strong force
becomes stronger as quarks move farther apart, making it energetically unfavorable for quarks
to separate. Additionally, QCD is asymptotically free, meaning that the theory becomes strongly
coupled at low energies, and weakly coupled at high energies. The reason for this behaviour is
that the 5(gs) function of QCD, which encodes the change of the strong coupling g5 with energy,
is negative. Indeed, at 1-loop

dgs g (11 2
) = =——2 (=N, —SNs), 2.38

where V. is the number colours, N the number of flavours and p is the energy scale. Since in
the SM N, = 3, Ny = 6, the beta function is negative 3(gs) < 0 and g, grows (decreases) at low
(high) energies. Asymptotic freedom renders perturbation methods viable for describing high
energy scattering, while low energy effects are non-perturbative and encapsulated in quantities
such as parton distribution functions (PDFs) and hadronic matrix elements. The factorisation of
high and low energy contributions in QCD amplitudes is a cornerstone of the theoretical frame-
work underpinning hadronic processes, which provides the foundation for precision predictions
in high-energy experiments.

In Part III of this thesis we are going to extend the SM with a new heavy scalar particle, the LQ.
This NP setup mediates quark-lepton interactions, which are not present in the SM. We will con-
sider the LQ to be charged under SU(3). so that it interacts with quarks and gluons. Therefore,
the SM QCD Lagrangian of Eq. (2.37) will be modified accordingly and we will consider the QCD
corrections for a specific process. These QCD corrections are essential for ensuring precision in
theoretical predictions [16]. At the heart of many BSM models, including those involving scalar
LQs, are processes that are sensitive to strong interactions. In such models, the associated QCD
corrections modify the observables of these processes. Without these corrections, predictions
could be off by significant margins, undermining comparisons between theory and experiment.
For instance, at particle colliders, where high energy interactions between protons or heavy ions
occur, accurate theoretical models that include QCD corrections are critical for extracting mean-
ingful experimental results, particularly when looking for deviations from SM predictions that
could indicate the presence of NP.

2.5. Flavour as a Guide for New Physics

In the previous sections we have established that FCNCs do not occur in the SM. On the other
hand, FCCCs arise in the quark sector via the CKM matrix, as dictated by the interactions in
Eq. (2.32). While FCNC processes are forbidden at tree level, they can still occur at loop level
through interactions involving the Wlf bosons. Loop amplitudes are suppressed by a factor of
1/(4)?, making them much rarer than tree-level amplitudes. Furthermore, the CKM matrix pro-
vides an additional suppression: the off-diagonal elements that connect different quark flavours
are typically small, particularly for transitions involving quarks from the 1-3 generations. This
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Figure 2.1.: Feynman diagram depicting the SM contributions to the B, mixing.

is evident from the values of the CKM matrix elements, as seen in Eq. (2.30). Another impor-
tant source of suppression comes from the Glashow-Iliopoulos—Maiani (GIM) mechanism [17],
which stems from the fact that FCNC amplitudes are proportional to the differences in the quark
masses involved in the loop ~ (mg — mg/) /m3;. This is because if all quarks in a given sector
were degenerate, then there would be no flavour changing Wj interactions’. Concretely, FCNCs
in the down (up) sector are proportional to mass-squared differences between the quarks of the
up (down) sector. Consequently, the GIM mechanism fails for down sector transitions whenever
contributions of the top quark dominate in the loops because m; > myy, while it further sup-
presses up-type FCNCs because m s, << myy. Schematically, an amplitude for a FCNC process
in the SM scales as

my —mg,

miy

where my, m, are the masses of the quarks in the loop. As an example of the FCNC suppression
in the SM we consider B, mixing, which we will study in Part III in the context of scalar LQs.
B, mixing is the process in which a neutral B meson (composed of b, s quarks and written as
B, = bs) oscillates between two different states: a By meson and its antimeson Bs. This is
a FCNC process in which the b and s quarks change flavour, and thus in the SM the process
occurs via 1-loop box diagrams with four CKM insertions, as shown Figure 2.1. The B; mixing
amplitude in the SM reads (assuming m,, = 0) [18-20]

4

AR, 00 G (VigVia)? S(00) 4 2V Vis Vi Ve S (s ) + (Vi Ves)? S(2:) ) (O) + (2:40)
W

A ~ loop suppression x CKM suppression X GIM mechanism , (2.39)

where (O) is the tree-level matrix element of O = (ba7, PrSa) (bg7v" Prsg), and S(x;), S(;, z;)
are the Inami-Lim functions [21] with z; = m?/m,, and the unitarity of the CKM matrix has
been used to substitute V%, V,,s = — V5 Vys— V3 Vis. The CKM factors in Eq. (2.40) all scale as A* in
terms of the Wolfenstein parameter, see Eq. (2.31). Therefore, since S(x¢) > S(x., x) > S(xc)

we can approximate
4

AR b, g (Vi) S(@)(O) (241)
rendering the top quark as the leading contribution, for which no GIM mechanism occurs because
x; ~ 4. Of course, the amplitude is still loop and CKM suppressed, with V;5V;s ~ A% This
behaviour is found among all FCNC processes in the SM. For example, the D° = ¢ meson mixing
is dominated by the strange quark according to (V,,sV%)%zs ~ A?2,. Notice that although m;, >
mg, this is not enough to compensate the smallness of the V3, Vi, CKM elements. As another
example, the K* = 5d mixing is dominated by the charm quark with (V.4V.%)?z, ~ A?z.. In
general, the CKM factors in any FCNC amplitude appear as

Ao o Z riF(z;) or A o Z kik; F(zi, xj), (2.42)

i=u,c,t i,J=u,c,t

'Indeed, for degenerate masses the rotation Uy, U,, matrices of Eq. (2.24) that diagonalise the Yukawas can be freely
chosen so that the CKM reduces to the identity, Vexm = 1.
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Figure 2.2.: Feynman diagram depicting the BSM contribution to the B, mixing, with the NP
field depicted in blue.

where k; are the corresponding CKM contributions (k; = V;;V;s for B, mixing, see Eq. (2.40)).
The first (left) possibility of Eq. (2.42) corresponds to two CKM insertions; this is the case for
processes such as the penguin mediated b — sv, which scales as Vi Vya; ~ A2z;. The second
option, with four CKM insertions, is precisely the one of meson mixing. From Eq. (2.42), we
conclude that if the quarks are degenerate, the unitarity of the CKM matrix sy + k¢ + k¢ = 0
implies the vanishing of FCNC processes, and the GIM mechanism is exact. In summary, in the SM
FCNC processes are suppressed due to the specific flavour interactions (forcing loop amplitudes),
the quark masses (m, < my, ¢ # t) and the smallness of the CKM elements. These features are
particular to the SM, and do not necessarily hold in NP models. Let us assume a NP model with
tree level down-type FCNCs. In this scenario, B mixing is given by the diagram in Figure 2.2,
where the blue line indicates the new BSM field coupling to b, s quarks at tree level. Under this
assumption, the B mixing is not loop suppressed nor CKM suppressed. Therefore, ABSM " p, can
compete with the SM contribution A . In other words, FCNC processes are sensitive to NP,
and are a mechanism to study and potentlally discover BSM physics.

Historically, flavour physics has proven its success in developing the SM. The GIM mechanism
explained the suppression of FCNCs and predicted the existence of the charm quark—which was
experimentally validated at Stanford Linear Accelerator Center (SLAC) and the Brookhaven Na-
tional Laboratory during the so-called November Revolution of the early 1970s. Subsequently,
the observation of CP violation in the Kaon system posed a significant challenge to the existing
framework of weak interactions. Initially, flavour mixing was described by the Cabibbo angle,
which accounted for transitions between the down and strange quarks in a two generation model.
However, the presence of CP violation indicated that a two generation SM could not accommo-
date the necessary complex phase that would allow for CP violation in the decay processes. This
was solved by extending the SM to include a third generation, with the formulation of the CKM
matrix. This framework was later corroborated by the discoveries of the bottom and top quarks.

One of the main topics in BSM physics is that of DM [22]. DM being a new particle not present in
the SM is one of the most widely discussed possibilities, with many proposed candidates such as
axions, dark photons and sterile neutrinos. These models typically assume a weakly interacting
particle coupled to the SM, rendering DM elusive and difficult to detect in its nature. In Part II
of this thesis we are going to study a generic model encompassing dark photons and Z’ mod-
els [23-25], and we will show that flavour physics sets very stringent constraints on the model.
Another promising NP model are scalar LQs, which we consider in Part III. LQs [26] are attrac-
tive candidates for BSM because they provide a direct connection between the quark and lepton
sectors—two areas that are otherwise treated as fundamentally separate in the SM. As hypothet-
ical particles carrying both baryon and lepton quantum numbers, LQs naturally arise in various
unified theories such as Grand Unified Theories (GUTs) [27-29]. One of the most compelling
motivations for considering LQs is their potential to account for anomalies observed in flavour
physics experiments. For instance, deviations from lepton flavor universality in rare B meson
decays [30], as reported by experiments like LHCb and Belle, suggest the presence of NP that



2.5. Flavour as a Guide for New Physics 17

T T T T T T T T T T T T T T T T T T T T T
Gen 3 - o7 oh ot |
Gen 2 |- s @ [ ec N
Gen 1 ec eu od -
Lol Lol Lol Lol Lol Lol L1l

1073 1072 10! 10° 10t 10?

Mass (GeV)

Figure 2.3.: SM masses for quarks and charged leptons. The first matter generation (1) is lighter
than the second one (2), which in turn is lighter than the third generation (3).

could be mediated by LQs. Additionally, LQs have been proposed as a possible explanation for
the discrepancies observed in the muon anomalous magnetic moment [31].

Other open problems in the SM and beyond include the observed imbalance between matter and
antimatter in the universe, known as baryon asymmetry, incorporating gravity into the frame-
work and the strong CP problem. For the former, the (three) Sakharov conditions [?] must be
fulfilled, and while the SM does include mechanisms that satisfy these conditions to some ex-
tent, they are insufficient to account for the observed baryon asymmetry and thus require BSM
physics. There are other issues within the SM itself, such as the flavour puzzle [32], which is not
a problem per se but an inquiry which might serve as a clue for the nature of the yet unknown
BSM physics. In the SM the fermion masses exhibit a clear hierarchical structure, in which the
first generation is lighter than the second one, and the latter is lighter than the third generation.
See Figure 2.3 for a representation of this structure. Moreover, the CKM matrix also presents a
hierarchical structure among generations, see Eq. 2.30. Since the masses and CKM matrix come
from the Yukawa interactions, why is there a hierarchical structure on the Yukawa couplings
when they all couple to the Higgs in the same manner? Notice that the Yukawa matrices are
independent of each other, and yet they show a similar hierarchical structure. This is certainly
not assumed to be arbitrary, and an explanation is expected.

Until now the discussion has focused on the quark sector, as it plays a central role in this thesis.
But leptons also offer the possibility to test the SM and explore NP models. As discussed in
Section 2.3, charged lepton flavour violation (CLFV) is not present in the SM because neutrinos
are massless. But since the observation of neutrino oscillations (corresponding to neutral lepton
flavour violation), it is known that neutrinos must possess (tiny) masses, and therefore a Uppns
matrix allows for CLFV processes such as i — e, which arise equivalently to the SM process
b — s with neutrinos in the loop and Uppns vertices. CLFV is therefore expected to occur but it
is yet to be observed, with current theory estimates of Br(y — ey) = 1074, which lies beyond
any foreseeable experimental reach, with the current limit at Br(y — ey) < 1072, The nature
of the mechanism giving mass to the neutrinos is of much importance in this research area (as
briefly discussed in Section 2.3), with BSM models typically allowing for CLFV. See Ref. [33] for
areview on CLFV.

There is no doubt that the SM is incomplete, and BSM physics can be studied and searched for
with flavour physics. Additionally, flavour allows to deepen our understanding of the SM itself,
with highly accurate measurements and predictions. It is the hope of the community that through
theoretical, phenomenological and experimental research, NP will be discovered and understood
in connection to the SM.






CHAPTER 3

Effective Field Theories

In this chapter we present a comprehensive review of the foundational aspects of EFTs in particle
physics. We begin with a broad overview in Section 3.1 that lays the groundwork for the sub-
sequent discussions. In Section 3.2, we introduce the weak effective theory (WET) framework
employed in Part III to address heavy new physics, whereas Section 3.3 is devoted to the EFT
approach applied in Part II for light new physics scenarios. For additional context and deeper
insights, we refer the reader to Refs. [19,34-36].

3.1. Overview of EFTs in Particle Physics

An EFT is a framework in which physical phenomena is described by its relevant DOF at a certain
scale, without the need to know all the details of the potentially unknown fundamental theory.
For example, although special relativity is a more fundamental description of reality than New-
tonian mechanics, slow moving objects follow to great precision Newton’s law. This is because
Newtonian mechanics is the v < 1 limit of special relativity. As another example, the vibration
of the atoms in a macroscopic object is too fast to affect at all the movement of the object, and
the movement of the object is too slow to affect at all the vibration of its atoms, so both physical
processes can be studied independently. Therefore, the key element to EFTs is the the role of dis-
tinct scales, where different physical phenomena are mostly independent of one another because
they operate at completely different scales. It is interesting to note that scale separation is very
natural and real in the physical world, for instance, engineers designing bridges rely on Newto-
nian mechanics without delving into QFT because quantum effects are negligible at macroscopic
scales. It is therefore most convenient to only work with the DOF that are relevant at a particular
scale, otherwise the problem becomes more (and unnecessarily) complex.

In particle physics, an EFT is defined by distance or energy scales, with the dynamics at low en-
ergies not depending on the details of the dynamics at high energies. This is guaranteed by the
decoupling theorem of Appelquist—-Carazzone [37], which states that the heavy DOF decouple at
energy scales much lower than their mass. By decoupling, it is meant that the contributions of
these heavy DOF are suppressed by inverse powers of the heavy scale (up to logarithmic correc-
tions). In essence, in the EFT approach any interaction respecting the symmetries of the theory
is included in the Lagrangian, which is given by a tower of operators where higher dimensional
d > 4 operators are suppressed by the large scale A

1
ZLyrr = Luv + Z Z WC’iOf . (3.1)

d>4 i
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Here, £y denotes the renormalisable part of the Lagrangian, with operators of dimension d < 4.
On the other hand, O¢ denotes a local operator of dimension d > 4, composed of the dynamical
DOF at energies below A, and the index ¢ runs over all possible operators of dimension d. The
couplings C; are the Wilson coefficients (WCs) and contain the short-distance contributions,
that is, the physics above A. The Lagrangian of Eq. (3.1) contains a series of effective vertices
multiplied by the effective coupling constants ;. This series is known as the operator prod-
uct expansion (OPE), and allows to separate the long-distance and short-distance contributions
through the operators and WCs, respectively. The Ofl operators are not renormalisable in the
traditional sense, meaning that the theory requires an infinite number of counterterms to cancel
the divergences from loop amplitudes. However, in the EFT framework this is not problematic
because higher-dimensional operators are increasingly suppressed by inverse powers of the large
scale A, which serves as the expansion parameter. Consequently, these operators are included
in the relevant Green’s functions only to the extent necessary for calculations to a specific order
in the 1/A series. According to this line of reasoning, above the EW scale the SM Lagrangian of
Eq. (2.4) can be extended to the Standard Model Effective Field Theory (SMEFT) [38]

1
ZLsmerr = Lsm + Z Z —— GO, 3.2)
d>4 i ANP

where Zsy is the (renormalisable) SM Lagrangian, extended with higher dimensional operators
of d > 4. In the SMEFT no further field content than the one of the SM (specified in Table 2.1)
is considered, and thus the (’);-1 operators are built out of SM fields. In this scenario, Anp is the
high energy scale at which BSM physics kicks in, which is still unknown but expected to be
around the TeV scale. This EFT approach allows for a controlled study of contributions from NP
above the EW scale, where lower-dimensional operators contribute more significantly at ener-
gies accessible in current experiments, and higher-dimensional operators contribute with smaller
corrections. In this manner, SM deviations are systematically studied in a 1/Axp expansion. On
the other hand, for processes below the EW scale, the W,,, Z,,, h bosons and the top quark are
integrated out of the SM. Then, the SM Lagrangian is reduced to the low—energy effective field
theory (LEFT)

L1ErT = ZQED+QCD + “LWET (33)

where Lyt is the weak effective field theory (WET) describing processes below the EW scale
that are purely or predominantly weak, as it is the case for FCNCs. The WET Lagrangian is given

by
LWET = — Z C;0;, (3.4)

where it is understood that O; are higher dimensional operators, in agreement with the second
term in Eq. (3.1). In this case, C; are dimensionful, as we have not factored out the high scale.
For practical purposes there is no loss in precision in using the WET for flavour physics rather
than the full SM, and it is computationally simpler. Therefore, even if the underlying theory of
a certain phenomena is known, EFTs can still be used and be helpful. The ‘bottom-up’ usage of
EFTs is for situations where the fundamental theory is unknown, such as the SMEFT. The ‘top-
down’ approach applies when the fundamental theory is known, and EFT is used to simplify
calculations or make them possible in the first place. A frequent and significant example of the
WET is given by the Fermi theory, which applies to energies well below the EW scale. Consider
the amplitude for the beta decay d — 7, + e + u, which according to the EW theory reads

(g , _ —igag
Apar = <\/§> Vud (tya Prd) (evygPrve) Zm (3.5
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which we label as full because in this example the EW theory is the fundamental/underlying
model. The momentum transfer satisfies > < my, — ¢*/m?, < 1 due to the small masses of
the fermions. Therefore, the W propagator can be expanded according to

L L@ +O(/m)) (3.6)
= _ — q°/myy) - .
q2—m%,[, m%{, m%v W

Keeping the first order term, the amplitude of Eq. (3.5) reads

. . 2
1 1
-Afull = % (\/%) Vud (EVQPLd) (évaPLVe) + O(qz/m%{/) . (3~7)

This amplitude can be reproduced with the following effective Lagrangian

4Gy
Lrermi = ——= Vud (0o Prd) (ey* Prve) , 3.8
F 3 Vud (WyaPrd) (ev* Prve) (3.8)
where GF is the Fermi constant (the WC for this EFT), and gives rise to the following amplitude
ford > v.t+e+u
AGF _ a
AFermi =1 Vud (u’VaPLd) (67 PLVe) . (3-9)

V2

In order for this amplitude to reproduce the full amplitude Ag,, the Gg constant is identified
with the EW parameters g, myy via the matching of the full and EFT amplitudes
2
_ . 2 2 V221

Afull — AFerml + O(q /mw) < GF = Sm‘%v = \/§v2 . (310)
Notice that the Fermi theory of Eq. (3.8) does not contain the W boson as a dynamical DOF, i.e.,
it has been integrated out. This process is depicted in Figure 3.1, and shows that the process
in the Fermi theory corresponds to a contact interaction with no propagating W. The Fermi
Lagrangian in Eq. (3.8) precisely looks like the WET one of Eq. (3.4), where Zfermi contains a
four-quark operator of dimension d = 6

Ogermi = (a’yozPLd) (é’YaPLVe) . (3.11)

This operator contains the relevant DOF at scales ¢* < miy, while the coefficient Gy ~ 1/m3,
depends on the W mass and encodes the high energy effects. Notice that taking into account
higher order terms in the W propagator expansion of Eq. (3.6), a tower of dimensionally in-
creasing operators is generated, which are further suppressed by powers of the high scale myy.
Indeed, at second order dimension-eight operators arise, which are suppressed by 1/ mﬁ/. Thus,
increasing the precision of the EFT comes at the price of an increasing number of operators that
have to be considered.

In this example' we have followed a top-down approach: starting with the EW theory we have
built the Fermi theory. While the Fermi theory is not strictly necessary—since the underlying
EW theory is already known—this example illustrates how working within the EFT framework
simplifies calculations while remaining valid for ¢*> < m3;. Historically, the development pro-
ceeded in the opposite direction: the Fermi theory was formulated before the SM and served as
a bottom-up approach to weak interactions. In this scenario, once the WCs are measured (i.e.,
the G¥F), the EFT can be tested by checking its predictions over a range of observables. On the

"The B, mixing process considered in Section 2.5, given by Eq. (2.41), can be recovered with the EFT £, mixing =
—G3% /27 (V3 Vis)? CO where O = (bay,Pr5a)(bsy" Prsg) and via matching C = miy S(x¢). Thus, as in the
Fermi theory, for the B, mixing the EFT (at first order) is described by dim-6 operators.



22 3. Effective Field Theories

U d

q? <<m%v \v/
ws | KSR o
/\\Ferml

e Ve

e Ve

Figure 3.1.: Feynman diagrams for the d — ¥, + e+ u process in the EW (left) and Fermi (right)
theory. At ¢° < m%/v the W boson is integrated out and the process is given by
a contact operator O3, . in the Fermi EFT.

other hand, if the underlying theory is known (or assumed), the parameters of the UV theory
are explicitly contained in the WCs. This latter situation is precisely the one of the Fermi theory
example. Since Gy is matched to the EW parameters, and concretely to the mass of the W, by
measuring G one can infer the mass of the W to be at the GeV scale. Of course, this was later
successfully proven to be the case. Therefore, while EFTs do not contain the heavy DOF as dy-
namical fields (that is, not partaking in the O; operators), the WCs depend on the parameters of
the heavy states and thus the EFT carries “imprints” of the UV theory.

3.2. The Weak Effective Field Theory and Heavy New Physics

Below the EW scale the SM is broken down to the SU(3). X U(1)em group. At such scales the
EW bosons and the top quark are not dyamical DOF, and are integrated out of the theory. As
previously stated, the EFT describing processes below the EW scale is the LEFT, which contains
QCD, QED and the WET. For the latter, its dynamics are described by the effective Lagrangian

LwET = — Z Cl(,u)Ol . (3.12)

In this Lagrangian, the WCs contain the high scale suppression according to C; ~ 1/A%™4,
where A is typically a function of the masses and couplings of the heavy states (myy, g in the
previous Fermi theory example). Crucially, the WCs depend on the energy scale p at which the
EFT is applied since distinct particles are integrated out at different energy scales, and the WCs
contain the physics contributions from energy scales higher than . The p scale corresponds to
the renormalisation scale, as it is through the renormalisation procedure (whih we discuss in the
next paragraphs) that the ;1 dependence of the theory is studied. Therefore, an amplitude for a
i — f process is given by

Al — f) = Z@(u) (f10: i) |- (3.13)

In this manner, the OPE allows to separate the short distance contributions, corresponding to
Ci(u), from the long distance contributions corresponding to the hadronic matrix elements (f|
O; |#). The matrix elements also depend on the energy scale i, as they contain the physics be-
low the p scale. The WCs are computed perturbatively, for as long as p is not too small QCD
can be treated perturbatively due to asymptotic freedom. On the other hand, matrix elements
are non-perturbative and other techniques must be used. Of particular significance are lattice
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QCD calculations and sum rules. While these methods are not explicitly employed in this work,
several hadronic matrix elements used in this thesis are taken from various collaborations that
rely on these techniques. Crucially, the amplitude .A computed within the EFT framework must
be independent of the renormalisation scale ;. This requires the p-dependence of the WCs to
exactly cancel the p-dependence of the hadronic matrix elements.

The 1 dependence of the EFT is studied through the renormalisation of the theory. This method
absorbs ultraviolet (UV) divergences from loop diagrams into the unrenormalised parameters
(couplings, masses, etc) of the theory, known as bare parameters, through the renormalisation
factors (Z). This procedure ensures that physical observables remain finite and well defined.
In carrying out this technique, the parameters obtain a ;1 dependence and the evolution of the
parameters as a function of p (called running) is given by the renormalisation group equations
(RGEs), which encapsulate the quantum corrections across different scales. Additionally, the
running enables for the resummation of large logarithms' such as In(x/A), which arise when
there is a significant scale separation between p and the high-energy scale A. As an example of a
RGE, in Section 2.4 we discussed the beta function (gs) of the strong coupling, which dictates its
1 dependence. For the WCs, the i dependence is captured by a RGE governed by the anomalous
dimension matrix (ADM). In order to define the ADM, we introduce the operator renormalisation
according to

O? = ZijOj , (3.14)
where the superscript 0 indicates the bare operator, and Z;; is the renormalisation factor, which
is a matrix in operator space’. Note that Z;; is independent of the high energy theory, as it
is a genuine factor belonging to the EFT. Thus, once Z;; is computed, it can be used for any
underlying theory which is described by the EFT under consideration. The ADM is found from
the renormalisation factor according to (in matrix notation)

dz Q@ AN
—_ g1 — 5.0 bt 2 VI C DRI .
i dlogu i) + <47r) T (315)

where v is the 1-loop ADM, ~1) is the 2-loop ADM and so on. There is some arbitrariness
in the definition of the Z factors, which are fixed by the choice of a renormalisation scheme. In
this thesis we consider the minimal subtraction scheme (MS), in which only the poles (~ 1/¢)
are subtracted. Expanding the Z factor of Eq. (3.14) in the strong coupling and using Eq. (3.15),
we find

s 1
Zij = 6ij + Z—WzéZij +0(a?) — 'y-((-)) = —207;;, (3.16)

v

where we have used the QCD beta function do/dlogpu = —2eas + O(a?). Crucially, the
Z factor contains the quark field renormalisation as well as the vertex corrections to the EFT
operators. For four-quark operators (such as the operator of Eq. (3.11) in the Fermi theory),
Z = Zq2 7' where Z4 is the quark field renormalisation ¢ = v/ Zqq) and Z ' is the genuine EFT
renormalisation factor. After expanding Z,, Z’ in the strong coupling we find

W) = 2075 = ~2(262,0,; + 6Zl;) with 0Z, = —¢Cp, (3.17)
where ¢ is the R¢ gauge parameter. The ADM dictates the running of the WCs’ through the RGE

dcC;

= 7Cj . (3.13)

'Specifically, the logarithms that appear from QCD radiative corrections are of the form a2 (logA/u)™ withm < n =
0,1,2,... The leading log (LL) resummation takes care of the m = n logarithms, while the next to leading log (NLL)
takes care of the as (aslogA/p)"™ terms.

“This means that loop amplitudes from the insertion of a O; operator are proportional to other operators O; with
i # j, i.e., there is operator mixing. In Section 9.1.1 we will explicitly see this.

*The WCs are renormalised according to Cf = Zj_iIC’j, so that the bare and renormalised Lagrangian are equal.
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Initially, the EFT is constructed by integrating out heavy DOF at a high energy scale pp, and
the WCs are determined through a matching calculation, where the amplitudes of the full theory
and the EFT are equated (recall the Fermi example). The WCs are then evolved using the RGE of
Eq. (3.18), which governs the running from the high-energy scale down to lower scales through
the ADM. In some cases, when new DOF become relevant at intermediate scales, the theory
must be re-matched by integrating out additional heavy particles, and the WCs are recalculated
at this new scale. This procedure of successive matching and running allows the EFT to remain
valid at lower energies, ultimately leading to the determination of WCs at the relevant low-
energy scale, where physical observables can be computed. Through this approach, EFT provides
a systematic way to connect high-energy physics with low-energy observables, ensuring that
quantum corrections and operator mixing are properly accounted for across different scales. At
leading order (LO) the differential equation Eq. (3.18) is solved with

0)T

s(A) 287 .
Cp) = (Zi/ﬁ) ’ C(A) with [y=11-— %NF, (3.19)

where we have used the definition of the QCD beta function to first order, 5(c;) = —2a23 /4.
Generally, the evolution of the WCs is given by

C(p) =U (A, p) C(A), (3.20)

where the evolution matrix U (A, ;1) takes a more complicated form [19,39,40]. In Part I1I of this
thesis we employ the WET framework to describe the B, mixing process, which was introduced
in Section 2.5 within the context of the SM. Due to the low energy scale at which neutral meson
mixing occurs, the SM EW particles (W, Z, Higgs, and top quark) are treated as non-dynamical
DOF and integrated out from the action. We will consider a full (fundamental) theory consisting
of scalar LQs, which mediate the B;-mixing through box diagrams as in the SM, but with LQs in
the loop instead of W bosons. Crucially, the LQs are taken to be heavy new physics (HNP) states
above the EW scale, and are also integrated out from the theory. FCNCs are then mediated by
four-quark WET operators of dimension six or higher (see, e.g. [41]), where the dynamical DOFs
are SM quarks (excluding the top).

3.3. Effective Field Theory for Light New Physics

In the previous sections we have discussed EFTs with the notion that NP and/or the underlying
theory is composed of heavy states which are integrated out in the EFT. This is the case for
the SMEFT, as the Anp scale is above the EW scale where BSM physics is expected, and the
dynamical DOF are the SM fields. The WET follows the same concept since the underlying
theory, the EW sector of the SM, is composed of particles with masses above the typical scale
for FCNCs. Additionally, if considering heavy BSM modes such as scalar LQs, these particles are
also integrated out of the EFT at £ < myy. Therefore, no BSM particles have been considered
as dynamical DOF because they lie at or above the EW scale.

Another possibility is that NP particles are light and weakly coupled to the SM. This scenario is of
particular interest because so far no new particles have been found above the EW scale, and they
arise in distinct situations. Examples include sterile neutrinos and axions, which naturally appear
in the SM. They are attractive models for DM and albeit weakly coupled, the models are tested
in precision experiments for processes such as meson decays, where small deviations from SM
predictions can provide evidence of NP. The LDV, which we study in Part II, is a model in which
the SM is extended with a new boson V/i’ taken to have a mass below the EW scale my ~ O(1)
GeV.
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Under these assumptions and unlike for heavy states (e.g. LQs), new light particles (e.g. LDV5s)
are dynamical DOF and thus part of the EFT operators Of. The EFT approach is no different
than discussed before, but unlike the previous EFTs where new (heavy) particles are integrated
out, low energy EFTs may include new light states that are not part of the SM and can directly
contribute to physical observables. Just as before, EFTs provide a framework to study the low
energy effects of NP without requiring detailed knowledge of the UV complete theory, as it is
understood that certain parameters, such as the masses of the new particles, can be generated
from an unknown high energy theory. The EFT Lagrangian for light new physics (LNP) includes
both (the relevant) SM operators and new operators involving the BSM light states, organised in
a power series suppressed by a high-energy scale A

1

AN = Lsm + Lhew + Z Z WC@'Of , (3.21)
d>4 i

where £y includes the kinetic terms and interactions of the new particles, and (9;-1 are the
operators containing the interactions of SM and BSM fields while respecting the symmetries of
the model. With this approach, EFT provides a framework that captures the physics of a wide
range of UV complete theories in a model independent way, offering a systematic way to explore
NP at low energies.






CHAPTER 4

Conclusion

In this first part of the thesis we have reviewed the key elements of the SM to motivate and un-
derstand the upcoming two parts. We have explained the specific flavour structure of the SM,
which implies that FCNCs are suppressed and serve as probes for potential NP. In Part II we will
consider a BSM setup consisting of a LNP vector boson, the LDV, with a mass well below the
EW scale. Therefore, the theory is given by an EFT with the NP field being a dynamical DOF
coupled to SM fermions, as discussed in Section 3.3. It will be of special importance to recall the
discussion of Section 2.3, where the rotation of the SM interactions to the mass basis is accom-
plished according to the field redefinitions of Eq. (2.24). Unlike for the SM, we will see that such
a rotation can potentially generate tree-level FCNCs between the LDV and SM fermions. The
model will be constrained using the phenomenology of two-body decays, where experimental
bounds are taken from distinct experimental collaborations while the theory calculation neces-
sitates non-perturbative hadronic matrix elements. Additionally, we will study how the RGEs of
the couplings can generate FCNC interactions via running from the high to the low scale. Finally,
we will consider the unitarity bounds which historically were applied to the SM, as we briefly
discussed at the end of Section 2.2.

In Part Il we will consider a HNP model consisting of scalar LQs. We will study the B; mixing
process, which we introduced in Section 2.5 in the context of the SM. Since we assume the LQs
to have masses above the EW scale, the processes is described by the WET through dimension-
six four-quark operators, discussed in Section 3.2. We will compute the ADM and perform the
next-to-leaing order matching in g between the EFT (corresponding to a 1-loop calculation) and
full theory (corresponding to a 2-loop computation). We conclude the thesis with an exhaustive
analysis of 1-loop calculations for four-quark operators, where we employ and examine a method
that requires particular care of the Dirac algebra.

Therefore, in this thesis we study both a LNP (the LDV) and a HNP model (e.g., LQs). Figure 4.1 il-
lustrates how NP can be organised in the mass—coupling plane. Traditionally, much of the effort
in collider physics has focused on the upper-right region of this plane, where NHP with siz-
able couplings are expected. Past experimental findings and theoretical expectations motivated
searches for BSM physics in the hundreds of GeV to multi-TeV range, where large couplings
would yield prominent signals. However, many portions of this parameter space have since
been excluded by high-energy experiments such as those conducted at the LHC. In contrast, the
lower-left region, which corresponds to LNP with feeble couplings, has only recently attracted
significant attention. Often referred to as the “intensity frontier” or the “dark sector”, this region
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Figure 4.1.: Parameter space of couplings and masses for BSM models, where it highlights HNP
(top right) and LNP (bottom left). Figure taken from [42].

remained largely unexplored by traditional colliders that were optimized for heavy resonances.
As a result, novel experimental approaches—including beam-dump experiments, fixed-target se-
tups, and precision measurements—are now being developed to probe this largely uncharted
territory. Together, these two extremes define the modern frontier in searches for BSM physics.
It is the aim of this thesis to study two models belonging to the two different regions in Figure 4.1,
and illustrate the current progress and challenges in the search for NP.



PART II

Light New Physics

In this second part of the thesis we study light NP. Concretely, the model under consideration is
that of a LDV, i.e., a massive neutral boson V;i added to the SM with a mass well below the EW.
In Chapter 5, we use the low-energy EFT approach as discussed in Chapter 3, and introduce two
types of FCNC interactions between the LDV and SM fermions. In Chapter 6, we constrain the
FCNC couplings of the model by comparing the experimental data with the theory prediction for
the rates of two-body meson, baryon and lepton decays. In Chapter 7, we use the theoretical tool
of perturbative unitarity for 2 — 2 processes and further analyse the model by distinguishing
amplitudes that grow with energy, leading to a unitarity bound, from those that do not, which
instead give a perturbativity bound.






CHAPTER 5

Light Dark Vectors

In recent years, light new particles interacting very weakly with the SM have gained increased
interest. The so far negative results on searches for heavy particles above the EW scale at the
LHC and high-intensity experiments have increased the interest in less explored scenarios, with
additional DOF beyond the SM with masses at sub-GeV scales. Such particles can be motivated by
dynamics addressing the Strong CP Problem (in case of the QCD axion) or the origin of neutrino
masses (in case of sterile neutrinos), but probably the main motivation is the possibility that such
light particles could be connected to the origin of particle DM [22,43].

In this context a popular scenario is the dark photon [23,44], which is either itself DM or is the
only mediator (“Vector Portal”) between the SM and a hidden “dark sector”, which contains one
or several DM particles [45,46], see Ref. [24] for a review. The term “dark photon” usually refers
to a light vector particle coupled to the SM only via kinetic mixing or dipole operators and that
is often taken as the only new DOF. Instead, the term Z’ is typically reserved for the vast model
space of theories of gauged U(1)’ extensions of the SM, where also a complete Higgs sector for
U(1) breaking is explicitly present, besides additional matter needed for anomaly cancellation,
see, e.g., Ref. [47] for a classification. While the Z’ vector boson is often taken to be heavy, with
a mass much above the EW scale, this particle can also be much lighter. The resulting coupling
patterns are often related to the underlying UV symmetries, see, e.g., Refs. [48-51], and can
leave imprints in low-energy phenomenology/anomalies in current data, e.g., in (g — 2),, [52] or
in low-energy QCD [53]. Beyond perturbative models, light vector particles can also be in the
spectrum of light resonances of low-energy, dark strongly coupled sectors, see, e.g., Ref. [54].
To encompass all these cases, we employ the term “light dark vector” (LDV), which is a massive
vector boson with mass much below the EW scale, with sufficiently suppressed couplings to SM
particles such that it is stable on collider scales.

In this first chapter of Part II, we introduce and motivate the LDV model that we study later in
Chapter 6 and Chapter 7. In Section 5.1 we introduce the kinetic mixing, that is, the interaction
that acts as the “portal” between the visible (SM) and dark sector (DS). In Section 5.2, we explore
the connection between the Stueckelberg and Higgs mechanisms, which can generate the LDV
mass. In Section 5.3 and 5.4 we introduce the interactions between the LDV and the SM fermions,
motivating the generation of tree level FCNC couplings between the LDV and the SM fermions. In
Section 5.5, we focus on some possible UV models that motivate the low-energy (renormalisable)
interactions. Finally, in Section 5.6, we discuss the possibility that FCNC interactions between the
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Figure 5.1.: Feynman diagram depicting the generation of kinetic mixing between the B boson
and LDV V' via a fermion loop.

LDV and the SM fermions are generated from the 1-loop RGEs via the running of the couplings
from the high to the low scale.

5.1. Light Dark Vectors with Kinetic Mixing

Consider two gauge bosons B,, and V/i associated to two gauge groups U(1) and U(1)’, respec-
tively. The corresponding kinetic Lagrangian takes the form

1

gkinetic = - 4

1
BB — Vi,V %BWF’“” : (5.1)

where the last term is the kinetic mixing (KM) [23] between the field strength of B, and V;:
Zm = _EBWJVWV . (5.2)

Notice that this is a renormalisable dimension-four operator which respects the symmetries of the
theory. Phenomenological constraints on the KM parameter € dictate that it remains extremely
small over a broad range of mass scales [24,55]. In particular, astrophysical observations—such
as limits from stellar energy loss and supernova cooling—as well as cosmological data impose
upper bounds on € that can be as stringent as e < 1072 for very light V’. In the MeV-GeV mass
window, where LDVs are often probed via beam-dump experiments, rare meson decays, and
fixed-target searches, € is typically restricted to values on the order of 1073~107*. For heavier
LDVs, EW precision measurements and collider experiments further limit € to be at most a few
percent, with many models favoring values near 10~~10~2. These small values of ¢ naturally
emerge if one considers the KM to be a loop induced effect, inherently suppressed by a factor of
1/(1672). This is exemplified in Figure 5.1, where a heavy fermion charged under both U/ (1) and
U(1) generates the KM at 1-loop as given by [56,57]

2

99D m;

€= 162 g qiqglog—lﬂZ ) (5.3)
i

where g, gp are the U(1),U(1)’ couplings and ¢;, g; the charges of the fermion under U(1) and
U(1), respectively. Some other relevant examples for the generation of the KM include string
theory and supersymmetric theories [58-60]; see [61] for a review with different models. In
this work we do not specify the origin of the KM, for our purposes it suffices to notice that the
KM is a dimension four operator respecting the symmetries of the model and thus allowed in
the theory, and we simply consider it as given in Eq. (5.2) without loss of generality in our low
energy approach.

The importance of the setup lies on the fact that it is a relatively simple model with potential
implications for DM and BSM models [62], typically referred as dark photons or hidden photon
models. The KM acts as a vector portal connecting fields charged under different gauge groups,
connecting a “visible sector”, composed of SM fields and neutral under U(1)’, and a NP dark
sector charged under U (1)’ but neutral under the SM.
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Let us consider the scenario in which the neutral vector V/: is added to the SM'. Before EWSB,
the EW gauge sector Lagrangian for SU(2), x U(1)y x U(1)’ reads (see Section 2.2)

1

1
2

+ (D H) (DMH) + m2HTH — A (HTH) ,

1 i
BuB" = SV, V' + TV 4 By

1
L= W, W — Vit

(5.4)

where the first line includes the kinetic terms of the W, B, and Vu/ bosons, as well as the KM
between the hypercharge boson B, and V;i, as given in Eq. (5.2). Notice that we have included a
mass term for V!i (with my < vgw), which can be generated from the breaking of U (1)’ with
a dark Higgs or from the Stueckelberg mechanism [65-68], and is decoupled from the SM Higgs
sector. We discuss the Vé mass in the next Section 5.2. The KM in the Lagrangian of Eq. (5.4) is
diagonalised by the following rotation

v’ t 0 v’ 1
- a with t= —— (5.5)

B, —et 1) \B, Vi-e’

which reduces to the shift B,, — B, — eVli at O(e)’. We must now take into account the EWSB
of the SM group SU(2), x U(1)y which generates the masses of the EW bosons, as described
in Section 2.2. After diagonalising the KM, the covariant derivative of H takes the form

Dy H = 8,H — igWir"H — %g’ (By —etV!) H, (5.6)

which is shifted in the last term with respect to the SM one, see Eq. (2.16). After the Higgs

acquires a VEV and is parametrised in the unitary gauge according to Eq. (2.15), the gauge boson
quadratic terms in (D, H)"(D* H) read

(5.7)

2,2 / / 2
g-v 1\2 2\ 2 g 3 Etg
(D H)" (D"H) > = [(WH) + (W) + (gBM - W, - gA;)

Compared to the SM case of Eq. (2.17), the neutral B, W? sector changes due to the KM. There-
fore, when we rotate to the mass basis of the charged Wj and neutral Z,,, A, V;i bosons, the
former shall have the same masses as in the SM, while the masses of the neutral bosons change,
but A, must remain massless because U(1)em is unbroken. This is expected because the KM
occurs solely between the field strengths of U(1)y and U(1)’, thereby affecting only the neutral
bosons. The mass matrix of the three neutral bosons B,,, Wj’, Vl: reads as follows

g/2 _ g/ g _ glzt €
2 v / 2 /
M =—|—-g99 4 g gte ; (5.8)
4 4m?
_g/Qt6 g,gte 2\/’ t2 + 91262t2
v
and is diagonalised via the following rotation

B, cosby —sinfy cosé  sinfy siné Ay
Wj‘ — | sinfy  cosfy cosé  —cosOy siné Zy |- (5.9)

! . /

Vi 0 sin& cos & Vi

"Relevant references for the upcoming discussion are Refs. [51,63, 64].
>The KM can also be diagonalised with the shift V;: — V‘: — €B,,, known as the milli-charged scenario [69,70]. Of
course, physical observables are independent on the diagonalisation and thus on the gauge basis.
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Here, Oy is the Weinberg angle and £ is given by
2nsinfy

tan 2§ = — with 1 = et,d = mb./m% . (5.10)

1 — n2sin®bw — 0

The masses of the neutral gauge bosons are given by, up to O(e),

ma =0,
2 52
2 _ 9 € sin® Oy
5 —1+sin*f
mi, =mi, <1+62(;__Sllnw) .

We see that the photon indeed remains massless. Notice that for € = 0, that is, for no KM, the
rotation of Eq. (5.9) reduces to the SM Weinberg rotation of Eq. (2.18). We observe that the mass
of the Z boson gets an O(e) shift respect its SM value. However, precision EW measurements
of the Z mass, such as those performed at LEP and SLD (with mz = 91.1876 &+ 0.0021 GeV
[11]), constrain any NP contributions to be extremely small. Consequently, while the theoretical
framework permits modifications to mz that could be significant, the experimental data requires
the KM parameter € to be very small to ensure that any deviation from the SM prediction remains
within the narrow experimental uncertainty [71].

5.2. Massive Light Dark Vector, Proca and Stueckelberg

We now discuss the origin of the LDV mass my, concretely in the context of the Stueckelberg
mechanism and in relation to the Proca theory. The free Lagrangian of the LDV in Eq. (5.4)
corresponds to the Proca theory of a massive vector

Loy oo m%/,
eV o
which is not (explicitly) gauge invariant. The Stueckelberg trick introduces a scalar 7, the Stueck-
elberg field, into Eq. (5.12) via the field redefinition [65-68]

gProca = V/:V'“ y (512)

2 ) 2
V’—>V’——Tr:>°2”5t:—*vl V“”’—i—miv <VI:—H7T> . (5.13)
\l mys

The Stueckelberg Lagrangian .%%; is now manifestly U (1)’ gauge invariant under

V/: — V;i + O(z) , (5.14)
T = 7T+ mya(z). .
The theories of Eq. (5.12) and Eq. (5.13) are physically equivalent, leading to the same S-matrix [72].
The Stueckelberg transformation of Eq. (5.13) decomposes a massive vector field into the (two)
transverse and (one) longitudinal DOF corresponding to a (transverse) vector and a scalar field,
respectively. To be precise, the longitudinal mode of the massive vector is identified with the

Stueckelberg field as follows

o,
! — _ %
(VM)long =~ (5.15)
The physical equivalence between the Proca and Stueckelberg theories stems from the fact that
the Proca theory can be viewed as a gauge fixed abelian U (1)’ theory after spontaneous symme-
try breaking. The theory of a U(1) vector field Vé coupled to a complex scalar field S is given
by

zu:_im;VWV+(DW9TQWS)—v%SL (5.16)



5.2. Massive Light Dark Vector, Proca and Stueckelberg 35

with D), = 9y, —ig'V, and V(S) = —m?|S|% + \/4|S|%. This theory is U (1)’ gauge invariant
under
S — e g

(5.17)
Vi, = Vi +0ua(x).

After symmetry breaking, S acquires a VEV v' = y/4m?2 /). Using the polar parametrisation

S = \}i (v + h) e/, (5.18)
the Lagrangian of Eq. (5.16) reads
@=Ly oy 9° iy (h+v')? - 9y (h+v') o"n
4 9 K o P
+ 0uh0"h + Wawauﬂ ~V(9), (5.19)
V(¢) =m?h* + VA + %h‘* :

We observe the following mass spectrum in the theory
myr =g'v', my = Vom, my=0. (5.20)

The gauge field V;: and scalar h have acquired mass while 7 is massles, i.e., 7 is the Goldstone
boson. In the decoupling limit A — oo and m — oo (while keeping v fixed), the radial mode A
decouples from the theory and the Lagrangian reads

Lo m%/, , Oy 2
.,%: _EVNVV +T VH_ 5 (521)

which is precisely the Stueckelberg theory of Eq. (5.13). Therefore, the Stueckelberg theory cor-
responds to a broken U(1)’ theory in which the radial mode h has been decoupled. Moreover,
due to gauge invariance, given by Eq. (5.14), we can fix a gauge; choosing the unitary gauge
m = 0, Eq. (5.21) reduces to

PR R A (5.22)

I e 2 K7 ‘
which is the Proca Lagrangian of Eq. (5.12). Thus, starting with a U (1)’ gauge theory with sym-
metry breaking and taking the decoupling limit, we obtain the Stueckelberg theory. If we further
fix the unitary gauge such that the Goldstone 7 vanishes, we find the Proca theory. This sheds
light into the hidden gauge symmetry of the Proca theory; since a gauge is fixed, gauge invariance
is explicitly lost and only through the Stueckelberg transformation does it become manifest.

In order to find the propagators of the Stueckelberg theory of Eq. (5.13), we apply the gauge fixing
R¢ procedure. Then, the theory reads’

2 1 1 ! 1 7lpy mz(/ / 1 ! 0 [ ? 1 %) ‘f/l.t 2
St — T 9 I mus 2{ ( ©w fmv ) ) ( )

"For an Abelian theory the ghost field trivially decouples, i.e., is a free field with no interaction with V' nor 7. Therefore,
we do not include it in this discussion.
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Figure 5.2.: Representation of the GBET: at high energies, the scattering of a longitudinal mas-
sive vector is equivalent to scattering the Goldstone boson.

such that the crossed Vé@“ 7 terms conveniently vanish. Then, the propagators are given by

) i L kR
AV lst = ey (9” - m (1 —5)) )

Z,_ My (5.24)
Ap=—5——5.
k2 —&m?,
On the other hand, the propagator for the Proca field of Eq. (5.12) is given by
—1i kHEY
A!\L/IﬂProca = m <g‘”’ - m%// ) . (5.25)

This propagator can be obtained from the propagators of Eq. (5.24) through the Stueckelberg
relation Vl: — V/: — Oum/my in momentum space, i.e.,

AL = A st + %A (5.26)
v/ |Proca v ISt m2 . .

V/

The ¢ dependence on the right hand side of Eq. (5.26) drops automatically, as it should because
the Proca theory has three physical DOF without (explicit) gauge invariance. We now turn our
attention to the GBET for the Stueckelberg theory. In an unbroken abelian theory such as QED,
amplitudes with an external vector boson (M) satisfy the Ward identity k,M" = 0, which
decouples the longitudinal modes and ensures the good high energy behaviour of the theory. In
the case of a spontaneously broken theory, longitudinal modes become physical. In that case, an
amplitude with an external vector boson of mass my satisfes

kKM, = my M(m), (5.27)

where M(7) is the amplitude where the external vector boson has been replaced by the Gold-
stone 7. Considering the high energy limit k£ > my~ and taking the leading contribution of the
longitudinal €7, polarisation of a massive vector, Eq. (5.27) reads

n
el = %+O(mV/E):>6’£MM=M(7T). (5.28)
\%

This is the GBET [72]: in the high energy regime, amplitudes with longitudinally polarised vector
bosons are equivalent to amplitudes where (all) the vectors have been replaced by the Goldstone
boson. Analogously, for the Stueckelberg theory of Eq. (5.21) with the propagators of Eq (5.24),
by choosing the Landau gauge' ¢ = 0 the vector boson becomes purely transverse, and the
longitudinal polarisation of V"’ is fully captured by 7 as in Eq. (5.15).

'In unitary gauge & — oo, 7 decouples since m, = &mys — oo and Al st = A4 |proca. Therefore, & — oo is
equivalent to the gauge fixing 7 = 0 used to obtain Eq. (5.22).
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5.3. Light Dark Vector Coupled to SM Fermions

In Section 5.1 we focused on the gauge sector of the EW SM with KM to the LDV. We are now in-
terested in the gauge—fermion interactions, particularly in the scenario in which the LDV couples
to SM matter. The relevant Lagrangian is given by

g _ lwa Wa;/,l/ _ EB B;U/ _ lvl Vluu _ EBMVVI + m%// VIMV/
4 4 4 m 2 v 2 H
+ ¢ Ty By + g5 W, + Lrawa + Lo (5.29)

+ JgVé + J“Vé + Algv!iuﬂ“’.

The first line corresponds to the gauge sector terms, with the kinetic terms for the EW and
U(1) gauge bosons, the KM between the U(1)y,U(1)" and the LDV mass term. The second
line contains the neutral SM interactions', with the currents given in Eq. (2.33), as well as the
Yukawa and Higgs interactions of Eq. (2.22) and Eq. (2.13), respectively. The last line contains
the interactions” of the LDV with the U(1)’ dark sector matter .J 1, and with SM matter through
JH, JH . We do not specify the DS current J, since we are interested in the J#, J*" interactions
of the LDV with the SM matter. In this thesis, we consider the following interactions

= QO + O+ B Py DO D SO
JW = Q'HCP o™ ul, + Q'HCR 0" d, + L'HCP "¢l + hec.

As discussed in Section 3.3, we adopt the low-energy EFT approach such that these are effective
interactions coming from an unspecified UV theory. Therefore, such interactions are treated
phenomenologically and we do not detail how the U(1)" symmetry is realised, and the charges
and couplings CJY, CJ]? are treated as general free parameters. Then, the interactions of the LDV
with the SM are given by the most general operators that respect the unbroken part of the SM
gauge group, SU(3). X U(1)em. The interaction J*V, is a dimension-4 interaction with vectorial
Dirac structure (7y,,), and we thus refer to it as the vector interaction. On the other hand, J** V}il, is
a Yukawa-like dimension-6 operator (and thus suppressed by the high scale as 1/ Ag) with dipole
structure (o), so we refer to it as the dipole interaction.

The aim of this section is to analyse the effect of the EWSB and Yukawa diagonalisation on
the vector and dipole interactions, together with the KM diagonalisation. After EWSB, it was
argued in Section 2.3 that the Yukawa interactions are diagonalised via the field redefinitions of
Eq. (2.24). The SM neutral currents J4:, J%' are unaffected by these rotations because the U(1)y
hypercharges are flavour universal. But this is not necessarily true for the CJY, C’}/ couplings of
the vector interaction. Let us examine the LH up quark interaction of J*; under the rotations of
Eq. (2.24) we have

fLiL’y” (C’g)ij uJLA;L — ﬂiL'y“ (UJCC\?/UU)W u]LA;L . (5.31)

Therefore, if C’g is not flavour universal the U, rotation matrices do not commute with Cg and
FCNC couplings between the LDV and SM matter are generated. Analogously, FCNC interactions

!Charged interactions are as in the SM, given by Eq. (2.29), since the LDV couples to neutral bosons and interactions.

*Interactions between the LDV and SM matter are possible through the mixing of the SM and dark Higgs, known as
Higgs portal. This generates Yukawa-like interactions between the LDV and SM fermions. Here, we assume that the
dark Higgs and SM Higgs are decoupled and thus such interactions are not present.
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are generated for the LH down quarks, RH quarks and leptons. Subsequently, we define the
following FCNC couplings for the vector interaction

cy = (UTC}/Uf) . CYR = (KTC}’Kf) . f=ude F=0,L. (5.32)

Notice that we drop the F’ and f indices in the couplings. This is because while i, j = 1,2, 3, one
can also understand the flavour indices as running through the fermions, that is, ¢, j = u, ¢, ¢ for
up-quarks, i, j = d, s, b for the down-quarks and ¢, j = e, u, 7 for leptons. This is the convention
that we adopt from now on. For the J*” dipole interaction, FCNCs are also generated via the
rotations of Eq. (2.24). Let us examine the following down quark interaction under the rotations
to the mass basis

f 7, Do dl, — sz (UTcg’Kd) o, (5.33)

In this case, FCNC couplings are generated as long as the couplings CJ]? are not aligned with the
SM Yukawas, since U}YfK = }A/f. The FCNC dipole couplings read

CPR = (UTC}?Kf) B (5 LI T ey (5.34)

Therefore, unlike in the SM, we have a setup in which tree-level FCNCs between the LDV and
SM fermions are possible. After the Yukawa diagonalisation, the LDV-SM interactions read’

W= FirClEfL 4+ e YR 14,

v [ — v ori o — v i
= SICH " fh+ S IRC e S

After the Yukawa diagonalisation, the KM and gauge diagonalisation is accomplished as de-
scribed in Section 5.1. The resulting interaction Lagrangian is given by

(5.35)

D%Ilt :e‘]eﬂm AM

+Zu< Scos§ JZ +sing (JP + 7, ))

1
sinéZ,, J"

in 6 A% (5.36)
/ Sln§ 1% D 1 / v
+Vu< SO J, —i—cosf(J +J )) A% cos&F,, J",
with the following currents solely composed of SM matter
JLZ =cos Gsz’ — tan GWJ;/ (sin Oy + ntané)
3
= (1 + nsinOw tan &) — tan Oy Jemy (sin b + ntanf) ,
~ cos 9w
vy , cos ¢ 3 (5.37)
Ju —J# tan Oy <s1n0w — nsin&) — Ju cos Oy
cos & 3 1 cos &
*Jem t 9 0 - J t 9 . - . ’
pran W<Sm W nf) p et W(smGW 77sm§>

where J£ J , Ji; are given in Eq. (2.33). The angle ¢ is given in Eq. (5.10), and ) = te. The first

em’

line in the Lagranglan of Eq. (5.36) corresponds to the SM QED interaction, while the second one
corresponds to the Z boson interaction and the last one to the LDV interactions. Notice that the

"Notice that after EWSB, the dipole interaction becomes a dimension-five operator due to the Higgs VEV (H) ~
(0,0)".
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electromagnetic interaction remains as in the SM, since U (1 )y, is unbroken. On the other hand,
the Z couples to the DS matter and to the vector and dipole interactions due to the KM. But these
interactions are suppressed by the KM parameter according to sin{ ~ ¢ < 1. In the limit of
€ < 1 the Lagrangian reads

Znt :ngmA

n 1Z D € 1124
+Z <Sln9WJ +6(J +J )> A2Z,uyJ

(5.38)
s \%4 D Fl v 2
+V <sm0 J, +J, —I—J> A2 ™+ 0(€),
with the corresponding currents
1Z __ 3 : Y _ 1Z
J/l = cos HwJu — tan Ay sin HWJ# = J# , (5.39)

JL// :J}: tan Ow (sinfw — 1) — Jg cos by .

Here, we see that JLZ reduces to the SM current Jf of Eq. (2.33). For no KM (¢ — 0) the SM
decouples from the J7, J#, J* currents and the A, Z interactions correspond to the SM ones,
while the LDV couples to the DS matter and the vector and dipole interactions. Indeed,

hm L =eJ " AV + JZZ“

sin 9W

+ VLT VTt PF;WJW

(5.40)

where the first line corresponds to the SM interactions. In this section we have seen a mechanism
in which FCNCs between the LDV and SM are generated (in Section 5.6 we will discuss another
possible source of FCNCs). Unlike in the SM, the Yukawa diagonalisation potentially allows for
flavour violation for the vector and dipole interactions, as long as their corresponding couplings
are not universal and not aligned to the SM Yukawas, respectively. Notice that the KM does not
generate any FCNCs—it merely shifts the boson fields, enabling interactions between distinct
sectors. Indeed, the interaction V'* JL/ "of Eq. (5.36) does not contain any FCNCs since J 2{ s
composed of the SM neutral currents JZ, ij. Therefore, in the upcoming analysis we do not
explicitly consider KM, as it only leads to a shift in the flavour-diagonal couplings after going to
the gauge mass basis, and can thus be understood as being absorbed in the diagonal couplings.
By working in this basis, our results also apply to models with KM, upon re-defining the flavour-
universal couplings. Therefore, the scope of this work is to go beyond KM and study FCNCs
between Vl: and SM fermions.

5.4. Setup

After the previous sections we are now in position to introduce the specific model that we are
going to study. As previously stated, we extend the SM by a new, neutral, massive vector boson
Vl: with a small mass my~, which arises either by spontaneous symmetry breaking of, e.g., a
U(1) gauge symmetry or by the Stueckelberg mechanism [65,73,74] as discussed in Section 5.2.
We focus on the vector and dipole FCNC interactions written in the fermion mass basis, and
we further assume that a possible KM has been diagonalised such that Vli is also in the mass-
eigenstate basis. In the previous section we saw how FCNCs can be generated via rotating to the
Yukawa mass basis, with the vector and dipole currents of Eq. (5.35). Without loss of generality,
we can write the dipole and vector interactions as follows

Lo =V, i (COMPy + CORP) f;
AT ! ’ ’ (5.41)
7‘/,1 fir (Cl P+ CYRPg) f5,

L= A
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where f denotes a fermion, ¢, j are flavour indices and the couplings satisfy the hermicity re-
lations CBL = ((CB-R)*, (C;éL = ((C};L)*, (CX»R = (CYZR)* Notice that in Eq. (5.41) the dipole
interaction is already written as a dimension-five operator below the EW scale. In order to match
it to the corresponding interaction of Eq. (5.35) above the EW scale, we find AZ = vA/ V2. The
interactions of Eq. (5.41) are in the “L./R” basis but can also be written in a different basis (“V/A”)
in which s is explicit

1 — .
L = Vi, fio" (CD +iCPs) f5

=V,
%V/ 17 (V. V5 (542)
Ly = TV;L I ((Cij +C;j Y5) fj s

with ((C?j)* = C?i, (Cgs)* = (C?f’, ((Cx)* = (C}]i and ((C};-E’)* = (C}/Z-E’. The relations between

the “V/A” and the “L./R” bases are

1 1 * 1
Cj=5 (€3 +C) =5 (CF) +C5Y) . Ci=5(C+C5Y),  (68)
CBP = 2 (CBF - CBY) = 2 () -l cf =5 (@R-cf). G4

Notice the my /A prefactor in %5, which we did not include in Eq. (5.35) of the previous section.
Naively the vector interactions are dimension-four below the EW scale. However, such flavour-
violating couplings violate U (1)’ gauge invariance (flavour-violating currents are not conserved),
and thus must be proportional to some power of the U(1)'-breaking order parameter, which
we take as the VEV in the dark sector. Therefore, the flavour-violating vector couplings are
actually dimension-five or higher, depending on the underlying UV model. In perturbative UV
completions the lowest possible scaling is proportional to a single power of the dark VEV, which
upon including the dark gauge coupling becomes the LDV mass my. By choosing a scaling that is
(at least) linear in my /A, we ensure that the growth of amplitudes with longitudinally polarised
LDVs in initial and/or final states oc E//my as my» — 0 is cancelled by the my dependence
in the interaction. This leads to finite amplitudes in the my» — 0 limit (see Refs. [75-79] for
related discussions), which are just the amplitudes with the corresponding Goldstone bosons
as initial/final states. An explicit example for a UV model that provides this linear scaling is
provided by Froggatt—Nielsen type models [80], discussed in Section 5.5. However, the linear
scaling with my~ is only one possibility. For example, in UV models in which SM fermions do
not carry U (1)’ charges the scaling can be quadratic in the dark VEV, as the coefficients involve
additional powers of the U (1)’ breaking scale v/, oc myv'/A?. An explicit realisation of this
scenario is also discussed in Section 5.5. We emphasise that above the EW scale, the operators
must be expressed in a manifestly SU(2), x U(1)y invariant manner. For % this is directly
the case after embedding the LH and RH fermions in the corresponding SU(2)1, doublets and
singlets, respectively. Instead, the dipole operators in .#p require an additional Higgs insertion
as written in Section 5.3,

1 /

Zpe = Aig jv

(FiHCJ)o" Prf; +hc.) , (5.45)

with F; and f; denoting here SU(2)1, doublets and singlets, respectively.

5.5. UV Motivation of Vector Couplings

In this section we motivate the scaling behavior of the flavour-violating vector coupling in the
Lagrangian of Eq. (5.42), both by EFT considerations and explicit UV-complete models. In per-
turbative UV completions, the scaling is at least linear in the dark U (1)’ breaking scale, and we
will provide two example scenarios: one that gives linear and one that gives quadratic scaling.
We begin with the EFT discussion of the latter.
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5.5.1. EFT Discussion for Quadratic Scaling

For the EFT approach it is convenient to consider the coupling to the Goldstone boson 7, rather
than the coupling of the dark vector Vé itself. They are related by the GBET as given in Eq. (5.15),
which states that at sufficiently high energies, the LDV coupling is dominated by its longitudinal
polarisation, and given by the scattering of the the Goldstone boson. Thus one can work out the
couplings of the Goldstone boson and recover the relevant LDV couplings by replacing 9,7 —
—mV’V,: in the interaction Lagrangian.

We, therefore, consider the case where the dark U(1)" gauge group is spontaneously broken by
some (SM singlet) scalar field S with charge +1 under the U(1)'. We take the gauge-less limit,
so that 7 is a true Goldstone boson, contained in S according to

S = U—/ exp(z'w/v’) , (5.46)

V2

where v/ /v/2 is the (real) VEV that breaks U (1)’, connected to the dark vector mass by my+ =
g'v', and we have ignored the radial mode that obtains its mass around v’. This mode, together
with all UV fields are taken to be much heavier than the EW scale, so that in the IR there is
only the SM and the Goldstone boson G O S, which is formally invariant under global U (1)’
transformations treating S as a spurion with charge +1. Writing down the general EFT for
this setup, it is clear that if SM fields are not charged under U(1)’, the possible couplings of
the Goldstone to SM fields must involve the same powers of ST and S. The first such bilinear

<~
that gives a non-trivial combination containing the Goldstone is then ST9 uS D iv'9,G. This
implies that, e.g., RH down quarks can only couple to the Goldstone at the level of dimension-six
operators
GEFT i ista o) (o) = — S0 x (Tamid
quadratic ) E(Z 2 ) dR’Y dR - _Pv (s dR’Y dR ) (5~47)
where A is the UV scale and in general there is flavour violation in the (hermitian) EFT co-

efficients, c¢;; # 0. The coupling of the dark vector VFQ in this setup is then recovered by
dum — —my/V,, so is given by

/ /
EFT v mv — :
gquadratic D Cij A2 Vl: (dR’Yudg%> . (5.48)

This analysis demonstrates that the interactions of dark vectors with SM fields that are neutral
under the U(1)’ scale at least as mj{, /A x v'/A. In particular, they involve an additional fac-

tor of the U (1)’ breaking scale as compared to Eq. (5.42). In Section 5.5.3 we will confirm this
expectation in an explicit UV model.

5.5.2. EFT Discussion for Linear Scaling

In order to have LDV couplings with a linear scaling in the U (1)’ breaking scale, one necessarily
has to charge SM fields under U(1)’. In this case the vector boson couples directly to the charged
fields via the dimension-four operator, e.g., for RH down quarks

Linear D g/Vp/, (ER’VudeR) : (5.49)

where X is the diagonal U (1)’ charge matrix. To see how off-diagonal entries are generated, one
has to rotate to the mass basis, which is governed by the Yukawa couplings. From the discussion
in Section 5.3, it is clear that there is no flavour violation if X, is universal. If instead charges
are non-universal, the mass matrix cannot be generic at the renormalisable level, i.e., it does not
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yield realistic fermion masses without breaking U (1)’. Therefore, insertions of S or ST have to
be considered to obtain realistic fermion masses.

Restricting for simplicity to two generations, and charging only d}, with charge 41, i.e., Xq =
Diag(1,0), Xg = Xy = 0, the full Yukawa matrix requires higher-dimensional operators to
have full rank

_ T
Lo O —yiQ; Hdy, — Zi%Qin}% +h.c. (5.50)
Thus the down-quark Yukawa matrix is given by

Z1€ /
Y, = e n with €= Y .
296 Yo V2A

(5.51)

We can ignore here the Goldstone in S, since we already have the coupling of the gauge field
in Eq. (5.49), which leads to flavour-violating couplings with V' after rotating to the mass basis.
Nevertheless, we can also reproduce this coupling with the same arguments as above: in the
gauge-less limit, we rescale d% — dhe'™ v, which removes 7 from the Yukawa sectors. Ignoring
chiral anomalies, this rescaling only affects the kinetic terms, as it is a local U (1)’ transformation

LET S idpddy — —ag/ﬂ-d}%’y‘ud}%, (5.52)

mear

which reproduces Eq. (5.49) upon 9,7 — —my/V,, = —g'v'V},.

We are left to diagonalise the Yukawa matrix Yy in Eq. (5.51), or rather Yj Y,, in order to find the

mixing matrix V; of RH down quarks, defined as U;YdK 4= ?d. In the limit when ¢ < 1, one
has

1 Z29/Yg€
Ky~ fvel (5.53)
—z/ype 1
where we have set y; = 0 without loss of generality. Rotating the dark-vector couplings in

Eq. (5.49) to the mass basis defined by dp — Kydg gives finally
Linear O G’V (ERW“KJ;Xded@ = gV (Ki)i(Ka)is @éﬂﬂdﬁ) ; (5.54)

so that indeed off-diagonal couplings are generated proportional to ¢'(K )11 (Kg)12 ~ g'e ~
/
my, /A

To summarise, we have demonstrated that vector interactions of dark vectors can indeed be pro-
portional to a single power of the U(1)’ breaking, and thus scale with the dark-vector mass as
in Eq. (5.49), if SM fermions have non-universal U (1)’ charges. This situation is quite generic in
models where SM Yukawa hierarchies are explained by non-anomalous abelian flavour symme-
tries, for example simple U (1) » Froggatt-Nielsen models [80], see e.g. Refs. [47] for examples of
such models without extra heavy fermions to cancel anomalies. It is well-known how to build
UV completions for such models [81,82], and below in Section 5.5.4 we will present an illustrative
example.
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Q dy H |S 4f o
SU2), | 2 1 2 |1 1 1

Uy |1/6 -1/3 1/2|0 -1/3 -1/3

Uy 0 0 0 [1 -1 -1

Table 5.1.: Field content of a renormalizable model featuring quadratic scaling. We restrict the
discussion to the down-quark sector with two generations for SM quarks and heavy
vector-like fermions v, 1%, with i = 1,2 carrying U(1)’ charges in addition to
the scalar S.

5.5.3. Explicit UV Model for Quadratic Scaling

We first construct an explicit renormalisable model for the scaling of vector interactions in
Eq. (5.42) quadratic in the dark U(1)" breaking scale. We restrict the discussion for simplicity
to the down-quark sector with two generations. The field content is summarised in Table 5.1,
which is anomaly-free. The Lagrangian reads

Z = ag/ﬂkinetic + -i/ﬂYukawa + -’%calar + Znt—V/ ’ (5-55)

with standard kinetic terms for all fields and

Lakawa = ~YIQ Hdly — myhy vy — iy djpST + hc. (5.56)
L = =gV (BL"00, + PR V) (557)
Lrcalar = M3 HI? +m3|S|? = Mg |H[* — As|S|* — Aus|H|?|S)?. (5.58)

For a suitable choice of parameters, the last part in .%o gives a vacuum expectation value to
S, (S) = v'/V/2, which sets the mass of the dark vector boson to

myr =g, (5.59)

and induces a mixing between chiral quarks, dr, and vector-like fermions, ¢, from the mixing
term in Ayykawa. In the limit of m,, > v’ > v we can integrate out the vector-like fermions
using their equations of motion neglecting their kinetic terms

(5 ey RO () ( )

Plugging this back into kinetic terms and .%,; leads to the EFT

Sts ' ; Sts i i Sid, St —i -
where C;; = (aTa)i ;. Next we integrate out the radial mode by substituting S with the Goldstone
parametrization in Eq. (5.46) and use the definition of the dark-vector mass to find
,mva’ —1 w3 (1}/)2 —i J 1)/ —i w i
D%nt D) —VMWCU (dR"}/ dR) + mcw (ldRadR) + auﬂmcw (dR’)/ dR) s (562)
recovering the gauge-invariant' combination Vé — 9,,m/m},. Without loss of generality we can

assume that Yg is diagonal, so that we are already in the mass basis. Nevertheless, we do need

'In our conventions V;: — V;: +0u8/g", S — exp(iB)S, G — G+ Bv', ¢ — exp(—ifB)y.
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Q; dg d, H |S YR

SU@2), | 2 1 1 2 |1 1 1
Uy |1/6 -1/3 -1/3 1/2 |0 -1/3 -1/3
U1 0 1 0 01 o 0

Table 5.2.: Field content of a renormalizable model featuring linear scaling. We restrict the dis-
cussion to the down-quark sector with two generations for SM quarks and one
family of heavy vector-like fermions 17, 1/ uncharged under U (1)".

to re-diagonalise the kinetic terms due to the second term in Eq. (5.62) induced in the EFT. In the
limit of v’ < my this is readily achieved by the rescaling d% — d% — (v')%/ (4m12p)0ijd§%. This
leads to additional small corrections of O(1/ mji) to the final dark-vector couplings, which can
be neglected, such that the leading couplings from the first term in Eq. (5.62) remain

myv’

gquadratic = - Cij V/l (zR'Yudgg> . (5.63)

2
L
These couplings are indeed quadratic in v and are in general flavour violating, C;; # 0. This
matches to the EFT term in Eq. (5.48) upon identifying C;;/ mi = —2¢;; /A2

5.5.4. Explicit UV Model for Linear Scaling

We now construct an explicit renormalisable model for the minimal scaling of vector interactions
in Eq. (5.42) proportional to a single power of the dark-vector mass. We restrict the discussion
for simplicity to the down-quark sector with two generations. The field content is summarised
in Table 5.2, and is not anomaly-free. However, we can always introduce further suitably charged
chiral fermions in the RH up- and charged-lepton sector in order to cancel colour and electro-
magnetic anomalies, respectively. Note that 1) and d% carry the same quantum numbers.

The Lagrangian reads

Z = gkinetic + gYukawa + o%calar + o%nt—V’ ) (5~64)
with standard kinetic terms for all fields and
Lrakawa = —yi@in% — zi@inR — mwaL@Z)R — a@Ld}qST + h.c. (5.65)
L = ¢ Vidpy'dy, (5.66)
o%calar = m%{|H|2 + 7”"L%'|S|2 - )\H|H|4 - )‘S|S|4 - )‘HS‘H’2|S|2 ) (5~67)

where we have simply defined ¢y to be that field having a mass term with ¢;,. This already gives
Eq. (5.49) and the first term in Eq. (5.50) from the EFT discussion, so it only remains to show that
integrating out 1, ¥k induces the second term in Eq. (5.50). The equations of motion for the
heavy fermions read, neglecting kinetic terms

_ 2 — [0
Yp=-—-QH, YR = ———dpS', (5.68)
My My
and, therefore, the resulting EFT Lagrangian term is
20—
ﬁinear D) Z7621}Id1112‘5¢ . (5-69)
My

This indeed reproduces Eq. (5.50) with the identification of the UV scale as A = —m,;/c. The
remaining calculation follows the EFT discussion, which shows that in these type of UV models
the flavour violating couplings to V' scale indeed linearly with my /A.
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5.6. Renormalization Group Equations

In Section 5.3, we demonstrated how FCNCs between the LDV and SM fermions can arise due to
the rotation to the Yukawa mass basis. Here, we explore an alternative scenario, where FCNCs
are induced via the running of the couplings as dictated by their RGEs. We assume a flavour-
universal UV theory, such that flavour-violating couplings emerge solely from the running be-
tween the high and low scale. Starting just below the UV scale A—assumed to be well above
the EW scale—we consider SU(2), x U(1)y-invariant vector and dipole interactions of V' with
the SM. The vector interactions follow the straightforward SU(2);, x U(1)y generalization of
Eq. (5.41), while the dipole interactions are given in Eq. (5.45). To align new sources of flavour
violation with those in the SM, we impose flavour universality on the vector couplings, making
them proportional to the identity matrix in flavour space. Likewise, we take the dipole couplings
to be proportional to the SM Yukawa matrices, ensuring that both remain flavour-diagonal in
the mass basis (see Section 5.3). Consequently, FCNCs involving V' are induced solely by RGE
evolution down to the EW scale and remain proportional to the CKM matrix. Thus, in the IR,
flavour-violating couplings follow the paradigm of minimal flavour violation (MFV) [83]. The
relevant terms in the Lagrangian—comprising the SM Yukawa interaction, dipole, and vector
interactions with the LDV—are given by (omitting flavour indices):

Lukawa = _QyuﬁUR — @YdeR + h.c.,
1 — ~ _
ZDipole = A*%V;iu (QCEUWHUR + QCC]?UWHCZR + h.c.) ) (5.70)
Lector = Vli (@CEVuQ + ERCX'YMUR + 8RCC‘Z/’deR> ,

with the SM Yukawa matrices Yy, f = u,d and 3 x 3 matrices CJ]?, CJY. We do not consider
the lepton interactions because the running of the corresponding RGE does not induce flavour
violation. The reason is that while there are two SM Yukawa coupligns Y, Y, in the quark sector,
there is only one Yukawa coupling Y, in the SM lepton sector. Therefore, the Y, combinations
that appear in the lepton RGE are trivially diagonalised after going to the mass basis, and no
flavour violation is induced. The one-loop RGE of the vector couplings proportional to the SM
Yukawas reads [84]

acy 1 1
1672 —< = —v,OoVY) —v,cYv] + (YUYJ + Y,y ) Cy +5C8 (Yuyj n Ydyj) ,

dlnpu 2
Qﬂ = vicVy, + viv,cY + cVyly,

dcy
t6n” 1t = ~avjegya+ vjvacy + cYviva.
(5.71)

For the one-loop RGE of the dipole couplings proportional to the SM Yukawas [84], we find

dacP 5 3
167 s = 5YaYiCP - SYaVj Ol = CRY Y, +200Y]Y,
+nTr [V, Y+ vey)| eP, 6572)
i : 5.72
2 dCE 5 T D 3 t D Dyt Dy T
167'(' m = §Yde Cd - iyuyu Cd - Cu Yu Yd + 2Cyd Yd Yd
+ T :YUYJ YY) cP.
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with n. = 3 denoting the number of colors. The one-loop running of the Yukawas is relevant
for the dipole analysis' because the RG-evolved Yukawas contribute to the flavour-violating cou-
plings upon rotating to the quark mass-eigenstates at the EW scale [85]. The one-loop RGEs for
Yukawa running read [84]

dy,
ot (v e
dlnpg 2 (5.73)
ay, |
1672 d _ g (Yde Yy - YY) Yd) +n.Tr [YuYJ + Y3V } Ya,
np

5.6.1. Vector Interaction

We now focus on the vector interaction Zector of Eq. (5.70), and solve the corresponding RGEs
for the couplings CJY. The RGEs of Eq. (5.71) are solved at leading logarithm, with the following
initial conditions at the high scale A

CC\QI(A) = Cg 13, CQY(A) = CX 13, Cc\l/(A) = C?l/ 13, (574)
with c}/ € R, such that the interactions are flavour diagonal at A (in the mass basis, see Section
5.3). Once the RGEs are solved for each coupling, the rotations of Eq. (2.24) are applied accord-
ingly to go to the mass basis. Finally, a matching is performed with the vector interaction of
Eq. (5.41) in the “L/R” basis. Following this procedure, the couplings at the low scale x read

’ 1 A ~ A
(mi‘/) CYY(u) = 05113 — ((cg - CX) YY)+ (cg — c}l/) VCKMYdeVgKM> log(A/p),

A 1672
/ 1 A A
(m/{/ ) Ci () = cgls — 1672 <(Cg — ) VYVl Voo + (cg —cd) Yde) log(A/p),
/ 1 NN
() YR () = 15 = o (el — ) Vi Valog(A/m)
/ 1 NN
() €™ ) = s = £ (e — ) ¥ alog(A/) (5.75)

We see that through the RGEs flavour violating couplings are induced in both the up and down
LH quark sector, while the couplings of RH interactions Cy =, (CXR are flavour diagonal. The

flavour violation in the LH sector is proportional to cg — ¢ and cg — ¢ . Therefore, if the UV
couplings are also universal among the different sectors, i.e., cg = cy = czl/, there is no flavour
violation in the IR at one-loop, as in this case the LDV actually couples to the baryon-number

current, which is conserved at tree-level inducing flavour violation only at two-loop level [86].

We now discuss this fact in more detail. One can rewrite the vector interactions in Eq. (5.70)

for the case of flavour-universal UV boundary conditions in Eq. (5.74) in terms of the tree-level
conserved (but anomalous) U(1) 5 current J5 = Z (@'Y Q" + gy ufy + dyy"dy), and the

7
two non-conserved currents J,, = E dgy"dy, and J%, = g upy"ug. As all currents are

1 (2
not conserved beyond tree-level, we take their coefficients to be proportional to the LDV mass

mys

Lt O — (@Yuﬁu}{ + QY Hdg + h.C.) + A

Vi CHTl + ONaTey + CXuTh |+ (576)

Matching to Eqgs. (5.70) and (5.74) gives

mys Vv \V4 mys vV A4 myss v A4

A CB=CQ: A CNd =€ —cg, A Nu = Cu —cg. (5.77)

"For the vector interaction, Yukawa corrections appear at the two-loop level, and thus we neglect these contributions.
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At the one-loop level there is no flavour violation proportional to C}é. However, flavour viola-
tion does arise due to the non-conserved currents and is thus proportional to the difference of
couplings cg —¢Y and cg — ¢ Rewriting Eq. (5.75) in terms of the UV coefficients ¢}, ¢y, N,

with the proper LDV mass scaling gives

my myr [ 1 ~A A A
( X >(CVL( )_ X CB]lg+ 167 ) (CXuYuYJ"‘chdVCKMYdYJVgKM) log(A/,u)} ,

mys my [ 1 ~ A ~ A
(Fh7) € = 73 |t + g5 (MW bl Vo + Xa¥ar] ) log<A/u>},

my my [ 1

(T) CXR(M) = A _(C\é + CXfu) 13 St QCNuY Y log(A/u)} )

my myr | 1

() €™ ) = 5 | (e + eNa) T = 55 Xa¥d Vo log(A/u)] (5.78)

and thus we see that flavour violation is proportional to the non-conserved currents. In Table 5.3
the leading flavour violation transitions are parametrised in terms of the Wolfenstein parameter A
(see Eq. (2.31)) and Yukawa couplings, were we observe that bottom (top) contributions dominate
for the up (down) transitions.

11— 2-1 3-2 3-1

(CY9iz; Ny Nyp N
(CY"M)izg  Nwyi N2 Nyf

Table 5.3.: Parametric size of leading flavour-violating contributions to the low-energy vector
couplings of V' in the UV universal scenario, cf. Eq. (5.75). Here A ~ (.23 denotes
the Wolfenstein parameter. Up-quark transitions (first line) are proportional to
the high-scale coupling ¢\ — Cg = Y, down-quark transitions (second line)
are proportional to the high-scale coupling ¢} — cg = c¥p and all entries are
multiplied by log(A /) /(1672).

5.6.2. Dipole Interaction

We now follow the same procedure for the dipole interaction of Eq. (5.70), for which the RGEs
are given in Eq. (5.72). For the UV universal setup that we consider, the initial conditions at the
UV scale Ag are

Ca |imng = € Yl O e, = € Yul (5.79)

p=~Ag’
with ch € C. By solving the RGE at leading-logarithmic accuracy and subsequently rotating to
the mass basis, we find the low-energy dipole couplings in the L /R notation of Eq. (5.41) with
f = u,d to be'

. 1 o o .
DR D D D IRval
K(Cu (1) = \fA? <cu Vi o (3 Y, VIV, — RVexuVaY] VCKMYU) log(AG/,u)) :
1 1
XCdDR(u) = W <cdDYd 162 <3cd YV vy — Lvia Y, VCKMYd> log(Ag /u))
6

(5.80)

'Since the couplings at the UV scale Ag are aligned to the SM Yukawa matrices, a correction from the Yukawa RGE of
Eq. (5.73) is taken into account.
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where Vexy is the CKM matrix, and ?f = my /v are the diagonal SM Yukawas. The LH couplings
(C]]?L are related to the ones in Eq. (5.80) by hermitian conjugation, (C]]?L = ((C]]:c) R)T. Note that
flavour off-diagonal entries are generated in both the up- and the down-quark sector at one-loop.
They are proportional to the CKM matrix and the UV coupling of the other sector, i.e., CER o cdD
and CP® o 2. Carrying out the matrix multiplications, one can identify the numerically leading
contribution to a given flavour transition. We show these leading contributions in Table 5.4 for
both sectors.

11— 2—-1 1-2 2-3 3-2 1-3 3-1

(CRYigi /A Nytye Nytye Nyive Nviy NMuive Nyiu
(CY®)igi /A NyZys NyZys Nyiyy Nviue NMviu Nyiu

Table 5.4.: Parametric size of leading flavour-violating contributions at low-energy in the UV
universal scenario for dipole couplings, cf. Eq. (5.80). Here A =~ 0.23 denotes the
Wolfenstein parameter and yy = my/v are SM Yukawas couplings. Up-quark
transitions (first line) are proportional to the high-scale coupling cdD, down-quark
transitions (second line) are proportional to the high-scale coupling ¢, and all
entries are multiplied by v/AZ log(Ag/p)/(167%).



CHAPTER 6

Phenomenology of Two-Body Decays

6.1. Motivation and Searches

While constraints on light particles have been extensively studied in the context of colliders,
beam-dump experiments, astrophysics, and cosmology, their phenomenology at precision flavour
experiments has so far received less attention (see Ref. [75,87] for early studies). Even if flavour-
violating couplings may be considered more model-dependent than flavour-diagonal couplings,
they can provide for an efficient production of light invisible particles from decays of SM leptons,
mesons or baryons. Interestingly, direct searches at laboratory experiments for such two-body
decays with missing energy have the potential to probe enormously large scales, as the relevant
Lagrangian interactions can be dimension-five, instead of dimension-six as in the case of heavy
NP. For example, in models with sufficiently light invisible bosons like the QCD axion, preci-
sion experiments are sensitive to scales as large as 1012 GeV from K — m + invis. searches
at NA62 [88], 1019 GeV from 1 — e + invis. searches at MEG-II [89, 90], Mu3e [91], MuZ2e or
COMET [92], and 10® GeV for b — d/s transitions at Belle II [93]."

The aim of this chapter is to systematically study the flavour phenomenology of LDVs, both
in the quark and lepton sectors. We restrict the discussion to invisible particles, since after all
the main (only) motivation for these particles is the observed DM abundance, and we have in
mind scenarios where either the LDV is itself stable on cosmological scales or promptly decays
to stable DM particles. This analysis includes scenarios where the LD Vs are just sufficiently long-
lived to appear as missing energy. This is particularly justified for vector particles lighter than the
electron, as their decay into two photons is forbidden by the Landau-Yang theorem [98,99]. As
we shall discuss, the resulting limits on flavour-violating interactions can be as strong as in the
axion case, which is not unexpected due to the GBET. In light of past and ongoing experimental
searches, it is thus important to systematically study the phenomenological differences between
light dark scalars and vectors originating from their distinct helicity and coupling structure.

Earlier works have focused on the case of flavour-violating dipole couplings of a massless dark
photon in 4 — e, s — d and ¢ — wu transitions [24,100-105], or considered general interactions
and masses, but using only the available experimental limits on three-body decays to neutrinos
to study limits from s — d and b — s transitions [75,106]. Here instead we consider the case
of a light vector particle, the LDV, with generic mass and either dipole or minimal couplings to

'For the flavour phenomenology of the QCD axion and light invisible axion-like particles see Refs. [75,89,93-97].



50 6. Phenomenology of Two-Body Decays

CP6). V()

i PG V()

]

Vv’ Vv’

Figure 6.1.: [llustrative Feynman diagrams with a flavour-violating ¢; — ¢; transition in two-
body decays of type P — P+V P—>V+V', and B — B + V', in the left,
middle, and right panel, respectively.

SM fermions as discussed in Section 5.4, and recast available experimental data for two-body
kinematics in the case of hadron decays. For the case of minimal couplings to a light invisible
vector particle, lepton flavour-violating (LFV) decays have been studied in Refs. [107, 108], here
we also discuss dipole couplings and include lepton polarisation, which plays an important role
in separating signal from SM background. We derive bounds in the general parameter plane
of light-vector mass and the appropriate flavour-changing coupling by comparing theoretical
predictions for the decay rates to the experimental bounds from various flavour factories, such as
NA62 [109,110], BaBar [111,112], CLEO [113], Belle II [114,115], BESIII [116], and TWIST [117].
Whenever not available (as in the case of, e.g., B — K/K*/m + invis. or D — 7 + invis.
decays), we derive model-independent limits on the two-body decay rate as a function of the
invisible particle mass by recasting experimental data on the three-body decay with two invisible
neutrinos. Finally, we also analyse the scenario discussed in Section 5.6, in which FCNC couplings
are induced through the running of the RGEs. We use our results to convert limits on the flavour-
changing interactions into limits on flavour-diagonal UV couplings.

6.2. Quark Phenomenology of Light Dark Vectors

In this section we derive bounds on the flavour-violating couplings (CB(S) and (C;;(E)) in Eq. (5.42)
for the quark-flavour transitions: s — d, b — s, b — d, and ¢ — u. We employ the following
three types of two-body decays containing the LDV as an invisible final state’

« P — P’ + V’: pseudoscalar meson to pseudoscalar meson and LDV,
« P — VYV + V' : pseudoscalar meson to vector meson and LDV,
« B — B’ + V': baryon to baryon and LDV.

Figure 6.1 shows representative Feynman diagrams for the three types of decays. Appendix C
contains the analytical expressions for the corresponding decays rates (including the dependence
on my); the relevant form factors are collected in Appendix C.1. Comparing the decay rates to
the experimental upper limits on the branching ratios, we set upper bounds on the couplings
in the V/A basis” of Eq. (5.42), i.e. on the set {(CB-, (C35, (C;;, (C;?}. The limits are determined
as a function of the LDV mass, with range 0 < mi, < (m; — mg)*> = m},,,, depending on
the masses of the initial (/) and final (mp) states of the decay at hand. Crucially, the form
factors depend on the LDV mass and it is, therefore, essential to consider the full form-factor

parametrisation for an accurate analysis.

The available theoretical and experimental information is summarized in Table 6.1, where we col-
lect the references for the form factors and relevant experimental limits. Often the experimental

'"Three-body decays and neutral meson mixing typically give weaker constraints, e.g., for example LHCb constraints
on B,y — ppa cannot compete with Belle IT limits [118].
*In Appendix B we show the bounds in the L/R basis.
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collaborations do not provide limits on two-body decays with missing energy. Yet, in some cases
there is enough information to extract this bound from available data. We indicate this case by
a subindex “r” in the last column of the table, and either use existing recasts in the literature or
perform our own recast, e.g., to find a bound on B — 7/ K /K™ + invis. from BaBar data on the
corresponding three-body decays [111,112], see Appendix A for details.

Concretely we use our recast for B — K ™) tinvis. only for LDV masses above 3 GeV. Note that
we can recast only the experimental results of the BaBar collaboration and cannot use the newer
Belle measurements, since the Belle collaboration does not provide the event count as a (binned)
function of the missing-momentum distribution. We use existing recasts for B — p + invis.
decays from LEP [119,120], B — K + invis. decays from Belle II [115, 121] (this recast is limited
to masses below mys = 3GeV), B — K* + invis. decays from BaBar [112,121] (below my» =
3 GeV). For invisible baryon decays for which there is no analysis, we derive limits using the
total lifetime from the PDG [122] after subtracting all observed channels as in Ref. [93].

For the bound based on D — 7 + invis. decays we use the result of Ref. [93] for my» ~ 0,
obtained from recasting CLEO data on D — (7 — wv)v [113]. We also perform a recast of
these data for LDV masses up to my- ~ 0.5 GeV (which is the upper range of the CLEO data
set), assuming the efficiency in all bins to be the same as for my» ~ 0. Note that recasting
BES III data [123] on D — 7v¥ gives weaker constraints [93], although this result does not use
the full experimental information. It would be interesting if BES III would provide an explicit
two-body recast of their full data set. The collaboration actually does this for the case of two-
body hyperon decays A, — p + invis., albeit only for “massless” invisible particles. Their signal
region in fact covers invisible masses up to 316 MeV, and leads to limits that are much stronger
than the ones obtained by saturating the total A, lifetime [93]. As a conservative limit, to be
replaced by a dedicated experimental analysis, we multiply their limit for the massless case by a
factor 1/2 (since close to the endpoint of the signal region half of the signal events are lost due to
energy resolution). We use the resulting bound BR(A, — pV’) < 1.6 x 10~* for LDV masses
up to 316 MeV, and take lifetime limits above 316 MeV. We notice that a search for the decay
D — 7+ X would not suffer from two-body SM backgrounds in contrast to hyperon decays,
where A. — p + ~ contributes to the signal of a massless X, if the photon is missed.

To set constraints on the couplings {(Cg, C3~5, (Cx (C};ﬁ} we consider dipole (1) and vector in-
teractions (.%%) separately, and turn on a single coupling at a time. We use the theory predictions
of Appendix C together with the form factors in Table 6.1 (see also Appendix C.1) to calculate
the decay rates as a function of the couplings and the LDV mass. The rates are then compared to
the experimental limits to obtain the bounds in the mass—coupling plane. We include statistical
and systematic uncertainties as follows. For the theory predictions we only use the systematic
uncertainties associated with hadronic form factors (these are the most relevant ones), while the
treatment of uncertainties of experimental limits depend on their nature: for decays where the
experimental collaborations provide two-body interpretations (or a theory recast exists), we add
the experimental and form-factor uncertainties in quadrature. In the case where we performed
our own two-body recast (as described in Appendix A), we treat theory uncertainties as Gaussian
uncertainties smearing the expectation values of the underlying Poisson probability distribution
functions.

Our results are summarized in Figures 6.2 and 6.3 in which we show the lower bounds on the
effective inverse coupling A/C,; for given LDV mass my~. The plots are organized according
to the underlying flavour transition, ie, s — d, b — s, b — d, and ¢ — u and we separate
dipole {(Cg, (C?f (Figure 6.2) and vector couplings {(Cx CZ\~§5 (Figure 6.3). Each plot shows the
bound on a single coupling for a given quark-flavour transition, with each line corresponding
to a particular hadronic decay, excluding the region below. Note that P — P’ + V' decays are
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Quark Transition Hadronic Process Form Factors  Experimental Limit
Kt s at+Vv/ [124,125] NA62 [88,109,110]
>t osp+V/ [105,126-128]  BES III [129], Lifetime, [93,
122]
s —d —_—— - / ifoe:
= =X 4V [105,126-128] Lifetime, [93,122]
205204V [105,126-128]  Lifetime, [93,122]
2S5 A+ V! [105,126-128]  Lifetime, [93,122]
A—=n+V [105,126-128]  Lifetime, [93,122]
Bt - Kt +V/ [130,130] BaBar, [112], Belle II, [115,
121]
b—s B— K*+V’ [130,130] BaBar, [112,121]
Ay — A+ V’ [131,131] Lifetime, [93,122]
Bt -t +V/ [130,132] BaBar, [111]
b—d B—p+V [130,130] LEP, [119,120]
Ay = n+V’ [131,133] Lifetime, [93,122]
Dt - at 4V’ [134,135] CLEO, [93,113]
cC— U
Ae—p+V/ [136,136] BES III [116], Lifetime, [93,
122]

Table 6.1.: Overview of considered hadron decays with invisibles in the final state. The first
column shows the underlying quark-flavour transition, the second the specific
hadronic process. The relevant vector and dipole form factors are taken from the
references in the third column. The last column contains the references for the
experimental upper limits on the respective branching ratios. A subindex “r” indi-
cates that a recast of experimental data was needed, see text and Appendix A for
details.

only sensitive to {Cg and (CZ\;} couplings, which follows from parity conservation of the strong
interactions and the Lorentz structure of the form factors (see Appendix C.1). Also note that
dipole operators are dimension-six above the electroweak scale, so in fact the actual UV scale

probed is Ag = VvA/2'/4 in all transitions.

6.2.1. Dark Dipole Interactions

s — d Transitions

The bounds on the dipole couplings {CP,, CP5} are set by K — 7 + invis. and hyperon decays,
cf. Table 6.1 and Figure 6.2. For the two-body decay K — 7 + invis. we use the bound provided
by the NA62 collaboration [110]. For baryon decays there is an upper limit from BES III [129] on
the decay ¥ — p + invis. with a massless invisible. We estimate the potential reach for this
search by extending it to larger invisible masses by assuming that the same experimental limit
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is valid for the whole kinematic range. This is indicated by a dashed orange line. For all other
baryon searches, we set upper limits on branching ratios indirectly as in Ref. [93] by subtracting
the measured branching fractions for all relevant hyperon decay channels from unity. Due to
this rather weak limit, X' — m sets a much more stringent constraint than hyperon decays,
limiting the UV scale A/ (CD to be at least of the order 10'* GeV. Note however that the search
for ¥t — p + invis. strenghtens the upper limit by two orders of magnitude compared to the
conservative limit estimated with the total lifetime, and thus, out of all baryon decays, it yields
the strongest limit of order 107 GeV on the scale A/ (CB».

Nevertheless baryon decays with missing energy are important for two reasons. The decays
to pseudoscalar, such as K — m, are only sensitive to the {(CB, (CV} couplings. Thus baryon
decays are crucial to constrain the axial coupling A/ (CD5 (of the order of a few x10” GeV), as
there are no two-body decays to vector particles in s —> d transitions. Moreover, the decay
rates of pseudoscalar processes are proportional to the LDV mass for the dipole interaction %9
(cf. Eq. (C.14)), and thus only baryon decays can constrain C?j for small LDV masses. This can
be see in Figure 6.2 (upper left panel), where the bounds on (Cls)d from hyperon decays dominate
for LDV masses of my & 0 yielding a limit of @(10” GeV) on the axial coupling A/ (Cgs. This
provides a strong motivation for explicit direct searches targeting baryon decays with invisible
final states.

b — s Transitions

The limits on the dipole couplings {C}, CP5} are set by B-meson decays B — K/K* + invis.
and baryon decays A, — A + invis. The hmlts from the B-meson decays are obtained from
our own recast of BaBar data (cf. Appendix A), except for Bt — K™ + invis. for LDV masses
my < 3 GeV where we use the recast in Ref. [121] of the recent Belle Il measurement of B —
K*ov [115]. We also use the recast in Ref. [121] of the BaBar measurement of B — K*Tv
[112] below LDV masses of 3 GeV. The limit on unobserved Ay decays such as A, — A + invis.
is obtained by comparing the SM prediction for the total lifetime with the experimental one
inferred from all observed channels, ascribing the difference to the allowed value for the two-
body invisible decay [93]. As for s — d transitions, decays to pseudoscalar mesons such as
BT — K™ can neither constrain the axial coupling C5°, nor Cp. for very small LDV masses.
Otherwise, however, they do dominate over the constraint from A, — A.

In contrast to s — d transitions, there is also a decay with vector mesons in the final-state,
B — K*, which constrains both the C}, and the C}> couplings in the entire LDV mass range,
if kinematically allowed. Hence, B — K™ decays are complementary to B — K decays in
constraining A/ (Cl]?s, setting limits on the UV scale of the order 10® GeV, and also dominate the
bounds on A /CP? of similar size, up to a small region where this channel is kinematically closed
and A, — A decays set the strongest limit, of the order 107 GeV. Note that there is an upper limit
of order 10® GeV on A/CI?S at around my &~ 2GeV coming from B — K + V' decays [121],
due to a 2.8 o excess in the latest Belle Il measurement of BT — K v [115].

b — d Transitions

The bounds on the dipole couplings {CE;, CP5} are obtained from B-meson decays B — 7/p +
invis. and baryon decays Ay, — n + invis. The limit on B — 7 decays is obtained from our
recast of BaBar data (cf. Appendix A), while a limit on B — p decays from LEP data [119] has
been derived in Ref. [120]. Analogously to b — s transitions, the pseudoscalar decay B — =
does neither constrain the axial coupling (Cde5 nor (C,]?d for small LDV masses, while the decay to
vector mesons B — p does. Thus the two meson decays are complementary in setting limits on
A/CP,, of the order of 108 GeV, while B — p dominates the bounds on the limits on A /CL} of
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similar size, except for LDV masses above the kinematic threshold where A, — n decays take
over, constraining UV scales up to 107 GeV.

c — u Transitions

Finally, the constraints on the dipole couplings {CD,, CD5} are set by D — 7 + invis. and the
baryonic process A, — p + invis. For D — 7 and LDV masses my+ < 0.5 GeV, we performed
a recast of the CLEO data set (analogous to the B-decay recasts in Appendix A). The result is
shown as a solid, blue line in the bottom panel of Figure 6.2. CLEO has only collected data up to
masses of my ~ 0.5 GeV, but we also show the potential bound that could be obtained above
this mass by extrapolating the bound for massless invisible particles [93] to the whole kinematic

range, which we indicate by a dashed blue line.

For A, — p we show two limits in the bottom panel of Figure 6.2: solid, orange lines denote the
bound obtained from simply saturating the total A, lifetime, i.e., BR(A. — p + V') < 1, while
the green line indicates the 95% CL bound obtained from the BES III [116] result for “massless”
invisible particles, BR(A. — p + V) < 8.0 x 107> at 90% CL, which in fact covers invisible
masses up to 316 MeV and are multiplied by a factor 1/2, see the discussion in the beginning of
this section. We estimate the potential reach for a search extending to larger invisible masses by
assuming that the same experimental limit below 316 MeV is also valid above, and indicate this
extrapolation by a dashed, green line. We observe that the strongest limits on A /CL, are set by
the BES III search for a “massless” LDV in A, — p decays, which are valid for my, < 316 MeV
and are of the order of 107 GeV. Between 316 MeV < my» < 500 MeV a limit of similar size
is obtained from D — 7 decays, recasting CLEO data on D — (7 — 7v)v. The only available
limit on LDV masses above 0.5 GeV arises from the total A, lifetime, which sets limits of order
105 GeV. Naively extrapolating the limits from CLEO on D — 7 and BES Il on A, — p decays
to higher LDV masses instead suggests that present bounds could be strengthened by two orders
of magnitude, if BES III would either analyze the available searches for A. — p decays with
extended signal regions, or use available data on D — mvv to set a limit on the two-body decay.

Currently only A, — p decays are capable to set constraints on the axial coupling A/ (CB?, of the
order of 10° GeV and 107 GeV for LDV masses above and below 316 MeV, respectively. Besides
extending the search for A. — p + V' to higher LDV masses, this also motivates dedicated
searches for other processes such as D — p + invis. or Dy — K™ + invis. at current or future

experiments.
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Figure 6.2.: Lower limits on quark-flavour violating dipole couplings A/ |CB| (left column) and
A/\(C?ﬂ (right column) of the LDV for s — d,b — s,b — d, ¢ — u transitions

@95% CL). See text for details.
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6.2.2. Dark Vector Interactions

s — d Transitions

The limits on the vector couplings {CY,, CY?} are shown in Figure 6.3. As for dipole couplings,
the relevant constraints arise from K — 7 and hyperon decays, see Table 6.1. Analogous to
the dipole case, the limit from BES III on the decay ¥ — p + invis. for a massless invisible is
tentatively assumed to be valid for the whole kinematic range. The limit on the scale is indicated
by a dashed orange line. K — 7 decays dominate the limits on A/ (C;{i, restricting UV scales
up to 10'2 GeV, but cannot constrain the axial coupling A/CY?, where hyperon decays set the
only available bounds of the order of 107 GeV. All limits are non-vanishing when the LDV mass
is taken to zero, which is due to the choice of the prefactor in .Z5; linear in the LDV mass, see
Eq. (5.42). This corresponds to the gauge-less limit where the longitudinal polarization of the
LDV is essentially a Goldstone boson. With this scaling the flavour-violating decay is similar to
the SM decay ¢ — Wb, which also remains finite in the gauge-less ¢ — 0 limit, since the top
quark dominantly decays to the charged Goldstone Higgs, which couples only via Yukawas to
the quarks. Different choices for the prefactor, corresponding to specific UV completions, would
result in bounds that would vanish in the limit of massless LDVs, with a LDV mass dependence
that can obtained by rescaling the limits presented here.

b — s Transitions

The constraints on the vector couplings Cy, Cy2 are obtained from B-meson decays B —
K/K* + invis. and the baryonic decays Ay, — A + invis. BT — K7 sets the strongest con-
straint on A/ (CXS of the order of 10® GeV, but cannot constrain the axial coupling A/ CZ;S. Here
the dominant constraints are set by B — K* decays, also of the order of 10° GeV, apart from the
region where this channel is kinematically closed and A, — A takes over and sets limits on the
UV scales up to 10° GeV. Again there is an upper limit of order 10'2 GeV on A/Cy, at around
my =~ 2GeV coming from B — K + V' decays [121], due to a 2.8 o excess from the latest
Belle Il measurement of BT — K v [115].

b — d Transitions

The bounds on the vector couplings Cl\)@, (C;i? arise from B-meson decays B — m/p + invis.
and the baryonic decays A, — n + invis.. Analogously to b — s transitions B — 7 decay sets
the strongest constraint on A/ C;ﬁl of the order of 10® GeV, while A/ Czlj is limited to about the
same values by B — p decays, up to LDV masses at the kinematic threshold where A, — n
decays dominate the bound of order 10° GeV.

¢ — u Transitions

Finally, the bounds on the vector couplings CY,, C¥5 are set by the decays D — 7 + invis.

and A, — p + invis. Meson decays D — 7 dominate the bound on A/CY, of order 10° GeV,
while only baryon decays A, — p can constrain the axial coupling A/CY> at order 10° and
107 GeV, using the total lifetime and the extrapolation of the BES III measurement, respectively,
analogous to the dipole case. Again, it would be interesting if BES III could extend their search
for A. — p + V’ to higher invisible masses, as this is expected to strengthen the present bound
on the UV scale by two orders of magnitude.
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Figure 6.3.: Lower limits on quark-flavour violating vector couplings A/ |(C);| (left column) and

A/ \C};g’ (right column) of the LDV for s — d,b — s,b — d, ¢ — u transitions
@95% CL ). See text for details.

6.3. Lepton Phenomenology of Light Dark Vectors

In this section we present the bounds on the flavour-violating couplings in Eq. (5.42) from LFV
decays ¢ — ¢’ + V' for the lepton-flavour transitions  — e, 7 — e, and 7 — p. There are
three main differences to the quark-sector analysis: i) there is no hadronic input required, ii)
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LFV Transition = Experimental Limit

w—e TWIST [117], Jodidio, [89,
137]

T —e Belle 1T [114]

T—= U Belle II [114]

Table 6.2.: The LFV transitions relevant for the two-body decays ¢ — ¢ + V' and the corre-
sponding relevant experimental measurements. The subindex “r” indicates that a
recast of experimental data was needed.

the total decay rates only depend on the combination |C?j 2+ ‘ng) % and \C¥|2 + |CZ\-§5 2, and
iii) for the case of 1 — e transitions one can profit from polarisation in order to suppress SM
background from Michel decays. This allows us to distinguish between (C}; and (C;g“r’ using the
angular distribution of the outgoing electron.

Concretely, for i — e we restrict the discussion to three benchmark scenarios, depending on the
angular dependence of the differential two-body LFV decay rate in the limit of m, = my» =0

dl'(p — e+ V")

Toosd x (14 Acosf), (6.1)

where 6 is the angle between the outgoing electron momentum and the muon polarisation. We
distinguish three benchmark cases: isotropic decays (A = 0), “V — A” structure A = —1, and
“V + A” structure A = +1. Clearly polarisation does not help to distinguish a LFV signal from
the SM background for the SM case A = —1. Thus one can only rely on the monochromatic
electron as the signal, which leads to weaker bounds than in the other cases A = 0,41 [89].
Interestingly, many proposals have been put forward to look for this decay at present and future
high-luminosity muon facilities [89-92], which are sensitive also to invisible LDVs. We take
present constraints on LFV transitions from the references indicated in Table 6.2, and compare
them to the predictions for (polarised) lepton decay rates calculated in Appendix C.5.

p — e Transitions

The bounds from p — e + invis. decays on dipole and vector couplings are shown in Figure 6.4.
We derive them employing constraints from experiments conducted at TRIUMF, both by the
TWIST collaboration [117] in 2015 (left panel) and Jodidio et al. [137] in 1986 (right panel). For
the latter, we use the recast of Ref. [89]. The three curves in Figure 6.4 show the bounds for
the three benchmark scenarios for chiral structures, corresponding to CGDM = 0or (Cgf =0
for A = 0, and Clc?u = ii(Cele for A = +1 in the upper panel, while in the lower panel they
correspond to (CXH = 0Oor (C;//? =0for A =0, and (C;/# = :tC;/i for A ~ £1. For couplings
that are not aligned to the SM, i.e., not “V — A”, the dominant constraints on LDVs lighter than
about 5 MeV are set by the Jodidio experiment, which limits UV scales of the order of 10! GeV.
Heavier LDVs are constrained only by TWIST, setting limits of the order of few x10° GeV. LDVs
with “V — A” couplings are constrained by TWIST with bounds of the same order, exceeding the
corresponding Jodidio limits also in the light-mass regime.

7 — p/e Transitions

The limits from Belle Il on 7 — p/e + invis. decays constrain 7 — e and 7 — p transitions
according to Figure 6.5, where we shows the bounds on the dipole A/CP, (left panel) and vector
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Figure 6.4.: Upper panel: Lower limits on the dipole coupling for 1 — e transitions A/ |(C12“
from TWIST [117] (left panel) and Jodidio et al. [89,137] (right panel). The bounds
are shown for three different choices for (Cgf’, corresponding to different angular
distributions of the electron momentum, cf. Eq. (6.1): isotropic decay (A = 0),
alignment to SM decay “V —A” (A = —1) and “V 4+ A” (A = +1). Lower panel:

Same for the vector coupling A/ ‘CZ;A- See text for details.

couplings A /CY, (right panel). Constraints on the axial couplings A/C2) and A/CY? are at the
same level, as the difference is suppressed by my/m., cf. Appendix C.5. Bounds for 7 — e and
T — p transitions are comparable, limiting UV scales of the order of few x10” GeV for dipole
couplings, and few x10° GeV for vector couplings.

6.4. Flavour-Violating LDVs from the Renormalization Group

In this section we study the phenomenologically interesting scenario in which flavour violation
is induced via the RGEs as discussed in Section 5.6, and set bounds on the UV couplings from the
previous flavour-violating decays. We discuss separately the case of dipole and vector couplings
in Section 6.4.1 and 6.4.2, respectively.

6.4.1. Dipole Interactions

We determine the experimental limits on the high-scale couplings cdD and CE in Eq. (5.79) from
the limits on two-body meson decays discussed in Section 6.2. Note that the renormalisation
scale y is set to the EW scale, since below there is no Yukawa running. As expected from the
high-level of flavour suppression inherent to the setup (see Table 5.4), the resulting bounds are
very mild and often weaker than the constraints from perturbative unitarity. For this reason
we only display in Figure 6.6 (left panel) the strongest bounds, which come from B — K* and
require Ag ~ TeV for CE = 1 (for cdD = 1 the limit on Ag is far below the EW scale and is
therefore not shown).
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Figure 6.5.: Upper panel: Lower limits on the dipole (left panel) and vector (right panel) couplings

for 7 — e transitions A /|CD,
T — p transitions A/ |C71')u

, A/|CY,| from Belle II [114] Lower panel:same for
A/ \(CY“ |. Constraints on the axial couplings A /|CDp

and A/ ]CY€5| are essentially of the same size, as the difference is suppressed by

me/m, cf. Appendix C.5.
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Figure 6.6.: Lower limits on the UV scale in the UV universal scenario for dipole (left panel) and
vector couplings (right panel), only showing the strongest constraints. See text

for details.
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6.4.2. Vector Interaction

The numerically leading contributions to a given (hermitian) flavour transition in LH interactions
are shown in Table 5.3 for both sectors. We display the resulting bounds on A in the right panel
of Figure 6.6 for ¢y, = 1 (there is no constraint from CXd at one-loop), which are of order
A > 103 TeV for K — 7 transitions. These limits are weakened by about an order of magnitude
for LDV masses above m g —m,, where the dominant constraint comes from B — K transitions.
In dashed green, we also show the limits coming from the flavour-violating contribution that is
induced at the two-loop level by the coupling of the LDV to the anomalous baryon current J’.
The corresponding limit on the scale A has been obtained by rescaling the result for K — 7 of
Figure (1) from Ref. [86], giving A > 3.5 TeV for ¢} = 1 and ¢\, = cxy = 0. This is about
three orders of magnitude weaker than the limit one obtains if the LDV also couples to currents
that are not conserved at tree-level, i.e., taking ckr, = chg = 1.






CHAPTER 7

Unitarity and Perturbativity

Constraints on light particles have been extensively studied in the context of colliders, beam-
dump experiments, astrophysics, and cosmology, as well as their phenomenology at precision
flavour experiments [1, 88, 93, 105]. Complementary, bounds from theoretical considerations
are also possible. In this context, we consider constraints from the unitarity of the S matrix,
which allows to set limits on the parameters of the theory. Early work can be traced back to
the Froissart-Martin bound [138, 139], the application of unitarity to the Fermi theory [140],
and to the introduction of the tree unitarity concept [72]. The technique was later pioneered
by Lee, Quigg and Thacker (LQT) [10], who set an upper bound of 1 TeV on the Higgs boson
mass from 2 — 2 boson scattering via partial waves [141]. The LQT bound was later improved
and extended by including fermion scattering [142-144]. Since then, the unitarity tool has been
extensively used to constrain NP models, such as supersymmetry [145-147], two Higgs doublet
models [148-150], DM models [151-154], BSM models tackling the g — 2 anomaly [155,156], and
others [157-164]. For recent studies, see Refs. [165-167]. Moreover, partial wave analysis is a
tool that goes beyond unitarity, see Ref. [168], where anomalous dimensions are extracted from
partial waves.

In this chapter we set bounds from perturbative unitarity on flavour interactions between SM
fermions mediated by LDVs through the dipole and vector interactions, presented in Section 5.4.
For completeness we give the Lagrangian of the model again. Below the EW scale the lowest
dimensional interactions of the LDV are described by two classes of operators: dipole and vector
interactions. The Lagrangian of the theory is given by

g :fkin-i-fV‘FfD’
1 m2,
L= Sy ym T

myt —
VT (€ +C) 1y,

1., = .
Zp = KV’:” fiot (Q-? + 165575) fi

A%
(7.1)

A

where V;, = 8,V, — 0,V is the LDV field strength, 0" = Lv",~"], i # j denote SM quark
or lepton flavours, and the couplings are hermitian matrices in flavour space, ((CZ.(V) ) - (C?Z-(v)

D5(V5)\* _ ~D5(V5)
and (Cij ) = (Cji .
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We shall consider the flavour and helicity structure of 2 — 2 processes. We keep non-zero
fermion masses, and take into account the tranverse and longitudinal polarisations for the mas-
sive LDV. We set bounds on the size of quark and lepton flavour violating transitions, and on
diagonal couplings. We also provide the analytical expressions for the energy growing partial
waves in the high energy regime, where s > m%/,, m?c While the non-perturbative amplitudes
of the renormalisable (UV complete) theory must satisfy the unitarity condition, the amplitudes
on a perturbative theory do not necessarily have to. Large couplings can lead to a violation of
unitarity, and this signals the breakdown of the perturbative expansion. On the other hand, for
non-renormalisable or effective models, such as the SM wihout the Higgs or the Fermi theory,
the violation of unitarity signals the presence of NP. At the unitarity violation energy scale new
DOF become relevant and restore the unitarity of the theory.

7.1. Partial Wave Unitarity

In order to study the unitarity via partial waves, we consider the helicity amplitudes of a 2 — 2
process at tree-level with initial (final) two-particle states i = iyiy (f = f1f2). We label the
helicity of each particle \;, so that the process reads

il()‘il) + iQ()‘iz) — fl()‘ﬁ) + f2()‘f2) . (7-2)

The corresponding helicity amplitude is denoted by 7; (s, cos @), where 0 is the scattering angle
and /s the center of mass energy. The partial amplitude/wave is defined as the projection [141,
145]

51 /4 Bl /4T
/d9 sin@dz\i/\f(9)7}i(s, 6), (7.3)

0

Tji( )= 3ors 327s

with fixed angular momentum j. The function d{\i A (0) is the d-Wigner function, see Appendix F,
and \;, Ay denote the difference in the helicities of the initial and final state particles, respectively,
ie. \i = Ai; — Ai, and Ay = A;|;s p. Further, 3; denotes the Kallén function

Bi = (mfl - (\/§+mi2)2) (mfl — (f—mi2)2) , B = Biliey - (7.4)

The unitarity of the S-matrix implies, for each of the partial amplitudes,

2%, ( TJ*) Z Tz, (7.5)

with k£ running over intermediate states, see Appendix E for further details. Considering the
same initial and final states, ¢ = f, and restricting the sum to two-particle states, yields

Im7;/ = Z T2 > | T (7.6)

Since Im7; < |7/

. (7.6) implies
|T; | <1. (7.7)

This unitarity condition defines the Argand circle [145, 147] in the complex plane, in which all
partial waves have to lie in order to ensure the unitarity of the S-matrix. With such a condition,
the value of the energy at which the j-th partial wave crosses the unitarity limit, i.e., | 7| = 1,
defines the unitarity violation scale, at which NP is expected to be relevant. The physical matrix
7}31 can be diagonalised, and the bound of Eq. (7.7) applies to its eigenvalues according to

[Amax| < 1, (7.8)
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where A\pax corresponds to the largest eigenvalue, giving the strongest constraint. Using Eq. (7.8),
we set bounds on the couplings {Cg , ((:225, (Cg ) (CD 51 of the Lagrangian in Eq. (7.1). In this work
we consider three types of processes:

ffr—=1rf Vif=V'f V'V = ff (7.9)

where V"’ is the LDV and f the SM fermions. We take into account the flavour and helicity struc-
ture of these processes, keep the full fermion mass dependences and consider the longitudinal
polarisation of the LDV. Details on the calculation are illustrated in the next section. Regarding
the values of j in the partial amplitudes of Eq. (7.3), for ff — ffand V'V’ — ff, j takes integer
values j = 0,1, ..., while for V'f — V' it takes half integer values j = 1/2,3/2,... and typ-
ically, the lower j the stronger the bound that is obtained. Moreover, amplitudes that grow with
the energy o< (v/s)® with a > 0 yield a genuine unitarity bound, while amplitudes that do not
grow with the energy yield a perturbativity bound. Therefore, we consider these two situations
separately, and set unitarity bounds in Section 7.4 and perturbativity bounds in Section 7.5, from
the three types of processes in Eq. (7.9).

7.2. Partial Wave Decomposition in Flavour and Helicity Space

In this section we outline the details of the calculation of the partial amplitudes defined in Eq. (7.3).
Following the discussion in Section 7.1, we consider the following 2 — 2 scattering processes at
tree level

fr=1r, V'V = ff, Vif=V'f, (7.10)

and their conjugated combinations. For now we consider only flavour-violating processes with
two flavours ¢, j with ¢ # 7§, and at the end of the section we discuss the flavour-diagonal case.
Therefore, the amplitudes are proportional to Cw’ where ¢;; denotes any of the couplings in

Eq. (7.1), 1e, ¢jj = {(CZ, (C¥5, (Cg ,CP 5} The relevant set of two-particle states is given by

{flf]7fTZf]7flf]7f’lf]?ﬁfhf]f]?vlfl7vlf]7vlfl)vl.f]}7 (711)

for fixed flavour indices 7, j with i # j. Considering solely flavour violating transitions, the
three types of decays, cf. Eq. (7.10), factorise in flavour space and each of these sectors is to be
considered separately. The contributing channels to every process are given in Table 7.1, and
the scattering amplitudes in flavour space are given as shown in Table 7.2. Notice that for some
processes, some channels do not contribute to probing flavour violating couplings (c;;) and are
instead only proportional to flavour diagonal couplings (c;;).

In the scattering matrix of Table 7.2, the colour of each block/sector is selected to enhance visual
clarity; for example, when we write ff — ff, we mean the whole green transition matrix
in Table 7.2 with the corresponding flavour and helicity structure. The non-empty entries in
Table 7.2 are specified by the size of their matrix amplitude in helicity space. The helicity of a
spin-1/2 fermion can take values Ay = {£1/2}, while the helicity of a massive spin-1 vector,
like the LDV, can take the values Ay = {£1,0}, where +1 are the transverse modes and 0 the
longitudinal mode. Thus, the full transition amplitude given by Table 7.2 is a 57 x 57 block matrix
in helicity space, with sub-matrices from three distinct sectors: ff — ff (green), V'f — V'f
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Table 7.1.: Processes and channels considered. Not all channels in a certain process contribute to
probing flavour-violating couplings c;;,% # j, as some channels have exclusively
diagonal flavour structure c;;.

Process Channels cizj c?i
fifi = [if; t,u u  tu
ﬁfj — ﬁfj t,u v tu
fifi = fifi s, t s st
fifi = fif s,U s, U S, u
Vi = V'f; S, U S, U S, U
V'fi=V'f; S, U s, U S, U

V'V = fif; tu tu tu

Table 7.2.: Flavour violating transitions (¢ # j) corresponding to the processes in Eq. (7.10).
Non-zero entries are specified by the size of the matrix amplitude in helicity space.
Every sector is assigned a colour for clarity, i.e,, ff — ff (green), V'f — V'f
(blue) and V'V’ — ff (orange).

fifi Ll fifi R L L VVEVE VI VIR VI
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Table 7.3.: Flavour diagonal transitions (¢ = j). Non-empty entries are specified by the size of
the matrix amplitude in helicity space, while empty entries are zero. Every sector is
assigned a colour for clarity, i.e., ff — ff,V'V' — ff (yellow)and V'f — V'f
(blue).
fifi - fifi fifi V'V V' V'fi
fifi |4x4

fifi 4x4 4%x9
fifi 4x4

v'v! 9 x4

V'fi

V'fi

(blue) and V'V’ — ff (orange). The corresponding helicity amplitudes for each of the three
types of processes at hand take the following form (independently of the flavour structure)’

TN T TR T
T (7.12)
Atz gt ot o |

ToE T T T

T T T T

o Tor Toi v Tort Tor
o T TR T Tt T

ot T T TN T
7;,\13)\,\24 (Vlf_>Vlf): ++ ++ Tt ++ ++ ’ (7.13)
T T T Tt T
T TR T TS T
T T T T Tt T

'The number of all possible helicity amplitudes for a process A1 + A2 — Az + A4 is given by
(251 + 1) (2s2 + 1) (2s3 + 1) (2s4 + 1), where s; is the spin of the corresponding particle.
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Too™ Tob T Too
o T T T
T T TL T
T Tov Torm Toy

o V'V = £ =7 70 70 7 | (7.14)

T Tt T

The notation is such that the lower (upper) indices indicate the initial (final) state, with the iden-
tification Ay = {£1,0} = {£,0}, A4 = {£1} = {£} for the vector boson polarisations and
Ar = {£1/2} = {+£} for the fermion helicities. While with this notation many amplitudes have
the same labeling for different processes, in the coming discussion it should be clear to which
process we are referring each time. Regarding the colours for processes with external LDVs, we
distinguish between three cases: both bosons have longitudinal polarisation (LL, blue), both have
transverse polarisation (TT, gray), and one is transverse while the other one is longitudinal (TL,
green). Such distinctions will be relevant for the coming discussion.

For flavour-diagonal interactions, corresponding to ¢ = j, the situation is slightly different to the
flavour violating case. For only diagonal interactions of Eq. (7.1), the set of two-particle states is
given by

{fifis fifis Fifis V' i, V! fi} (7.15)
for a fixed flavour index i. The corresponding matrix amplitude in flavour space is given in
Table 7.3, with the non-empty entries of the table specified by the size of the corresponding matrix
in helicity space, see Eq. (7.13). Unlike in the flavour-violating case, ff — ff and V'V’ — ff
mix in the transition matrix of Table 7.3. For flavour violating insertions, see Table 7.2, they are
separated because we only consider insertions with i # 7, and thus V'V’ — f; f; and f; fi — fi i
(and all other conjugated combinations) contribute to different sectors. For ¢ = j, it is clear that
they combine.

With such a setup, the first task corresponds to computing the helicity amplitudes 7; (s, #) for
a process i1(A;;) + i2(Niy) = fi(Ap) + f2(Ap,). Details of the calculation can be found in
Appendix D. Once the helicity amplitudes are obtained, the partial amplitudes are computed ac-
cording to Eq. (7.3). Then, following Section 7.1, the transition matrices of Table 7.2 and Table 7.3
must be diagonalised in the flavour violating and diagonal case, respectively. Each sector (pro-
cess) yields eigenvalues, and the strongest bound on the corresponding coupling is found from
the largest eigenvalue Apax by demanding

|Amax| < 1. (7.16)

7.3. Energy Growth and Infrared Divergences

As discussed in the previous section, in our analysis we consider the following processes with
SM fermions f and the LDV V'

fr=1r, Vif=V'f, V'V = ff, (7.17)
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as well as their conjugated ones. For the purpose of clarity in the coming discussion, we sim-
ply consider the processes in Eq. (7.17), since the following argument holds independently of
conjugation, flavour and helicity.

We wish to elucidate which processes grow with energy, meaning that their amplitude o< (v/s)*
with o > 0 at high energies. For such processes the unitarity Eq. (7.7) is violated above a certain
scale, as in the high energy regime amplitudes grow uncontrollably. In this scenario, a radial
Higgs-like mode would be needed in order to restore the unitarity of the theory, just as in the
EW sector of the SM [10]. On the other hand, processes which do not grow with energy can also
violate Eq. (7.7), e.g., for large couplings. In this case the interactions are strongly coupled and
perturbation theory breaks down. In the first scenario, the amplitudes yield a unitarity bound,
while in the second scenario they set a perturbativity bound.

In order to identify which processes in Eq. (7.17) have energy growing amplitudes (and thus set
a unitarity bound), we can use the sum rules derived from the Slavnov-Taylor identities (STI).
These relate the couplings of the interactions among each other to ensure the unitarity of the
theory when certain processes grow with the energy. We follow the analysis of Ref. [169], and
introduce a radial Higgs mode A coupled to the fermions and the LDV V'

_ _ 1 '
L= Y hfPof + > CUf Vi fy" Pof + §gvlv/hVéV Eh, (7.18)

where the second term corresponds to the interaction .23, of Eq. (5.41) in the L. /R basis (up to the
my /A prefactor) for a fixed fermion flavour, i = j. The index o denotes the chirality, o = L/R,
while the subindices in the couplings are introduced to illustrate their corresponding interaction.
We consider one single fermion with mass m for simplicity and stress that the discussion also
applies to a more general scenario with more fermion flavours. From the ST, the following sum
rule is obtained

where ¢ = o|poRr. Recall that Eq. (7.19) is a relation among couplings that guarantees the
cancellation of energy growing amplitudes, rendering the theory unitary at high energies. Tree-
level amplitudes from the processes ff — ff,V'f — V'f, V'V' — ff are precisely of order
O((Cgfff f)Z), with the couplings at such order being on the RHS of Eq. (7.19). According to
Eq. (7.19), energy growing amplitudes from the processes ff — ff,V'f — V'f,V'V' — ff are
canceled by amplitudes of order O(gy v/, Y} ¢), as dictated by the LHS of Eq. (7.19). Therefore,
ff — ffprocesses cannot grow with energy, because if that were the case such amplitudes could
not be canceled by amplitudes with gy+y5, Y}s ¢ vertices. Following this line of reasoning, it is
clear that the processes growing with energy are the ones with two external LDVs, V' f — V'f
and V'V’ — ff, which are taken care of by amplitudes with gyy1,, Yh"f ¢ vertices where h is
propagating’. Therefore, in the high energy regime V'f — V' f and V'V’ — ff contain energy
growing amplitudes that allow to set a unitarity bound, while ff — ff sets a perturbativity
bound. For the .Zp interaction we cannot follow these arguments as it is a dim-5 operator in
the EFT and the STI do not apply to non-renormalisable interactions. By using a naive power
counting we expect all processes with .7}, insertions to grow with energy o< (s/A?)* with o > 0.

An interesting observation can be made from the sum rule of Eq. (7.19). Amplitudes with two
Py vertices and two external V'’ grow with energy proportionally to the fermion mass, that is,
their amplitudes scale as oc m(1/s)® with o > 0. Therefore, considering massive fermions is

'We will see in Section 7.4 that the amplitudes growing with the energy are the ones with longitudinally polarised V",
the sum rules do not specify which helicity amplitudes grow with the energy.
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necessary in order to account for the amplitudes that grow with energy. In our calculation we
indeed find such a behavior, albeit in a more complicated manner since we consider FCNCs. We
will discuss this finding in more detail, for the time being we are content to note which processes
grow with energy without the need to explicitly compute any amplitudes.

We have seen that ff — ff processes with 7% insertions cannot grow with the energy. But
infrared (IR) divergences can arise for such type of processes, which can manifest as energy
growing amplitudes, in contradiction with the sum rule Eq. (7.19). Concretely, for scattering
angles = 0 and 6 = 7, ¢, u channels in the high energy regime diverge respectively according

to!
1 1 1 1

t " s(1—cosf)’ Tur u s(l+cosh)
The behaviour of Eq. (7.20) typically manifests as a logarithmic term [157, 168] in the partial
wave, akin to the Bhabha and_Moller_ scattetring in QED. As an example, we consider the ¢-
channel helicity amplitude of ff — ff with Ay = 1/2, two vertices of .%y; and a propagating
LDV. The Proca propagator for the massive V' reads

—J L JV
AR = S T ) 7.21
v k? - m%// <g m%// > ( )

Ti ~ (7.20)

Let us consider the high energy regime and take the fermions and LDV to be massless. Computing
the 5 = 0 partial wave according to Eq. (7.3) (for which d80 = 1) we find

T9 ~ 2log (sin g)

O=n
, (7.22)
0=0

which diverges at @ = 0. This singularity comes exclusively from the g"” piece in Eq. (7.21). The
kH kY piece is proportional to the fermion masses, and thus vanishes for massless fermions. But
even for massive fermions the divergence of Eq. (7.22) is present. Indeed, the divergence comes
from the singularity in the ¢-channel as illustrated in Eq. (7.20), where the LDV mass is set to
zero. If we consider keeping the LDV mass, the 6 integration poses no issues and we obtain the
corresponding partial amplitude, which is found to have the following behaviour

W~m<i). (7.23)

My

According to Eq. (7.23), the process ff — ff grows with energy o log s. The reason Eq. (7.23)
has this form is because my acts as a regulator of the # divergence in Eq. (7.22), so the divergence
moved from § = 0 to mys = 0. But we argued that ff — ff processes cannot have such a
behaviour, so the scaling with energy of Eq. (7.23) cannot be considered a unitarity problem, and
at high energies one should not extract unitarity constraints from amplitudes with the form of
Eq. (7.23). Since the singularity comes from the g"” term of the LDV propagator in Eq. (7.21), we
drop this term and consider only the k*k” term of the propagator [144, 153]. We are therefore
forced to keep non-zero fermion masses for the f f — f f amplitudes to not vanish. This discus-
sion is equivalent for the u-channel for which the divergence is at # = 7, and also for all other
processes with external fermions and a propagating LDV. We stress that this is what we do in the
case of unitarity in Section 7.4.1, in which only the corresponding energy growing amplitudes of
the V'V’ — ff,V'f — V'f processes are considered, while in the case of perturbativity, Sec-
tion 7.5, we actually do the inverse procedure and keep only the g/ piece of the LDV propagator,
and consider only transverse modes of V' for the V'V’ — ff, V' f — V' f processes. This is be-
cause energy growing amplitudes are directly linked to longitudinally polarised V', and thus, we

'See Appendix D for the kinematics of 2 — 2 processes.
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Table 7.4.: We indicate which of the three sectors ff — ff, V'V — ff.V'f — V'f yield
unitarity and perturbativity bounds for the vector and dipole interactions.

Interaction Perturbativity Unitarity
L All V'V = V=V f
D X All

shall not consider these modes in our perturbativity analysis. In this scenario, even if amplitudes
of the form of Eq. (7.23) arise, we understand that these amplitudes are not to be taken as energy
growing amplitudes, i.e., they are not valid for \/s — oco. Notice that for the .} interaction of
Eq. (7.1), the k*E" piece of the LDV propagator does not contribute due to the Dirac structure,
Zp o oM”. For the dipole interaction we keep the ¢g"” piece of the LDV propagator, which
yields no issues because the interaction is dim-5 in the EFT and all amplitudes genuinely grow
with energy for all processes. We must remark that when we say that V'V’ — ff,V'f — V'f
processes grow with the energy, we mean that some of the corresponding helicity amplitudes
of Eq. (7.13) grow with energy, but not all do. This is indeed what we find in our calculation,
and therefore (for .%4;) only some helicity amplitudes of the V'V’ — ff,V'f — V'f processes
yield a unitarity bound, but all three sectors yield a perturbativity bound since all contain he-
licity amplitudes that do not grow with energy. In the coming discussion we point out which
helicity amplitudes yield unitarity bounds. On the other hand, all amplitudes for all processes
grow with the energy for the %) interaction. See Table 7.4, where we specify which processes
yield unitarity bounds and which yield perturbativity for each interaction.

7.4. Unitarity

In this section we show the analytical expressions for the partial amplitudes of each sector that
grow with the energy, and set bounds on the corresponding couplings of the model in Eq. (7.1).

. . . . . 2 2 2 .
The expressions are given in the high energy regime s > my,,, m;’, mj, and thus in powers of

V.

7.4.1. Vector Interaction

We start discussing the unitarity amplitudes in the context of the interaction %5 from Eq. (7.1).
From the discussion in Section 7.3, we expect that ff — ff processes do not grow with the
energy, and thus, do not yield a unitarity bound. This is confirmed by our calculation in which
we find the ff — ff amplitudes to scale according to o (1/s)® with a < 0 in the high energy
regime. On the other hand, the processes V'f — V'f, V'V’ — ff with LDVs have energy
growing amplitudes o< (y/s)® with a > 0. For these two processes, we have the colour assign-
ments LL, TL or TT depending on the helicities of the LDVs, see Eq. (7.13). We find that the LL
sector with two longitudinally polarised LDVs gives energy growing amplitudes. This can be
understood from the fact that longitudinal modes are enhanced in the high energy, that is, for
s > mi, — er(k) ~ k/my. In order to find the energy growing amplitudes we consider the
amplitude matrix of Table 7.2 and expand all amplitudes in the limit s > m%/,, m?2, m? The
corresponding energy growing partial amplitudes are given as follows

3 V,V/ — ff
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(To™)' ™" = (Tog )™ =

\[ 2 174 2 1% 2
s ez | s = ) ICHI o (mi )P [P0 + 2ACTRICH 2 (m — md cos2 (91 = 65))

(7.24)
VSV

(T = (o2

S
16‘7&2 (mi —m;)? [CY|* + (mi + my)” |CY5[* + 2|CY|?|CY, 12( —m?2cos2 (¢1 — ¢5)).

(7.25)

We observe that the amplitudes of Eq. (7.24)—(7.25) are proportional to the fermion masses, ap-
pearing as the difference (sum) for CV((CV5) Therefore, if we neglect the fermion masses (i.e.,
setting m; = 0V%) no energy growing amphtudes are obtained and no unitarity bounds can be
set for the vector interaction. Moreover, for m; = m, the (C}; contributions vanish. This high-
lights the importance of taking into account the distinct fermion masses in the amplitudes for the
flavour violating transitions. From these amplitudes we can infer the corresponding amplitudes
for the diagonal case by setting m; = m;;'. The leading amplitudes for the axial coupling (CZ > cor-
respond to the ones in Eq. (7.24)—(7.25), since they have a proportionality factor (m;+m;) = 2m,
for m; = m;. Recall that in the diagonal scenario the ff — ffand V'V’ — ff processes mix,
see Table 7.3 (yellow block), but since ff — ff processes do not yield unitarity issues, the
relevant amplitude in this mixing sector comes from the energy growing V'V’ — ff process,
given in Eq. (7.24), with m; = m;. On the other hand, the C};, terms of the leading amplitudes
Eq. (7.24)—(7.25) vanish for m; = m; as they have a prefactor (m; — m;). In this case, there
are no energy growing amplitudes in the high energy regime for C};, and setting m; = m; is
effectively equivalent to considering massless fermions.

%

We wish to set unitarity bounds on the A /coupling combination. To this end and as discussed
in Section 7.2, the corresponding matrices of Table 7.2 have to be diagonalised and the strongest
bound is found from the largest eigenvalue according to Eq. (7.16). The largest eigenvalue of
the matrix amplitude corresponds to the V'V’ — ff sector’s largest eigenvalue. Notice from
the amplitudes of Eq. (7.24)—(7.25) that the V'V’ — ff amplitude is larger than the one of
V'f — V' f. We find the largest eigenvalue to be

‘)\max‘:2‘( ++J 0‘_2( Too ") *‘. (7.26)

To extract a unitarity bound, we consider one coupling ((CZ , (CV5) at a time. Then, we apply the
unitarity condition [Apax| < 1 discussed in Section 7.2, and we fix the value of /s so that we
demand the theory to be unitary up to the considered /s value. Therefore, the unitarity bound

on each coupling for a general flavour violating ij transition is given by

A s\1/4 [m; —m;
> (2 - 7
C}g - <2> ar 7
(7.27)
L (f) 4 Im; +my
C}? —\2 dr

'We have of course checked that setting m; = m; yields the correct diagonal amplitudes by direct calculation of the
diagonal processes in Table 7.3.
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Table 7.5.: Lower unitarity bounds on A /coupling for the flavour violating vector interaction at
fixed \/s = 1 TeV and /s = 10 TeV.

Vs =1TeV Vs =10TeV

Sector A/C};/GeV A/C[°/GeV A/C};/GeV A/C}/GeV

bs 15.16 15.51 47.95 49.04
bd 15.33 15.35 48.47 48.53
sd 2.23 2.35 7.07 7.43
cu 8.44 8.46 26.71 26.76

while for flavour diagonal transitions (m; = m;) we have the following unitarity bound on the

axial coupling C}°
1/4 :
> (g) ! Vo (7.28)
T

and no unitarity bound can be set for the diagonal Cx couplings. From the expressions in
Eq. (7.27) and Eq. (7.28) we set numerical bounds for different flavour-violating and diagonal
transitions bd, bs, cu, sd, bb, ss, dd, cc,uu, see Table 7.5 and Table 7.6, respectively, for the ex-
plicit numerical bounds at fixed v/s = 1 TeV and /s = 10 TeV. In Figure 7.1 we show the
bounds on the couplings for different flavour violating transitions, and in Figure 7.2 we show the
bounds on the flavour diagonal coupling C}.°. The plots are such that the region below the curves
are excluded by unitarity. As given by Eq. (7.27) and Eq. (7.28), the bounds are more stringent
for transitions with heavier quarks, i.e., bs (bb) gets a more constraining bound than sd (ss)in
the flavour-violating (diagonal) case. Moreover, since m;, > mg s, for the bs and bd transitions
the bounds are practically identical (see the corresponding numerical bounds in Table 7.5). More
generally, notice that the bounds on C:; (CZ‘~§5 shown in Figure 7.1 and with the numerical values
in Table 7.5, are practically the same, since in every flavour-violating transition 7j one quark is
considerably heavier than the other, and thus m; — m; ~ m; + m,, rendering the bounds of
Eq. (7.27) equivalent for a fixed flavour transition. Crucially, the energy growing amplitudes of
Eq. (7.24)—(7.25), and thus, the unitarity bounds Eq. (7.27)—(7.28) are independent of the mass of
the LDV my. Therefore, the bounds derived here are valid for any value of the LDV mass (of
course, with my~ < /) and solely controlled by the value of /s, with the fermion masses fixed
to their corresponding values for each transition. While the bounds from unitarity are much
weaker compared to the bounds from two body decays, discussed in Chapter 6, the unitarity
bounds are valid for all the range of my, as they do not have a kinematical endpoint unlike
the two body decays, as can seen in the plots of Section 6.2. Moreover, the unitarity analysis
employs a theoretical bound, and therefore no experimental input is needed to extract unitarity
constraints.

A
cys

7.4.2. Dipole Interaction

For the dipole couplings of Eq. (7.1) all processes yield energy growing amplitudes since the oper-
ator is of dimension five. The corresponding amplitudes are the same for every flavour transition
and coupling ((CZ-?- , (CZ-?-5) in the high energy limit, that is, independent of the fermion masses. Of
the three sectors LL, TL, TT, see Eq. (7.13), the leading amplitudes for V'f — V' V'V' — ff
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Table 7.6.: Lower unitarity bounds on A/C};° for diagonal flavour transitions at fixed /s = 1

TeV and /s = 10 TeV.

Vs=1TeV /s =10TeV

Sector A/CY5/GeV A/CL°/GeV

bb 21.69 68.59
ss 3.24 10.25
dd 0.72 2.29
ce 11.96 37.81
U 0.49 1.56
xGeV AT xGeV_ AT
150f " s 150F g
sd
100r 100r_pd
s0f
0¢ ' ' ' ' 0F : : : : :
1 20 40 60 80 100 1 20 40 60 80 100

/s in TeV

/s in TeV

Figure 7.1.: Unitarity bounds on the vector couplings C} (Cz‘g‘:’ as a function of /s for different

59

flavour-violating quark transitions.

x GeV

A/Cy?

—bb
150f

100}

40 60 80 100
Vs in TeV

Figure 7.2.: Unitarity bounds on the vector couplings C};> as a function of /s for different
flavour-diagonal quark transitions.

correspond to the TT sector. This can be understood from the fact that longitudinal vector bo-
son polarisations are proportional to the LDV momenta at s > m¥, — ep(k) ~ k/my, and
thus LL, TL amplitudes are suppressed by the dirac structure o*” of the interaction .Zp. Just as
in the case of the vector interaction, we expand the matrix amplitudes of Table 7.2 in the limit
5> m%/,, m?, m]2 The corresponding energy growing amplitudes are given as follows

o V,V/ — ff
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(T )T = (T T = ()T = () =
V/ICBI + [CEP 4 4+ 2CHRICEP [25in (é1p — d5p)

(7.29)

127 A2
VIS VIS

(T =2 = ()= =
e AQ\/‘CD4 (CD54_’_2‘ | ‘(CDS 25in (¢1p — d5p) ,

(7.30)

cff= I

For this sector there are two distinct leading amplitudes corresponding to distinct conjugated
processes, which are of the same order in the expansion, i.e. x s. The leading amplitudes read

—— +4+\7=0 ——\J=0 ++4)7=0
(T++)ff—>ff (T )ff—>ff (T )ff—>ff (T )ff—>ff

(7.31)
- 0 VICBI + [CB 1 1 2(CRRICA2 cos2 (610 — b5m).
while there is also the following partial amplitudes
++1J=0 ——\Jj=0 ——\J=
(T3 )ff—>ff (7=~ )ff—>ff (T )ff—>ff
++4)7=0 ++417=0 ——\j=0
(T )ff—>ff (T )ff—>ff (7-77 )ff—>ff - (7.32)

5/ ICB 1% + [CBP[4 + 2ICHPICEPIR cos 2 (610 — 650)

We observe that the leading amplitudes in every sector and process are independent of the
fermion masses and the LDV mass my. Therefore, unlike for the vector interaction %4y, see
Eq. (7.24)-(7.25), for -Zp one can set the fermion masses to zero to find the unitarity bounds.
Therefore, for the diagonal m; = m; case the amplitudes are the same, except that now V'V’ —
ffand ff — ff processes mix as shown in Table 7.3. The leading amplitude for these mixing
processes corresponds to the ff — ff one given in Eq. (7.31). The largest eigenvalue among
the three sectors of Table 7.2 comes from ff — f f processes, which we find to be

__\j=0
I/\max|=2’(7'++)ff_>ff . (7.33)

Considering a coupling ((Cg ,cP 5) at a time and applying the unitarity condition |Ap.x| < 1, we

find the unitarity bound on the A /coupling combination to be

35\ /2 NG
> — N — .
> (5) =% (739

A
E)

ij

for both couplings and all flavour violating and diagonal transitions. Therefore, for the dipole
interaction the unitarity bound takes a very simple form and is totally controlled by the value of
/s, with no fermion mass dependence. In Table 7.7 we give the numerical bound on the size of
A /coupling for /s = 1 TeV and /s = 10 TeV. In Figure 7.3 we plot the bound as a function of
/s, where the region below the curve is excluded. As in the case of the vector interaction, the
unitarity bound of Eq. (7.34) is independent of the my mass, and thus, equal for all my+ values

(with my < \/g)
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Table 7.7.: Lower unitarity bounds on A /coupling of the dipole interaction for v/s = 1 TeV and
v/s = 10 TeV for any ij flavour violating and diagonal transition.

Vs/ TV A/CY ) Tev

1 0.49
10 4.89
D(5)
0 xTeV I/\/Cl-j .
40¢
30¢
20¢
10f

1 20 40 60 80 100
Vs in TeV

Figure 7.3.: Unitarity bounds on the dipole couplings Cg , (Cg“r’ as a function of /s. This bound
is valid for any flavour violating and flavour diagonal transition, as the corre-

sponding bound is independent of the fermion masses, see Eq. (7.34).

7.5. Perturbativity

In this section we discuss the perturbativity amplitudes and bounds, that is, partial amplitudes
that do not grow with the energy. In this scenario, we only have to consider the vector interac-
tion %4, since for the dipole interaction .Zp all amplitudes grow with the energy. Of the three
processes under consideration, all of the them yield perturbativity bounds, with ff — ff only
giving perturbaitivity and no unitarity bounds, because as discussed in Section 7.3, this sector
has no amplitudes that grow with the energy. Indeed, in the unitarity Section 7.4.1 we did not
consider ff — ff processes. In this section we consider only transverse modes of the LDV, and
therefore for the V'f — V'f, V'V’ — ff processes we only take into account the TT helicity
modes, see Eq. (7.13). For ff — ff, we keep the g"” piece from the LDV propagator, and drop
the kHEY/ m%// piece corresponding to the longitudinal polarisation of V', see the discussion of
Section 7.3. This implies that some partial waves grow with o log s, but since now we focus on
perturbativity and not in the high energy regime, we are safe to do this as long as we understand
the analysis of ff — ff to be valid up to some energy, i.e., not valid for /s — oco. Crucially,
singularities appear for my» = Oin ff — ff, and thus we shall avoid considering a massless
LDV. Moreover, for each of the processes V'f — V'f, V'V' — ff, and ff — ff, tandu
channels, see Table 7.1, exhibit kinematical singularities in the partial waves arising from the
0 integration. We circumvent these singularities by deriving the conditions on the masses and
energy values that define a range free of such singular behavior. In the following, we give the
conditions for every sector, in both the flavour-violating and diagonal case:

c fF—= 1
s(s—km%/, —2m§—2m§)

2
2 2 2
<mi mj> my,s

<0, my >0 fori#j. (7.35)
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s>4m2—m%/,, myr >0 fori=j. (7.36)
< V'fF s V'f:

2 2 \2 2 2 2 2
(mZ —mi,)" + 2s (mV, +m; —mj> -3

—1> >1, fori#j. (7.37)

mif = 2m3 (m, + 5) + (m — 5)°

2 2

- m%//)Q — S

m* —2m?2 (m2, + s) + (m?, — s)

o2m2, s+ (m
- v+

5 >1 fori=j, (7.38)

and the equivalent condition for ¢ # j with m; < m;.
V'V 5 ff:
mgl -2 (m%/, — s) m? + m%/, + Qm%,,s -5 (Zm? + s)

e (4m? —5) (s~ 4m3)

>1, fori#j. (7.39)

2

i

m* =2 (m?, +s)m?+ (m?, — 3)2

2771%//8 + (m m%/,)2 — 52

—-1>

>1, fori=yj, (7.40)

and the equivalent condition for ¢ # j with m; < m;.

Additionally, s channel diagrams in the ff — ff sector present poles when the LDV mass is
on-shell, i.e., m%/, = s. To regulate these divergences, we follow the approach of Ref. [159] and
discard the s channel amplitudes if the condition

2

1 1 /
'1—‘>4—>0.8>x>1.33 with x:mv , (7.41)
x s

is violated'. In that scenario, a bound can still be set from ¢ and u channels. In our analysis, the
fermion masses are fixed according to the specific transition under consideration. Consequently,
singularities are avoided by choosing appropriate values of my and s (with my < /s) so that
the required conditions of Eq. (7.35)-Eq. (7.41) are met. We now focus on the case of massless
fermions, i.e., m; = m; = 0. In this case, the amplitudes can be fully parametrised in terms of
the single variable x = m%/, /s, and the previous conditions reduce to

e x>0for ff — ff,

1
. §<x<1forV'f—>V'f,

1 _
. 3:<ZforV'V’—>ff.

Note that for zero LDV mass (corresponding to x = 0) we cannot set a bound because of the
prefactor in the vector interaction, see Eq. (5.42), from which the partial amplitudes scale as
T! ~ m%/,coupling2 / A2. Since we consider only transverse modes, all amplitudes vanish in
the limit my, — 0. Taking m; = 0 Vi, we set bounds on the combination A/coupling x my-
(where the my factor accounts for the vector interaction prefactor) for both the off-diagonal and
diagonal couplings as a function of . Our analysis shows that the strongest bound arises from
the ff — ff sector’; hence, we present the bound from this sector in Figure 7.4, where the left
(right) plot corresponds to the bound on the off-diagonal (diagonal) coupling. As discussed in
Section 7.2, in the diagonal case the processes ff — ff and V'V’ — f f mix; however, since the

!See Refs. [145, 165] for an alternative treatment of s channel poles.
®For massless fermions the j = 0 partial amplitudes of V'V’ — ff vanish, so j = 1 is the lowest admissible value.
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ATy AT my,
04 —j=0f 08 —j=0]
0.9t \ 0.3 :
0.2 \
0.1f
0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0
xr X

2(5)) on the left (right) as a function of z =

m%/,/ s from ff — ff. We show the bound from the j = 0 and j = 1 partial
waves, corresponding to the blue and orange lines, respectively.

Figure 7.4.: Bound on the vector couplings (CZ-@ (C

Table 7.8.: Lower unitarity bounds on A/ (CZ@ for the flavour violating vector interaction at

fixed /s = 100 GeV, v/s = 1 TeV, and v/s = 10 TeV. The bound at /s = 100 GeV
for my» = 0.1 GeV is not applicable to the bd, bs sectors because the conditions
needed to avoid singularities are not satisfied.

Vs = 100 GeV Vs =1TeV Vs =10 TeV
my+/ GeV 0.1 1 10 0.1 1 10 0.1 1 10
ij 0.074 0.61 429 0085 0.74 6.05 0.096 0.86 7.41

dominant bound is set by ff — ff (and V'V’ — ff is relevant only for < 1/4), we consider
solely the ff — ff amplitudes to extract the bound'.

In Figure 7.4 the bounds from the j = 0 (blue) and j = 1 (orange) partial waves are displayed. In
the case of j = 0, no s channels contribute to the amplitudes, and thus the cut of Eq. (7.41) is not
needed. On the other hand, for j = 1 the s channels contribute and the cuts are implemented.
This can be seen in the plots, where the orange line (bound) jumps from 0.8 to 1.33, as within
this range s channel amplitudes are not considered. For the general flavour-violating scenario
with m; # mj, we fix v/s = {0.1,1,10} TeV and choose values of my» = {0.1,1,10} GeV, for
which the conditions needed to avoid singularities are satisfied, except for the bd, bs sectors for
my = 0.1 GeV, v/s = 100 GeV. Just as in the previous case with massless fermions, we find that
the strongest bound comes from ff — ff. This is because we are only considering transverse
modes, and the longitudinal modes for the V'V’ — ff V'f — V'f contribute the most to the
bound.

'We have verified that including the V'V’ — ff channel does not significantly affect the bound. In particular, for
j = 0 the partial amplitudes cancel and do not contribute, while for j = 1 they yield considerably weaker bounds
than those from ff — ff.
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7.6. High Energy Amplitudes from the Stueckelberg Mechanism

As discussed in Section 5.2, the LDV V| can acquire mass through the Stueckelberg mecha-
nism [65, 66]. By virtue of the GBET, in the high energy regime the longitudinal mode of V'
is identified with the scalar field 7 according to

, Oy
(Vi) tong = T (7.42)

Plugging in this relation into the interaction Lagrangian of Eq. (7.1), integrating by parts and
using the fermion equations of motion we find

T -
(L )1ong = Kfi (CJ; (mi —my) + 5C1° (mi +mjy)) £,

(-?b) 0.

(7.43)

long —

This Lagrangian reproduces the order O(7) amplitudes (such as Af — V’f) but not O(7?)
amplitudes (such as V'f — V'f), since using the classical EOM only reproduces the theory to
linear order in the Goldstone [170, 171]. Using the classical EOM imposes on-shell conditions
that accurately capture only the leading linear contributions, while higher-order, non-linear ef-
fects are systematically neglected. This procedure, akin to a field redefinition, preserves physical
observables order by order, but omits terms beyond the first order. Consequently, to work out
the form of the Lagrangian to second order one must perform the appropriate field redefiniton,
given by

fi— (emv/( 5 py 4 e (5765 )PR> fis (7.44)

after which we find, additionally to the order O(r) interactions in Eq. (7.43), the O(7?) terms

7[.2

(V) 1ong = — Ay
+ (mg + my) (CRCY; + CRPCED)) f5 (7.45)

2

v

- mﬁ (szk - szf’) mp ((C}g/j + Cl‘c/js) Jis

fi ((mi —myj) s (CHPCY + CHRCYP)

corresponding to the vector interaction, since the field redefinition does not generate dipole-like
interactions. The Lagrangian of Eq. (7.43) and Eq. (7.45) reproduce the leading partial amplitudes
given in Section 7.4. For . the leading amplitudes of Eq. (7.29)—(7.32) are instead for transverse
polarisations of the LDV, as longitudinal modes vanish in the high energy regime due to the Dirac
structure of the interaction, i.e, #p o ¢"”, and hence the result in Eq. (7.43). Therefore, using
the Stueckelberg trick leads to the correct leading amplitudes for .23, (corresponding to LL), but
not for .#p (corresponding to TT).

We emphasize that while the scattering of 7 interacting with the SM fermions as in Eq. (7.43) and
Eq. (7.45) must lead to the same contributions as the scattering of longitudinal LDVs in the high
energy, we computed all amplitudes with the theory of Eq. (7.1) corresponding to a massive Proca
vector, and did not consider the high energy regime except when extracting the analytical form
of the leading amplitudes in Section 7.4. We have computed the full amplitudes, and only when
needed we have taken certain limits of the amplitudes, such as the high energy limit to extract
the energy growing amplitudes in Section 7.4.1. In the case of perturbativity, we have taken
the complete amplitudes and numerically extracted the bound by diagonalising the matrices of
Table 7.2 and Table 7.3. The Stueckelberg mechanism and subsequent Eq. (7.43) serves as a check
of the calculation in the high energy regime, leading to the same amplitudes as for longitudinal
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V' in 4. Moreover, we have verified that for the dipole TL, LL amplitudes vanish in the high
energy regime in agreement with Eq. (7.43).

The result of Eq. (7.43) for .45 can also be obtained via the STI sum rules, in a similar way to the
analysis of Section 7.3. Consider the following interactions of the Goldstone 7 and V' with SM
fermions in the L /R basis of % in Eq. (5.41)

L= YorfiPofi+ Y CLVaifir" Pofy, (7.46)

with several fermion species %, j, and 0 = L, R. The sum rule for the coupling of the Goldstone
boson to two fermions reads [169]

/i Vl V/f

while Eq. (7.43) in the L /R basis reads

- ! / / /
tong. = 51 (Po (miCl " = myCYR) + Pr (miCl P = myChE)) 5. (.48)

(Zv)
The couplings of Eq. (7.47) and Eq. (7.48) coincide up to the my~/A prefactor in %5 and up
to a minus sign coming from demanding the cancellation of energy growing amplitudes. The
sum rule of Eq. (7.47) reproduces Eq. (7.48) because energy growing amplitudes correspond to
longitudinally polarised V' for .4, which are identified as in Eq. (7.42).



CHAPTER 8

Conclusion

In this second part of the thesis we have considered a light NP vector boson, the LDV, coupled to
SM fermions. Following the EFT approach introduced in Section 3.3 we studied vector and dipole
like interactions. We have shown that FCNC interactions between the LDV and SM interactions
can arise after rotating to the SM Yukawa mass basis. Additionally, FCNC couplings can be
generated from the couplings RGEs via running from the (flavour diagonal) high scale to the low
scale.

In Chapter 6 we have systematically studied the flavour phenomenology of LDVs for two-body
decays. We have restricted our analysis to scenarios where the LDV is directly linked to DM,
and is either itself invisible or promptly decays to invisible particles, such that the LDV appears
as missing energy. We have calculated the resulting predictions for the decay rates of mesons,
baryons, and polarized leptons as a function of the LDV mass. These predictions were compared
to the experimental limits on various hadronic processes and LFV transitions. The limits on the
flavour-violating couplings are shown in Figures 6.2, 6.3, 6.4 and 6.5. Very stringent constraints
are obtained, reaching up to 101 GeV in K — 7 decays, 10° GeV in B- and D-meson decays,
10° GeV in jt — e decays, and 10” GeVin T — p /e decays for the vector interaction. Bounds on
dipole couplings are weaker, if viewed as dimension-six operators above the EW scale, but they
still probe UV scales of order 10° GeV in K — 7 and ju — e decays. Importantly, all channels
will be improved by present or near-future experiments, such as NA62, Belle II, BES III, MEG-II
or Mu3e. Moreover, baryon decays set the less constraining bounds, but are the only available
decays in some sectors (s — d,c — u) and couplings. No direct searches for baryon decays are
available (except for BES III [129] on the decay ¥+ — p + invis. albeit for massless vectors),
and our analysis motivates the need for direct searches via baryon decays. Finally, we have set
bounds on the diagonal UV couplings from the RGE-induced flavour-violation, see Figure 6.6.

In Chapter 7 we have employed partial wave unitarity to further analyse the model. We have com-
puted the helicity amplitudes of 2 — 2 processes with flavour-violation and diagonal couplings.
This required calculating the scattering matrices in flavour space, which were then diagonalised
to extract bounds on the couplings. Crucially, we distinguish between unitarity and perturbativ-
ity constraints: while the unitarity bounds are considerably weaker than those from two-body
decays, they lack a kinematical endpoint and therefore, constrain a broader region of parameter
space. Finally, we have examined the Stueckelberg mechanism and applied the GBET to deepen
our understanding of the model and the associated high energy amplitudes.






PART III

Heavy New Physics and EFTs

In this part of the thesis, we study a set of UV completions of the SM corresponding to heavy NP,
and the QCD corrections to four-fermion operators within the corresponding WET. In Chapter 9,
we consider a BSM setup featuring scalar LQs with general couplings to SM quarks and leptons.
The LQs are assumed to have masses well above the EW scale, and we analyse the AF = 2
mixing process using the WET introduced in Section 3.2. We match the full theory onto the
effective theory and compute the WCs up to O(«s)—which amounts to a two-loop calculation in
the full theory and a one-loop calculation in the WET. In Chapter 10 we examine two operators
of the WET for AF = 1 processes, focusing on the one-loop QCD corrections. We compute
the corresponding ADM and amplitudes. Moreover, we introduce a computational procedure
that extracts both the ADM and amplitudes, thereby avoiding the cumbersome rearrangement of
Dirac structures required by traditional methods. This new approach simplifies the calculations
and has the potential to speed up the evaluation of loop corrections.






CHAPTER 9

Next-to-Leading-Order QCD Matching for AF' = 2 Processes in Scalar
Leptoquark Models

In this chapter we study AF = 2 processes, that is, processes in which the flavour quantum
number changes by two units. For example, in the B; mixing process introduced in Section 2.5,
it is the strangeness and bottomness quantum numbers that change by two units. Other rele-
vant processes include D-D° K°-KY and Bs,d—Bs,d mixing. These processes are forbidden
at tree level in the SM and occur only through loop diagrams, making them sensitive probes for
the flavour structure of the SM and NP models. For instance, precise measurements of the CP-
violating parameter € ¢ in the K° — K system tightly constrain the imaginary parts of the CKM
products, while the mass differences Amg and Am, in By and B mixing predominantly deter-
mine the magnitudes of the CKM matrix |V4| and | V|, respectively [172]. In the charm sector,
D mixing—with its suppressed SM contributions and minimal expected CP violation—offers an
excellent window for detecting small NP effects. Collectively, these AF' = 2 processes not only
serve as rigorous tests of SM predictions but also significantly restrict the parameter space of var-
ious BSM scenarios [18,19,173-175]. In particular, in this chapter we consider scalar LQs, which
are possible BSM particles that can arise in the context of Grand Unified Theories [27-29]. What
makes them special, and defines them, are their direct couplings to SM leptons and quarks. LQs
were first systematically classified in Ref. [176], where ten possible LQ representations under the
SM gauge group were found, of which five are scalar fields (spin-0) and five are vector (spin-1)
particles; the complete scalar LQ Lagrangian and the corresponding set of Feynman rules has
been presented recently in Ref. [26]. While LQs have received varying degrees of attention in
the past, they have undergone a renaissance in recent years. This can be mainly attributed to
the emergence of the flavour anomalies, i.e. the deviations from the SM predictions observed in
several flavour observables.

Persistent tensions include the B-physics ratios R, where B(B — D) 7v)/B(B — D™ ¢v)
exceeds SM predictions by ~ 20 [177], and the muon g — 2, with a ~ 3-4¢ discrepancy be-
tween Fermilab’s measurement and SM theory [178]. These anomalies align with scalar or vector
LQs that couple preferentially to third-generation fermions. Meanwhile, earlier /2 () anomalies
(b — spp deficits), once ~ 40 tensions, now stand at ~ 20 after LHCb’s Run 2 updates [179],
narrowing viable LQ parameter spaces. Similarly, the By — ut ™ rate, initially ~ 20 below SM
predictions, now aligns within ~ 1o [180], weakening scalar LQ motivations. Faded anomalies in-
clude the Kaon CP-violation parameter e /€ [181,182], and the W-boson mass anomaly, mitigated
by ATLAS/LHCD results favoring SM values [183]. LQs can address the R () and R(.) anoma-
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lies via LH couplings to b — sutpu~ and b — crv transitions, respectively, through tree-level
interactions that enhance lepton flavor universality violation [184-186]. They can also accom-
modate for the muon g — 2 anomaly via chirally enhanced couplings to muons and quarks [187].
However, these models require careful tuning of Yukawa couplings (e.g., Ao ~ O(1) for Rp.))
and mass scales (Mg 2 1—10 TeV) to evade constraints from B,-mixing [188,189], electroweak
precision tests, and direct LHC searches [190].

QCD corrections play a pivotal role in the EFT framework for LQ models, ensuring precision
in connecting high-scale dynamics to low-energy flavour observables. These corrections gov-
ern the RGEs of WCs, which can amplify or suppress LQ contributions to processes like Bg-
mixing (Amy) or rare decays (B — K () 7). At low energies, logarithmic enhancements
from QCD loops and threshold corrections at the LQ mass scale modify matching conditions,
altering predictions for anomalies such as () or R.). Precision demands rigorous control
of hadronic matrix elements (e.g., via lattice QCD or sum rules) to disentangle LQ signals from
SM backgrounds. Thus, incorporating QCD effects is indispensable for ensuring consistency be-
tween UV-complete LQ models, EFT interpretations, and experimental bounds while resolving
the interplay of flavour anomalies and high-energy phenomenology. The QCD corrections to LQ
production and decay at colliders have been known for a long time [191,192] and have been im-
proved to include NLO parton shower [193] or a large width [194]. Such QCD corrections have
also been included in recent analyses correlating the B anomalies to LHC searches [195-198].
However, the calculation for the analogous a; corrections to flavour observables is still incom-
plete. So far, only the O(c;) corrections to semi-leptonic processes [199] and £ — £y [200] have
been calculated, but the analogous two-loop matching for AF = 2 processes is still missing.
Here, specially in models aiming at an explanation of R(D™*)), but also in models accounting
for b — s¢t¢~ [189,201], Bs — B, mixing provides a crucial constraint that limits the possible
size of the NP contribution. In this chapter we calculate the next-to-leading order (NLO) QCD
matching for AF' = 2 processes in scalar LQ models, together with the (known) two-loop QCD
evolution of the corresponding effective operators [202,203], needed to reduce significantly the
matching-scale uncertainty. This is particularly important in light of the increasingly tighter
constraints placed by AF = 2 processes on NP [188,204,205]. As a starting point, we consider
the following generic Lagrangian governing the couplings of scalar LQs ® of mass M to leptons
¢ (charged leptons or neutrinos) and quarks ¢ (up or down type)

LR = q(Tef P+ T4 Pr) L, + hoc. (9.1)
a

with @ = 1,2, ... running over the different LQ fields (several ‘copies’ of LQs belonging to the
same representation also allowed). In Section 9.1 we introduce the AF' = 2 WET theory and
match the full theory onto the EFT at NLO. Moreover, we discuss the calculation of the ADM and
1-loop amplitudes in the WET. In Section 9.2, we give the LO WCs, and in Section 9.3 the NLO
calculation is discussed, where we renormalise the LQ theory and compute the 2-loop diagrams
in the full theory. Finally, in Section 9.4 we do a phenomenological analysis and analyse the
impact of the NLO corrections.

9.1. AF = 2 Effective Field Theory and Matching

Due to the relatively low energy scale at which neutral meson mixing takes place, its physics can
be described by an EFT where SM EW-scale particles (W, Z, higgs and top) as well as the LQs
are not dynamical DOF and are integrated out from the action. Flavour-changing transitions are

'We assume that the LQs are heavier than the EW scale as indicated by LHC searches [206].
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then mediated by effective operators of dimension six or higher (see, e.g. Ref. [41]). The most
general set of (physical) dimension six operators for AF' = 2 processes contains eight operators
(for a specific flavour transition)

LaF=2 ZC O; — ZC’O’ (9.2)

In the case of B; — B mixing, the operators in the so-called “SUSY” basis read explicitly [41]

O1 = (827" Prba) (3574 PLbp) = (5aPbg) (53PRba)

Oz = (5aPLba) (5PLbg) = (a7 Prba) (537, PrbS)

O3 = (5aPrbg) (55PLba) = (5aPrba) (55 Prbg) (9:3)
O4 = (5aPLba) (53PRrbg) 03 = (5aPrbg) (55 Prba) -

where v, 3 are colour indices. The corresponding expressions for K° — K9, D°— D and B;— By
mixing follow by a simple exchange of flavours. The associated WCs CZ-(/) can be calculated from a
given UV-complete theory by performing a matching calculation at the matching scale pig, which
is of the order of the mass of the particles that are integrated out. The matching calculation is
done by equating the full-theory and the EFT amplitudes (expanded in ) at the matching scale,

order by order in perturbation theory. In the EFT, the amplitude reads

Aot = Z C; (5”' + G T35 + O(Oz?)) <OJ>(O) , (9.4)

i?j
where <(9¢>(0) are tree-level matrix elements, 7;; is the NLO (finite) contribution and we have
defined &5 = a5/ (47). The amplitudes in the full theory at order O(«) are the sum of the (one

loop) LO contributions (Fi(o)) from the diagrams in Figure 9.1 and the NLO (two loop) contribu-

tions (Fi(l)) from the two-loop diagrams shown in Figure 9.2. It can be written as
A=Y (B +a, FY + 0(ad)) (00, (9.5)

again in terms of tree-level matrix elements. Requiring the equality of EFT and full-theory am-
plitudes at the matching scale pi order-by-order in as(pp), and expanding the WCs in o

Ci(o) = € (o) + C (10) + Ovs(10)?) , (9:6)
yields
c® = O, (9.7)
oV = aFY —a Y FOr. (9.8)
J

The LO coeflicients CZ-(O) = Fi(o) are given in Section 9.2, by direct computation of the cor-
responding 1-loop box diagrams. The NLO CZQ) WCs are obtained from the evaluation of the
genuine two-loop Feynman diagrams and one-loop diagrams with counterterms, to be discussed
in Section 9.3. Below the matching scale, the renormalisation-scale dependence of the WCs is

determined by the ADM in the EFT according to the RGE

dC;
dlog u

=7 C; = (ds%(-?)

+a2 4 ) c;. (9.9)

Jt
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Figure 9.1.: Feynman diagrams depicting the LO scalar LQ contributions to the Wilson coeffi-

cients C’Z-(O) in Bs mixing.

In the next subsection we focus on the EFT calculation of the LO ADM 7(0) and the r;;-matrix
needed at NLO according to Eq. (9.8). As outlined in Section 3.2, the 1-loop ADM is found by

7 = —2(20Z,8, +62};) with 62, = —€Cp, (9.10)

which we compute in the Feynman gauge £ = 1.

9.1.1. 1-Loop EFT Calculation

In this subsection we focus on the calculation of the ADM and r-matrix at 1-loop in the EFT. The
former is needed for the running of the WC according to Eq. (9.9), while the latter is needed to
find the WC at NLO in o according to Eq. (9.8). At the quark level, the B; mixing is given by
the process b,53 — 6785. The first task corresponds to computing the tree-level matrix elements
<(’)i>(0) for the dimension-six operators of Eq. (9.3), which are given by the contact diagrams of
Figure 9.3.

The tree-level matrix elements are given by (0;)(®) = (byss| O; |ba3p). For example, for O we
find

(01O = 208500, 5 (57, Prua) (557" Prvs) — 2005405 (U157, Proy) (057" Prua)

(9.11)
= (01) O], — (01) O,

and analogously for the other operators. Going to 1-loop in as we consider the QCD corrections
to these amplitudes, where (some) the diagrams are depicted in Figure 9.4. The amplitudes carry a
loop integral that we calculate via dimensional regularisation (DR), in which divergences take the
from 1/e. This means that we work in d = 4 — 2¢ dimensions and accordingly the Dirac algebra
is to be performed in d-dimensions. Then, one is forced to choose a 5 scheme [207], since 5 is
strictly defined in four dimensions. In this chapter we choose naive dimensional regularisation
(NDR), which assumes that the anticommutativity of the v5 matrix with the Dirac matrices in four
dimensions also holds in d-dimensions, i.e., {v5,7"} = 0 [208]. In d-dimensions, the physical
basis {O; } is incomplete, because certain strings of gamma matrices cannot be reduced/projected
back to the physical structures, which is needed to compute the amplitudes according to Eq. (9.4).
Then, evanescent operators E; are introduced [209-211], which allow to project such structures
back to the physical basis {O;} . By definition, evanescent operators vanish in four dimensions,
ie. F; = 0in d = 4, and are thus to be understood as an artifact which arises in d = 4 — 2¢ # 4
calculations. We now wish to illustrate the calculation. We consider the 1-loop diagrams of
Figure 9.4, which we label as D1, D3 and D3 from left to right, respectively. We consider massless
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Figure 9.2.: A sample of two-loop diagrams and one-loop diagrams with counterterm insertions
(indicated by the cross), contributing to the NLO QCD matching for By — B
mixing.
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ba S5 by 55

sp b, 58 b,

Figure 9.3.: Tree-level diagrams from the insertions of the EFT O; operators in Eq. (9.3).

ba Ss
S8 by

ba S5 ba S5

F N

S8 by Sp by

Figure 9.4.: Sample of 1-loop diagrams with QCD corrections for AF = 2 processes from the
insertions of O;. We name the diagrams D1, D2, D3 from left to right. The other
contractions, corresponding to the right diagram in Figure 9.3 can be obtained by
Ug <> Vg.

quarks and zero external momenta, which introduces IR divergences in the soft & — 0 region
of the loop momenta. In order to regularise these IR divergences, we give the gluons a fictitious
mass A. Therefore, the gluon propagator in the Feynman gauge £ = 1 reads

ab __ —Guv  cab
A/W = Zk2 — )\2(5 , (9.12)

where a, b are colour indices. In this manner, UV divergences are regularised as 1/e while IR
divergences take the form log\ /i, where 1 is the renormalisation scale'. Moreover, we work in
the MS scheme [212], for which p? — p2eY /4x, so that  and 4 factors are absorbed. With
insertions of 01, the diagrams D; of Figure 9.4 read”

25]{3 k‘r
D1 = g3Cr8a505y (@57 Y V" Py vutia) (057, PLoy) / mdk’
2 a ma (= T oY AP AH 7[/?6]{3[,]{37
Dy = g; ZT&XT/B’Y (uwﬂ Y Pruqg) ('Uﬁ'V e} PLU’y) L4 (k2 — )\2) dk (9.13)

2€
_ _ wek,k

Dy =—g2> T3Th (Usvy uPrua) (05777 7" PLoy) / T D) (kg’i ;Z)dk,

a

'Other regulators can be used to regularise the IR divergences, such as considering external momenta or quark masses.
We will see examples with distinct regulators in Chapter 10.
*We define dk = dk/(2n)".
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where Z T35 Tg = 1/2(6udk; — 1/38;50r1) and for Dy the colour structure has been reduced

according to Z T3, Ty 08y = Crdsadsy with Cp = 4/3. Notice that the three diagrams in

a
Eq. (9.13) have the same loop integral. Using DR the integral yields

2e 2
o kka . 9pr . _ 1 A 3
— s dk =i — th =-——log— + = 9.14
/ k* (k2 — A?) 1647r2]: with 7 € Og/ﬂ Ty (©14)
where we have used k,k; — (1/d)k*g, and the partial fraction decomposition
v a1 o)
k2 (k‘2 _ >\2) T2 \E2 k22 ) )

The first term (1 /k?) is a scaleless integral which vanishes in DR, and the second integral is solved
with the usual DR formulas [213], to obtain the result of Eq. (9.14). The result contains a 1 /e UV
divergence and a IR divergence in the form log\?/u?, as well as a finite piece corresponding to
the 3/2 factor. The next step is rearranging the strings of gamma matrices between the spinors
according to d-dimensional Clifford algebra to project back to the tree-level matrix element of
O, given in Eq. (9.11)

Diagram D,

We first consider the Dy diagram of Eq. (9.13). In order to project back to the tree-level ampli-
tude of O, the string of gamma matrices in the first bilinear (usy"~v’y" Py v, u4) is reduced
according to the Clifford algebra to (the p, 7 Lorentz indices are contracted due to the g,, metric
coming from the loop integral in Eq. (9.14))

VAP P = (2 — d) APy, (9.16)

and the amplitude is projected back to the tree-level matrix element (O;) ©) of Eq. (9.11), which

yields (with g2 = 47mavy)
_ %

67
Thus, the D diagram is projected back to the physical basis with no problem. The corresponding
1-loop diagram with distinct contraction (found by s <+ vg in D1) gives the same result as Dy
up to (01) )1 ¢ (01) V.

Dy (1 —2¢) F(O) O], . (9.17)

Diagram D,

For the D5 diagram of Eq. (9.13) the situation is more complicated. First and unlike D;, which
involves a single color structure, D2 receives two distinct color contributions from Tg‘aTgv. Sec-
ondly, each spinor bilinear contains a string of three gamma matrices; however, their orders
differ. Specifically, the first bilinear features the sequence v#v”~" and the second one ~"~*~*.
Therefore, the strings of gamma matrices must be ordered in the same manner. To do so, we use
the following identity on the matrices of the second bilinear

VAP = AP+ 297 M — 29" 4P + 297P4 (9.18)

After using this identity and simplifying further, the amplitude reads

?

2
Dy =5 F > TR TE - (Y PL @ vy, Pr) + (20 = 12€) (4P @ 4 PL)] , (9.19)
a
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where we use the notation (A*1#" P, @ B* -t Pr) = (usg A" F" Prug) (v B*# Pru.y).

To project back to the physical basis, observe that the colour structure 0945 with (v Pr, ® v Pr)
can be identified with (O;) (0) |1, but this is not possible for the contribution with the colour struc-

ture 05,03, because it does not have the same spinor structure as ((91>(0) |2. Moreover, we also

cannot project back the structures with a string of three gamma matrices. In order to be able

to reduce such structures to the physical basis, we introduce the following evanescent opera-

tors [203]

E1 = (307, Prbg) (587" Prba) — O1,
Ey = (Savu v YpPrba) (857197 Prbg) — (16 — 4€)O1 (9.20)
Es = (3a a7 Prbs) (557"7" 7" Prba) — (16 — 4€)O1 .

With these new operators, the amplitude reads

JR— as
 64m

1 1
D, F (20 = 126)(B) Oy = (B3) 01 = (20 = 126)(01) Oy + 1 (E2) Oy

(9.21)
Thus, the E; operators allow to project the amplitudes back to the physical basis, in terms of
tree-level matrix elements of physical and evanescent operators. The corresponding 1-loop di-
agram with distinct contraction (found by #%s <+ Ug in Dj) yields the same result as D3 up to
(0O & (01) Oy, (BN O] 5 (E;)O)],. A few remarks are in order regarding the evanes-
cent operators. With the previous illustrative example at hand, we focus on the F; of Eq. (9.20).
In four dimensions, the evanescent operators must vanish, since by definition E; ~ O(e). For
E5, F5 this is the case upon using the Chisholm identity

Y Yv YA = Yudvr — YvGur + YNGuv — 7;70'756;11//\:7 s (9.22)

which holds in four dimensions. Importantly, the (16 — 4¢) term in the E9, F3 evanescent opera-
tors can be generally written as (16 — ae) for any a, since the O(¢) pieces trivially vanish in four
dimensions (because then ¢ — 0). Therefore, the value of a can be understood as the scheme
dependence defining the evanescent operators, while the factor 16 is precisely fixed from four
dimensional Dirac algebra to guarantee the vanishing of F; in d = 4. Of course, calculations
might (and do) depend explicitly on a, i.e., in our calculation changing the —4e¢ factor yields dis-
tinct results. In the case of the evanescent operators of Ref. [203] employed here, the a factors
are chosen/found according to the “Greek projections” [19], but other definitions (other a values)
are possible [211,214]. Regarding the “origin” of the evanescent operators, the Eo, E'5 operators
arise from the fact that the strings of three gamma matrices appearing in the D; diagrams of
Eq. (9.13) cannot be reduced to the physical basis via d-dimensional Dirac algebra. Therefore,
such operators are called Dirac evanescent operators. The E/1 operator in Eq. (9.20) also vanishes
in four dimensions, but for a different reason than Fs, F'3. In four dimensions, the so called Fierz
identities apply [203,211,214,215], which allow to rearrange spinor contractions in products of
bilinears. For example, for O; we have

Oy = 5, Prb,557v,Prb N
o R N R R R (9.23)
O1 = 507" Prbgss7, Prbq

In d-dimensions this is not the case anymore, and therefore the Fierz evanescent operator I is
defined according to
Ei=0,—-0, (9.24)

which automatically vanishes in four dimensions due to the corresponding Fierz identity. While
the “source” of distinct evanescent operators might differ, one can understand all these operators
as being needed to project back the loop amplitudes to the physical basis in d-dimensions.
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Diagram D3
For the D3 diagram of Eq. (9.13) we also use the evanescent operators of Eq. (9.20), to find

_as gL
a 647TF N,

Again, the corresponding 1-loop diagram with distinct contraction (found by %5 <+ Ug in D3)
yields the same result as D3 up to (E;)O|; < (E£;)©)],.

Dj (E2) )y — (B3) O] (9.25)

ADM and matrix r

((1)) and 7r11-

Having computed the loop amplitudes from O; insertions, we extract its ADM

matrix components, given by Eq. (9.10) and Eq. (9.4), respectively. We obtain 'yﬁ]) = 4 and

ri1 = —4/3log A/ — 5. To determine the full ADM and r-matrix, the calculation previously
outlined must be done for all the operators in Eq. (9.3). Importantly, although we introduced the
evanescent operators Fy; 5 3y in Eq. (9.20) for Oy, additional evanescent operators are required
when evaluating the diagrams with insertions of O3 3 4 5). The complete set of evanescent op-
erators used in the calculation are found in Appendix A of Ref. [203], resulting in a total of eight
physical and twenty evanescent operators. After doing the corresponding calculation, the full
ADM and r-matrix are found to be'

4 0 0 0 0
0 —28/3 4/3 0 0
YO =10 16/3 323 0 0|, (9.26)
0 0 0 —16 0
0 0 0 -6 2
4/3 0 0 0 0 -5 0 0 0 0
0  44/3 4/3 0 0 0 1/3 1 0 0
r=| 0 —16/3 —16/3 0 0 log(u/A)+| 0 —15/2 —25/6 0 0
0 0 0 64/3 0 0 0 0 19/3 -3
0 0 0 6 10/3 0 0 0 —1/2 —7/6
(9.27)

for Cy_5, with the ADMs and r-matrix elements for C_5 equal to the ones for the C;_3 sector.
These results are in agreement with Refs. [202,216,217]. Notice that for O, O3 and Oy, O5 there
are mixing (off-diagonal) terms in the ADM and r-matrix. This is because at 1-loop the insertion
of O2(Oy4) generates O3(Os5) and vice-versa, i.e., there is operator mixing,.

It is worth commenting on the ADM and r-matrix results of Eq. (9.26) and Eq. (9.27). The first
relevant point is that the ADM at 1-loop is scheme independent, meaning independent of the 75
scheme and evanescent operators. This is because the ADM is obtained from the 1/ terms, and
therefore it does not depend on the evanescent operators nor the d-dimensional Dirac algebra.
To see this, note that the 1-loop diagrams schematically scale as

1
D1100p ~ loop integral x Dirac algebra ~ (e + ﬁnite> x (finite + O(e)) , (9.28)

"Here and in the following all elements in the 2-3 sector will appear in gray in order to make it clear that they do not
play any role when C2,3 = 0, which is our case.
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and thus the resulting 1/e pieces can be directly extracted without the need to use evanescent
operators. In other words, to find the ADM at 1-loop the Dirac algebra can be performed in four
dimensions and there is no need to use evanescent operators. For the r-matrix, it turns out that
the logarithmic IR piece is also scheme independent, because it comes from the finite pieces of the
loop integral and Dirac algebra, but the “finite” (logA/u independent) r-matrix piece is scheme
dependent because it arises from the loop integral divergence together with O(¢) pieces of the
d-dimensional Dirac algebra. Therefore, the r-matrix is 5 scheme dependent and depends on the
used set of evanescent operators, as well as on the IR regularisation. Therefore, when doing such
calculations one must always specify the scheme that is used: the set of physical and evanescent
operators ({ F; } taken from Ref. [203]), the renormalisation scheme (e.g., MS in this case), the 5
scheme (we use NDR) and the IR regularisation employed (fictitious gluon mass). At this point
we wish to point out that the IR (logarithmic) piece of the r-matrix in Eq. (9.27) must cancel in

the matching of the Ci( U at NLO as given by Eq. (9.8) with the (equivalent) IR contributions from

the 2-loop full theory contained in Fl-(l). This can be understood by recognising that the full
and EFT theory must be equal in the IR (low-energy) regime, and thus must have the same IR
divergences. Crucially, for this to occur one must consistently regularise IR divergences in the
same manner in the full and EFT theories, i.e., introducing a gluon mass for both computations.
This cancellation of IR divergences between the full and EFT theory is non-trivial and serves as
a check of the calculation.

9.1.2. 2-Loop ADM

The NLO ADM ’y(l) of Eq. (9.9) arises at 2-loops [202,203]. It was derived in Ref. [203] using a
different basis for physical operators (the “BMU” basis) than the “SUSY” basis of Eq. (9.3). The
WCs at NLO will be scheme-dependent, and it will be important to use the same scheme for 'y(l)
in order to get scheme-independent observables. To obtain the 2-loop ADM in the “SUSY” basis
we use a change of basis, and thus we do not explicitly compute the 2-loop EFT amplitudes. The
“BMU" basis for physical operators reads,

VLL ASLL ASLL ~LR ALR ~VRR SRR SRR\
Q:( YW1l yw2 HyWw1l HyWw2 » Wil 1>Q2)a (9.29)

where the superscripts VLL, SLL, etc denote the sector of the corresponding operator. In order to
find the NLO ADM in the SUSY basis, we must rotate the BMU result in Ref. [203] to our basis.
The SUSY (O) and BMU (Q) bases are related in the following way

O=R (Q + WE) , (9.30)

where the Fierz-evanescent operators ET = (*, EfLL, *, E%R, *) are defined in Ref. [203] and

1 0 0 0 0 0O 0 0 0 0
0 1 0 0 0 O 0 0 0 0

R=|10 -1/2 1/8 0 0|, W=]0 8 0 0 0 (9.31)
o 0 o0 0 1 0 0 0 -2 0
0 0 0 -1/2 0 0 0 0 0 0

(The corresponding results for the sector O] _5 vs VRR/SRR are the same as the 1-3 sector above.)
Due to the presence of evanescent operators (£) and their mixing with the physical operators,
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the transformation for ’y(l) from the BMU basis to the SUSY basis corresponds to a rotation plus
a change of scheme, given by (e.g. Refs. [218,219])

(1)

70::RC@J_P@ng—z%nﬁfTL+Poﬁgq+2%m% (9.32)

where the matrices 7o and rg are defined in Eq. (9.4) in their corresponding bases. The LO

ADM 'y(o) is scheme-independent and thus it holds that 7((90 ) = R’yé)0 JR™1. We compute 7 from
scratch directly in the BMU basis (along the lines of Section 9.1.1), and obtain

4/3 0 0 0 0 —5 0 0 0 0
0 46/3 —1/6 0 0 0 5/6 —1/8 0 0
rg=| 0 10 -6 0 0 |log(uw/N+| o —46/3 1/6 0 0
0 0 0 10/3 —12 0 0 0 -7/6 1
0 0 0 0 64/3 0 0 0 3/2 19/3
(9.33)

where again we have indicated in gray the sector that does not impact our model. Using Eq. (9.32)

and taking 76(21 ) from Ref. [203], we find

%; —7 0 0 0 0
220f 476 Af 4
0 0f 416 47 4 0 0
T 10} 3507 218y
75 = 0 3+ ’;' - 21’ 0 0 ;o (939
A s (
68f 1343 225
0 0 0 O8] 1343, 225
Sor O o3y
0 0 0 =g L
3 39

where f is the number of active quark flavours. The SLL/SRR sector (in gray) can be repro-
duced using the formulas given in Section C.1 of Ref. [220], leading to a result in agreement
with Eq. (9.34).

9.1.3. Projections

In the previous section we have illustrated the calculation of the ADM and r-matrix to 1-loop in
as. Upon choosing a 5 scheme and completing the physical basis with evanescent operators, the
calculation can be carried out to obtain the corresponding ADM and r-matrix given in Eq. (9.26)
and Eq. (9.27). Inevitably and despite our efforts to clarify the calculation, any attentive reader
must have noticed that the calculation is cumbersome, involving numerous diagrams associated
with distinct operators and tedious manipulations of the Dirac algebra. It is definitely not a trivial
task to carry out such calculations, and it is therefore worth exploring the possibility of doing the
calculation in a different manner. Not only might this help in the computational task, different
methodologies can also shed light into distinct aspects of the problem at hand. In the previous
discussion we employed what we call the “traditional” method, in which the Dirac algebra is
carried out in such a way that we rearrange, order and/or reduce the strings of gamma matrices
accordingly and project back to the physical basis (with the help of the evanescent operators).

Here we introduce a different methodology, in which the rearrangement of the Dirac structures
is (explicitly) avoided. In the previous section we have argued that in order to compute the ADM
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and r-matrix, the 1-loop amplitudes from a concrete O; insertion are projected back to tree-level
matrix elements of physical and evanescent operators. Consequently, after the loop integration
and Dirac algebra is carried out, a generic 1-loop amplitude takes the form

(Oi>]1_loop:Z(ai(0i>(0)+bi<Ei>(o)> for ©; insertion. (9.35)

)

The a; coefficients contain the 1/¢ poles from which the ADM is found as well as the finite
pieces corresponding to the r-matrix. For example, in the previous section where we computed
the 1-loop amplitude for Oy, we found a; = 2/3(1 — 9¢).F. Therefore, we wish to extract the a;
coefficients of Eq. (9.35). This can be accomplished with a projection P; satisfying

P{0;)” = i+ O(&)

= ]Di<0j>|1.100p = aidij . (9.36)
PAE© = O(e)
Notice that we have specified that the projections must be valid up to O(¢), with potential O(€?)
terms (or higher) being irrelevant because we work at 1-loop. The projector is defined according
to Pj|ls = PZ»A ® PP | and amounts to performing the following replacements on an amplitude

Pils : Vol — PZ»ASag, U Vg — PZ»BS(Xﬁ, (9.37)

where S,g = {048, Tap} are the two possible colour structures, and PZ-A’B are composed of Dirac
structures. Notice that the projection acts on the Dirac (and colour) structures, while the loop
integral is to be performed as described in Section 9.1.1 with DR. Thus, the projection “replaces”
the Dirac algebra operations and rearrangements of the “traditional” method. As an example, let
us consider the projection on the tree-level matrix element of O; as given in Eq. (9.11). We find

P;|5(01)© = 2iNTr (P, PLPPy"PL) — 2iN*Tr (P{*~,PL) Tr (PP~ PL) |

Pz’T<Ol>(O) — 8iTr (RA,YNPLHB,YMPL) 7 (9.38)
for the colour structures .5 and T, respectively'. Notice that we get two types of traces, i.e.,
Tr(...)and Tr(...)Tr(...), coming from different contractions (spinor structures) in the ampli-
tude. We call these terms direct and crossed, respectively. The analogous projections arise for
the other physical and evanescent operators. Consequently, given a set of physical and evanes-
cent operators we construct the projectors such that the conditions on the tree-level amplitudes
of Eq. (9.36) are satisfied. The projectors are built as a linear combination of “fundamental” p;
projectors according to

P, :PZA ® PiB = Zcikpk with
k (9.39)
pr ={Y" AP PRV - Y PRV AP PL @ Yy - Y PRy L < R}

where for clarity we focus on the Dirac structures and omit the colour index (structures), because
the colour and Dirac structures factorise. Of course, when giving a projector we shall specify
its corresponding (3 or 15,3 ) colour structure. Here, c;; are the corresponding coefficients
(numbers) of each pj structure, such that P; are a linear combination of the fundamental p;
projections. In the case at hand of AF = 2 processes in the WET, there are eight physical
(0;,i=1,...,8)and twenty evanescent operators (F£;,7 = 1, ..., 20). Therefore, we need eight

"Notice that the projection with T4 is recovered from the dog one via N> — 0, N — 4.
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projectors P;,i = 1,...,8, one for each physical operator O; in Eq. (9.3). The projectors can be
found perturbatively in € by solving an algebraic system of equations,

§i; j=1,...,8

9.40
0 j=9,...,28 (4-40)

PARN =" cam( @) = canMi; = {
k k

where Q; = 0;,5 = 1,...,8,Q; = Ej_g,7 = 9,...,28. The matrix M is of order O(¢) and
thus we write M = M + M¢, while the coefficients ¢, are also expanded to order O(e), i.e.,
¢ = + ec, and thus (in matrix notation)

AMO = 5Q(9 s

0 0 € e g0 (9'41)
& (M° + M)+ ecM° = bgo ,

which are solved to find the ¢V, ¢¢ coefficients for the corresponding fundamental p;, structures.
The application of the projector on an amplitude according to Eq. (9.36) is implemented in a
straightforward manner in packages such as FeynCalc. This is the advantage of the projectors:
no (explicit) Dirac algebra nor rearrangement must be done, one simply applies the projector (F;)
to an amplitude and the desired coefficient (a;) is outputted. But there is a source of potential
issues in the NDR scheme, namely, the trace of an even number of Dirac matrices with 75, such as
Tr(yH Y fypfy)‘fy5), which are ambiguous in d-dimensions. Notice that these traces (might) appear
in the crossed projections Tr(...)Tr(...) of Eq. (9.38), while the direct ones Tr(...) are free
of this issue because all Lorentz indices are contracted. In order to compute such traces, one is
forced to choose a scheme or prescription, such as ’t Hooft—Veltman (HV) or Larin [210,221-223].
In Chapter 10 we will discuss in more detail the projections, the problematic traces with the s
matrix and the different schemes. For now, we simply state the procedure we used for the AF' = 2
calculation. We carry out the calculation as follows'. We choose NDR and freely anticommute
~5 to the right of the traces. For an even number of v5 no issue arises because ’yg = I and
therefore, only traces with an odd number of 75 yield ambiguous traces. Once this is done, the
traces Tr(+"!...4#?"~5),n € 7 are dealt with via the Larin scheme, in which 5 is replaced
according to its definition

V5 = €uvpc VY VP, (9.42)

7
4
where €,y is the four dimensional antisymmetric Levi-Civita tensor, with €p123 =
+1. In the Larin scheme, contractions of Levi-Civita tensors are promoted to d-dimensions [222,

223,226, 227]. With this procedure and solving the system of equations of Eq. (9.41), we find”

-1 60123 _
, =

4551 5 193¢ 1 1 323t 1497

P = — _ 5 il 4
1 930471~ 38471 T 115278 T 190886 T o561 (943)
9520083 5 1489i 5 655699 . 10229 L Ti
P = — — —_— 9.44
2 973888 12 T 1564877~ 15648 2 T 36518477 T 160’10 (044)

1056173 812726251 5 4117901 045
109555270 1643328 2" 136944 P2 ) ‘
12575710 5 373i , 6556450 ; 10157i ,  Ti o
P, = — — —_— 9.4
3 136944 P2 T 1141277~ 15648 P2 T 36518477 T 60810 (9.46)
518170 15625807 5 2056349 047
54777675 821664 27 “ggara P2 ) ‘

"We stress that HV is the only (known) consistent scheme [221,223-225] in DR. It correctly reproduces chiral anomalies
and avoids internal Dirac algebra contradictions, albeit counterterms must be introduced to preserve gauge invariance.
Yet, one can choose a different scheme and obtain correct results, i.e., free of ambiguities. It is then crucial to cross-
check the calculations to ensure their validity.

®The projectors P 5 3 projecting into Cf 5 3 are equal to Py 2,3 with the replacement Pr, <+ Pg.
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i i i i i 3i i
p = ‘o tos tr o1 o5 T 948
A T 1441?6 + 61?4 192199 1oP4 6P T 31 24 , (943)
31 1
Py = —=—pl 9.49
5 6Pt + 2 48 36103 + 64]99 + 16104 ; (9.49)

where the §,T superscript denotes the colour structure of the corresponding fundamental pro-
jector p;, and the list of projectors p; reads:

p1 = YuPr @' PR, p2 =P, ® P,

p3 = YuPrL @' Pr, ps = P, ® Pg,

ps = 0w P ® o' P, P6 = YV VpPr @ Y'Y PR, (9.50)
pr = 0., PL @ a" PR, P8 = VYo VYoV PR ® Yy v 77y PR,

P9 = N PL © VY PRy P10 = Y e ¥e s P @ 1 Y 0 P

These projectors satisfy the conditions of Eq. (9.37), and when applied to the 1-loop EFT ampli-
tudes, the corresponding ADM and r-matrix of Eq. (9.26) and Eq. (9.27) are obtained, serving as
a check of the projection method. Recall that the ADM ~(0) at 1-loop is scheme independent and
can be found using four-dimensional Dirac algebra. Therefore, we have also checked that using
the projectors in d = 4 the 7(0) is obtained. While here we have focused on the EFT calculation,
the projectors can also be used in the full theory, where the amplitude must also be projected
back to the tree-level matrix elements of the EFT operator basis as given by Eq. (9.5). In this case,
applying the projections extracts the Fi(o), Fi(l) coefficients and therefore, one can fully compute
the WCs at LO and NLO' with projections, see Eq. (9.8).

9.2. Leading Order Wilson Coefficients

We now discuss the LO O(a?) result for the WC C; ©) as given by Eq. (9.8). The LO contribu-
tions originating from LQ exchange to the LO Wilson coefficients Ci(o) arise from the one-loop
diagrams shown in Figure 9.1. These results, which are similar to the ones in the MSSM [216] or
2HDMs [228], are known [215,229], and the non-zero WCs at the matching scale po are given

by2

1 log(xq /)
ol = ripk —otelob) 951
1 (ko) 1287202 ; ab To—1p ©31)

1 log(xa/xb)
Cl(o) = — rL kL Zoima/b) 9.52

(©) 1 L g log(Ta/Ts)
= ——— N rLpk B/ 9.53

with )
M? .
Ta =375 Ty, => TGy (9.54)
V4

In these expressions we have introduced a generic mass M setting scale for the WCs. In the
degenerate case where M, = M (for all a)

(0) R R 10) _ (0) L 1R
C (,uo) 1287 2M2 Z FaaFaa ) Cl - Gl ’R—)L ’ C (IU’O) 3971 2M2 Z Faaraa

(9.55)

"The 2-loop diagrams in the full theory have UV divergences 1/¢ and not 1/ €* because the LO 1-loop amplitudes are
UV (and IR) finite. The projectors are found up to O(e) and thus can be applied in the full theory up to 2-loops.
*We have verified LO WCs to check our calculation.
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Figure 9.5.: One-loop diagrams leading to the renormalisation of the LQ mass and the LQ cou-
pling to quarks and leptons.

Note that the C’i(o) do not depend explicitly on the matching scale p9. However, they do carry an
implicit dependence through the scale dependence of the LQ masses M, and the couplings Fé%.

For the numerical analysis it will be reasonable to define the parameters inside C’i(o) (1o) as the
renormalised parameters at the scale i, i.e. My (o) and X (110). Formally, setting a different
scale amounts to an o correction to C’Z-O , and thus one could absorb the ;) dependence into
CZ»(I). However, since the renormalisation-scale dependence of M, and I’é% is known prior to
C’i(l) (which we calculate in the next section), it is reasonable to include this implicit matching

scale dependence in Ci(o) already at LO.

9.3. Next to Leading Order

Having computed the LO WCs in the previous Section 9.2, we now discuss the calculation of
the WCs C’Z-(l) at NLO in o for AF = 2. In Subsection 9.3.1, we discuss the renormalisation of
the theory, and give the corresponding counterterms and RGEs for the LQ mass and coupling.
In Subsection 9.3.2, we discuss the computation of the 2-loop amplitudes in the full theory and
finally give the expressions of the NLO WCs in Subsection 9.3.3.

9.3.1. QCD Renormalisation of the LQ Lagrangian

In the presence of NLO QCD corrections, the LQ Lagrangian must be renormalized. Thus, the
couplings and fields in Eq. (9.1) are to be understood as bare (divergent) quantities. Using multi-
plicative renormalisation, the Lagrangian reads

Bo = Ze0"P*0,® — Zy M>** O
ZG v - * * *
—TGA” Gy + 24,9 [01L0MDg — (0" ®}) D) |GATL, — Z5. g2, @G GRTLTE,
. LA _
+ 2000 (i0)q300p + Zg,950a® " asTas + [Zr @ (T4 Py + T4 PR) (®} + he] ,  (9.56)
where we have considered massless quarks, only a single LQ as well as only one generation of
quark and leptons. However, as QCD is flavour blind, this trivially generalizes to the case of mul-

tiple generations of quarks and leptons as well as several LQ components. The renormalisation
constants Z; = 1 4 §; contain the counterterms §;. At one loop order, these counterterms are
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fixed by subtracting the 1/¢ poles originating from the diagrams shown in Figure 9.5 (as well as
the quark self-energy) within the MS scheme, resulting in

1 2
o = —@SCFZ , 0o = @SCFE ,
N 1 N 1
or=—a,Cp—, b= —a,Cr-, (9.57)
Ca\ 1
0, = —Gis (—Cp— 4 2
9s @ < E 2 ) €

The renormalised LQ mass and the couplings thus obey a RGE that determines their renormalisation-
scale dependence:

dM,

.~ _3Cra,M, + 0(a?
leg/J FQ + (as) s
drex

ql A~ paX ~2

- T , .

Toe s 3Cra,Iy* +0(a2) (9.58)
da

S _ O ~2
leg,LL (as) I

where &5 = as/(47) and Cp = 4/3.

9.3.2. Calculation of the 2-Loop Contributions

In order to extract the NLO functions Fi(l), we compute the O(a,) part of the (renormalised)
amplitude in the full theory A(b,55 — $5b,) at vanishing external momenta. We express this
part of the amplitude as a sum of the two-loop Feynman diagrams (D,) and one-loop Feynman
diagrams with counterterms (C;), shown in Figure 9.2,

AN = > (Dy + Ca) - (9.59)

z€{NLO diagrams}

The counterterm diagrams have the structure of a one-loop box diagram with a 1/e vertex or
propagator insertion, and thus the corresponding one-loop integral must be calculated up to and
including terms of order €. The pairs (D, + C,) are UV-finite, and can be written as

D, + Cx = &sfx(mjv )‘) (ﬂséquba)(@sﬁfvay) + OAéSf:;j (mja >\) (ﬂsér‘{pvby)(ﬁsﬁf‘?puba) . (9-60)

The parameter \ is the gluon mass that we have introduced to regularise IR divergencies in dia-
grams where the gluon connects the external (massless) quark legs. This is the same IR regulator

appearing in the EFT r-matrix of Eq. (9.27). In order to extract the functions F; )

5~ we must write

the spinor structures in Eq. (9.60) as a linear combination of tree-level matrix elements <Oi>(0).
We do this by applying the Dirac projectors P; discussed in Section 9.1.3. In this way, the contri-

bution to the function Fi(l) from the pair (D, + C;) is given by

1
aF\)| = P[Dy+C,) . (9.61)
x
The advantage of this approach is that the projection can be performed before evaluating the
loop integrals, transforming the integrands into scalar functions of the loop momenta. The scalar
two-loop integrals can now be computed as in Ref. [216]: First, loop momenta in the numerators
are reduced by expressing them in the form of the denominators; second, the denominators are
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decomposed using partial fraction, after which the integral can be expressed as a sum of terms
of the form

dlqy dqs 1

(2m)2d (g7 —mP)™ (g3 — m3)"2[(q1 — q2)2 — m3|"s

F(M;, ) / (9.62)
The solution of these scalar integrals is known [230]. The contributions from each pair (D, +C,,)
to the functions FZ-(I) are separately UV-finite, and this provides a non-trivial check of the two-
loop integrals (note that the individual expressions for the scalar integrals in Eq. (9.62) contain
1/eand 1/ €2 poles). The results for the functions Fi(l) still depend on the IR regulator A. This

dependence is cancelled in the combination F’ i(l) - F ]-(O)Tji, and constitutes yet another check of
the two-loop calculation.

All types of two-loop diagrams are shown in Figure 9.2. It is useful to classify these diagrams into
finite, UV divergent and IR divergent ones. The first two diagrams are finite and thus no renor-
malisation is required. The following two diagrams are UV divergent, and correspond precisely to
the one-loop renormalization of the LQ self-energy and vertex correction from Figure 9.5. Their
corresponding counterterm diagrams are shown in the last row of Figure 9.2. The remaining di-
agrams, in which the gluon connects external quarks, are IR divergent. Such diagrams carry the

(logarithmic) A dependence which contributes to the function Fi(l), and cancels in the matching
against the EFT A dependence of the r-matrix.

9.3.3. Matching Results for the Wilson Coefficients at NLO
The final results for the (non-zero) NLO Wilson Coeflicients Ci(l) at the matching scale are

a,TETI
4608m3 M2x253 (xq — zp)?
x [z327 (30Lis (1 — X)) + log (X{) (541og (X}') + 69) — 12log? (X{") — 57* + 36)
—axy, (6Liz (1 — X)) + 3log? (X{) + 36log (X)) + 72 + 36)
+627 (6Lis (1 — XJ) + 3log? (X)) +7%) +a <> b] , (9.63)
C(l)(,uo) — asrgbrb}%
4 1152m3 M2z q2p (g — J:b)2
x [z2zp (12Lis (1 — X§) + 61log (X§) (4log (X§) — 3 (log (X4) + log (X})) + 10) + 7?)
—zj (m® — 6Lix (1 — X{)) +a <+ b] , (9.64)
L 1R
3843 M2x42p(q — )
x [z} (7® — 6Lis (1 — X{)) + mqzj (12Lio (1 — X}) — 121log (X)) — %) + a <> b] ,

V(o) =

with
M2 12 M2

Note that the dependence on M drops out. In the equal LQ mass limit one has

R TR
1 Lol Ko
oW (u) = 0 o (108 log 1 + 34m” 273) , (9.67)
L TR
1 el Ho
CLE )(HO) = 015% (72 lOg M + 2772 — 105> y (968)
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K° - K° DY — DY By — By B, — By
BW (1) 0.506(17) 0.757(27) 0.913(86) 0.952(66)
B (1) 0.46(3) 0.65(4) 0.761(76) 0.806(59)
BYW (1) 0.79(5) 0.96(8) 1.07(22) 1.10(16)
BW () 0.78(5) 0.87(6) 1.040(87) 1.022(66)
B () 0.47(4) 0.68(5) 0.96(10) 0.943(75)

Table 9.1.: Bag parameters calculated within lattice QCD, adapted from Refs. [231, 232]. The
renormalization scale is y = 3, 3,4.18,4.18 GeV for P = {K°, D°, B, B,}.

L PR
(1) _ Toal’ 2
Cs/(po) = —asm (27" +3) . (9.69)
The result for C' 1(1) (110) is equal to that of Cfl) (110) with the replacement T2 — T'L, The results
derived here can be easily translated into a matching to the SMEFT above the EW scale. For the
necessary formulas we refer to e.g. Ref. [205].

9.4. Phenomenological Analysis

Having computed the WCs at NLO, in Subsection 9.4.1 we compute the corresponding matrix
elements in the AF = 2 WET. Moreover, we provide the evolution matrix needed to run the
WCs from the high to the low scale. In Subsection 9.4.2 we study the matching scale dependence
of the WCs at NLO.

9.4.1. Numerical Results

Let us now derive simple numerical results from the analytic expressions obtained in the previous
section for K — K° D° — D and B, 4 — By 4 mixing as a function of the couplings I' (for
po = M).

The relevant quantity is the matrix element of the AF' = 2 effective Hamiltonian,

(PP Her 2 P1) = 3 Cilu)(Oum)) (970)

where (O;(p)) = (P°|O;(1)|P°) can be expressed in terms of non-perturbative “bag parame-

ters” Bg) (see e.g. Ref. [232]),

©P(w) = SMEBY () ©0:71)
) 5 Mp 2 2@

(O3 (1)) = 12<nWW> fpMpBp (1) (9.72)

O (W) = 1(]‘@)2#1\423(3’( ) 0.73)
3V )+ () ) PP '

2
) = 5| (s o) 5| MEEE G0 (.79
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Mo = 497.611(13) MeV [11] Mpo = 1.86484(5) GeV [11]
Mp, = 5.27965(12) GeV [11] Mp, = 5.36688(14) GeV [11]
Ty (3 GeV) = 2.3(2) MeV 1T Ma(3GeV) = 4.4(2) MeV 1T
s(3GeV) = 84.4(6) MeV Tt e (3GeV) = 0.988(7) GeV [235]
mp(mp) = 4.18(3) GeV [11]

Tig(7) = 4.1(2) MeV 1T s () = 78.9(6) MeV 11

fr = 155.7(3) MeV [235] fp = 212.0(7) MeV [235]

fB, =190.0(1.3) MeV [235] fB. = 230.3(1.3) MeV [235]

Table 9.2.: Set of inputs used in the numerical analysis. The inputs marked T have been obtained
from the values at the scale of 2 GeV given in Ref. [235], by running them to 3 GeV
and 4.18 GeV using RunDec [236] at four loops in 4-flavour QCD.

1

2
O = 5| (s o) 3| MEED ) 079

where P = {K°, D° By, By} and (my,,m;) = {(ms, mq), (me, my), (my, mq), (my, ms)} are
running MS masses. The numerical values for the bag parameters Bg) (1) are calculated using lat-
tice QCD and can be found in Refs. [231,232] '. For convenience we list these numbers in Table 9.1
adjusted to the conventions used in Egs. (9.71)-(9.75). The quoted results for the bag parameters
are given at the renormalization scales y1 = {3,3,4.18,4.18} GeV for P = {K°, D° By, B},
and in the renormalization scheme of Ref. [203], which is the same one used here in the cal-
culation of the Wilson coefficients. The numerical values of the various quantities appearing
in Egs. (9.71)-(9.75) are collected in Table 9.2. The resulting numbers for the matrix elements
(O;(1)) at the relevant renormalization scales are collected in Table 9.3.

In order to provide numerical formulas for the matrix element in Eq. (9.70) we also need the
matching result C; (1) and the evolution matrix U (u, p0), defined by

Ci(r) = U 10)i5Cj (1o) - (9.76)

The evolution matrix is calculated by solving the RGE in Eq. (9.9) numerically, using the LO and
NLO ADMs in Egs.(9.26) and (9.34). For the evolution of the strong coupling as(u) we use the
four loop result from RunDec [236]. We find

0.794 0 0 0 0
0 1.886 —0.392 0 0
U(4.18GeV,1TeV) = 0 —0.079 0520 0 0 » o (9.77)
0 0 0 2909 0.666
0 0 0 0114 0.902

'Other recent determinations can be found in Refs. [188, 233, 234].
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K° - K° DY — DY By — By By — Bj
am) 0.00202(0.00007) 0.079(0.003) 0.611(0.058) 0.967(0.068)
0V (1)) —0.0361(0.0024) —0.150(0.010) —0.508(0.051) —0.813(0.061)
(O (1)) 0.0124(0.0008) 0.044(0.004) 0.142(0.030) 0.222(0.033)
(O4(p)) 0.0739(0.0048) 0.252(0.018) 0.921(0.079) 1.367(0.092)
(O5(n)) 0.0154(0.0013) 0.089(0.007) 0.498(0.052) 0.739(0.059)

Table 9.3.: Values for the matrix elements of AF = 2 operators, in units of GeV*. The renor-
malization scale is © = {3,3,4.18,4.18} GeV for P = {K, D, By, Bs}.

0775 0 0 0 0
0 2034 —0445 0 0
U(3GeV,1TeV) = 0 —0.089 0.484 0 0 - (978)
0 0 0 3299 0.798
0 0 0  0.148 0.898

Note that the evolution for C7 , 5 is the same as the one for C 23. For the LQ contribution to
the WCs at the matching scale C;(ug) = C;(1 TeV) we use the formulas in Eqs.(9.55) and (9.67)-

(9.69) with M = pg = 1 TeV (the matching scale dependence will be discussed in the following
section). We find:

Ci(1TeV) =7.92-107°TETE [110 + 0.0550] GeV 2 =8.30- 107 °TETE Gev—2,
Ci(1TeV) = 7.92-107 1T, %, [1ro + 0.05n10] GeV 2 =8.30- 10T, Ik, GeV 2,
Cy(1TeV) = =3.17-10°TL TE 110 + 0.07n10] GeV ™2 = —3.38 - 10 7 TL TE Gev2,
C5(1TeV) = —1.69- 107 TL TR (010 + Inro] GeV ™2 = —1.69- 10" TL TE Gev 2.
(9.79)
Putting everything together, we have
(KOHAF=2|K%) = [(0.131+0.004)(TE L + TEDR) 4 (—84.5+ 5.5)r5ar§a} -107H GeV?,
(DYHAF=2D% = [(0.051+0.002)(TETE + TETR ) 4 (—2.91 + 0.20)r§ar§j§1} 1070 GeV?,
(B HAF=2|By) = [(0.41+0.38)(PLTL + TETR) 4 (—9.41 + 0.81)1“5(11“54 1070 GeV?,
(BoJHAF=2B,) = [(0.64%0.04)(PLIL + TETE) 4 (~13.98 + o.94)r5ar§a} 1079 GeV?2.
(9.80)

In a first approximation (neglecting logarithmic effects) these matrix elements scale like 1 TeV?2 /M?.
Thus after inserting the explicit expressions for the couplings I, they can be easily applied to set
bounds on LQ models.
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9.4.2. Dependence on the Matching Scale and Importance of NLO Corrections

The renormalisation-scale dependence of the WCs is given by RGE

drex 5
! 0 das 0 dM, 0 R —A4T C(p) =0, (9.81)

Odlog + dlog i Oars + dlog u OM, dlog,u@I‘Zg(

where a sum over the indices a,q,f and X = L, R is understood. It is easy to check that the
matching conditions given in Egs. (9.51)—(9.53) and (9.63)—(9.65) satisfy this RGE up to higher
order O(a?) terms. More explicitly, using the beta functions in Eq. (9.58),

aclV ac,” x 9 0 0
q

As discussed already in the previous section, even though the LO Wilson coefficients C’Z-(O) do not
depend explicitly on the matching scale 1, they do depend on it implicitly through the running
masses and couplings. This means we treat M (up) and ng(- (110) as functions of the matching
scale j19. Then, one can calculate the matrix element for the AF’ = 2 process in question, taking
into account that p is at the same time the initial scale for the renormalization-group evolution
of the Wilson coefficients down to the hadronic scale. The running of the masses and couplings
cancels the matching-scale dependence of physical observables order-by-order in a5 (140). For the
evolution down to the hadronic scale we will use the NLO ADM also for the LO estimate (even
though this is higher order «;) since these results were known previously to our calculation.

In order to illustrate both the relative size of the NLO matching corrections and the reduction of
the matching-scale dependence of physical observables, we focus on the case of By — B mixing
and consider the quantity

R(po) = ' ' . (9.83)

The numerator in ‘R depends on the matching scale 1 via the starting scale of the RGE, the LQ
mass M (i), the LQ couplings to fermions I'**%(1) and the explicit 119 dependence of C’i(l),
which contains a logarithm of the matching scale. In the denominator the matching scale is fixed
to the reference value pg = 1 TeV.

In Figure 9.6 we plot separately the contributions to R with T*T'l = 0, TEI'® = 121l and
Ir® = 11t = 0, which are called R; and R4, respectively, as they are related to the
corresponding Wilson coefficients. We also show separately the LO and NLO contributions to
‘R. The LO effect is obtained by setting C; = Ci(o) in the numerator of Eq. (9.83), understanding

M and IT'L® in the expression for Ci(O) as running parameters at the scale yo derived from their
reference values M (1TeV) = 1TeV and I'X"%(1 TeV). We see that the LO result has a sizable
matching scale dependence, both in the C} contribution (or equivalently C}) and in the Cy 5
contribution. This scale dependence is, as expected and required, significantly reduced once the
NLO matching effects are included. One can also see from Figure 9.6 that the NLO corrections
lead to an additive effect of the order of 5% (8%) for the case of C (Cyp).
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Figure 9.6.: Matching-scale dependence of the ratios R and R4 5 for M (1 TeV) = 1TeV. The
upper plot shows the case in which C| is generated (the I'*T'" contribution to
the mass difference), while the lower plot shows the case in which Cy and C5 are
generated (the TXT'® contribution to the mass difference).



CHAPTER 10

AF = 1 Processes and Projections

In this last chapter we study AF = 1 processes, that is, processes in which a flavour quantum
number changes by one unit. Our interests lies in studying such processes via the WET, and
concretely we focus on the following AS = 1 current-current operators [237-239]

Ql = (gaUB)V,A ('L_L,Bda)V,A s Q2 = (gozua)v_A (’aﬂdb’)\/,A s (10-1)

where V. — A = ~,(1 — 75). The aim is to study the 1-loop O(ays) corrections and examine
the method of projections to find the ADM and r-matrix, just as we did for AF' = 2 in Section
9.1.3. In Section 10.1, we introduce the issue of ambiguous traces with the 5 matrix and discuss
different schemes. In Section 10.2, we compute the ADM and r-matrix using the “traditional”
approach, as demonstrated in Section 9.1.1 for AF = 2 processes. Here, we do the calculation
for various 75 schemes and IR regulators. In Section 10.3 we reproduce the calculation using
projections (for different 5 schemes) and show that we obtain the correct ADM and r-matrices.
Moreover, we focus on the dependence of the calculation on the ambiguous traces and discuss
several options to speed up computations.

10.1. The Issue of 5

The Dirac gamma matrices obey the Clifford algebra, satisfying the anticommutation relation

{77} = 29", (10.2)
where g""” is the metric tensor and p, v € {0, 1,2, 3}. Moreover, the 5 matrix is defined as

- 0.1.2 3 i
V5 =YY = = peweey (10.3)
where €, is the antisymmetric Levi-Civita tensor with €p123 = —1, €¥123 = 41, As defined

in Eq. (10.3), the 5 matrix is a four-dimensional object satisfying ’yg =1, 'y}: = 5. Importantly,
the following relations hold in four dimensions

{7“7 75} =0 )
Tr (Y1 YpYoVs) = —4i€upo (10.4)
Tr (F1F2) =Tr (Fgrl) 5
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where the last one is simply the cyclicity of the trace'. In d-dimensions it is inconsistent to
require these three properties simultaneously, and one must be abandoned. To see this, let us
consider the trace dTr (7,7,7,7Y+75) in d-dimensions. After using the cyclicity of the trace and
anticommutation of the 75 matrix with the gamma matrices we find [207,223, 240]

(d —4)Tr (Y7 YpY¥o5) = 0. (10.5)

Therefore, either d = 4 or the trace vanishes, which is in contradiction with the second identity
in Eq. (10.4). Hence, in d # 4 two of the equations in Eq. (10.4) are in contradiction with the third
one, and to extend the algebra to d-dimensions (at least) one of the properties is abandoned.
This 75 issue is relevant to us when using the projection method in NDR, which assumes that
the anticommutativity of 5 and the cyclicity of the trace hold, as in Eq. (10.4), which results in
Tr (Y47 YpYo5) being ambiguous. Therefore, we must tackle this problem in our calculation.

Different schemes/prescriptions have been proposed [241] in order to deal with this issue, albeit
the only one known to be mathematically well defined and consistent is the HV scheme [221,224,
225]. This scheme gives up the anticommutation property of 5 with the gamma matrices, while
preserving gauge invariance and the Ward identities (after introducing appropriate counterterms)
as well as correctly reproducing the axial anomaly. Another scheme is the so called Larin scheme
[222, 242, 243], which replaces any instances of the 5 matrix by its definition in Eq. (10.3) and
has been extensively used in multi-loop QCD calculations. Meanwhile, the NDR scheme [208]
assumes the anticommutativity of 5 with the gamma matrices to hold in d-dimensions. This
scheme is a convenient choice for single Dirac lines and for Dirac traces with an even number of
~s, because it is computationally straight forward and can lead to consistent results. But for an
odd number of 75 an additional prescription is needed since traces like Tr (7,7,7,7-75) (might)
appear. For example, some schemes abandon the cyclicity of the trace [214, 244], introducing
a “reading point” prescription. Although the HV scheme is the only known fully consistent
method, it is computationally expensive and more complicated than other schemes. Therefore,
using other schemes (such as NDR) might be preferable, but it is then essential to rigorously
cross-check calculations to ensure the validity of computations.

10.1.1. The ’t Hooft-Veltman Scheme

In the HV (also called BMHV) scheme the 5 matrix is defined as in Eq. (10.3), and it is therefore
an intrinsically four-dimensional object. The d-dimensional space is split into four-dimensional
and d — 4 = —2e subspaces (z = Z + &), where four-dimensional quantities are denoted with
bars (Z € 4d) and —2¢ dimensional “evanescent” quantities are hatted (& € —2¢). Therefore, the
metric tensor and gamma matrices take the form

A=A, gt =g+ g (10.6)
In this scheme, the gamma matrices in the two subspaces have distinct (anti) commutation rela-
tions, with
{757 ’7/1} =0, [/757 ’7#] =0, {7#7 ’75} = 2&#’75 ) (10-7)
while the metric acts as a projection on the 4d and —2e sub-spaces,
{’_Vua '_YV} = 2§uu> {ﬁ’ua ﬁ’u} = 2§uu7 gupglu) = Guv gup95 = guva gupgg =0. (10.8)
By virtue of the Dirac algebra in the HV scheme, the chiral couplings (like the ones in ; of
Eq. (10.1)) can be written as follows [245,246]

PR’Y;LPL = ;Y,LLPL ) PLVMPR = ;Y,LLPR' (10~9)

It is clear that the HV is rather cumbersome due to the splitting of quantities into distinct sub-
spaces with different Clifford algebra, and therefore, it might be desirable to use a simpler scheme.

"Moreover, Tr (v5) = Tr (7470 75) = Tt (Vg - - Yun¥s) =0 Vn € odd.
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10.1.2. The Larin Scheme

Larin’s approach [222,242, 243] follows the HV scheme and also defines the 75 matrix according
to Eq. (10.3), which is a four-dimensional object. But instead of splitting quantities into the d =
4 — 2¢ sub-spaces, it explicitly replaces any and all 5 matrix by its definition, which results into
expressions without any explicit v5. Therefore, Larin’s method is not really to be understood as a
~s5 scheme, but rather as a prescription on how to deal with strings of gamma matrices which also
contain 5. In following this approach for calculations, one typically encounters contractions of
the Levi-Civita tensor, which yield

gyupo€a67§ — _gggggsgg + .. (10.10)

While this is a four-dimensional quantity, Larin’s scheme promotes the right-hand side to d di-
mensions [222, 223,226, 227], i.e. effectively without the bars.

10.1.3. Naive Dimensional Regularisation

NDR [208] promotes the 5 matrix as given by Eq. (10.3) to d dimensions, without introducing a
decomposition into sub-spaces. Furthermore, it assumes that 5 anticommutes with the gamma
matrices, i.e., {75,7,} = 0, and that the cyclicity of the traces holds. Since 5 matrices can be
anticommuted, for an even number of 5 matrices the traces pose no issue because 'yg = I. Onthe
other hand, issues arise whenever there is an odd number of 5 matrices in a trace, because then
one encounters traces such as Tr (7,7,7,7+75). In effect, NDR gives up the second property
in Eq. (10.4), and an additional prescription is required in order to proceed if any such traces
appear in the calculation at hand. Later on we use the projector methodology in the NDR scheme,
together with the so called NDR-Discard prescription, which simply sets to zero the problematic
traces, i.e.,

Tr (Yy - Yun¥5) = 0 Vn € even. (10.11)

10.2. 1-loop QCD Amplitudes for AS =1

We consider the 1-loop ag corrections to the current—current amplitudes from insertions of the
following AS = 1 four fermion operators [237]

Q1= (gauﬁ)va (aﬂda)V,A , Q2= (gaua)v_A (ﬂﬂdﬂ)\/,A ) (10.12)

with V' — A = ~,(1 — v5). The corresponding 1-loop diagrams are given in Figure 10.1. The
objective in this section is to compute the 1-loop ADM 79 as well as the r-matrix. We wish to
do so in the NDR and HV 5 schemes, and for different IR regulators. In this section we perform
the calculation in the “traditional” approach, that is, by performing the Dirac algebra as dictated
by the corresponding scheme (i.e., NDR or HV) and then projecting back to the tree-level matrix
elements of ();. Relevant references to the following discussion are Refs. [40, 40, 218, 238, 239].
As in the case of AF' = 2, the {Q;} operator basis of Eq. (10.12) is extended by evanescent
operators, which allow to project back the loop amplitudes to the physical operators. In this
case, the evanescent operators needed for the calculation are the following two [203,247]

Ey =4 (5aY"y" " Prug) (ugvu Vv ypPrda) — (16 — 4€)Q1

el ) (10.13)
Ey =4 (5a7"9" " Prua) (Ugyu vy, Prdg) — (16 — 4€)Qa .



110 10. AF = 1 Processes and Projections

Ug Uy U Uy U Uy

B ds 54 ds Sp ds

Figure 10.1.: 1-loop diagrams for AS = 1 processes from the insertions of );. We have consid-
ered the process u,53 — u,ds. We name the diagrams D1, D2, D3 from left to
right, and each one has a multiplicity factor of two.

These are used in both the NDR and HV scheme’, where in both cases the gamma matrices in E;
are d-dimensional. We note that in the case of the HV scheme we have (using v,, = 7, + 9,)

V=T AR+ Y TAAAT+ D AP, (10.14)

where the last two terms have three terms each, compactly written as the sum indicating all possi-
ble permutations. This means that the operators F; of Eq. (10.13) in the HV scheme schematically
read (omitting fields)

EN Z 4(355° P) (3,979, Pr) — (16 — 4€)Q; + 4 pieces.. (10.15)

In four dimensions, the evanescent operators vanish by virtue of the Chisholm identity (in both
NDR and HV)

VYo YN = YuGvr — YwGur T INGuv — i:)/U’YSe;W/\U > (10.16)
while hatted quantities in the HV scheme are directly set to zero since they belong to the —2e

subspace. We now write the general form of the 1-loop diagrams” from ; insertions, see Figure
10.1,

QGdk
D, = _4g§T56T'ya / ("_)B/y,u(k + p + m)ra(k +p + m)’}/uua) (a'yravé) ((kﬁ +;)2 — mQ)QAMV )
Dy = —4g2Cpiy00 /(@P(;H ) pta) (i3 (4 p+ m)Tog) — L o
2 = 9sCUF0~a036 Bl a Zﬁ TplUa v Vv ? 1 ((k+p)2—m2)2 )
Ds = 4¢*T3s Ty / (5T a (K + P+ m)utta) (@ DK + p + m)705) ik aw
T S ((k+p)? = m2)?
(10.17)

where I'* = y®Pr. Crucially, in the HV scheme, the external momenta p is taken to be four
dimensional, i.e., p. Moreover, the Dirac structures from the insertion of physical operators is
also four dimensional, I'* = 4*Pp, in HV. Further, A"" corresponds to the Lorentz part of the
gluon propagator with a fictitious gluon mass in R¢ gauge

—g" 4+ (1 — kHEY
N kQ(— )\f) B (10.18)

'In [203] it is stated that, in NDR, the —4¢ term in the evanescent operators is found via the “Greek projections”. If
we were to use this method in the HV scheme, we would not find —4e but —12¢. But since O(€) terms can be added
with no issue to an evanescent operators, redefining EZH vV EZH V4 8eQ); yields the —4e factor.

*We work in the MS scheme, i.e., u*> — p’e” /4 and define dk = dk/(27) .



10.2. 1-loop QCD Amplitudes for AS = 1 111

In the expressions of Eq. (10.17) we have introduced the external momenta p, (identical) quark
masses m and a gluon mass A. These are three distinct IR regulators, which we shall consider
independently from each other. Therefore, our analysis is divided into several cases, each isolat-
ing one of these regulators. For instance, when treating the external momentum as the sole IR
regulator, we set A\ = m = 0. If we instead use either the quark mass or the gluon mass, the other
parameters are set to zero. This case by case approach allows us to clearly identify the individual
effects of each IR regulator. Since the ()2 operator of Eq. (10.12) only differs from @) in its colour
structure, the 1-loop diagrams from the insertion of ()2 are the same as the ones in Eq. (10.17),
up to the following colour structure replacements

D1|Q2 = Z)1|Q1 with CF(Sga(S-yg > Tg(sT,ya,

D2|Q2 = D2|Q1 with TsaTys < Cpéméﬁg, (10.19)

D3|Q2 = D3|Q1 with TﬂaT,y(g <~ TB(ST'ya ,
while having the same Dirac and Lorentz structure as the diagrams in Eq. (10.17). Since we
consider the different IR regulators independently, the loop integral in the amplitudes takes a
different form in each case, while being the same integral for the three D1, D2, D3 diagrams in

each scenario. We now list these different cases and how to compute the corresponding loop
integrals.

Fictitious gluon mass A

The resulting loop integral reads

kuky
2€ —9uw + (1 - é) ZQ kok’r
7 /dk Y al (10.20)
which is reduced via partial fraction decomposition to a (complicated) expression containing the
following massive tadpole integral
dk
—, (10.21)
(k2 = 32)
which is solved as given in Ref. [213]
External momenta p
The resulting integral reads
kuk
—guv + (1 —&)~7" (k k
MQE/CUC gﬂ ( . 5) k2 ( +p)a( jp)T (1022)
k (k +p)

The integral is simplified using partial fractioning and the resulting integrals are p-type integrals
which are solved according to Ref. [248]

dk (pQ)D/Q—a—B

J]a, B] :/k2a ) = T G(D,a, B), (10.23)

with

F(D/2—a)F(D/Z—B)F(a+B—D/2).

G(D,a,p) = L(a)T(B)T(D—a-p)

(10.24)

Quark masses m

In this case the integral does not automatically factorise out from the Dirac structures, but after
simplifying the amplitude via partial fractioning the resulting integrals are massive tadpoles of

the form
dk
m P} (10.25)
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which are solved according to Ref. [213].
Infrared rearrangement (IRA)

This is a different method which we did not discuss in Eq. (10.17) because it does not rely on
automatically introducing an IR regulator. Instead, the starting point is the exact decomposition
(39, 249, 250]

1 1 m? — p? — 2kp — M? 1

GtpZ-m? K—DMZ K2 — M2 (k+p)2—m?2’

(10.26)

where k(p) is the loop (external) momenta, m is the mass of the propagating particle and M is an
auxiliary mass introduced to regularise IR divergences, taken to be the same in all the propagators
and diagrams. The auxiliary mass regulates all IR divergences and the renormalisation constants
and ADM can be extracted from the UV divergences of massive tadpole amplitudes. Moreover,
the identity Eq. (10.26) can be applied recursively. Let us consider the case in which we have
external momenta (otherwise the integral is scaleless), in which case the integral is given by
1 kuky
I — NQE/dk_gNV +(1-9 k2 (k+p)a (k+p)r )
K (k+p)°*

(10.27)

We apply the IRA identity of Eq. (10.26) once to every of the three propagator denominators.
Keeping only the UV pieces, we find'

kyky .
I— M?E/dk‘ (—gw, +(1-¢) 22 ) (k+p), (k+Dp), ((142—1]\/[2)3 +ﬁn1te> , (10.28)

which is reduced to a massive tadpole after partial fractioning and solved according to Ref. [213].
Notice that if we had kept all terms from the IRA identity in the integral, we would obtain the
same result as in the case with external momenta of Eq. (10.22). This is because the identity
Eq. (10.26) is exact. The key point is that by using IRA and keeping only the UV terms, 1/¢
terms are more easily extracted as the resulting integrals are massive tadpoles instead of p-type
integrals.

10.2.1. ADM and r-matrix at 1-loop

The ADM at 1-loop is found according to
W = —2(262Z,6, +62);)  with §Z, = —€Cp. (10.29)

where the 6Z£j pieces correspond to the coefficient of the UV divergences of the current—current
diagrams of Figure 10.1, and 0 Z, is the quark field renormalisation in R¢ gauge. In both the NDR
and HV schemes we find the 1-loop ADM to be

-2 6

~O = : (10.30)

6 -2

in agreement with Refs. [237, 239]. Therefore, we conclude that the 1-loop ADM is 75 scheme
independent. This is to be expected because the ADM is found from the 1/e divergences. As
argued in Section 9.1.1 for AF' = 2, the ADM can be directly found by computing the Dirac
algebra in four dimensions, and this is also the case here. In other words, the divergent terms are

'If we expanded each propagator twice or thrice recursively, the UV piece would still be the same.
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unaffected by O(¢) terms from the Dirac algebra, and the difference in the Dirac algebra between
the NDR and HV schemes is precisely a O(e) term, i.e.

Dirac algebra in NDR = Dirac algebra in HV + O(e)terms, (10.31)

because in four dimensions they must coincide. On the other hand, the r-matrix is affected by
O(e€) terms and differs between the NDR and HV schemes. Recall that in the EFT, the amplitude
reads

A =) Ci (%’ + G iy + (9(0@)) (@), (10.32)
i

where (Qi>(0) are tree-level matrix elements, ;; is the NLO (finite) contribution and we have
defined &5 = a5/ (47). As discussed in Section 9.1.1, the inclusion of a IR regulator separates the
UV and IR divergences, where the IR divergences take a logarithmic form. The general form of
the r-matrix is given by
A . -
r = Alog e +F, with Ar={p,A\,m,M}, (10.33)

where A is the logarithmic prefactor, A is the corresponding IR regulator and F' denotes the
finite piece. As in the case of the ADM, the log term (given by the matrix A) is also scheme
independent, with

—%(8§+3) 6
2
6 5 (8¢+3)

for both the NDR, HV schemes and for all IR regulators. The reason that the IR term is scheme
independent is because it stems from the loop integral divergence. Schematically speaking, a
1-loop diagram scales as

A= , (10.34)

1 A
D1 .150p ~ loop integral x Dirac algebra ~ <e + log f + ﬁnite1> x (O(e) + finitep)

finit A @)
~ D + finite p log Ry ﬂ + finite/finitep ,
€ I €
~(0) Alog AR/ F

(10.35)

where the I(D) index indicates that such a term comes from the integral (Dirac algebra). There-
fore, we see that indeed the ADM and logarithmic IR term are scheme independent (i.e. can be
found with four-dimensional Clifford algebra) while the finite pieces F’ are 5 scheme dependent.
Next, we give the the F' value for each IR regulator in the NDR and HV schemes.

10.2.2. rnpr for Different IR Regulators

We collect the results in the NDR scheme for the piece F' of the r-matrix in Eq. (10.33) for different
IR regulators. We set the logarithmic piece (which takes the same value in every scheme and for
all IR regulators) to zero by setting ;1 = Ag.

« With external momenta p:

%(15&7) c—7
2% -7 é(6§+7)

r= (10.36)

In the Landau gauge £ = 0 we find 11 = 1992 = 7/3, 719 = 191 = —7, which agrees with
Ref. [239].
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« With a gluon mass A:

1
5 (16¢ — 13)
"= 11
2
« With quark masses m:
19
_ 6
Tl
2
« ViaIRA:
1
—=(4£+11)
r= 3
-1

10.2.3. 7y for Different IR Regulators

_u
1 2 . (10.37)
— (16¢ — 13)
6
_5
129 (10.38)
6
-1
1 (10.39)
—5 (e 11)

We collect the results in the HV scheme for the piece F' of the r-matrix in Eq. (10.33) for different

IR regulators.

« With external momenta p:

D6+ T £E-5
P = 1 (10.40)
26 -5 3 (6€ +21)
In the Landau gauge £ = 0 we find r1; = r9g = 7,719 = r9o1 = —5, which agrees with
Ref. [239].
» With a gluon mass A:
1 7
— (16£ + 15) —=
r=|6 7 1 2 . (10.41)
— Z (166 +1
5 (6E+15)
« With quark masses m:
31
r= 21 §2 (10.42)
2 2
« Via IRA:
1
S3-49 1
r=13 1 . (10.43)
1 (B3-49
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10.2.4. Check of Results

In the previous sections we have computed the 1-loop ADM and the r-matrices in the NDR and
HV schemes with distinct IR regulators. We have checked the validity of our results for the
external momenta IR regulator in the Landau gauge £ = 0 comparing to the results in Ref. [239].
A check for the other r-matrices with distinct IR regulators is also possible. The check is based
on the fact that the following quantity

Ar = rgv — 'NDR (10.44)

is free from gauge (§) and IR dependences, and therefore takes the same value for different IR
regulators and any gauge. Indeed, we find

14/3 2
Ap — , (10.45)

2 14/3

for every difference for the distinct IR regulators, which validates our results.

10.3. Projectors for AS =1

Having computed the ADM and r-matrices with the “traditional” method, we wish to find pro-
jectors which are directly applied to the loop amplitudes and “extract” the relevant coefficients to
find the ADM and r-matrix. The projectors are defined and found as discussed in Section 9.1.3.
Recall that projecting amounts to performing the following replacements on a given amplitude

vally — PaSap, ualp — PpSap, (10.46)

where S = {0, T} are the two possible colour structures. Thus, when applied to the tree level
matrix elements of Q1, Q2, we find'

P(Q1) |5 = 4iNTr (PgD®) Tr (PaT)
<Q2>(0)|5 = 4iN?Tr (PgT'®) Tr (P4T,,) ,
(Q1) )y = 16iTr (PpI'*) Tr (P4Ty) |
(@Q)r =0,

e

(10.47)

g

P

and analogously for the evanescent operators of Eq. (10.13). Recall that I', = 74 Pr,, where the
gamma matrix is four dimensional if working in the HV scheme, 'y |luy = 74 Pr. Then, the
projectors are found by constructing them as a linear combination of “fundamental” projectors
pr =Pa® Pp

P = Zcikpk, pr = {7 A" PRV, - Y PR AP PL®yp, - Y PRy L 5 R}
k
(10.48)

satisfying the conditions
PQ; 0) — Sii s
Qs) JQ (10.49)
P1<E]>(O) = 0(6 )7

up to order O(e). Then, finding the projections is reduced to solving an algebraic system of equa-
tions. When working in NDR, we know that problematic traces with s such as Tr(v,7,7,7075)

"Notice that the projections with the T structure can be found from the § projections by replacing N — 4, N — 0.
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might arise, which are ambiguous. We note that in HV this is not the case, as then the Dirac
algebra is well defined, no ambiguities appear and the calculation poses no issue. Therefore, we
focus on the projections on the NDR scheme, as we want to study the issues that might arise
from the traces with an odd number of v5 matrices. Of course, applying projections in the HV
scheme is possible and we shall give the corresponding projectors.

Notice that already when constructing the projectors such problematic traces might (and do) ap-
pear, as one must trace according to Eq. (10.49) over the physical and evanescent Dirac structures.
Then, if the projectors are found according to a certain scheme and/or prescription, this must be
specified so that when applying the corresponding projectors to certain amplitudes the same
scheme is employed in the calculation. In other words, the projectors are scheme dependent, i.e.,
they are not the same in NDR and HV, and even within NDR they differ among prescriptions
that deal with the ambiguous traces in distinct ways. As previously discussed, in the HV scheme
we find the projectors with no problem as the algebra is carried out without ambiguities. In the
NDR scheme, traces with an even number of 5 pose no issue because after anticommuting we
find ’yg = 1. For an odd number of v5 matrices, we also anticommute ~5 to the right, and we
are therefore left with traces of the type Tr (v, ... Vu.,V5) 7 € Z. It is then that we choose a
prescription for these traces, and the projectors are found accordingly by solving the system of
equations satisfying Eq. (10.49). Here, we choose the Larin and NDR-Discard schemes, discussed
in Section 10.1.2 and 10.1.3, respectively.

10.3.1. ’t Hooft—Veltman

In the HV scheme no 5 issues arise, the Clifford algebra is consistent and we compute the pro-
jectors, which read

At Pl i | pd

P = _
Y7 0600 1927 T 2560 5120 (10.50)
_ ATy (s o] py Al ) pg '
27 9160i 432 147456 7681 ) ' 115200  2880i '« 576i 153607’

with

P = {7 Pr®Y6 PR, Y717 PRV Py 17V AP0 PROYe Y57 PRY, S = {6, T}

(10.51)
The gamma matrices in py, are d-dimensional. These projectors are applied directly to the 1-loop
amplitudes, and the ADM and r-matrices for different IR regulators given in Section 10.2.3 are
found.

10.3.2. NDR-Discard

If we choose NDR-Discard, see Section 10.1.3, we simply set to zero the ambiguous traces. In this
case, we obtain the following projectors

s 6<5P2T P1T>
b

= == — — s 1

3840 96i 768t 243
T

(10.52)
p_ PP P P 6( 5o i | Pl 5p2T>

T 864i 2167 @ 288  1152i 1728 54 | 72  2304i

with
Pk = {7 Pr ® Y Pr. Y"1 Pr ® 7Y wPr}, S=1{5,T}. (10.53)
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Applying these projectors directly to the 1-loop EFT amplitudes in Eq. (10.17) we find the correct
results for the ADM and NDR r-matrix of Section 10.2.2. We stress that NDR is an inconsistent
scheme, but here we see that it correctly reproduces the desired results. Thus, despite being an
algebraic inconsistent scheme these projections can be used to find the UV and finite pieces for
the current—current operators. Moreover, since we are simply setting the problematic traces to
zero, this prescription is very convenient to speed up and handle calculations.

10.3.3. Larin
Using the Larin scheme, discussed in Section 10.1.2, we find the following projectors’

py  3pf | 15pf

P = ; -+ ¢ =
25?‘1 621@ T128z . 5 . (10.5)
,— P2 D1 Pl Py 6( 5P _5pl> 7
576i 48i ' 64i  768i 15360  128i
with
P = {77 Pr ® % Pr. """ Pr ® 1Yo wPr}, S=1{6,T}. (10.55)

Using these projectors we obtain the corresponding NDR results for the ADM and r-matrix of
Section 10.2.2. Notice how, as expected, the projectors of Eq. (10.54) in the Larin and NDR-Discard
in Eq. (10.52) differ in their form, albeit providing the same results. Therefore, as we previously
mentioned the projectors are scheme dependent and when given one must always specify the pre-
scription used, as applying the projectors to certain amplitudes can result in problematic traces
with ~s.

10.3.4. Cancellation of Ambiguous Traces

We have seen that despite using two different schemes, NDR-Discard and Larin, the projectors
yield the same (NDR) results for the ADM and r-matrix. Therefore, since the two schemes take
different values for the Tr (74, . .. Vu,,,¥5) 1 € Z traces, the result must be independent of such
traces. While this might appear surprising at first, there are several ways to justify this fact:

1. We have computed the ADM and r-matrix using projections, but one can also do the cal-
culation via the “traditional” method, as we did in Section 10.2. This procedure does not
involve any traces, since the amplitudes of Eq. (10.17) do not have traces. Therefore, the
computation with projections must be free of ambiguities related to 75 traces. This is in-
deed what we find.

2. The projectors can be defined as v,73 — PaSag,uatis — PpSap, instead of using the
definition of Eq. (10.46). Then, P(Q;)(¥) ~ Tr(PoI'* PgTl'y) and analogously for E;, which
yields no problematic traces because all Lorentz indices are contracted. Again, this implies
that the calculation must be independent of the ambiguous 5 traces, since we could have
defined the projections in a manner in which no issues arise.

3. We can compute the projectors keeping the ambiguous traces undetermined, with Tr (’ym
.. .'yun’yg)) = T, so that the projectors” are a function of 7},. Such projectors fulfill the
condition Eq. (10.49) for any value of T},,Vn. This indicates that the projectors are s

'If we take the Levi-Civita contractions in four dimensions, then the projectors will be the same as the ones in the
HV scheme. This is expected since the Larin scheme defines ~s in the same manner as HV, but then promotes the
Levi-Civita contractions to d dimensions.

®We have these general projectors, but they have a cumbersome expression and thus we do not give them, as this is
simply a check to argue the independence of the projections on the 5 ambiguous traces.
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scheme independent, in the following sense. Once the NDR scheme is chosen, ambiguous
traces appear but the projections are valid for any value of such traces because Eq. (10.49)
is satisfied for any 7,.

In conclusion, our analysis indicates that the calculation is not affected by ambiguous traces
in NDR. Moreover, using NDR-Discard is the optimal choice, as it significantly simplifies the
calculations. Here we have computed the 1-loop ADM and amplitudes, but we wish to make the
observation that the conclusions and procedure hold at any loop order, i.e., beyond O(as). To
argue this, we note that in QCD the gluon-fermion interactions are vector-like (with no ~s), and
thus even if beyond O(a) order the current-current amplitudes have traces from fermion loops,
these do not contain 5 and the calculation is free of ambiguities. Moreover, this also applies to
QED corrections, as QED is also a vector-like theory. Of course, in going to n-loops the projectors
must be valid up to O(e") order, with the corresponding evanescent operators also containing
O(€") terms.

10.3.5. Avoiding Ambiguous Traces

We wish to close this discussion exploring how one might avoid ambiguous traces in a calculation,
if those do actually generate a problem. In the analysis of AS = 1 we saw that albeit problematic
traces with 5 appear, the calculation is independent of such traces in a given scheme. This is
a particular feature of the setup and calculation, and therefore such ambiguous traces might
generate problems in other cases. A possibility, which also applies to the AS = 1 discussed here,
is to consider a different basis of operators. For example, if instead of working with the operators
of Eq. (10.12) we consider the Fierz basis’

Ql = (gada)v_A (ﬂﬁuﬁ)V,A ’ QQ = (gadﬁ)vf,q (aﬁua)v,A ) (10.56)

then the amplitudes generated by these operators have a spinor structure such that the projec-
tions of Eq. (10.46) applied to the amplitudes are

P<(§l>(0) ~ Tr (PB’}/MPLPA’)/#PL) 0, € {Ql, EN'Z} , (10.57)

and therefore no problematic traces arise because this is the direct projection and all Lorentz
indices are contracted. The projectors for the Fierz basis read

T T
Plz_pil._ﬁgpl.a
641 128¢
T s T 5 (10.58)
]52:101 4t e b1 DPi
1920 1444 128;  96i )’
with
Py =7 Pr®7v.Pr, S={0T}. (10.59)

When using a different basis, in this case the Fierz one, the results for the ADM and r-matrix in
the Q; basis have to be transformed to the Q; basis via a change of basis. Consider the following
change of basis

Q=R(Q+WE), (10.60)

where the matrix R defines the rotation of the change of basis in four dimensions, that is, Q =
RQ in 4d. In d = 4 — 2¢ evanescent operators must be taken into account and thus the WFE

"We have also computed the ADM and r-matrices in this Fierz basis. The ADM is the same as in the (; basis, given in
Eq. (10.30). The r-matrix in the Q;, Q; bases are related by r5 = Prq P where P = offdiag(1, 1), i.e., by exchanging
the diagonal and off-diagonal elements.
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term is added in the basis transformation. The ADM and r-matrix change of basis is given, up to

2-loop, by [218-220, 251, 252]
FY(*O) — R,YS))R—I ’
?1) (1) (0) 1 (0) (1061
5 =R <7Q - [TQ,'VQ } - 2507“@) R+ [7‘@,7@ } + 2607,

with Sy = 11N /3 — 2f/3. A relevant relation which also helps in such calculations is [239, 253]
1 =D + [arA O] + 284, (10.62)

where a, b indicate a 5 scheme (NDR or HV), 7(1) is the ADM at 2-loops and Ar = 1, — 7.
Using this identity, one can compute quantities in the HV scheme, where no 75 issues appear,
and then indirectly find the results in the NDR where potential -5 issues can appear.
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Conclusion

In this final third part of the thesis we have considered a heavy NP particle, the scalar LQ, which
couples to SM quarks and leptons. Using the WET, we have studied AF = 2 processes (like B,
mixing) and performed a matching calculation to extract the LO O(a!) and NLO O(a;) WCs,
corresponding to 2-loop (1-loop) amplitudes in the full theory (EFT). This calculation allows for
a consistent use of the existing 2-loop ADMs in the EFT and significantly reduces the matching
scale uncertainty in the calculation of physical observables. We find that the NLO matching
corrections lead to a constructive effect of the order of 5% (8%) for the case of C} (Cy, C5). We have
also provided easy-to-use semi-numerical formulas for the neutral meson mixing amplitudes (at
the meson level).

Another focus of this part has been the computation of the ADM and amplitudes at NLO in the
WET, for both AF' = 2 and AF = 1 processes. We have introduced a projection method which
extracts the desired coefficients from amplitudes, taking care of the corresponding Dirac alge-
bra. Although the method is conceptually straightforward, problematic traces involving an odd
number of gamma matrices with 75 typically arise. Such traces are ambiguous in d-dimensions
in the NDR scheme, which keeps the anticommutativity of 75 and the cylicity of the trace, and
one is forced to choose a scheme and/or prescription. In the case of AF' = 2, we employed the
NDR scheme followed by the Larin prescription and verified that we indeed obtain the correct
ADM and EFT amplitude when projecting. For AF' = 1, the calculation (without projections)
has been done in the general R¢ gauge using various infrared regulators, in both the NDR and
HV schemes. Then, we have reproduced the results using the corresponding projections in each
scheme, showing that in NDR the caclulation is independent of the ambiguous traces. This im-
plies that for current—-current EFT amplitudes, one can project and set the ambiguous traces to
zero (NDR-Discard), which simplifies and speeds up the computation. To our knowledge, the cal-
culation of the r-matrix in the NDR and HV schemes, in general gauge, for different IR regulators
and using projections has not been done before.






CHAPTER 12

Final Conclusion and Outlook

In this thesis we have undertaken a comprehensive investigation of two distinct BSM scenarios
using the powerful lens of flavour physics and EFTs. Our work has shown that FCNCs offer
uniquely sensitive probes of NP. In Part I we have reviewed the foundations of the SM, highlight-
ing its flavour structure and motivating FCNCs as uniquely sensitive probes of NP. By establish-
ing the EFT framework, we laid out a systematic methodology to separate the effects of heavy
and light NP: heavy DOF are integrated out, while light DOF are retained as explicit dynamical
modes.

Part IT has focused to the exploration of light NP in the form of LD Vs, with masses at the GeV scale.
We have laid out the LDV model, analysed the generation of FCNC interactions between the
LDV and Standard Model fermions, and derived the corresponding phenomenological predictions
from two-body decays. Our analysis—which includes both tree-level effects and renormalisation
group evolution—constrains the parameter space of LDVs using data from rare meson and lepton
decays. This study demonstrates that flavour factories set very tight constraints on the scale of the
model, with bounds at the 103~10° TeV scale. Moreover, we have also followed a theoretical route
based on the unitarity of QFTs. Here, the calculation is a complex interplay between the flavour
and helicity structures of 2 — 2 scattering amplitudes. We have kept the calculation as general
as possible, keeping massive fermions. This leads to a violation of unitarity for longitudinal
LDVs, while perturbativity bounds are also part of the analysis. While the bounds from unitarity
are weaker than the ones from two-body decays, no kinematical endpoint is present for 2 —
2 scattering and more of the parameter space can be constrained. Furthermore, the unitarity
analysis has deepen our knowledge on massive vector models, highlighting the importance of
the different polarisation modes and the GBET.

In Part III we turned our attention to heavy NP by focusing on scalar LQ models. Employing
the WET with four-fermion operators, we computed the WCs for AF' = 2 processes at NLO in
QCD. Our detailed matching procedure between the full theory and the EFT highlights the critical
role of higher-order corrections in reliably translating NP effects into low-energy observables.
Additionally, we have presented a novel computational strategy, which potentially simplifies
and speeds up the complicated loop calculations. Moreover, we have addressed the challenge
presented by the treatment of 5 in d dimensions and shown that despite it, the methodology is
free of issues regarding ambiguous traces.

Overall, our work reinforces the importance of flavour observables as precise and powerful tools
to probe NP across different energy scales. The complementary nature of the heavy (LQs) and
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light (LDVs) scenarios underscores that NP might manifest in diverse forms, each leaving dis-
tinctive signatures in low-energy processes.

Looking forward, further improvements in experimental precision—from facilities such as BELLE-
II and the LHC—along with advancements in precise theoretical computations, will continue to
refine the constraints on BSM models. Extensions of the present analysis to additional NP sce-
narios, as well as the inclusion of further observables, could provide deeper insights into the
underlying flavour structure of the BSM landscape. Ultimately, this thesis lays the groundwork
for future research aimed at uncovering the elusive dynamics that lie beyond the SM.
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APPENDIX A

Recast of Experimental Limits
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Figure A.1.: Upper 95 % CLg limits on the two-body branching ratios B — K/K*/m + V', as
a function of the missing mass mpyiss = 1/ ¢2, obtained by recasting the experi-
mental three-body searches at BaBar [111,112], see text for details.

Experimental collaborations often provide only limits on the P — P’ +invisible branching ratios
in terms of the three body decay P — P’v, as a function of the squared invariant mass of the di-
neutrino system ¢2. In order to get the experimental limits on the two body decays P — P'V, we
use the event count np per ¢>-bin information, if provided by the experimental collaborations.
Only the BaBar experiment [111, 112] provides all information needed to perform a recast for
two-body decays B — K/K*/m + V. For B — K®) and dark-vector masses my» < 3GeV,
we use the sophisticated recast of Ref. [121], otherwise we estimate upper limits on the Wilson
coefficients in terms of the CLs method as explained below.

For a given Wilson coefficient C, the number of signal events s in a ¢-bin i is given as
s =BRp_, pi(C) X Nyot X €, (A.1)

where Nio is the total number of P mesons and ¢; the efficiency associated to bin 4. Further,
BRY%_, 5 (C) denotes the branching ratio of P — P’ within the ¢°-bin i. The s + b likelihood
is then given as a Poisson distribution in the number of signal plus background events. The
efficiency ¢; and total number of P mesons Ny are included as global observables associated
to auxiliary measurements. The uncertainty on the signal, assumed to be Gaussian, is given by
the NP theoretical prediction and is dominated by the form-factor uncertainty. The systematic
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uncertainty on the background is implemented as a Gaussian distribution. With this in mind, we
denote the likelihood as £(x|C, v) with x being the outcome, i.e., the observed data, C' the pa-
rameter of interest, i.e., the Wilson coefficient, and v the nuisance parameters. As a test statistics
tc, we choose a one-sided profile likelihood. Note that the parameter of interest is actually |C/|*
since the branching ratio only depends on |C \2 as we only consider one coupling at a time. The
p-value po of the s + b hypothesis for a given value of the Wilson coefficient C is then given by

pe = / f(tc|C.B(C)) dic (A2)

obs
te

where t2 denotes the value of the test statistics for the observed data, f denotes the pdf of the
test statistics ¢, and (C') are the values of the nuisance parameter that maximise the likelihood
for a given C. The a % CLg limit on the Wilson coefficient is then given by the value of C' such
that

pe_,_ @

-— A3
- 100" (A.3)

where pg denotes the p-value of the background only hypothesis. In order to evaluate Eq. (A.2),
one needs the pdf f of the test statistics ¢ for which we use the ROOT toolkit RooStats in order
to sample the distribution by means of a Monte Carlo method.

Taking the BR(P — P'V) as a parameter of interest instead of the Wilson coefficient C, we can
determine a model independent limit BRex, (P — P’'V’) on the two body branching ratios, see
Figure A.1.
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Limits in the L./R Basis

ij o ig o g o
which are obtained from the limits in the V /A basis (discussed in Section 6.2 and 6.3)) using
Eq. (5.43). As the decay rates are symmetric with respect to C* < C® the bounds on both
couplings are the same.

In this appendix we present bounds on the couplings in the L./R basis {CD R cbt cYR C};L ,

B.1. Quark Dipole Interactions
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Figure B.1.: Upper limits on quark-flavour violating dipole couplings A/ \CEL ,fors — d,b—
$,b — d and ¢ — w transitions. Bounds on A/ \(C?JR] are identical.
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B. Limits in the L /R Basis

B.2. Quark Vector Interactions
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Figure B.2.: Upper limits on quark-flavour violating vector couplings A/ |(C¥~L|, fors — d,b —
s,b — d and ¢ — w transitions. Bounds on A/ |(C¥~R| are identical.
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Figure B.3.: Upper panel: Lower limits on the dipole (left panel) and vector (right panel) cou-
plings for 7 — e transitions A /|CPX®)| A /|CYE®)| from Belle 11 [114]. Lower
panel: same for 7 — p transitions A/ |CTD!£J(R) LA/ |CY3(R) .







APPENDIX C

Two-Body Decays to Light Dark Vectors

(P V, B, 0"}

V/

Figure C.1.: Two-body decays {P, B,¢} — {P',V, B’,#'} + V'. The blob represents the non-
perturbative QCD effects for the hadronic decays.

In this appendix we present the full expressions for the two-body decays to a LDV that enter our
analysis, namely

« P — P’ +V’: pseudoscalar meson to pseudoscalar meson and LDV,
« P — V + V' pseudoscalar meson to vector meson and LDV,

« B — B’ + V': baryon to baryon and LDV,

« £ — ('V': lepton to lepton and LDV.

For the hadronic processes illustrative Feynman diagrams are shown in Figure 6.1, while through-
out this appendix we define the two-body kinematics for all decays as in Figure C.1, namely as

SM(p) — SM'(p") + V'(q) (C.1)

withg =p—p'and ¢® = (p— p/)2 = m%//. In the next subsection we collect the parametrization
of all the relevant form factors for the hadronic processes considered, and in the subsequent
subsections we present the expressions for the rates. The numerical values for the form-factors
are always taken from the most recent work referenced.

C.1. Form Factors

P—->P +V

For these decays the hadronic matrix elements for the vector and axial-vector currents read [130]
(P'WdValPw) = (0 + ) FE7 () + (0 = ) P (e7)

C.2
(P'(p")[q'vsv"q|P(p)) = 0. (C2)
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The corresponding matrix elements for tensor and pseudo-tensor currents read [130]

(P'(0)|q 0 mqP(p)) = mpjmp pw — Pypp) 15 (@), .
(PO 50l P(0) = o (), |
where here and throughout we use the €p123 = —e"123 — 41 convention for the Levi-Civita
tensor.
P—-vyv+V/

For the pseudoscalar decays to two vectors with )V denoting the vector-meson, the hadronic
matrix element for the vector and axial-vector currents are parametrized as [130]

V@, M@V (1F75) a|P(p)) = P'Vi(q®) £ PYVa(q®) £ P{Vs(¢®) £ PEVp(¢®), (C4)

where A denotes the polarization of V. The kinematic functions read

Pp = i(e"-q)q", Pf' = 2¢" e,
2
* q
Py =i[(mp—m3) et —(¢q) (P +p)"], Pf=i(eq)l¢" — - %(p’+p)“] ,
(C.5)
where €}, = ¢,,(p’, \) denotes the polarization vector of the outgoing V. The scalar form factors

can be further parametrized as

VP(QQ) = D) VAO(m%/’)v V1(q2) = i), Vz(q2> — ﬂ,
mp-+m mp —m om
Vs(¢?) = %Al(q% _ %AQ((J?) _ 71/143((12)’

with A3(0) = Ag(0), which ensures finite matrix elements at ¢> = 0, i.e., for massless LDV. The
corresponding matrix elements for tensor and pseudo-tensor currents read [130]

V(' N g o q|P(p)) = —ier T (¢*),

1, (C.7)
V@', V[T 0756 P(p)) = S€aempe T (07)

where
auv (2 auvB / m%_m%} PV 2 m%}_m% PV, 2
T (q”) = e [(Pﬁ +p5—qaq2) Ty 7 (q )‘HZBTTz (¢ )]
(C.8)
2% ¢
+ = Ppapl ( TV () — TPV () + ———5 T4V (4% ) -
q mp —my,
For vanishing momentum transfer q2 = 0, i.e., massless LDV, the scalar form-factors satisfy

TV (0) =TV (0) =T, (C.9)

while the contribution proportional to 75(0) vanishes.
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B—> B +V’

For the baryon decays the matrix elements for vector and axial-vector currents are parametrized
by [131,133,136]

2
f:;ii ) ‘Iu> up(p) ,

2
Z'f2(q )O-/u/ql/ +
mp

(C.10)

2 2
(B'(0")[@vuvsa|B(p)) = up (p') <91(q2)w _9e) o’ + 924 )qp) Ysup(p)
mp mp

with up(p) and up(p’) the spinor functions for B and B’ respectively. For A decays the values of
the form factors are taken from [131,133,136], while for hyperon decays they are taken from [126-
128].

The corresponding matrix elements for tensor and pseudo-tensor currents have the form [105,
254]

(B'(0)|7 o a|B(p)) = 97" up (v )o" up(p),

— {2 / _ (Cll)
(B'(0)[d 050l B()) = 598" epwaptin ()0 up(p)
which is an approximation valid for m¥, = 0, which we use for the hyperon decays. For the

baryon Ay — A, Ay — n, and A, — p decays we use the available full parametrization, given
by [131,136]

TV 2
(B o 0 B = a0 (L)

TA /2
(B'(P)|q'ic" ¢,759|B(p)) = up (p') <1m(Bq) (

Vgt — ghg) — f;fv<q2>w“”qy) us(p),

e~ qq) — fQTA(QQ)iUWQV> Ys5uB(p) -
(C.12)

Having collected all hadronic input used in the analysis we next present the full expressions for
the two-body rates. We show separately the contributions from dipole and vector interactions
with the LDV, c.f. Eqs. (5.42). For brevity we drop the argument in all form factors since it is
always ¢° = m%/, in two-body decays. To shorten the expression we also introduce the notations

ke = m2/M? and Aay = (1 — kg — ky)? — dhighy (C.13)

with m, indicating the mass of the final-state particle = and M the mass of the decaying particle.

C.2. Partial Width for P — P’ + V'’

The partial width for the decay P — P’ + V' with an underlying ¢ — ¢’ flavour-changing tran-
sition is given respectively for dipole and vector interaction by

3/2
Kv/m?]’:; AP’V’ |
4w A2 (1—{—,//-{13/)2

3
_ Mp 3/2 |\ PP 2|~V |2
- 167TA2>\P,V,|f+ “ICyrgl” (C.15)

Note that due to the parity conservation of strong interactions the rate is independent of the
(D)

PP’ D
U PICY, 1P (C.14)

TP = PV)| =

I'(P— PV’

axial couplings C};S and (CB-5. Therefore, P — P’ + V' decays are only sensitive to the (C?;
DL(R) ~VL(R)
i Cij

couplings. In the {L, R} basis, these decays are sensitive to both C couplings.
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In the limit for massless LDV, the leading in my contributions to the decay rates read

m%//mp

. N 3| oPP'2|~D |2

m&gOF(P%P’JrV)D_ A2 (L= Ep)” Ifr " PICy, 1%, (C.16)
3

. / n| _ Mp 3| pPP 12|~V |2

ml‘}%OF(P%P +VHl = e (1—kp)” | f17] \(Cq,q| . (C.17)

While the rate originating from dipole interactions vanishes in the massless limit, the contribu-
tion of the vector interaction remains constant due to the linear scaling my- /A introduced and
discussed in Eq. (5.42).

C.3. Partial Width for P — V + V'

The partial width for the decay P — V + V'’ with an underlying ¢ — ¢’ flavour-changing tran-
sition is given respectively for dipole and vector interaction by

3
mp \1/2
(P = V+ V)| = 50 (Ap[CP,1° + Ans|CPiP) |
m3 2 (C.18)
Pl 12
P v+ V)], = N (VI + AvilC)
with the coefficients Ax given by
Ap = [TV PAyvr, (C.19)
Ao ‘TPV|28HV (1—ky)*+ Ky (1 + 3ky)? — 2/<c,2y/(1 +3ky) + /if’/
D5 = [ 8ry
’ ’ ]_ —|— SHV — K. /)
TPVI2N2 M Ro(TPYTPVH)A ,"W( gl C.20
+ ‘ 3 ’ vV 8f§v(1 _ K/V)z R‘e( 2 3 ) 12% 4/43‘/(]. I HV) ) ( )
Ay
Ay = |V[P—2E (C.21)
(1 + \/K'Jv)

3 2 2 2
g = \A1|2H7/ —262,(1 + 3kv) + Ky (1 + 3m;) +8(1 — kv )*ky
8/1\/ (1 — \/lﬁv)

P . VvVi+k
+[AsP YY"+ Re(A;43) 4
2k (1 = Ky) 2/ky (1 —ky)

2)‘VV’ (1 — Ryt + 3:‘1‘/) . (C.ZZ)

In the limit of a massless LDV, the decay rates reduce to

3
. N _ Mp 312 (1D |2 D52
ml‘igOF(P%VV)D_2WA2 (1= wv)” T (ICo, 1> +ICyal?)
C.23
lim T(P = VV')| = i (1—ry)* | A \2|(CV/52+M]<CV, 2 o
My —0 v 167A? v 311 (VAv + 1)2 car )

which illustrates that the sensitivity to (C}]/, o weakens for very light LDVs.
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C.4. Partial Width for B —» B’ + V'

For baryon decays B — B’ + V' with an underlying ¢ — ¢ transition the contribution to the
partial width from the dipole and vector interaction read

3
m 1/2 i i i *
DB~ BV)| = 2| (1A PAG, + 1Y PApy + ApigRe(FTY £37V7) ) IC, 12

+ (LA PAS, + | P AT, + AbpRe(T ) ) 1E23F]

m 1/2 11— 11— 11— *
I'(B — B'V') v 16 ig )‘B//v' [ (’flPAVl + ‘f2‘2AV2 + AVlQRe(f1f2)) ’Q\;}'qP
+ <\91\2A\+/1 + g2 Ay + AJ\512R6(9195)) Cya 2] ’
(C.24)
with the kinematic coefficients
A%l = Koyt (/123/ + Kpr ("QW’ — 2) +6y/kprky — 2%3/ + Ky + 1) ,
A%Q = 2/4:23/ — Kp! (/17/ + 4) +6y/Kprky — 53/ — Ky + 2,
A%12:6I€7/ (\/HB/:Fl) (1+I€B/:|:2\/K:B/—/€7/) R (C.25)
AL = (L+ kp £2VRp — ky) (1 + kg F 2/ER + 26,)
Ait/Q = Ky (1 + kp £2/kp — "QW/) (2 + 2kpr F4/kp + :‘i,yx) ,
A$12 = 6Ky (FLB/ t 2\/Kkp — Ky + 1) (VEB F1) .
In the limit of a massless LDV, the rates reduce to
3
. mpg
lim T(B = BV)| = "B, (1= wp) [V PICD, 12+ | A PICD 2]
mV/—>0 D A
5 (C.26)
. oy MB e 2|V |2 2|CV5)2
Jim DB = BV')| = 85 (1= rp)* (|APICY, P + o PICfP?)
For hyperon decays we use the form factor parametrization of Eq. (C.11), valid for my» = 0.

Nonetheless, we consider a massive LDV for the kinematics for completeness. The decay rate
reads

3
_ Mmp )\1/2

I(B—BV)| = 5 g

(o877 (ApICR, > + ABICR;P) . (C27)
with the kinematic coefficients

A = (kp £ 2ykp — Ky +1) (26 FAV/ER + Ky +2) . (C.28)

In the limit of a massless LDV, the rate reduces to

m3

= 3ot (1= k)’ [gF 7 (|<c3q|2 +|cbs 2). (C.29)

lim I'(B— B V’)

myr —0
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For a fully polarized initial B, the differential width read

dl'(B — B'V')
dcos0

3
_ Mmp \1/2 [
= 2BV

p 8mA

(1A PAG, + 152V P Apy + ApoRe(FTV V) ) IC, 12

+ (IFFAPAS, + AP AS, + Af pRe(FM 12 ) ICD32
- 2)‘115//2\// cost (BDnIm(ﬁTVfTA*) + By Im (£ £34%)

+BD221m( TA*) n BDlZI m(f] TV TA*)) Re(CquCqDZ*)
—aAg;C%e(BmgmufYﬂmj+Bm§m(EV““U

+BgaRe(f3Y [74) + B pRe(f3Y £72) ) Tm(C,C051) |

dr'(B = B'V')

3
_ _Mp y1/2
dcos0 A {

v 327N BV
(‘fIPA\_/l + |f2‘2121\_/2 + A\_/lzRe(flfik)> |C?1/’q,2
+ <\91\2A vit+ ’92’2/1% + AV12R6(919§)) |(C;/’<51 ?

1/2 » * > *
— 2)\B/,V, cos 6 (BVllRe(flgl) + B\tlQRe(fggl)

+B\/12RG(J0192) + ByyoRe(f293 )) Re(CqVquVE*)
20 cos 8 (BynIm(figh) + B m(fag7)
+BV12Im(f192) + BV221m(f292)) Im(CqVquV“Z*)] )
(C.30)
with the kinematic coefficients
BDll = Ky (/<;B/ + 2/<.3,y/ — 1) s BD22 = 2I§:B/ —+ Ky — 2, B%:lZ — Ky (3\/,%3/ + 1) ,
(C.31)
BVH = Kp’ + 2,‘4:,7/ — 17 BV22 = /ﬁ},\// (2/{3/ + /i,yl — 2) 5 B\j/:12 - H’)’/ (3\//€B/ i 1) .
(C.32)
In the limit of a massless LDV, the rate reduces to
. dl'(B — B'V') m% 3 [ TV |2|~D |2 TA 2| ~D5 (2
m&/rgo dcosf D 472 (1= rp) [|f2 FICqq” + 1£27FICqq
+ 2cosf (Im(f2 TA)Re ((Cqu(Cqu*) + Re(fY f341 (C?chg*)) } )
. dI'(B— B'V") mi 3 2~V (2 21 ~V5 2
1 = 1— / ( CY C
m‘ggo dcosf v 327TA2( w)” (il 1G4 l9nFICq
+2cost (Re(flgf)Re(C;/qC;/‘Z*) — Im(flgl)lm((C;/q(C}llg*)) ) .
(C.33)

C.5. Polarized Lepton Distributions and Rates

Next we consider the decays £ — ¢’ + V’ for the case in which lepton-flavour violating dipole
or vector interactions with the LDV are present. In this case there is experimental sensitivity to
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the polarization of the initial lepton by the measurement of the angular distribution of the angle
0, defined as the angle between the polarisation vector of ¢ and the three-momentum of ¢'. For
the different LDV interactions we find for the differential width of a fully polarised initial ¢

dr(0 — V') M3 1/2 [, 5D . iD\(~D (2 . (iD  iD
dcost D - 87TA2 )\elvl |:(A+ + A—) ‘(Cf’f} + (A-|— - A_) |(Cg/£
+ AD cos - Im(@?é@%*)} 7
dr(6 — V) m 2 (C.34)
— 4 1/2 A% V oV v V5
dcosf Y N 327TA2 AZ’V’ |:(A+ + A ‘Celé (A+ - A_) ‘Ce/e}

+ A} cosf - Re(CMCX,;?*)} ,
with the kinematic coeflicients

A~E =2 (1 — ﬁg/)Q — Koy (1 + Hg/) — K2 AX = (1 — I{,g/)2 + Ky (1 + I{gl) — 2/‘65/ ,

’y b
AP = —6/Kpr iy AV = —6y/Kpr iy (C.35)
iD _ 9y1/2 AV _ 9y1/2
Ag =200 (2260 — Ky) Ay =200 (1 — 26y — Ky) .

In the limit of massless LDV, the polarised differential two-body rate reduces to

. dl(L— V) m} D ~D5x
ml‘}go dcose b = 47TA2 (1 — K]g/ (‘Czlé —+ |(Cg/£ =+ 2COSH . Im((CZ/ZCg/Z ))
dU (6 — 'V") mj

+ ‘Cﬁﬁ +2cos @ - Re((CXZ(CX?*)) .
(C.36)

_ 1= kp (c,
my/—0  dcosf v 327TA2< ) ‘ ot

Finally, after integrating over § and averaging over the initial- and final-state polarisations, the
total decay rates read
1/2
_ v (1
D 4 A? e
\L/2

ZV’mZ
v 167A2 (’CW

re—evh

(AR + AD) + |3 (

(AP — AP)) : (C.37)

Tt — V')

(AY + AY) + [ (

(AY - AY)) , (C.38)

which in the limit of massless LDVs reduces to

. m
e -Ehamer ().
. 1y ! m;”) 3 .







APPENDIX D

Kinematics of 2 — 2 and Polarisations

We present the kinematics of a generic 2 — 2 process. With the labelling 1 + 2 — 3 + 4, the
Mandelstam variables are defined as

s=(p1+p2)’=(ps+p)°, t=(p1—ps)’=2—p)?, w=(p1—ps)®=(p2—p3)°,
(D.1)
where p; is the four-momenta of the i = {1, 2, 3,4} particle. The Mandesltam variables satisfy

4
s—l—t—i—u:Zm?, (D.2)
i=1

where m; is the mass of the ¢ particle. In the center of mass frame (CM), the four momenta of
the particles read

p1 = (E1,pr), p2=(E2,—pr), p3=(E3,0r), ps= (Es,—pPr), (D.3)

where p7(p) is the inital (final) momenta, and the CM energy is given by s = (E; + Ey)? =
(F3+ E4)?. Using energy and momentum conservation along with the mass-shell conditions we
find the energy of each particle to be

2

s +m? —m} 2

s+m3 —m?

PrH=—"2*2 Fyp=—=_ =
1 2\/§ ) 2 2\/5 ) (D 4)
Eg:s—i—m%—m?l E4:s+mi—m§ '
2/s ’ 2¢/s ’
while the magnitude of the initial and final momentum read
> L 1o 2 2 > L 1o 2 2
1P| = Tﬁﬁ (s,mi,m3) , |pr|= Tﬁﬁ (s,m3,m3) , (D.5)

where ((s,m?, m?) is the Kéllén function

I} (s,m?,m?) = (ml2 — (\/§+ mj)2> (mz2 — (\/E— mj)Q) . (D.6)

The scattering angle 6 between particles 1 and 3 in terms of the masses and Mandelstam variables
is given by the relation
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s(t —u) + (mi —m3) (m3 —m3)

50 = . D.7
CcOoS 51/2 (s,m%,m%) 51/2 (S,mg,mi) ( )
In the high energy regime, ¢ and u read
s s
tzi(cose—l), u:—g(cosé—i-l), (D.8)

such that s + ¢t + u = 0, i.e.,the masses are set to zero. Regarding the polarisation vectors, for
a spin-1 particle moving in the k direction specified by polar and azimuthal angles 0, ¢ with
four-momenta k* = (k°, k), the polarisation vectors read

1 ..
e (k,£1) = Eeiw (0, F cos O cos ¢ + i sin ¢, —i cos ¢ F cos 6 sin ¢, +sin ) |

7 0 (Dg)
e (k,0) = (Jf'ﬁk) ,
v %4

where € (k,+1) are the two transverse polarisations and " (k,0) the longitudinal polarisation.
Since the vector boson considered in Chapter 7 is the massive LDV V/i, we express the longi-
tudinal polarisation € (k, 0) explicitly in terms of the LDV mass my. For the polarisations of
fermions, we use suitable projectors for the spinor structures [9]. For a massive spin-1/2 particle
with mass m and four-momenta p* = (p°, ), we define the spin vector as

2\
st === (|p],p"), with X\==£1/2. (D.10)
m
The spin vector satisfies sp, = 0, s"s,, = —1, and the helicity spinors are projected according

to
w(p, N a(p,A) = = (L+958) (p+m)

(1+75¢) (p—m) .

(D.11)

NN N

v (p,A) v (p,A) =



APPENDIX E

Unitarity Constraint

We prove the unitarity constraint on the partial waves |7; ] < 1 given in Section 7.1. Introducing
S = I+1iT, where T is the non-trivial (interacting) part of the S matrix, the unitarity condition
STS = I reads

i (T T) = X [ ATy, E1)
k

where dI1, is the Lorentz invariant phase space (LIPS), and the matrix elements of the scattering
are defined as (f| 77|i) = (27)* 6 (pi — pf) Tyi- If the initial and final states 7, f are two-particle
states, Eq. (E.1) reads (in the center of mass frame)

~i (T~ T3}) = Z o 2\[ AT T - (E.2)

Considering the same initial and final states ¢ = f, and the form of the total cross section ¢ for
a2 — k process,

Im7;; = 3'/? (S,m%,m%) ZO’ (i = k), (E.3)
k

where 3 (s, m%, m%) is the Kéllén function of the two-particle initial state, defined in Eq. (D.6).
The resulting Eq. (E.3) is the well known optical theorem. We wish to reproduce the equivalent
of Eq. (E.3) for the partial amplitudes. Consider the expansion of the helicity amplitudes 7;(s, 0)
in terms of partial amplitudes 7}]1(5) [141]

Tis(5,0) = 167 3 (27 + 1, ()T(5) & Th(s) = 5 / d0sin 0t , (6)Tj (5.0) .
J
(E-4)
where F is a (dimensionless) parameter that depends on the masses and s. The starting point is
Eq. (E.2), which reads as follows with angular dependences

—i (T7: (Q) = T () = le 75 ] AT () Ty () E.5)
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where ) is the solid angle between the initial state 7 and final state f, ()’ is the solid angle
between i and the intermediate state k, and 2" is the solid angle between the final state f and .
Introducing the partial waves, this expression reads'

—ZZ 2j +1)d3, )(7'] 730*)
(E.6)

— Z Pk /dQ’ (2 +1) (25 + 1) &, (0) 0 (0") T, T,

71'

where A\, ', \” are the helicities of the i, f, k states respectively (i.e., A = A1 — A2, and so on).
We decompose the last d-Wigner function according to

&\ (0") = de, & (0, (E.7)

and after introducing it in Eq. (E.6) we employ the following orthogonality relation

J
. y )
/ deos@'d (0)d) (6') = TSR (E.8)
-1

to obtain
_ZZ 2+ )i (0) (T5, T ) = Z Z @+ EVOTET - ®9)
k J

This equality must hold for any value of [, and thus, for every partial amplitude we find

—i(T] T]*>_22 P i (E.10)

In agreement with Section 7.1, we have chosen F = S/B3/4ﬁf/ Considering ¢ = f we find

j Dk
ImT;} = | TI? + Z | P> TIR (E.11)

k k;ﬁz

which precisely yields Eq. (7.6), from which the unitarity condition \’72 | < 1is derived. Other
approaches to find the unitarity condition are possible, see [159,161,257].

'A full treatment including the ¢ angles is also possible. For simplicity we drop such dependence in this calculation so
that the d¢ integration trivially yields a 27 factor; see [255,256] for details.



APPENDIX F

Wigner d-function

The Wigner D-matrix is defined as the rotation operator between angular momentum eigen-
states [258,259]

; M —iade —i00s v Lo\ —imle g »

D), (o, 0,7) = (jm/| e " *=e " ve™ = |jm) = 7" ), ()T, (F.1)
where j =0,1/2,1,3/2,... is the angular momentum, and m is its z component m = —j, —j +
1,...,7. J; are the Lie algebra generators and «, 6, v the Euler angles. The matrix elements of

the Wigner (small) d-function are defined as
&, (0) = (jm'] e |jm) . (F.2)
The small d-Wigner function is given by"

Bhn(0) =/ G+ G =) G+ m) G = m)!

kZ (g ek _(eos0/2 TR (sin/2)™ (F3)
G+m—kN(G—k—m)(k—m+m)k!’

kmin

where the sum runs from kpyy, = min(0,m — m’) to kpay = max(0,j + m,j — m’), running
over integer values of k such that none of the arguments of the factorials in the denominator are
negative. Some useful properties of the Wigner d-function are

n(=0) = &, (0,
(9) 7m —m/ (0) ’ (F4)
m(9) (=1 d](0))
djo(6) = P (cosb) ,

where P; (cos 0) are the Legendre polynomials. The explicit form of some d-functions with spe-
cific m, m’ values can be found at [165].

'In Mathematica, the d-function is implemented with flipped m’, m indices, that is, dﬁn,m(ﬁ) is generated by
WignerD[{j, m, m'}, 0].
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