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Abstract

This thesis comprises recent studies on extensions of the standard model (SM) involving a heavy
Z' boson. In the SM, flavour-changing neutral current (FCNC) quark transitions only appear
at loop level and are highly suppressed. This puts forward flavourful Z’ models, where the new
gauge boson couples non-universally to the known quarks and leptons at tree level. The models
are able address the persistent deviations of the SM seen in observables of rare B-meson decays
referred to as the B-anomalies. By supplementing the particle content of the SM with new scalars
and vector-like fermions, the occurrence of putative Landau poles present in general Z’ scenarios
can be averted. We discuss dedicated models in the context of the B-anomalies that allow for a
stable and predictive theory up to the Planck scale. Moreover, flavour rotations also enable FCNC
transitions in the charm sector, where the resonance pollution in branching ratios of semileptonic
decays demands null test observables sensitive to physics beyond the SM. We investigate effects
in such decays and present unique correlations to C'P-violating observables in hadronic decays,
accessible with future measurements by the LHCb and Belle IT experiments. Recent studies
involving dineutrino modes are discussed as well. We exploit an interplay between neutrino and
charged lepton couplings within the SM effective field theory approach that connects decays of
opposite flavour sectors. In doing so, we derive limits on diverse sets of dineutrino branching ratios
and find novel tests of lepton universality using data from global fits of the B-anomalies.

- iii -



Kurzfassung

Die vorliegende Dissertation umfasst Studien zur Erweiterung des Standardmodells durch ein
schweres Z’-Boson. Flavour-verdndernde neutrale Strome (FCNCs) von Quarkiibergéngen treten
im Standardmodell in héheren Ordnungen auf und sind stark unterdriickt. Die Implementation
von Z’-Modellen erméglicht solche Ubergéinge auf Baumgraphen-Niveau, induziert durch nicht-
universelle Kopplungen an die bekannten Quarks und Leptonen. Dies liefert eine mégliche Erklarung
der Diskrepanzen zwischen theoretischer Vorhersage und Messung in Observablen von seltenen
B-Meson-Zerféllen, den sogenannten B-Anomalien. Das Auftreten von Landau-Polen in eben
solchen Theorien kann durch das Hinzufiigen von neuen Teilchen zum Standardmodell-Spektrum
abgewendet werden. In dieser Arbeit untersuchen wir ausgewéhlte Modelle, die eine direkte
Erklarung der B-Anomalien liefern und zusétzlich eine stabile Vorhersagekraft durch Abwesenheit
von Polen und Instabilitdten bis zur Planck-Skala innehaben. Auch in seltenen charm Zerfallen
konnen erhebliche Betrige zu FCNCs durch das Z’-Boson generiert werden. In diesem Sektor spielt
das Aufstellen von null tests des Standardmodells, sensitiv zu Effekten neuer Physik, eine besondere
Rolle, da unter anderem semi-leptonische Verzweigungsverhéltnisse durch die Verunreinigung von
auftretenden Resonanzen schwer zugénglich sind. Wir befassen uns deshalb auflerdem mit der
Erforschung von Effekten neuer Physik in diesen Zerfillen und erarbeiten eindeutige Korrelationen
zwischen C P-verletzenden Observablen, welche mit zukiinftigen Messungen von den Experimenten
LHCb und Belle IT iiberpriift werden kénnen. Wir prisentieren auflerdem neue Studien zu
Teilchenzerfillen in zwei Neutrinos. Durch das Zusammenspiel zwischen Kopplungen von geladenen
Leptonen und Neutrinos unter Zuhilfenahme der effektiven Feldtheorie des Standardmodells
bestimmen wir obere Grenzen an eine Vielzahl von Neutrino-Verzweigungsverhéltnissen, und
entwickeln neue Tests der Lepton-Universalitét.

_iV_
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Chapter

Introduction

The description of the fundamental building blocks of nature is one of the most intensely studied
topics in modern science. The question concerning the origin of matter particles and their
interactions has been the impetus for dedicated research of brilliant minds, which entailed major
achievements by joined efforts in the fields of physics and mathematics. With important theoretical
and experimental findings over the past century, a theory was developed known as the standard
model (SM) of particle physics. Its proposed particle spectrum was completed in 2012 with the
discovery of the Higgs boson at the Large Hadron Collider (LHC) [1, 2].

While the SM provides the most accurate and precise description of our universe, it has several
shortcomings and cannot be the end of the story. It only describes three out of the four known
fundamental forces of nature, that is the electromagnetic, weak, and strong forces, whereas gravity
is not included. Hence, a consistent picture of physics is lacking at the Planck scale where
gravitational effects become relevant. Moreover, only five per cent of the observed mass-energy
budget of the universe is accounted for by fermionic matter, whereas the rest is composed of dark
matter and dark energy not included in the SM. In its original formulation, no neutrino masses
are present which is contradicted by the observation of neutrino oscillations [3, 4] implying small
but non-zero masses. Also, the apparent asymmetry between matter and antimatter present in
the universe hints at C' P-violating physics that cannot be accounted for by the SM alone.

Consequently, the SM is developed as an effective field theory (EFT) that needs to be replaced by a
more fundamental theory at high scales. Many extensions have been put forward that incorporate
new particles and interactions which need to be tested by experiments, e.g. at particle colliders.
Thereby, the search for new physics (NP) is driven by several complementary approaches. In
collider experiments, the direct production and detection of new particles are limited by the centre
of mass energy realised at those facilities. However, a direct search is futile if the allocated energy
is too low for such particles to be created, which then only exist virtually and escape detection.
Hence, direct searches at current experiments are restricted to energies up to the TeV-scale. This
encourages possible indirect detections of new particles due to quantum fluctuations that are
indicated by deviations between the SM prediction and measurement. Indirect searches allow us
probe very high scales otherwise inaccessible, yet require extremely high precision in both theory
and experiment.

For instance, the persisting discrepancies in observables of rare B-decays probing lepton universality
(LU) offer first hints of beyond the standard model (BSM) physics with charged leptons, and are
collectively called the B-anomalies. Over the past decade, the first measurements by the Large
Hadron Collider beauty (LHCb) experiment [5, 6] motivated intense studies and elaboration of
many NP models. Recent results [7-9] with improved data and statistics remain in disagreement
with the SM prediction at 2-3o.

Prime candidates to address these anomalies are U(1)’ extensions of the SM, where a new gauge
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boson, the Z’ boson, enables a non-universal flavour structure. While constraints from theory
like gauge anomaly cancellation have to be met, they offer a vast model building opportunity,
with phenomenological implications for many flavour processes [10-15]. Flavourful Z’ models can
upset established SM symmetries like LU or charged lepton flavour conservation (cLFC), and
generate sizeable contributions to rare decays. The study of these models constitutes the main
objective of this thesis. We present models in complementary sectors that are compatible with
stringent constraints from flavour-changing processes, employing flavour mixing as an essential
tool to induce the necessary effects in observables. In particular, tests of LU are studied closely in
charm and B-physics. Yet, a model-independent look beyond the SM is provided via the standard
model effective field theory (SMEFT) framework, relating physics of neutrinos and charged leptons.
Moreover, Z' models can support large weak phases relevant for additional C'P violation beyond
the SM. Then again, the new U(1)" symmetry with sizeable coupling strength at the electroweak
scale jeopardises the predictivity of the theory at higher energies, where Landau poles manifest
themselves way before the Planck scale. Therefore, we review model building approaches with an
extended fermionic and scalar sector that averts such divergences up to Planckian energies, and
discuss their phenomenological implications.

This thesis is based on the works in Refs. [16-21] and organised as follows. In Chap. 2, we
introduce the SM of particle physics, focussing on flavour mixing of SM fermions and exploring its
implications on quark and lepton transitions. Afterwards, we provide the theoretical foundation
necessary to study extensions of the SM in an EFT approach in Chap. 3. We also review the
persistent flavour anomalies in rare B-decays. They motivate a global fit of observables sensitive to
NP in b— s transitions which is presented in Chap. 4. In Chap. 5, we work out a comprehensive
overview of various model building aspects in Z’ scenarios. Due to our focus on NP-induced
contributions to rare decays, we discuss flavour rotations that modify the flavour-changing neutral
current (FCNC) transitions of interest. In addition, necessary theoretical prerequisites like gauge
anomaly cancellation and constraints from meson mixing are presented, while we also address
Landau poles in U(1)" extensions. In Chap. 6, we start our investigations of Z’ models in rare
charm decays. We present a class of models that induce sizeable contributions to semileptonic
Wilson coefficients while simultaneously evading tight meson mixing bounds. Promising null tests
observables are assessed focussing on Z’-induced effects. Chapter 7 is devoted to NP studies
in hadronic charm decays. We exploit the rich CP phenomenology and SU(3) sum rules that
allow for pronounced NP effects, correlating different decay modes. The subsequent Chap. 8 puts
forward appropriate Planck-safe Z’ models to explain the B-anomalies in a BSM theory that
remains predictive and perturbative towards Planckian energies. Recent works on correlations
between dineutrino and charged dilepton couplings in the SMEFT framework are compiled in
Chap. 9. Therein, we present novel tests of lepton universality and implications of possible BSM
scenarios. We conclude in Chap. 10.

Supplementary descriptions and details are provided in Apps. A to G. We use the LaTeX package
TikZ-Feynman [22] for all Feynman diagrams shown throughout this thesis.



Chapter

2

Flavour physics in the
standard model

Following the literature [23-26], we recapitulate the standard model (SM) with a focus on its
flavour sector. In Sec. 2.1, we introduce the SM particles and gauge interactions, followed by
a brief review of the Higgs mechanism in Sec. 2.2. Section 2.3 deals with the flavour structure
and mixing, while Sec. 2.4 discusses flavour-changing quark transitions and their parametrisation.
Afterwards, we discuss symmetries of the SM in Sec. 2.5.

Field content and gauge symmetries of the
standard model

The SM describes all known elementary particles and their interactions with the exception of
gravity at the most fundamental level. It is constructed as a gauge quantum field theory (QFT)
with the local gauge group

QSM = U(l)y X SU(?)L X SU(3)C, (2.1)

where SU(3)¢ denotes the symmetry of quantum chromodynamics (QCD), the theory of strong
interactions, while the gauge group of weak interactions is given by SU(2)z. The U(1)y force is
felt by all particles with a non-zero hypercharge quantum number Y. The other quantum numbers
of SU(3)¢ and SU(2);, are called colour and weak isospin, respectively. While SU(3)¢ remains
intact, the electroweak sector, 7.e. U(1)y x SU(2)r, is spontaneously broken down to U(1)em, the
gauge group of quantum electrodynamics (QED), by the Higgs mechanism. The electric charge
Q. of a particle is related to its weak isospin component 7% belonging to SU(2)7, and hypercharge
Y via

Qe=T*+Y. (2.2)
This equation is the well-known Gell-Mann-Nishijima relation.

The matter content of the SM consists of two classes of fermions called quarks and leptons, where
the former includes the colour-charged up- and down-type quarks, denoted by u and d, respectively.
The latter is divided into electrically neutral neutrinos v and electrically charged leptons e, both
carrying no colour. In addition, each fermion comes in three different copies or generations, which
yields in total six flavours of both quarks and leptons. These fields are separated into SU(2),
doublets (@ for quarks, L for leptons) and SU(2);, singlets (U, D for quarks, E for leptons)
distinguishing their chirality as left-handed (LH) and right-handed (RH), respectively. We define
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the chiral fields !
Uy, 99
Q= , L= , U=up, D=dy, E=ep, (2.3)

where generation and SU(3)¢ structure are left implicit. In Tab. 2.1, we summarise the field
content of the SM providing the respective transformation properties under Ggy. By introducing
the complex scalar Higgs field H, fermion masses are realised which would be forbidden otherwise
due to gauge invariance. Likewise, the requirement of local gauge invariance predicts the existence
of massless gauge bosons for each part of the gauge group.

Field Flavour U(l)y SU(2)r SU@3)c Qe T3
ur, cr tr 2 41

Q : : 3 2 3 s 2
dL S bL -3 -3

U UR, CR; tR 2 1 2 0
D dr, sr, br -3 1 -3 0

~
N
o 5
N
~—
/T
=
= 2
~_—
/N
4 5
DN
~
|
Nl
N
-
|
= o
I+
O = =

By
/-~
s €

o +
~—

oI

N

—
o =
I+
N N[

Table 2.1: Field content of the SM and transformation properties, where we show the different
flavours in terms of their SU(2); components and the associated electric charge Q..

Before reviewing the mechanism responsible for generating mass terms in Sec. 2.3, we break
down the most general renormalisable Lagrangian formulated within the SM that contains the
aforementioned matter fields.

The SM Lagrangian can be split into four parts as
ESM = Efermion + Egauge + EHiggs + £Yuk ) (24)

where the individual terms are given in Egs. (2.5), (2.7), (2.10), and (2.19). We provide a short
recap of all terms in the following, starting with the gauge interactions of the SM fermions. The
kinetic terms and couplings to gauge bosons are embedded in

Efermion = QIIZ)Q +ﬁlﬂjU +51¢D +fllDL +EI$E, (25)

with the shorthand notation I = D, ~" and summing over all generations and gauge indices

LWe refer to App. A for the definition of chiral projectors, and details on the mathematical notation and conventions
employed throughout this thesis.



2.2 Electroweak symmetry breaking

implicitly. The gauge covariant derivatives D, for the different fermions fields are given by

= (0~ 1Y B, —iga T WS —ig3t" G) Q..

— (du—ig1Y B, —igst"G)) U,

= (0u—ig:1Y B, —igst"Gj) D, (2.6)
D, Lf(aﬂflgl B, —iga T W} ) Lis
D,E = (8,—iq1Y B, ) E,

universal for all generations. Here, Y is the (hypercharge) generator associated with the U(1)y
group. Conversely, 7% and #* denote the canonically normalised generators of SU(2);, and SU(3)c¢,
respectively, with the number of (linear independent) generators a = 1,2,3 and b = 1,2,...,8
given by dimension of the Lie algebra as N? — 1 in any SU(N) group. The gauge bosons of
U(1)y, SU(2)z, and SU(3)¢c are represented by the fields B, Wy, and GZ, respectively, with
corresponding couplings g1, g2, and gs. Following the notation commonly employed in the literature,
the gauge coupling g3 is also referred to as the strong coupling g5 throughout this thesis.

Next, we display the kinetic term of the gauge bosons,

]' 174 ]' a v,a ]' 1%
Lyange = =7 By B — JW5, WH? — Zwa GHb (2.7)

where the field strength tensors have the form
FY, = 0,A, — 0,A] + K fIF Al A} (2.8)

for a given gauge group with coupling x, gauge boson A, and structure constants f* of the
associated Lie algebra. As f¥% = 0 for any abelian symmetry, no self-couplings emerge for B,,,,
while three and four gauge boson self-couplings follow for the non-abelian SU(2);, and SU(3)¢,
respectively. No explicit mass terms for both fermions and gauge bosons are allowed in the SM due
to the different transformation of LH and RH fields under SU(2);, and breaking gauge invariance,
respectively. This puts forward the Higgs mechanism giving mass to fermions and bosons via
electroweak symmetry breaking (EWSB).

Electroweak symmetry breaking

In the SM, the W, Z9 and fermion masses are generated by the Higgs field through the breakdown
of the electroweak to the electromagnetic gauge symmetry,

U(1l)y x SU2)r, = U(1)em - (2.9)
The Lagrangian including the gauge and self-interactions of the Higgs reads
Litiggs = (D, H)' (D" H) = V(H), (2.10)
with the scalar (tree-level) potential

V(H) = —p®> H'H+ X (H H)” | (2.11)
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For real, positive parameters p, A > 0 the potential is minimised, where the neutral component of
H acquires a non-zero vacuum expectation value (vev) that can be chosen as

1 {0
on = L= = 246 Gev. (2.12)

(Ol H|0) = (H) = — ;
\/i Vh \/X

Then, (H) spontaneously breaks the electroweak symmetry down to the local gauge group U(1)em,
with the generator (). and the photon as the massless gauge boson. After EWSB, the Higgs field
in unitary gauge is given by

H= L 0 (2.13)
\/Q v+ h 7 '

where h denotes the physical Higgs boson. By expanding the effective potential in Eq. (2.11) with
higher-order terms the extremum structure is altered and yields a metastable or unstable vacuum
after renormalisation group (RG) running of the quartic (self-)coupling A [27-29)].

To acquire massive gauge bosons, we follow Goldstone’s theorem [30] which states that spontaneous
symmetry breaking (SSB) of a global continuous symmetry yields a new scalar degree of freedom
(also known as Goldstone Boson) for every broken generator. However, in the case of a broken
gauge symmetry these bosons can be absorbed as extra polarisations of associated gauge bosons,
and hence do not appear in the particle spectrum. Then, massive gauge bosons are acquired
after inserting the Higgs vev into Eq. (2.10) and diagonalising the new mass terms. We identify
WMi =1/ \/i(Wl} F 1W3) as electrically charged gauge bosons. Due to mixing between B, and
WS, we define an orthogonal transformation

Zy\  [cos(fw) —sin(Ow) wi (2.14)
A, sin (Ow) cos (Bw) B, 7
where the Weinberg mixing angle is given by
tan (Gw) = 2. (2.15)

g2

We identify the photon A, as a massless gauge boson, whereas the other one, Z,,, is massive. The
gauge-invariant mass terms for the gauge bosons are extracted from the kinetic terms in Eq. (2.10),
which yields in summary

szgz;h’ My = J\/-?g/)zgz;m7 M, =0,

COS
. W (2.16)
9z = sz) =/ (91" +(92)°, =g cos(w) = g sin () ,

where we have defined the electromagnetic coupling strength e. Utilising the relations in Eqgs. (2.2)
and (2.16), the covariant derivative of the electroweak part can be written as

Dy =0, — i% [T W+ T~ W, ] —iecot (Ow) T? — tan (bw) Y] Zu —ie Qe Ay, (2.17)

with the shorthand notation 7% = T 41 T2 for the SU(2),, generators.
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A useful parameter to test the SM can be constructed involving the ratio of Z- and W-boson
masses. To this end, we define the p parameter given at tree level by

My,

MZ cos? (Bw) (2.18)

p

Modifications of this parameter can be realised in extensions of the SM with additional scalar
content, which we study later in this thesis. The relevance of such high-precision tests of the SM is
further emphasised by, e.g., the recent measurement of the W-boson mass by the Collider Detector
at Fermilab (CDF) experiment [31], which is in significant tension with the SM expectation.

The flavour structure of the standard model

The last part of the SM Lagrangian is given by the Yukawa sector
Lyva=-Y QHU ~-Y/QHD,— YL, HE +h.c., (2.19)

which describes the interactions of the SM fermions to the Higgs. Here, H = i 0o H* denotes the
charged conjugated Higgs field and the Yukawa couplings Y, , . are given by 3 X 3 matrices, which
are a crucial part of the SM as they determine the flavour structure. Therefore, we explicitly show
the generation indices in Eq. (2.19). Most of the free parameters of the SM are included in this
sector, i.e. six quark masses, three charged lepton masses, three mixing angles and one phase. As
neutrinos are massless in the SM, no mixing occurs in the lepton sector as we show later in this
section.

As mentioned after Eq. (2.8), Dirac mass terms like m,, Uy, up explicitly break SU(2);, invariance,
and hence they are forbidden. However, by incorporating the Higgs doublet each term in Eq. (2.19)
is invariant under Ggy;. After SSB and the Higgs acquiring a vev, the fermion mass terms read

Up

ACmass = =
V2

To diagonalise the mass matrices, we define the bi-unitary transformations

[, Y, ug +dy Yydp + e, Y, e +hoc.. (2.20)

u, =Vyuy, dp =Vady,, e =Vie, (2.21)
up =Uyup, dp=Usdy, ep=Urey, '

where primed (unprimed) fields denote flavour (mass) eigenstates. Here, V; and Uy are unitary
3 X 3 matrices, with f = u, d, £ for up-type quarks, down-type quarks, and charged leptons,
respectively. Going from flavour to mass basis yields diagonal Yukawa couplings y; = (Vf)T Y; Uy

with corresponding diagonal mass matrices My = on/V?2 Yf, €.g. Me = M2 = v, /v2y??. The
experimentally determined fermion masses read [32] 2

my ~ 2.2 MeV , me>~13GeV, my~173 GeV,
mg ~ 4.7 MeV ms >~ 93 MeV, mp>~4.2 GeV, (2.22)
me =~ 0.511 MeV, m, ~ 106 MeV, m, ~1.78 GeV,

2The quark masses are given in the MS scheme, where m,,, mq, and mg are computed at a scale p ~ 2 GeV while
me(p = me) and my(p = mp). The top-quark mass my is determined from direct measurements [32].
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and are also displayed in Fig. 2.1. One observes that the fermion masses (and hence the Yukawa
couplings) follow a strong hierarchy within each species, where masses differ by up to several
orders of magnitude. The fact that SM parameters obey these peculiar hierarchies is part of the
SM flavour puzzle.

oH
V3 oy eC ot
123 od °s ob o/
2 oc Ly oT oV
T T T NERILRRALY T T UL B T RS X‘ BRI AR T T “““‘\: T
1072 1% 107 10 10 1007 10% 10° 107t 1073 1072 107! 100 10t 102

particle masses /GeV

Figure 2.1: Schematic visualisation of the mass hierarchies in the flavour sector. Numerical
values of fermion and boson masses are provided in Tab. B.2. The ranges for the neutrino
masses are based on the known squared mass differences from neutrino oscillations [32] and
the constraint on the sum of neutrino masses from cosmological data @, where the lightest
neutrino could be massless. Figure adapted from Ref. [34].

The kinetic terms in Eq. (2.5) are also modified by this basis change. In the flavour basis (also
referred to as gauge basis), the gauge boson interactions do not mix different generations. In the
mass basis, this remains true for the neutral currents, e.g.

ﬂi ui = EL (Vu)T Vu ur, = ELUL ’ (223)
which are not affected by the rotations as the Z-boson and photon couplings are flavour universal.
However, a mismatch is generated for charged-current interactions altering the W+ couplings. We
take a look at couplings to quarks first. In the mass basis, the relevant terms read

Ltermion O % (EL Y Vexkm dL W; +EL A (VCKM)T Uy, WM_) s (224)

where the fields include the mass eigenstates up (u), charm (c), top (t) and down (d), strange (s),
and bottom (b) of the up- and down-type quarks, respectively. In Eq. (2.24), we have established
the Cabibbo-Kobayashi-Maskawa (CKM) matrix [26, 35, 36]

Vud Vus Vub
Vekm= V) Va= vy Ve V|l (2.25)
Via Vis Vi

which is responsible for flavour transitions in the SM. Known as the Glashow-Iliopoulos-Maiani
(GIM) mechanism [37], it prevents FCNC transitions at tree level in the SM due to the unitarity of
the CKM matrix. Yet, the GIM mechanism is present in many loop processes, where FCNCs emerge
in so-called penguin diagrams at loop level depicted in Fig. 2.2 for ¢c— w and b— s transitions.

Before taking a closer look at the hierarchy of the CKM matrix, we conclude this section by
reviewing possible flavour mixing in the lepton sector, where the situation is different due to the
fact that neutrinos are massless and RH neutrino fields are not present in the SM. Again, writing
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w w

c u b S

Figure 2.2: Loop-level Feynman diagrams of FCNC transitions ¢— u (left-hand side diagram)
and b— s (right-hand side diagram) in the SM.

the relevant kinetic terms in the mass basis we find

92

V2

with the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix parametrised as

Efermion > (EL '7# UPMNS 149 W; + vL ’7# ((]PMNS)]L €r, WJ) ) (226)

Upains = (V)T V| (2.27)

and the rotation to the mass eigenstates is then given by

Ve Uel UeQ UeS 1551
vl = U U2 Uus v | - (2.28)
Vr U‘rl UT2 UT3 V3

Here, we have introduced the (unitary) rotation matrix V,, for the neutrinos where flavour and
mass eigenstates are denoted by vy with £ = e, u, 7 and v; with ¢ = 1, 2, 3, respectively. However,
as no Yukawa matrix for neutrinos is realised we are free to choose V,, arbitrarily. Consequently,
in the (original) formulation of the SM it is Uppmns = 1 conserving lepton flavour.

Due to the observation of neutrino oscillations, we know that neutrinos must possess small masses,
where cosmological data provides an upper bound ) m, < 0.4 €V on the total neutrino mass [32,
33]. As its scale is tiny compared to the other mass scales (even compared to the electron, the
lightest SM particle), neutrino contributions to FCNCs in the charged lepton sector are negligible
by means of the GIM mechanism. Hence, (almost) no charged lepton flavour violation (cLFV) is
present in SM processes.

As the presence of non-zero neutrino masses already requires BSM physics, one can think of adding
a RH neutrino field to the SM, which transforms as a SM-singlet v ~ (0,1,1). Then, the Yukawa
Lagrangian in Eq. (2.19) is topped up with terms [26]

1 .
S MY g+ hee, (2.29)

Lyvux D —YV”E]ZI VRj — 5

where Y, and My denote the neutrino Yukawa and Majorana mass matrices, respectively. The
generation of neutrino masses via Y, assumes that neutrinos are Dirac particles, and thus masses
are generated similarly as in the quark sector. However, the expected tiny neutrino masses may
suggest a different mechanism for mass generation involving RH neutrinos. By assuming that the
neutrino is its own antiparticle, we are able to write down the Majorana mass term in Eq. (2.29).
Since this mass term is not protected by any symmetry, the mass matrix My can be chosen
arbitrarily and may be much larger than the electroweak scale. This is the main idea of the seesaw
mechanism, where a high Majorana mass scale induces the light neutrino masses observed in

nature [38].
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Hierarchies of the CKM matrix

The CKM matrix can be parametrised by three mixing angles ;; and one complex phase 6. The
standard parametrisation of the fermion mixing matrix reads [32, 39

—i6
C12 €13 C13 S12 sige”’
Vekm = | —cazs12 — Ciasi3sa3€l?  —Ci3cog — s1as13sa3 €’ cizsos | (2.30)

io io
—S12823 — C12C23813 €7  —C12823 — Cp3812813 €7 C13Ca3
where ¢;; = cos (6;5), sij = sin (6;;) and 7, j denote common generation indices.

Experimentally it holds s13 < s23 < s12 < 1 [32], which motivates the Wolfenstein expansion [40],
that features the three mixing parameters A, A, p and one source of C'P violation 7,

V. \%
SlgE)\: ‘ us‘ SQSEA)\QZ | Cb|

V |Vud|2 + |Vu8|2 , V ‘Vud|2 + |VUS|2 7 (2'31)

sp3€' = AN (p+in) = V).

For the last two CKM parameters an alternative, phase convention-independent convention exists
in the literature given by [32, 41]

& [0 WA 4
p+177VUSV£(1+2)\)(p+177)+(9()\). (2.32)

To highlight the hierarchical structure of the CKM matrix, we exploit its unitarity and expand in
powers of the small parameter A = sj5 ~ 0.2. This yields

1— 41X A AN (p—1in)
Vi = -\ 1—1x2 AN? +0 (M), (2.33)
AN L= (p+in)] —AN 1

given in the traditional way, where the superscript indicates the considered order in the expansion.
Then again, we can express the matrix in terms of K = p + i 7, written up to higher orders as

— A7 g A AN R
Vi = | A+ 1420 (1—2/) 1- 102 1x4(14442) AN? +0(X%). (2.34)
AN (1—R) —AN 4+ LANY(1-2R) 1-3A%M

The latest determined values of the Wolfenstein parameters obtained from a global fit read [32]

AckMm = A = 0.22650 + 0.00048 , A=0.790 £ 0.017,

2.35
p=0.1414+0.017, n=0.357£0.011. ( )

For details on the numerical input employed in our analyses see App. B, in particular Tab. B.1.

In both approximations, Egs. (2.33) and (2.34), we readily see the dominantly diagonal structure

- 10 -
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of the CKM matrix. Transitions of quarks of different generation and charge (flavour), referred to
as flavour-changing charged currents (FCCCs), are therefore suppressed. Recent works regarding
a possible substructure of the CKM matrix beyond the Wolfenstein parametrisation and novel
CKM relations can be found in Refs. [42, 43].

Decays of particles, for instance DT — 7+ uT =, can be classified in terms of powers of Aoy that
enter the decay amplitude A. Schematically, we write

My : Cabibbo-favoured (CF),
Ao § Ay @ singly Cabibbo-suppressed (SCS) , (2.36)
Ayt doubly Cabibbo-suppressed (DCS),

that indicates the suppression of the amplitude in terms of the Wolfenstein parameter. The
unitarity of the CKM matrix,

Z Vik Vi = 6ij Z Vik Vi = 0k » (2.37)
P i

gives rise to the following useful relation

Ad+ s+ =0, (2.38)
with fixed A, = Vi,qV,;. Analogously, one can construct

A+ A+ =0, (2.39)

where in this case Ay = Vir5(a)Vyp,- To illustrate the GIM mechanism in loop processes, we consider
the FCNC b— s (and b— d) transitions where up-type quarks enter in the loop, cf. Fig. 2.2. The
generic structure is given by

P= >\u fu +)\cfc+)\t ft = )\c (f(‘ - fu) +)‘t (ft - fu) ) (240)

where f, = f(mg, M) ~ 1/(4m)?> m2/my, denotes a loop function [44]. We observe that the GIM
mechanism not only forbids tree-level FCNCs, but additionally suppresses FCNCs at loop level for
observables where only light quark masses appear. Moreover, we find that for degenerate masses
™My, = M. = my penguin contributions in Eq. (2.40) would vanish due to the unitarity of the CKM
matrix. For different masses, a GIM-suppression factor f. — f, &< (m2 —m2)/m¥, ~ O (107%)
arises if only ¢- and u-quark contributions are relevant. For instance, a natural suppression of
certain observables in the K-meson (kaon) system is realised to the desired level. Conversely,
the GIM suppression fails whenever contributions of the top quark dominate in the loops due to
me > my > My, . In FCNC c¢— u transitions, the GIM mechanism implies an even stronger
suppression as light down-type quarks propagate in the loop.

2.5 Symmetries in the standard model

The SM exhibits accidental global symmetries that arise only as a consequence of imposing
renormalisability and gauge invariance. These symmetries can be either exact or approximate in
the SM, and are quite useful for constraining BSM physics due to typically tight experimental
constraints on a possible violation by NP. For instance, baryon-number conservation is an exact

S 11 -
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accidental symmetry in the SM. Conversely, in BSM scenarios baryon-number violating operators
can be present, though subject to stringent constraints from proton decay. Beyond that, other
approximate symmetries can be realised in gauge theories. While accidental symmetries persist
independent of parameter values of the theory, the emergence of approximate symmetries is only
due to the smallness of specific parameters, and entails an exact global symmetry when set to
Zero.

Symmetries in the flavour sector

In the SM Lagrangian, we observe the large accidental flavour symmetry
Gr = [UB)q x UB)y x U3)p] x [UB) x U3)s] - (2.41)
It is broken down by Yukawa interactions into
Gr = U1)p x U(l)r, x U()r, x U, (2.42)

which represents the conservation of baryon number B and individual lepton number L of each
generation in the SM. In particular, we have U(3); x U(3)g — U(1)® that infers 15 broken
generators for the lepton Yukawa. As the Yukawa matrices are in general parametrised by a
3 x 3 complex matrix that features 18 (free) parameters, we are left with 18 — 15 = 3 physical
parameters in this sector, whereas we count 36 — 26 = 10 parameters in the quark sector.

In total, the SM can be described by 18 physical parameters, which we summarise given our
previous review of the SM flavour structure. We have three couplings g1, g2 and g3 embedded in
the kinetic Lagrangian given in Eq. (2.5), and further the vev vj, and the quartic coupling A in the
Higgs Lagrangian, see Eq. (2.10). The 13 remaining parameters are given by three charged fermion
masses, six quark masses as well as three mixing angles plus one physical phase all comprised in the
Yukawa sector in Eq. (2.19). The hierarchies between the various quark and charged lepton masses
shown in Fig. 2.1, together with the different structures observed in the two mixing matrices are
commonly referred to as the SM flavour puzzle. For a summary of different ideas developed to
address the puzzle see, e.g., Ref. [34].

The SU(3)r symmetry

An approximate global symmetry of the SM is the SU(2) isospin symmetry rotating up and
down quarks, which is broken due to quark masses for one thing. The isospin violation can be
parametrised by the ratio (m, — maq)/Aqcp, where Aqep ~ O (0.1) GeV [32] denotes the QCD
confinement scale. Additional breaking is induced by the fine-structure constant . since the u and
d quarks have different electric charges Q.. Moreover, promoting the strange quark to this picture
the SU(3)r flavour symmetry is realised assuming equal masses of the u, d, and s quarks. Due to
the apparent larger mass splitting between the strange and the lighter two quarks, this symmetry
is even more approximate. In fact, there are three SU(2) subgroups embedded in the SU(3)p.
We identify the familiar isospin (u <> d), as well as V-spin (u <+ s) and U-spin (d <> s), where
the latter two, however, suffer from breaking of the order my/Aqcp similar to SU(3)r itself [25].
In Sec. 7.3, we explore the U-spin and isospin breaking patterns of U(1)’ extensions in hadronic
charm decays.

12 -



Chapter

Tools and directions beyond
the standard model

The absence of NP particles or signals thereof close to the electroweak scale at LHC searches so
far suggests a wide scale-separation of electroweak and BSM physics. To establish a theoretical
framework that describes both low and high-energy physics, one has to keep in mind that the
dynamics at low energies are independent of the details of the high-energy dynamics, supported by
the decoupling theorem [45]. Physical processes are described in perturbation theory employing
a convergent expansion of (small) theory parameters. However, this necessitates a separation of
(electro)weak and QCD interactions, where only the former can be handled perturbatively. This puts
forward effective field theories (EFTs) which are important tools to portray a model-independent
view on physical processes at certain energy scales. These effective theories are constructed as a
simplified version of an underlying theory, where processes are described considering only relevant
degrees of freedom. The application of such tools allows us to parametrise BSM physics and
compute predictions that can be tested by experiments.

In this chapter, we introduce the main tools of theoretical particle physics and discuss how they
can be employed to test the SM while also providing predictions of BSM physics. We start by
reviewing the concept of renormalisation and study the running of couplings in the SM in Sec. 3.1.
Moving on, Sec. 3.2 deals with the concept of EFTs, followed by a brief overview of the SMEFT in
Sec. 3.3. Afterwards, we discuss flavour anomalies present in rare B-decays in Sec. 3.4.

Renormalisation and running of couplings

In particle physics, predictions for observables are computed in perturbation theory by expanding
them in powers of small parameters, i.e. coupling constants. While tree-level contributions serve as a
first approximation, more precise results are obtained by including higher-order corrections in which
loop contributions of Feynman diagrams need to be considered. However, those loop diagrams often
yield ultraviolet (UV) divergences evaluating momentum integrals at high energies, which are then
also preserved in Green’s functions and decay amplitudes. The concept of renormalisation removes
these unphysical infinities and consequently allows for the computation of finite predictions for
observables as functions of renormalised parameters of the theory, such as coupling constants and
masses that can be compared to those measured by experiments. To make the divergences explicit
in calculations and to renormalise all parameters of the Lagrangian at hand, a reqularisation scheme
is utilised. As physical predictions do not depend on the chosen regulator and renormalisation
condition, all explicit dependencies need to cancel when computing observables. This is encoded
in the renormalisation group (RG) which is a convenient tool to improve perturbation theory

- 13-
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results.

Theories, where all UV divergences can be cancelled by a finite number of so-called counterterms
to all orders in perturbation theory are called renormalisable theories. Conversely, theories that
require an infinite number of such counterterms to remove all the divergences are called non-
renormalisable theories. Then, generalising to individual interactions we describe operators with
coupling constants of mass dimension A = 0 as marginal, while dimensions A > 0 and A < 0 are
termed relevant and irrelevant, respectively. That being said, non-renormalisable theories are still
very predictive at low energies, where only a certain number of non-renormalisable interactions
are important and can be fixed by a finite number of measurements. This puts forward the
construction of effective theories, where the relevant degrees of freedom of a certain process are
isolated. Such an effective description has only a limited range of applicability, ¢.e. the energy
scale of the process, and is generally non-renormalisable. Yet, it is more predictive in that range
than the corresponding overarching renormalisable theory. For instance, the effective Fermi theory
of weak decays is very predictive in the low-energy regime. Alas, perturbation theory breaks down
at energies 1/y/Gr ~ 300 GeV and above, where Gy denotes the Fermi constant. From the vast
literature concerning renormalisation, we consult Refs. [24, 26, 46] in this section.

To get an idea of how the procedure of renormalisation is applied, we consider the example of
QED, where we focus on the simplest version of the theory involving a single charged fermion, 7.e.
electrons and positrons. The bare QED Lagrangian reads ' [24]

Laep = Vo (1@ —mo) vo — iFO/w i —eg g Ao o, (3.1)

where FJ"V = o' Af — 0" A} is the bare field strength tensor, while mg and ey denote the bare mass

and electric charge of the electron, respectively. The subscript ‘0’ is used to distinguish the bare

(unrenormalised) quantities from the corresponding physical ones, i.e. the observable mass m, and

electric charge e of the electron. We define the renormalised quantities (without the subscript ‘0)
by

po Lo L -t _ 1

A 7\/@‘40’ ¢*\/waw07 me*me(Ja e*Z6

Here, the renormalisation scale 4 enters employing the dimensional regularisation scheme [47,
48], where the dimensionality of spacetime is analytically continued from 4 to d < 4. This
ensures that the renormalised charge e is a dimensionless parameter. The Z; are referred to
as renormalisation constants and the renormalised fields are chosen such that their two-point
functions (i.e. renormalised propagators) have finite residue at p?> = m?2. Expressed in terms of
renormalised fields and parameters, the QED Lagrangian can be written as

=2 g (3.2)

_ _ 7 w B -
Laep = Zy V1B — Zin Zymedp = 5 Fuo P =y =2 2, 2, \/Z 1 e § A
- 1 y _ _
= (0 —me)w— 7 B P =y e) Ay (3.3)
Za

+17’[(Zw—l)if?’—(zdjzm—l)me}?/J—TFWF“V—M(%d)/Q(Zele\/5—1)17}441/%

The first line of Eq. (3.3) exhibits the same structure as the original QED Lagrangian in Eq. (3.1),
and therefore gives rise to the usual QED Feynman rules. Without the additional terms in second
line one would still obtain UV divergences when computing the Feynman graphs. However, these

LFor simplicity we omit gauge-fixing terms.
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divergences are cancelled by counterterms ~ Z;, which themselves generate additional Feynman
rules. Then, finite scattering amplitudes are obtained in renormalised perturbation theory using
the renormalised Lagrangian. The renormalisation constants are fixed by choosing a regularisation
scheme. In dimensional regularisation, logarithmically divergent integrals are rendered UV finite if
evaluated in d = 4 — ¢ < 4 spacetime dimensions, where ¢ is an infinitesimal, positive parameter.
While UV singularities appear as 1/e™ pole terms in d = 4 dimensions, they cancel when adding
the counterterms to the original Feynman diagrams, and we can take the limit € — 0 in the final
result. This way, the Z; can be computed at any given order in the coupling constant, requiring
that all divergences cancel at every order. To compute the counterterms it is convenient to employ
the minimal subtraction (MS) scheme, i.e. the MS scheme (48, 49], where only divergent parts are
absorbed and the rescaling u? = u? e /(4r) is applied to simplify results. Here, 7, = 0.5772...
denotes the Euler-Mascheroni constant. In the MS scheme, the renormalisation constants have the
structure

2 4
Z1 € 2929 291 e
Zi=1+L ¢ Gf —ﬁ L 3.4

* e (4m)? + g2 + e/ (4m)* * (34)

where the counterterms in Z; appear at O (62) in perturbation theory and have a perturbative
expansion in powers of the renormalised coupling e. Next, we consider the next-to-leading order
(NLO) contributions in QED to fix the renormalisation constants up to O (62). For instance, the
photon field renormalisation constant Z4 is computed schematically by imposing

where the first diagram corresponds to the photon propagator correction via a vacuum polarisation
loop, and the second diagram is the counterterm —1/4(Z4 — 1) F,,, F*¥. Then, Eq. (3.5) is
satisfied for e — 0 by [24]

8 €2
Za=1—2
A 3 (4m)2

1
g+0@ﬂ. (3.6)

In a similar way, the constants Z, and Z,, are extracted from

finite = —»—&H + —b—@—H , (3.7

where the first diagram denotes the electron self-energy and the second one illustrates the coun-
terterm contributions ¢ [(Zy —1)i@ — (Zy Zm — 1) me] . One derives the expressions

ez 1 €2

Zy=1-2—" 2 Y, Z,=1-
¥ (4m)2 ¢ +0(e"), 6 (47)2

§+O@ﬂ. (3.8)

The remaining constant Z. is fixed by considering vertex corrections,

finite = >~4{:ig::iL> + >~<;}>, (3.9)
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which yields

Ze=1+

[SCRIFSN
a
()
| =

+0(e"). (3.10)
With these results at hand, we can express the bare coupling ey as

1 e 1} (3.11)

omtee=iitte |14 5 oo

As the p-dependence appears only in the renormalised but not in bare Lagrangian, we must have

o deo
~ dln(p)

This way, we obtain a differential equation called renormalisation group equation (RGE) that
encodes the scale dependence of the renormalised coupling e. To this end, we define the g-function

PN R

2 edlIn(p) + Z. dIn(p) (312)

Ble) = de DR dZ. el e3
T dln(p) 2 Z, dln(p) 2 1272

+0 (e, (3.13)

which yields a finite result for ¢ — 0. In the last step we have inserted 1/Z, ~ 1 — €?/(121%¢)
keeping terms to appropriate order. While the renormalisation scale can be set arbitrarily, one
typically chooses pu ~ s, where s denotes the centre of mass energy of the process considered, to
guarantee a quick convergence of the series. The g-function is often expressed as a function of

e = — (3.14)

and B(ae) = da./dIn(p). Then, the RGE in Eq. (3.13) can be conveniently rewritten as
dae E = ,QED [ Qe \F+1
- = 20, (° (52) - 3.15
Blae) dIn(p) Qe (2 + kZ:O/Bk an ( )

Solving Eq. (3.15) for € — 0 yields at leading order (LO)

ave (Ho)
ae(u) = 3QPD N (316)
1+ =—ac(uo) In (/’j—g)
with ﬁ(?ED = —4/3. The evolution of a.(u) is fixed by a measurement of a.(p) at a certain

energy scale jg. Since a, rises with increasing energy due to ﬂOQED < 0, a divergence of the theory
is entailed at a large scale Aqgp, referred to as a Landau pole. Utilising the measurement of
ae(me) = 1/137 [32], we can identify this scale as g = Aqep ~ 10%%6 V. Hence, perturbation
theory in QED breaks down at short distances.
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3.1.1 Renormalisation group evolution in the standard model

In the following, we review the RG evolution of the SM in the unbroken phase. Here, we use the
rescaled gauge couplings

2

X .
ax = 5 with X ={g1, g2, gs} . (3.17)
(47)

To avoid confusion regarding the commonly used gauge coupling of the strong interaction az which
is shy of a factor of 47 compared to the definition above, we distinguish between the two notations
as

2
gs gS

s = —, = . 3.18

o = o3 ( )

The Yukawa coupling of the t quark a; = y7/(47)? and the Higgs quartic ay = \/(47)? are also
taken into account, see notations given in App. A.4. Due to their subleading (yp, y,) or negligible
effects we do not consider the remaining Yukawa couplings of the SM in this discussion. In Fig. 3.1,

10724
1073§

10_4§

10_5 T T T T T T T
102 107 1012 107 /:1022 10%7 10%? 10°%7
u/GeV

Figure 3.1: RG evolution of couplings in the SM. Here, a1_3 are the gauge couplings, while the
t-quark Yukawa and Higgs quartic couplings are denoted by a: and a, respectively. The grey
area indicates the Planck scale, up; ~ 10'® GeV, where quantum gravity effects are expected to
become relevant. The RGEs are solved at two-loop accuracy for all couplings [21, 50].

we display the RG evolution of the SM couplings within two-loop accuracy. While not directly
shown in this plot, ) acquires negative values at j ~ 10'° GeV, which has striking implications
as the vacuum configuration of the Higgs potential becomes metastable given the current Higgs
and t-quark mass measurements [28, 51]. This is explained by the fact that not all terms in the
S-function 8y are proportional to « itself, which is a feature only attributed to the Higgs quartic
in the SM [28].

In the following, we study the behaviour of the gauge couplings. The U(1)y gauge coupling «; runs
into a Landau pole in the UV regime due to its abelian nature, similar to the QED coupling c..
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Chapter 8 Tools and directions beyond the standard model

The energy scale of this divergence, upp, can be estimated by considering the LO RG running

Bi = =Bia;}, (3.19)
where B; denotes the one-loop coefficient, e.g. By = 41/3 > 0. Solving Eq. (3.19), we detect a
Landau pole at high energies for a positive coefficient B;. Integrating Eq. (3.19) and solving for

1/ai(pp) = 0 yields
HLP 1
n({—)|=——"—. 3.20
( [0 ) B ai(po) (3.20)

From electroweak measurements we fix a;(po = mz) = 8.1-10~* [32], which reveals a Landau
pole at urp ~ 10*' GeV way beyond the Planck scale of up; ~ 10'° GeV. Conversely, the
coupling ags features a divergence in the infrared (IR) regime p — 0. The location of this pole
Aqep = O (0.1) GeV is called the confinement scale, which depends on the number of active
quarks ny at the energy scale u. The one-loop coefficient is given by Bs = —2 ﬁ(?CD with 2

QD () =11 — gnf. (3.21)

In the SM, we have ny = 6 for ;> m;, and hence B3 = —14 < 0 which dictates the opposite
behaviour compared to a1, where By > 0. The strong coupling asymptotically approaches zero at
highest energies which is called asymptotic freedom [52].

While in the SM the U(1)y Landau pole arises at high energies beyond the validity of our theory,
the divergence can be moved towards significantly lower energies (below the Planck scale) when
additional BSM interactions are present in our theory. This is the case in U(1)’ extensions which
we further outline in Sec. 5.5.

Model-independent description with effective field

theories

Describing a physical process or system often involves widely separated energy scales. To successfully
distinguish and study the low-energy (long-distance) and high-energy (short-distance) contributions
independently, we need to identify those parameters which are very large (small) compared to the
relevant energy scale of the underlying process and put them to infinity (zero). A theoretical tool
that follows these basic principles and provides an approximate low-energy description is effective
field theories (EFTS), where low refers to energies E (significantly) smaller than an associated
large, fundamental energy scale A. In this framework, only the relevant degrees of freedom are
taken into account, i.e. those states with m < A. Conversely, heavier excitations M > A are
integrated out from the action, but remain encoded in the couplings of the formulated low-energy
Lagrangian. The approximate theory then involves an expansion in powers of E/A [53]. The
effective Lagrangian is derived using the operator product expansion (OPE). It allows us to replace
products of operators evaluated at different points by a sum over composite (local) operators in

2By = -2 ﬂUQCD holds in the convention of rescaled gauge couplings a3 = (g3)2/(47w)? . See App. A.4 for details.
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3.2 Model-independent description with effective field theories

the limit of approaching points, i.e.

lim A(z) B(y) = Y Cn(z —y) On(a), (3.22)

Ty

for any operators A and B [24]. Most eminently, the coefficients C,, are independent of the external
states, thus the expansion holds at the operator level rendering the OPE a powerful method
applied in effective theories. The coeflicients can be computed to a given order in perturbation
theory and then be utilised for any process. In perturbative EFTs only a finite number of operators
needs to be taken into account to acquire a given precision.

In what follows, we outline the main concepts of EFTs utilising the Fermi theory [54] as an
instructive example @, @ Further in-depth literature on EFTs can be found in Refs. @, 53, 55—
60]. Let us revisit the only flavour-changing interactions in the SM present in the charged-current
Lagrangians in Eqs. (2.24) and (2.26). After integrating out the heavy fields following the OPE,
we obtain an effective theory that describes the weak interaction in the SM at energies £ < Myy.
By going from the full to the effective theory the W boson is removed as an explicit, dynamical
degree of freedom. This yields local four-fermion operators as illustrated in Fig. 3.2.

Figure 3.2: Example of an effective four-fermion interaction obtained by integrating out the W
boson in the SM. The crossed dots in the right-hand side diagram indicate a local four-fermion
operator in the effective theory.

The effective Lagrangian reads

4Gk
V2

where p denotes the momentum carried by the intermediate W boson and Gy = v/2 g» /(8 MZ,) is
the Fermi constant. The charged currents are given by

2
Lett = T, TH+0 (p> ; (3.23)

My,

_ — — i
jj =V Ur, iV dL,j TV il JH = («7;) ) (3.24)

where a summation over the flavour indices ¢, j is understood. While the truncation of the
operator series in the OPE yields a systematic approximation for low energy processes, the series is
equivalent to the full theory when considering all orders in 1/M3,. One observes that the coupling
constant Gy associated with the dimension-six operator J+J ~ is suppressed by two powers of
the fundamental scale, M3, a characteristic that emerges when integrating out heavy fields from
the fundamental theory at low energies. The effects of subleading terms in Eq. (3.23) are tiny
due to their suppression by powers of p?/ m%[, and can be neglected for (almost) all practical
purposes. However, beyond tree-level approximation the contributions from strong interactions are
not accounted for in the effective description in Eq. (3.23). These challenges are met by performing
a general matching procedure, which we outline in the following.
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Chapter 8 Tools and directions beyond the standard model

We write down the OPE for the effective Lagrangian describing weak decays with the generic
structure

4

Lor=— \% > 01, (3.25)

where the sum includes all possible gauge-invariant operators of a given dimension allowed by
symmetries. While the local operators O; encode the dynamics at low energies, the high-energy
physics involving heavy masses are parametrised by the process-independent Wilson coefficients
C;. Hence, non-perturbative and perturbative QCD effects are separated. The values of C; are
extracted by matching the amplitude of the effective theory and the full theory.

Let us consider the quark transition ¢ — sud depicted in Fig. 3.2. Neglecting strong interactions,
the transition is described by the Fermi theory in Eq. (3.23). Taking into account QCD corrections,
we obtain the generalisation

_ 4Cr

Log = VA Vg (C1 O+ C2 0s) 3.26
T \/5 d( 1 1 2 2) ( )

with operators

O, = (Ea Vi Py, Ca) (ﬂa Vi Py, da) , Oy = (?a Vi Py, Cﬂ) (ﬂa Vi Py, dﬁ) , (327)

assuming an implicit summation over repeated colour indices «, 8. The Wilson coefficients are
determined by comparing the Feynman diagrams in the EFT with those of the full theory. From
tree-level matching we obtain C1(mw ) = 14O («s) and Co(mw ) = O («s). The one-loop matching
results are given by

Ci(p) =1+ O‘ZS:L) [m <”;zV> - 161} +0(a?), (3.28)
Co) = -3 QTSf) [m (”?) - 161} 10 (). (3.29)

One notices that the expansion parameter is in fact not given by /7 ~ 0.1, but instead reads
as/m In(m3, /u?) ~ 0.8. A poor convergence of the expansion is a generic issue in perturbation
theory whenever widely separated scales A > p are present, and necessitates a resummation of
logarithmic terms. For instance considering QCD effects, large logarithms appear that need to
be resummed to all orders. This procedure is generally referred to as RG-improved perturbation
theory, in which g In (A/u) is treated as an O (1) parameter, while oy < 1. By solving the RGEs,
the large logarithms are resummed to all orders in the perturbative expansion. That is, in the
n-th order of RG-improved perturbation theory the terms of the from a(s) (cs(j) In (A/))* are
summed to all order in k, with £ = 0, 1, ..., co. The nomenclature commonly utilised in the
literature is as follows. Resummation at LO (n = 0) incorporates all terms (s In(A/u))* and
yields an O (1) contribution to the Wilson coefficients. At NLO, one further considers terms with
n = 1 of the form a,(as In(A/u))¥, all of which count as O (ay).

To better understand and actually perform such resummations, we need to study the renormalisation
of the operators contained in the effective Lagrangian. To this end, we check Eq. (3.25) recalling
that physical observables are scale-independent, which translates into

_ d(Ci()Oi(p)) _ dCi(p) dO;(p)
dIn(p) dIn(p) dIn(p)

O;(p) + Ci(w) - (3.30)
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3.2 Model-independent description with effective field theories

Similar to the renormalisation outlined in Eq. (3.2), we define the bare operators
0} = Zij(1) O;(n) .- (3.31)

where an implicit summation over j is understood. The bare operators are independent of the
renormalisation scale p, and hence it follows that

do? 42 d0;

~dln(y)  din(p) i+ din(g) 2 (3.32)

Rewriting this equation yields

,_ 40, _ 1 dz,
~dln(p)  Zpi dIn(p)

Oj = —Yij Oj s (333)

where we have introduced the matrix v;;(c) called the anomalous dimension matrix (ADM). It
describes the mixing of operators under scale variation, assuming that more than one operator is
present. The ADM itself depends on the scale p only through the running coupling as(u). Since
by assumption the operators O; are linearly independent, we just insert the definition of the ADM
in Eq. (3.30) and obtain

dc;

-
=v;,;C; = L C. .34
dIn(p) i Ci = (v )z] Cj (3.34)
The ADM can be expressed by an expansion in «y of the form
=/ a\
i)=Y 7 () - (3.35)
1=0

Then, one determines the Wilson coefficients by solving the RGE in (3.34). In the case of a single
operator, the LO contribution reads [56]

(e (a7 @)
am-(%wQ 140 () . (3.36)

where the running of «; is encoded in the corresponding S-function with the LO coefficient B(?CD
defined in Eq. (3.21). If multiple Wilson coefficients C; are present, the ADM is diagonalised before
solving the RGEs in the new basis.

Coming back to our EFT in Eq. (3.26), the lowest-order contribution to the ADM reads [56, 57]

a, (-2 6

=l o ) (3.37)

~y

which induces mixing between the operators O; 2 in the RG evolution due to its non-diagonal
structure. Employing the change of basis

CL =01+ (3.38)

we find a diagonal ADM, where the lowest-order entries in Eq. (3.35) are given by the eigenvalues
of the matrix in Eq. (3.37), i.e. wf) = —2 4 6. Using these results, we can utilise the solution in
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Chapter 8 Tools and directions beyond the standard model

Eq. (3.36) and obtain

s(mw as(mw

) 6/(33—2ny)

)} —12/(33—2ny)

Cl) = |

m ;o Co(p) = [

The standard model effective field theory

Following the EFT approach outlined in Sec. 3.2, we introduce a generalisation of the SM which
comprises all SM particles and their interactions applicable up to energies not exceeding the
scale A ~ Anxp. Assuming that the electroweak scale ~ v, = 246 GeV and the NP scale are
sufficiently separated, we can put forward an OPE consisting of dimension-five, dimension-six, and
higher-dimensional operators. They are solely built out of SM fields and are invariant under the
full SM gauge symmetry Gsm, i.e. Eq. (2.1). The corresponding EFT is called standard model
effective field theory (SMEFT), where the degrees of freedom involving NP are integrated out and
only SM parameters remain as dynamical degrees of freedom. Hence, the Wilson coefficients of
the theory include only NP effects and can be conveniently used to test for BSM signatures. The
SMEFT is reduced to the SM at low energies, provided that no undiscovered but weakly coupled
light particles exist.

The SMEFT Lagrangian is given by

= 1
Lsuprr = Ly + > £, L =3%" = o (3.40)
=5 2

where E(s@[ is the usual renormalisable SM Lagrangian, while higher-dimensional operators are
suppressed by powers of A. By taking into account all operators allowed by gauge symmetries, the
Lagrangian in Eq. (3.40) can be renormalised order by order in 1/A. As the RG evolution between
the NP scale and the electroweak scale involves operator mixing, we stress that an observed pattern
of deviations from SM expectations at low-energy scales can differ significantly from the pattern of
Wilson coefficients present at energies where NP comes into play.

The dominant NP effects in SMEFT for phenomenological studies are induced by dimension-six
operators suppressed by a factor of 1/A2. Depending on the operator considered, current LHC
experiments are sensitive to A within O (1—103 TeV) assuming C ~ 1. In total, there are 59
independent dimension-six operators assuming lepton- and baryon-number conservation which are
given in the so-called Warsaw basis [61] 3. Note that the fermion fields in these operators carry
additional flavour indices, which strictly speaking yields 2499 (1350 C'P-even and 1149 C'P-odd)
operators in full flavour generality assuming three generations of fermions. The corresponding
Wilson coefficients C,(f) contain the information about NP at and above scales O (A). One readily
acknowledges that, e.g., a determination of all these Wilson coefficients from a comparison to SM
expectations at low-energy scales in this model-independent approach seems unfeasible due to
the vast number of free parameters. However, a classification of operators and studies of the RG

30nly a single operator exists at dimension-five, which is the lepton-number violating Weinberg operator [62]
responsible for Majorana masses of LH neutrinos in the spontaneously broken theory. The small neutrino masses
stipulated by neutrino oscillation experiments necessitate a very large scale of lepton-number violation Ay.
Generally, one assumes the scale Ay (Ap) to be much larger than A, which allows for a significant suppression
of lepton-number violating (baryon-number violating) operators compared to the conserving dimension-six
ones [63].
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(LL)(LL) (RR)(RR) (LL)(RR)

Cu (T, LY(TA*L) Cee (EvuE)(Ev"E) Cre (LyuL)(EY"E)
¢y @u)@vQ) Cow  (UnuU)(TA"V) Cu  (CL)TU)
¢ @uet Q@ Q) Cas  (DyuD)(D~"D) G Twl)(Dy"D)
) (CruL)(@1"Q) Cow  (BruBE)(TA V) Coe  (QuuQ)EVE)
P (Lo L) (@0 Q) Caa (EvuE)(Dy"D) ! @u)TyU)

e (U, U)(Dy*D) el (@uut*Q)(TA*°U)
C®) (Un,ttU)(Dy*t* D) el (@)D" D)

el (@rut"Q) (D" D)

Table 3.1: Overview of selected dimension-six four-fermion operators and their corresponding
Wilson coefficient in SMEFT imposing baryon-number conservation. In this table, we categorise
the operators into classes (LL)(LL), (RR)(RR), and (LL)(RR) indicating the chirality of the
fermion fields involved while suppressing the flavour indices for brevity. The o® are the Pauli
matrices while t* denote the SU(3)c generators. Five additional operators with (LR)(RL) and
(LR)(LR) structure exist, but are not shown here [61].

effects proves useful in concrete models [26].

In Tab. 3.1, we display 20 four-fermion operators, which are categorised in terms of the chiralities
of the fermion fields involved while suppressing flavour indices. Here, we guide the reader towards
contributions of Cl(q1 ), Cl(q?’), Ciu, and Cyq featuring couplings of quarks to LH lepton fields. These
kind of operators allow to expose correlations between charged leptons and neutrinos due to
SU(2) 1-invariance of the SMEFT, which is investigated in Chap. 9. For reviews and applications
of the SMEFT, we refer to Refs. [26, 61, 63-68]. In particular, the complete set of dimension-six

operators is provided in Ref. [61].

Hints of new physics in rare B-decays

In this section, we review flavour anomalies present in measurements of rare B-decays that show
discernible deviations from their SM predictions. In doing so, we introduce the EFT description of
the underlying b— s £1T¢~ transition and review the key players of these anomalies.

The effective Hamiltonian for b— s T ¢~ transitions at the b-quark scale y, ~ my, is given by [69)]

4Gr . .
”s“z——\/; Ve Vi GO+ 0r+ Y Y (Cfof e o)L (3an)
t=e,p,Ti=9,10,3,P
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with the semileptonic operators

05" = (5p7ubr) (4"0) 05" = (Sryubr)((y"0)

Ot = Gryubr) (" vsl), O = (Srubr)((y"351) (3.42)
04 =my, (5,br)(L0) 04" = my (5rbr)(00), '
oY% = my (St bR)(Z’)@ ), O;ge =my (3r bL)(Z%E) .

Here and in the following, we employ a notation where ¢ = e, u, 7 are chosen as placeholders
for fields of a specific flavour and further used as flavour indices of the operators and Wilson
coefficients. Additional lepton flavour violating contributions induced via Wilson coefficients Czal
with ¢ # ¢ are not considered at this point, but may be included straightforwardly in Eq. (3.41).
The contributions to dipole operators read

0, = % (5,0, br)F™,  Oh = % (5RO br)F™ (3.43)

where F'*” denotes the electromagnetic field strength tensor. Contributions from primed operators
are negligible in the SM. The dominant contribution arises with LH quark currents from electroweak
penguin diagrams shown previously in the right-hand side diagram of Fig. 2.2, that yields lepton
universal couplings C§™(my) ~ —C3(ms) ~ 4.2. In addition, it is C¥™(m;) = —0.3 [70]. Due to
our focus on BSM effects, we expose the different contributions as

clt=cM+c,, Ciff=cl,, (3.44)
separating the SM contribution, CiSM, and the pure NP one, C; ;.

While (pseudo)scalar and primed operators are highly suppressed and negligible in the SM due to
the small masses of leptons, they may become large in NP extensions. However, possible NP in
scalar operators can be constrained by By — pu~ decays [71]. Tensor operators are not present
in the SM and also not induced in Z’ models, and hence neglected in this thesis. See, e.g., Ref. [72]
for a comprehensive study of the weak effective theory (WET) framework of rare B-decays.

3.4.1 A brief review of the B-anomalies

In recent years, several deviations from SM predictions have been surfaced in measurements of
observables in rare B-decays. In the SM, these decays are highly suppressed due to the underlying
FCNC structure and therefore sensitive to NP. While these deviations represent a first hint of BSM
physics, statistical fluctuations as well as underestimated experimental or theoretical systematic
uncertainties cannot be ruled out at the moment. However, the huge set of experimental data
already available and updated measurements with reduced uncertainties expected in the future
elevate these flavour anomalies to be prime candidates for studies involving possible NP. The
deviations are collectively referred to as the B-anomalies and can be categorised as follows [69]:

(i) Apparent suppression of various branching ratios of exclusive decays with underlying
b— sputp~ transition, e.g. B— K uTp~ and B— K* utu~, where the main source of
theoretical uncertainties comes from hadronic form factors.

(ii) Measurements of angular observables in B— K*u*pu~ decays deviate from the SM expecta-
tion. Compared to the branching ratio measurements, such optimised observables feature
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3.4 Hints of new physics in rare B-decays

smaller form factor uncertainties, however significant hadronic uncertainties remain present.

(iii) Tests of lepton universality (LU) have been analysed, where the ratio of muon and electron
modes in observables Rx and Ry« exhibits significant deviations from the SM prediction of
unity. In such ratios theoretical uncertainties are negligible, and their sensitivity is presently
only limited by statistical uncertainties in experiment.

Furthermore, apparent deviations from LU, 4.e. 7-u and 7-e¢ universality, are observed in FCCCs
b— clv transitions @fﬁ], which appear at tree level in the SM. We do not consider them in
this work as they are less sensitive to NP effects compared to the loop-induced neutral-current
transitions. Our focus resides solely on observables of decays with an underlying FCNC b— s
transition that can be modified by contributions involving a Z’ boson. For a detailed review on
the full B-anomalies, see, e.g., Refs. [80, 81].

In what follows, we introduce the tests of LU in b— s¢*¢~ transitions. One of the key features
of the SM is LU, which states that all three generations of leptons interact identically except for
effects due to their different masses. In recent years, LU has been challenged by measurements of
observables that probe couplings to muons and electrons in branching ratios

Unax dB(B— Hutp™)

d 2
2 dg? 1
Ry = —=¢ , (3.45)
Gmax B (B— Hete™) 9
dg
2 dq2

Qmin

with H = K, K*, ... @, g] Here, ¢* denotes the dilepton invariant mass squared, while ¢2,;
(¢2,..) refers to the lower (upper) dilepton mass cut. These ratios provide a precise theoretical
prediction where hadronic uncertainties largely cancel in the ratio utilising a factorisation of
hadronic and leptonic parts of the branching ratios. Notably, experiments are able to measure
these observables with reduced uncertainties 4. Most prominently, the LHCb experiment has
performed several such measurements in different ¢2-bins with values below unity, which indicates
a different treatment of BSM physics towards muons and electrons. For instance, the latest
measurement [8]

Ri+|pna6.0 = 0-846J—r8:8§3 (stat) tgigg (syst) (3.46)

exhibits a 3.1 ¢ deviation from the SM prediction, RM =1 + O (%). Here, the respective ¢>-bin
in units of GeV? is specified as a subscript, while the statistical (stat) and systematic (syst)
uncertainties are stated as well. The measurement of the related B to pseudoscalar ratio [9]

RK§|[1.1,6.0] = 0-66t8€2 (stat) igigi (syst), (3.47)

in the same ¢-region, reveals a similar reduction of the LU ratio with a smaller deviation about

1.5 0 from the SM hypothesis. Moreover, measurements of ratios with a vector meson, H = K*, in
the final state have been performed, where [84]

Riceo|[0.045,1.1] = 0.6670 07 (stat) £ 0.03 (syst), (3.48)

Riyceo|.1,6.0) = 0.6970 (7 (stat) £ 0.05 (syst), (3.49)

41t is crucial to impose identical cuts for electron and muon modes to ensure maximal cancellation of hadronic
uncertainties.
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Chapter 8 Tools and directions beyond the standard model

differ from the SM hypothesis by 2.2 and 2.5 standard deviations, respectively. While assumed to
be affected by the same NP contributions, the measurements of Ry (and Ryc+) suffer from a
reduced experimental efficiency at LHCb compared to its isospin partner due to the presence of a
long-lived K¢ or 7° meson in the final state [9].

In Tab. C.5, we give the full list of SM predictions and measurements of Ry in different ¢*-
regions. Therein, we also show results obtained by the Belle collaboration which, in contrast to
the ones from LHCb, are in agreement with the SM predictions due to their large uncertainties.
However, the successor experiment Belle II is expected to provide improved measurements in the
near future [80, 85] which may reinforce the implications of the LHCb data. In Fig. 3.3, we display
selected measurements of Ry+0 with corresponding SM predictions.

1.2
f
1.0~ T o>
Y 5o
0.8 | 1 T
s | < e LHCh ]
EooA i T >
Q?“'f’f T ® Belle
| | BIP
0.4 —+— CDHMV
] —=— EOS
0.2 1 —4— flavio
] —— JC
0.0 T T T T T T T T T T T
0 1 2 3 4 5 6
2 2
q- /GeV

Figure 3.3: Comparison of LHCb [84] and Belle [86] Rx~0 measurements with the SM theo-
retical predictions [87-92].

A way to emphasise the potential of the LU ratios is to express their theory prediction in terms of
Wilson coefficients. By requiring parity and Lorentz invariance, we find that distinct combinations
of LH and RH coefficients appear in the decay amplitudes of exclusive semileptonic decays, that
is C; +Cl and C; — C} for B— K ptpu~ and B— K* utu~, respectively. Considering only linear
terms in BSM coefficients, we can cleanly isolate RH currents in the double ratio

Ry~

B ~1—-0.48p [C,, —Clo, — (Coo —Cloe)] » (3.50)

where p ~ 0.86 denotes the polarisation fraction of the K* meson [83].

As the dynamics of such FCNC decays are predicted within the SM with high precision, amplitudes
of such suppressed decays governed by b— s transitions are perfect laboratories to look for NP.
Effects of BSM physics can be sizeable with respect to the competing SM processes, where new
particles can either participate in the loops or generate additional tree-level diagrams. In this
thesis, our focus resides on such contributions mediated by a new Z’ gauge boson, see Chap. 8.
The determination of the necessary contributions favoured by the B-anomalies motivates a fit of
b— s observables in terms of NP Wilson coefficients, which we present in Chap. 4.
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Chapter

4

Global fits of b— s observables

With the EFT framework in Eq. (3.41), we can study the impact of BSM Wilson coefficients on
flavour observables. This can be done in a well-defined manner through a global fit, where all the
experimental data is fitted to the EFT framework. In doing so, we can exploit the complementarity
between different observables sensitive to certain types of combinations of Wilson coefficients,
which provides valuable information for the construction of NP models.

Motivated by the hints of LU violation outlined in Sec. 3.4, we perform a global fit with the tool
flavio [91] including b— s ¢ ¢~ (in particular b— s p~) and b— s+ data. We incorporate the
large set of available experimental data, e.g. (binned) branching ratios, angular observables such
as App, Fg and Pi(l) as well as the Ry () observables. A complete list of the observables included
is given in App. C.1, closely following the approach in Refs. [93, 94]. In this chapter, we outline
the fit procedure in Sec. 4.1, and afterwards discuss the different fit set-ups and their results in
Sec. 4.2.

Preliminaries for a global fit

4.1.1 Statistical treatment of the data

One of the most challenging tasks for a precision analysis that combines a large number of flavour
observables, i.e. a global fit, is the proper and consistent treatment of both, experimental data
from measurements and theoretical uncertainties of the observables included. In the following,
we consider a set of observables @, where the general idea is to find its theoretical predictions
O!h that agree best with the data available on those observables OF*P. This is done by generating
a likelihood from existing experimental data, and evaluating this function at the theoretical
predictions. One of the main purposes of the flavio package [91] is to implement and execute
this procedure. Schematically, the likelihood function is defined as

L(p) = H £ (07, 0(P)) (4.1)

where the probability distribution functions (PDFs) f; computed for each individual measurement
1 are multiplied. The theoretical predictions depend on a set of given input parameters § which
comprise additional sources of uncertainty. The maximum likelihood estimator, called the best-fit
point (point of highest probability), is obtained by maximising the likelihood function in Eq. (4.1).
However, in practice we are only interested in a subset of these parameters, which leads to a
splitting of P into fit parameters 6 and nuisance parameters U, where the latter are integrated out.
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Consequently, one obtains a function that only depends on the fit parameters. Common methods
used for this splitting and the consecutive marginalisation of the nuisance parameters are the
Bayesian and the frequentist approach, which are both computationally quite demanding [93].

An alternative way of constructing a likelihood in flavio is the Fast-Likelihood approach, which
yields a likelihood independent of nuisance parameters reducing computation time and resources.

4.1.2 The Fast-Likelihood approach

Based on the Gaussian approximation of the likelihood, we write [93]

—2In (L(é)) ~yi= A (cexp +Can (é’ - é’c))_l X, (4.2)

h - =
(9)). Here, O denotes the central values of the observables as measured

with & = (6% _ &'
by experiments, while @th(g) comprises the central values of the theoretical predictions in terms
of the nuisance parameters 7 (but dependent on the fit parameters 5) Cexp is a covariance matrix
that includes all experimental measurements, while C}, is a covariance matrix including the theory
predictions of the observables, evaluated for g at their central values éc. Hence, the matrix Cyy,
involves all theoretical uncertainties and their correlations, and is computed by randomly sampling
the observables for nuisance parameters distributed according to their PDFs. Employing this
approach, the nuisance parameters in Cyy, are effectively integrated out and the likelihood function
to be optimised solely depends on the fit parameters of interest. Conversely, Ceyp, is obtained
from approximating the true experimental PDFs as a (multivariate) Gaussian distribution. We
emphasise that the validity of this approach relies not only on the assumption that experimental and
theoretical uncertainties are approximated as Gaussian, but also on the basis that the covariances
are assumed to be weakly dependent on the parameters g. Then, we are able to study the likelihood
function in the space of NP Wilson coefficients without worrying about nuisance parameters [91].

In our analysis, the covariance matrix Ceyp, is estimated by sampling all experimental probability
distributions (including their correlations) with a sample size of Ney, = 10° random values.
Afterwards, we extract the mean values as well as the combined covariance matrix from those
random samples. Similarly, the theoretical uncertainties and correlations are determined by
randomly sampling all input parameters with N = 10* according to their probability distributions.
By computing all observables for each sample, we obtain an estimate of the theoretical covariance
matrix Cyp, which then also includes the theoretical correlations between the observables. We
have checked that the chosen sample sizes (Nexp = 10°, N = 10%) provide a sufficient trade-off
between the convergence of the fit results and computation time.

4.1.3 Obtaining a best-fit result

After computing the approximate negative log-likelihood defined as x? in Eq. (4.2), we obtain the
best-fit parameters of our global fit (that is the Wilson coefficients) by minimising the x? function.
This minimisation is performed using the MIGRAD algorithm implemented in the Python package
iminuit [95]. In doing so, we also extract the respective central values and 1o uncertainties of
the fit parameters.
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The goodness of the fit can be described by the reduced chi-squared statistic [96]

2 2
redy? = Xot _ Xt , (4.3)

Ndof Nobs — Mpara

i.e. the x? value at the best-fit point divided by the number of degrees of freedom nqor. Here, nobs
and npar, denote the number of observables included and number of fit parameters (also called
dimension of the fit), respectively. In simple terms, a value of redy? ~ 1 indicates that the data is
well described by the chosen parameters and their variances (i.e. uncertainties). Conversely, large
deviations from unity suggest an inadequate description of the data by our results.

To estimate the deviation of a fit result from the SM hypothesis (all fit parameters fixed to
zero), we compute the pull in Gaussian standard deviations pullgy;. This quantity is a function
of Ax? = X%M — th)f and Npara, already implemented in flavio by default [%] For instance,

pullgy = \/Ai)(2 for a 1d fit with npara = 1.

Fit scenarios and results

In what follows, we report on the fit scenarios considered in our analyses and discuss their
results. We compute a likelihood function with flavio including different sets of observables.
Subsequently, the resulting x? function is minimised with respect to the NP Wilson coefficients
Cl o1y, introduced in Eq. (3.41).

We study a variety of fit scenarios with different combinations of Wilson coefficients included:

e 1 dimensional fit with only Cy ,, , e 4 dimensional fit with C((s;)lo) 0o
o 1 dimensional fit with Cy , = —Cio, , « 6 dimensional fit with ¢

(7,9,10), *
* 2 dimensional fit with C(g 10),u »

Consider for instance the 4d fit. In this scenario, we choose Cy ., Cio,u, Céw and Cio,u as fit
parameters while fixing all other NP Wilson coefficients to zero. The list above includes the most
interesting fit scenarios motivated by the search of NP in b— s transitions. Nevertheless, also
different set-ups, e.g., allowing for only RH contributions or 1d fits with only Cél) or Cﬂi  are
possible. In our fit procedure we assume real-valued Wilson coefficients.

Furthermore, when performing these fits we distinguish between two cases that feature different
sets of observables: global fits including only pure b— sy~ data (called ‘no Ry (»)’) compiled
in Tabs. C.1 to C.3, and others (called ‘with R ’), where we additionally include information
from b— sete™ observables such as Ry and BY— K*0¢te~ observables listed in Tab. C.4. In
the latter case, these observables provide more stringent constraints on the Wilson coefficients
C§') [%] However, the assumption has been made that electron modes do not suffer from NP
effects. In contrast, this assumption is not necessary in the case ‘no Ry (~)’, with results of the
corresponding fits used in Chap. 9 taking into account only pure b— s utu~ data.

The fit results for the two cases have been first published in Ref. [20]. After the publication, updated
measurements have been made available which include the latest LHCb measurements [9] of Ry+
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and Ry, see Egs. (3.46) and (3.47), respectively, as well as updated combined measurements
of B?S) — wtp~ branching ratios [98] and additional ¢*-bins of the differential By — ¢ putpu~

branching ratio [99]. The reader is referred to App. C for comprehensive details on those updates,
as well as the remastered fit results. They are compatible with the ones established in Ref. [20].

In the following, we present the published results that are employed in the subsequent studies of
this thesis.

Fit results using pure b— s utpu~ data
4.2.1 A

In Tab. 4.1, we display the best-fit values of the Wilson coefficients as well as their 1 o uncertainties.
The reduced x? and pull from the SM hypothesis are provided as well, see Eq. (4.3) and following.
We observe that all fit scenarios yield redy? ~ 1 indicating a good fit and exhibit a significant
pull from the SM hypothesis, pullgy; ~ 4.50. The correlations between the fit parameters are
given in App. C.3, and are taken into account in the analyses presented in this thesis. In the 6d fit
scenario, the values of C; and C/ are tiny and compatible with zero within 1o uncertainties.

Global fits with pure b— st p™ data (‘no Ryg’)

Dim. Co,u Cio,u Cop Clo. Cr ch redx® pullgy
1 —0.91+0.18 - - - - - 1.00 4.50
1 —0.68+0.16 —Co,p - - - - 099 470
2 -1.024+0.19 0.46 £0.18 - - - - 0.96 490
4 -113+0.18 0.31+0.21 0.2940.33 —0.24£0.19 - - 0.92 5.00

6 —1.15+0.18 0.30£0.20 0.22+£0.34 —0.24+£0.19 0.002+0.01 0.02+0.02 091 460

Table 4.1: Best-fit values and 10 uncertainties of the Wilson coefficients from a fit with only
pure b— s~ data for different NP scenarios. We also state the respective value of redy?
(x?* value at the best-fit point divided by the number of degrees of freedom) and pull from the
SM hypothesis, pullgy,. Table taken from Ref. [20].

4.2.2 Fit results including Ry (., data

Assuming that electron modes do not suffer from NP effects, we can append the lepton flavour
universality (LFU) observables compiled in Tab. C.4 to our analysis. Again, five different global
fits are performed and their results are shown in Tab. 4.2. Note that the pullg,; gets enhanced
from ~ 4.50 up to ~ 60 compared to the previously shown results in Tab. 4.1. This strongly
supports the B-anomalies while being consistent with other global fits performed by, e.g., Refs. [69,
93, 94, 98, 100, 101]. In the remainder of this section, we briefly discuss dedicated fit results and
their implications.
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Global fits including Ry data (‘with Rg’)

Dim. Co,p Cio,u Cé)” Cio,u Cr cr redx? pullgy
1 —-0.83+0.14 - - - - - 0.98 6.00
1 —-0.41%0.07 —Co,u - - - - 0.99 6.00
2 —0.71£0.17 0.20£0.13 - - - - 0.97 590
4 —1.074£0.17 0.18+0.15 0.27+0.32 —0.28 £0.19 - - 0.90 6.50

6 —1.08£0.18 0.18£0.15 0.27+£0.34 —0.28 £0.17 0.0005 £ 0.01 0.005+0.006 0.89 6.1¢

Table 4.2: Best-fit values and 1 o uncertainties of the Wilson coefficients from a fit including
observables listed in Tabs. C.1 to C.4 for different NP scenarios. Table taken from Ref. [20].

6d fit scenario

In Fig. 4.1, we show likelihood contours for the 6d global fit scenario in the plane of NP Wilson
coefficients Cy ,, versus Ci,, (left-hand side plot) and Cg ,, versus Cj , (right-hand side plot), while
the other coefficients are fixed to their central best-fit values. To illustrate the impact of the LFU
observables on the fit, we also show the contours of the corresponding fit including only pure
b— spTp~ data in violet. One notices that different sets of observables have a distinct impact
on the allowed parameter space comparing both plots. The Rk and R+ contours (in green and
orange) yield similar constraints in the Cq ,-C10,,, plane, whereas complementary likelihood regions
are given for Cg ,, versus Cg. ,- Together with the remaining observables, the global fit highlights the
necessity of NP contributions, especially Cy,,, < 0, in the context of the B-anomalies. While both
Cr and C} are consistent with the SM, we find that the preferred best-fit values hint at NP physics
with Cy ., < 0 and Cy0,, > 0. With the exception of Cj, ,, the RH currents of semimuonic Wilson
coefficients are also less preferred than contributions of their LH counterparts. Supplementary
plots that show contours of different subsets of observables are displayed in Fig. C.1.

1d and 2d fit scenarios

As no C§/) are induced by a Z’ boson and LH current contributions are already sufficient to explain
the deviations, the results of the 1d and 2d fit scenarios are of special concern and are employed
in Chap. 8, devoted to studies of flavourful Z’ models accounting for the B-anomalies.

Figure 4.2 visualises the results of the 2d fit in Tab. 4.2, where Cy , and Cy9,, are varied indepen-
dently. Supplementary plots are shown in Fig. C.2. Comparing the two plots in Fig. 4.2, one again
acknowledges the impact of including Ry (.) observables in the fit, similar to the 6d case. The
significant deviation from the SM hypothesis of Cg ,, is inferred from the overlap of the different
individual contours. The 1d results listed in Tab. 4.2 confirm the overall picture of NP effects
induced by LH (vector) couplings favoured by the B-anomalies.
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Figure 4.1: Global fit to rare B-decay data on |Ab| = |As| = 1 transitions in a 6d scenario.
Depicted here are the likelihood contours using the 6d results from Tab. 4.2 in the plane of
NP Wilson coefficients Cy ,, versus Cio,u (left-hand side plot) and Co,, versus Cy , (right-hand
side plot). The red contours (at 1-3¢) incorporate all observables used in the fit, whereas the
violet contours are obtained ezcluding LU ratios and B® — K*°eTe™ observables. We also show
contours using only certain subsets of observables, e.g. only Rk (green), only Rx+ (orange)
and B— K* utpu~ angular observables (blue). The dashed grey line indicates Cg,,, = —Cio,,-
Supplementary plots showing different contours are given in Fig. C.1.
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Figure 4.2: Global fit to rare B-decay data on |Ab| = |As| = 1 transitions in a 2d scenario, in
the plane of NP Wilson coefficients Co,, versus Cio,,. The same colour coding for the contours
as in Fig. 4.1 is applied, where we display additional subsets of observables in the right-hand
side plot for comparison, i.e. differential branching ratios dB/dq? (limegreen), lepton forward-
backward asymmetries Arp (beige), optimised angular observables P; (gold) and fractions of
the longitudinal polarisation F1, (cyan). For details on the observables included see App. C,
while supplementary plots can be found in Fig. C.2.
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Chapter

5

A guide for U(1)’ models

In this chapter, we provide details on the NP models of interest in this thesis, that is U(1)’
extensions. In those scenarios, the SM gauge group in Eq. (2.1) is augmented by an additional

abelian symmetry U(1)’, and becomes U(1)y x SU(2)L x SU(3)¢ x U(1). The associated gauge
boson of the U(1)’ is an electrically and colourless vector boson called the Z’ boson.

The most general renormalisable Lagrangian for the new U(1)" interaction is given by [102, 103]
1 uv !/ int
ﬁZ/ :71B BMV+‘CmiX+£Z/ 3 (5.1)
where B’*¥ denotes the U(1)’ field strength tensor. The L,ix includes kinetic mixing interactions

of the U(1)" with the abelian U(1)y group of the SM, see Sec. 5.4. The interactions of the boson
to SM fermions f’ in the flavour basis can be parametrised as

in —
Lyt =g By T 2, (5.2)

with the U(1)’ gauge coupling g4 and generation-dependent U(1)’ charges F; of the SM fermions,
where the notation Fy = {Fg, Fy, Fp, Fr, Fg} is understood. Additional interactions to, e.g.,
RH neutrinos v, with associated charges F, can also be implemented in this Lagrangian. When
going from flavour basis (also called gauge basis) to the mass basis, non-universal fermion couplings
are constructed. They generally depend on the U(1)" gauge coupling and charges of the fermions
under the U(1)’. Such a generation allows for FCNC couplings to quarks at tree level, and hence
constitutes an essential concept in our Z’ model building.

In this thesis, we confine ourselves to studies of heavy Z’ bosons with masses Mz, in the TeV-range,
related to the breaking scale of the new symmetry. For studies that discuss NP interpretations
with light Z’ bosons (with masses below or around the electroweak scale), see e.g. Refs. [104-108],
while we suggest Refs. [103, 109-113] for additional literature on Z’ models and their parameter
constraints.

Details on the necessary fermion mixing are discussed in Sec. 5.1. Afterwards, we study gauge
anomaly cancellation which dictates theoretical constraints on the U(1)’ charges and derive
phenomenological constraints on Z’ couplings from meson mixing in Secs. 5.2 and 5.3, respectively.
Some information on gauge-kinetic mixing is given in Sec. 5.4, while we conclude this chapter in
Sec. 5.5 with a review of Landau poles in U(1)" extensions.
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Flavour rotations in Z’ set-ups

In this section, we outline how FCNC couplings to the Z’ boson are generated via rotations from
the gauge to the mass basis, mainly focussing on the quark sector.

In Sec. 2.3, we have introduced four unitary rotations that exist in the quark sector, those for up
(down)-singlets U, (Uy) and up (down)-doublets V,,(Vy). Those rotations are a priori unconstrained
except for the product

(V)" Va = Vexu (5.3)

where Voxyr denotes the CKM matrix as defined in Eq. (2.25). Following Eq. (5.2), we write out
the Z’ couplings to quarks

845 g (W, Qv w2} + &, @ i 2+ Tl i 2+ Ay Dy 7)) (54)
with the structure of U(1)’ charges in the flavour basis parametrised by the diagonal matrices
Q’:diag(FQl,FQz, FQs) s L{’:diag(FUl,FUQ,FUQ y D’:diag(FDl,FDZ, FD;;) . (55)

To better understand how FCNC couplings, which we call gﬁ R are generated by flavour rotations,
we consider the first term in Eq. (5.4) while analogous results are obtained for the remaining terms.
Inserting the field rotations defined in Eq. (2.21), we find (only looking at the flavour structure)

Q' =1, (Vi)' Q' Vi, =7, O,y . (5.6)

We observe that a flavour structure Q' proportional to the identity matrix, e.g. Q' = Fg - 1,
prevents FCNC transitions as Q,, in the mass basis remains diagonal due to the unitarity of V,,. To
obtain off-diagonal entries in Q,,, it is therefore pivotal to assume non-universal charges, Fg, # Fg,,
which yield FCNC couplings, provided that V,, # 1. For instance, tree-level contributions to rare
charm decays via a Z' boson are of the form wy, ; Q12 uy, , = g, QI ¢, with Q% ~ (Fg, — Fg,).
Applying flavour rotations to the remaining terms in Eq. (5.4), we can summarise the flavour
structure in the mass basis

Q=) oV, Q=) QVy, Uu=w)' U, D=U) DU,. (5.7)

Next, we study different mixing scenarios assuming distinct structures for the unitary matrices.
Utilising the general set-up, we investigate flavour mixing in the up-quark and down-quark sectors
with a focus on ¢— u and b— s transitions, respectively. While it is possible to allow for mixing
effects in both sectors simultaneously using an appropriate parametrisation, see e.g. Ref. [114,
115], we distinctly study flavour mixing in only up- or down-quark transitions.

5.1.1 Flavour rotations in the right-handed quark sector

The rotations for the RH quarks are unconstrained and a general parametrisation of unitary
3 x 3 matrices U, 4 can be chosen with n? = 9 real independent parameters (five angles, four
phases) [116]. However, at this point we make some simplifying assumptions, since we focus
mainly on mixing between first and second generation in the up-sector for charm physics (with
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underlying ¢— w transitions), and mixing between second and third generation in the down-sector
for B-physics (with underlying b— s transitions). These assumptions are further motivated to
circumvent mixing between the first and second generation in the down-quark sector governed
by strong kaon constraints [110], which we comment on in Sec. 5.3.3. Hence, it is convenient to
utilise a 2 x 2 rotation matrix and define the two unitary matrices

cos (6,,) —e!'?% sin (0,) 0
Us=| e %% sin(6,) cos(6,) Of, (5.8)
0 0 1
1 0 0
Us=10 cos (64) —e'?R sin (6y) | (5.9)
0 e %% sin () cos (04)

where 6, and 6, are the uc- and bs-mixing angles for the up- and down-type quark singlets,
respectively. In addition, we have introduced a CP-violating phase ¢r. Due to the SM-like CP
violation in the LH quark sector, flavour mixing in the RH sector provides the opportunity to
generate sizeable CP-violating effects. Here, we refer to Chap. 7 for a detailed study of weak
phases in U(1)" extensions. We emphasise that by assuming mixing only in the down-quark sector
we do not generate FCNC transitions in the up-quark sector and vice versa. We also discard the
possibility of large cancellations between up- and down-quark flavour rotations, corresponding to
large mixing angles.

5.1.2 Mixing only in the up-quark sector

Assuming flavour rotations only in the up-sector, we set Vy; ~ 1, Uy ~ 1. This infers V,, ~ (VCKM)Jr
maximising effects in the up-sector. First, we study the mixing in the LH quark sector by rotating
to the up mass basis via Eq. (5.7) which yields

Q, =Vexkm Q@ (Voxm)' - (5.10)

Explicit values of the matrix elements Q% are listed in Tab. 5.1, where we also give entries in the
Wolfenstein parametrisation to analyse hierarchies of the ji-vertices.

For instance, the cu-vertex can be written as
Q.2 = (Fg, — Fg.) As + (Fg, — Fg,) M = (Fg, — Fg,) Acku (5.11)

where the approximation A, < As & Ackm with Ay = V7 Vi, ¢ = b, s, has been performed in
the last step. We find that in Z’ models non-universal U(1)’ charges are necessary to generate
FCNC transitions, since flavour mixing between different generations ¢, j is proportional to their
difference of U(1)’ charges Fy, — Fg,. For charge assignments Fg, = Fg,, contributions can in
principle emerge via mixing terms if Fg, # F,, however, those are highly suppressed and SM-like
due to CKM suppression. For instance, contributions in ¢— u transitions where Fg, = F, are
given by (FQS - FQl) Ap ~ )‘SCKM (FQ3 - FQI)'
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Vertex

Mixing ji Matrix element ij fo (Wolfenstein + O ()\%KM))
Fg, + (Fg, — F. Vus)?
e &1 % (FE;SQE FQlc)Qll\)/lbf%S‘ Fa, + Mok (Fap — Fa,)
Fo., + (Fg, — F. Veal?
2 ce 22) Qi (ngsQ*l FQ;)QZ\‘)/FII;P | Fas = Ao (Faz = Fau)
2 .
o 2
Fo, + (Fo, — Foq) |Vis|
Q
Q
2 (Fou — Fo,) VesVus _
= cu (1,2) +(Foy — Fo,) ViyVay Aokm (Fqy — Fo,)
N (FQ3 - FQQ) Vt)zvcb 2 —
te (2,3) +(Fa, — Fay) VisVea Aexm A (Foz — Fq,)
tu (1,3) (Fas = Far) Vit Voo 0

+ (Foy — Fo,) ViiVus

Table 5.1: Overview of LH flavour rotations assuming mixing only in the up-quark sector.

Neglecting higher-order corrections O (A, ), the Z’ coupling gf* is simply given by

97" = Q.2 ga ~ (Fo, — Fo,) Ackm 4 - (5.12)

The diagonal couplings can be readily obtained as

97 = FQ, 01+ 0O (/\%KM) . (5.13)

For the RH quarks, we rotate to the up mass basis as prescribed in Eq. (5.7), neglecting off-diagonal
mixing of the third-generation quark singlets. In Tab. 5.2, we provide the non-trivial matrix
elements U/%. The only non-vanishing FCNC Z’-coupling to RH quarks is given by

g =U' g4 = (Fy, — Fu,) cos (0,) sin (6,) €' 7 g4, (5.14)

where again the non-universal charge assignment Fy;, # Fy, to generate FCNC contributions is
evident. The generation-diagonal couplings of interest read

gi =U" gs = [Fy, cos® (0,) + Fu, sin® (0,)] g4, (5.15)
95 =U* g4 = [Fy, cos® (0,) + Fy, sin® (0,)] g4. (5.16)

In the limit ,, < 1, the contributions from other-generation U(1)’ charges can be neglected and
we obtain g ~ Fy, g4. The same is obviously true assuming universal charges Fy, ~ Fy,.

5.1.3 Mixing only in the down-quark sector

Restricting ourselves to rotations only in the down-sector, it is V,, =~ 1,U, ~ 1. Hence, the
CKM-mixing solely resides in the down-sector, V; & Voxym. Following Eq. (5.7), we rotate in the
down mass basis via

Q= (Verm)' Q' Vekum - (5.17)
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Mixing Ve;:ex Matrix element U

uu (1,1) Fy, cos® (0) + Fu, sin® (04)
o cc (2,2) Fy, cos? (0y) + Fu, sin® (04)
s
o
5 tt (3, 3) F‘U3
2
bt )
;’.; cu (1,2) (Fu, — Fu, ) cos (6.) sin (6.) PR
5

te (2,3) 0

tu (1,3) 0

Table 5.2: Overview of RH flavour rotations &% in the quark sector assuming rotations only
in the up-sector and no mixing with the third generation, see Eq. (5.8).

A similar pattern arises as in the up-sector, where we list the corresponding entries of the matrix
Q, in Tab. 5.3. The mixing contribution for the bs-vertex is given by

QF = (Fo, — Fo.) ViV + (F, — Fou) ViVas = (Fo, — Fq,) ViiVis - (5.18)
which readily reveals the b— s coupling
g%s = Q?ig ga = (FQz - FQz) ‘42ng4 . (519)

For the diagonal couplings we find analogous expressions as in Eq. (5.13), where g% = Fg, ga holds
neglecting terms O ()\%KM).

Mixing Ve;‘;ex Matrix element o) Q¥ (Wolfenstein + O (Adxy))
dd (1,1) FQJlr ?FE;:QE ;Qfgll‘)/t‘xczdﬁ Fo, + )‘2CKM (FQz - FQl)
%’ 88 (2,2) FQj_ ZFF(QIZQi ;Qicﬁz/f‘:/fés ‘2 Fg, — )‘%KM (FQQ - FQ1)
:ow 3,9 Fag 1 [Pz © Fau) vl Fay
? «
g sd (1,2) ﬁfgsg_—Fgél))v‘cffﬁv‘;:s —Ackum (Fo, — Foy)
<
bs (2,3) +((I;7%)'1 __I;:%zz)) “//t'}s‘/\t)ib 7/\%KM A (FQs —Fq,)
bd (1,3) (Fas = Fay) VigVe 0

+ (FQz - FQ]) Vc*dvcb

Table 5.3: Overview of LH flavour rotations assuming mixing only in the down-quark sector.

For the RH quarks, we rotate to the down mass basis following Eq. (5.7), neglecting off-diagonal
mixing of the first-generation quark singlets due to our focus on b— s transitions. The matrix
elements DY are listed in Tab. 5.4. We identify

9% =D* g1 = (Fp, — Fp,)sin (04) cos () €7 gu, (5:20)
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whereas g%j =D g, =0 and gf{d =D2g,=0.

Vertex

Mixing i Matrix element D

dd (1,1) Fp,

2 ss (2,2) Fp, cos® (04) + Fp, sin® (04)

g

3 bb (3,3) Fp, cos? (04) + Fp, sin® (64)

g

a sd (1,2) 0

g
bs (2,3) (Fps — Fpy) cos (84) sin (84) €'?R
bd (1,3) 0

Table 5.4: Overview of RH flavour rotations D% in the quark sector assuming rotations only
in the down-sector and no mixing with the first generation, see Eq. (5.9).

The generation-diagonal couplings read

g%’ =D g, = [FD3 cos? (04) + Fp, sin? (Hd)] ga (5.21)
g5 =D* g4 = [Fp, cos” (04) + Fp, sin® (0a)] g4, (5.22)

which for small bs-mixing angles 65 < 1 (or Fp, ~ Fp,) simplify to g% ~ Fp, g4.

5.1.4 Flavour rotations in the lepton sector

As noted after Eq. (2.27), lepton flavour conservation in the SM is protected due to Upyns = 1.
We can benefit from this SM feature as it is very sensitive to NP.

By assuming a similar misalignment between flavour and mass bases as in the quark sector, cLFV
can be induced in Z’ scenarios with non-universal couplings to leptons g‘g),R, ¢+ {¢'. However, if
the PMNS matrix is only constructed from rotations in the neutrino sector, V. = 1, no left-handed
cLFV is realised and it is ggl = 0. By allowing for charged lepton rotations V, # 1, we can
induce non-zero couplings ggl. Moreover, g%/ = 0 is also possible via analogous rotations in
the RH lepton sector if right-handed neutrinos are present and charged under the U(1)’. The
most stringent bounds on these rotations are given by upper limits on the branching ratios of
purely leptonic decays involving lepton flavour violation (LFV). Current limits are O (10*8)
for 7 — (u,e)l, ¢ = e, p, whereas O (107'2) is achieved for p — eee and p — ey [32]. These
limits can be met by rotations 8y < /B (i — eee) - (Mz:/gs)? - © (10) TeV 2, assuming rotations
only in the LH lepton sector and charges Fy, ~ O (1) chosen such that large cancellations are
avoided [111, 112]. Here, B (p — eee) provides the most stringent limits whenever couplings to
electrons are involved. We obtain the benchmark value 6, < O (10’3) taking the upper limit
B(p~ —eete) <1-10712 [32] as well as My /g4 = 10 TeV. Additional remarks of LFV in Z’
models are given in Sec. 6.4, whereas explicit flavour structures of charged leptons and neutrinos
are presented in Chap. 9.
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5.2 Cancellation of gauge anomalies in U(1)" extensions

The flavour-diagonal couplings of the Z’ boson to leptons are given by

gél =04 FLi ) g% =04 FE1 ) (523)

where 7 = 1,2,3 for £ = e, u, 7 is understood.

5.2 Cancellation of gauge anomalies in U(1)" extensions

After providing the necessary details on how non-diagonal couplings in FCNC transitions are
realised in Sec. 5.1, we now study constraints on the new charges Fy which enter the respective
couplings. The constraints arise from imposing gauge anomaly cancellation and need to be fulfilled
in every Z’ scenario. In doing so, we summarise the tools and equations necessary to construct
anomaly-free Z' models. We refer to App. D for a brief introduction of anomaly cancellation in
QFTs, where we also moot the SM as an example of an anomaly-free theory. Instrumental for our
U(1)" charge assignments is the fact that only chiral fermions (whether SM or new BSM fermions)
contribute to the gauge anomaly when charged non-trivially under the respective (gauge) group.

In U(1)’ extensions, gauge anomalies arise from six (potentially) non-vanishing triangle diagrams
involving at least one U(1)" gauge boson, see Fig. D.1. The cancellation of such diagrams is
translated into Diophantine equations called anomaly cancellation conditions (ACCs). Taking into
account SM fermions (as well as three possible RH neutrinos v, with charges F) ), the corresponding
ACCs read as follows [11, 26],

3
[SUB)e)* x UQ)' s Y (2Fg, — Fy, — Fp,) =0, (5.24a)
=1
3
SU@)L xUW) s > (3Fg, +FL)=0, (5.24b)
=1
3
UMW)y xUQ)Y: Y (Fo, +3FL, —8Fy, —2Fp, —6Fg,) =0, (5.24c)
=1
3
gauge-gravity: > (6 Fg, +2Fy, —3Fy, —3Fp, — Fg, — F,,) =0, (5.24d)
i=1
3
Uy x [UQ)T?: > (F3, — F?, —2F3 + F3 +F3) =0, (5.24¢)
i=1
3
U > (6FS, +2F} —3F} —3F) —Fj —F3)=0. (5.24f)

i=1

Compared to similar conditions present in the SM, which are universal for all three generations
of SM fermions and fix the U(1)y charges, we now explicitly distinguish different generations.
Since the RH neutrinos are singlets under the SM gauge group, the charges F,, only appear in
the gauge-gravity and [U(1)]® constraints, see Egs. (5.24d) and (5.24f), respectively. Overall, 18
charges are constrained by six ACCs. However, the system can be reduced to 15 charges when
decoupling the RH neutrinos by setting £, = 0. If any BSM fermions are considered in this
thesis, we include them as SM-singlets and vector-like charged, hence their charges drop out in the
ACCs. See Refs. [10, 11, 14, 117-119] for recent phenomenological applications that also include
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an advanced chiral BSM sector.

In our studies, we demand anomaly cancellation together with imposing phenomenological con-
straints to further reduce the number of free parameters in the model building process, which we
present at the appropriate place whenever relevant. They can be implemented into an advanced
system of equations combining anomaly cancellation and phenomenological input. In order to
extract solutions of the system, we use computational algebraic geometry and perform a Grébner
basis computation to deduce the most reduced version of the system [118, 120].

In what follows, we give some closing remarks on the ACCs. A set of charges Fy that solves
Eq. (5.24) is referred to as a solution. In our studies, we exploit the following features.

e Rational solutions:

We assume that all U(1)" charges are rational numbers Fy € Q.

e Rescaling invariance:

Any solution can be rescaled by any rational number £ € Q, which gives Fy — k Fy, Vf,
which constitutes another solution. As this rescaling is equivalent to just rescaling the
U(1)" gauge coupling, these solutions are in the same equivalence class and therefore not
independent from each other. Hence, we can consider only integer solutions Fy € Z without
loss of generality.

e Permutation invariance of fermions:

The ACCs are invariant under the permutation of generation indices within each specific
species f, which is also known as charge inversion symmetry. However, this degeneracy of
charges for each species is lifted whenever additional (phenomenological) constraints, which
link certain generations of fermions, are added to the system.

In the next part, we study constraints on Z’ couplings due to meson mixing which provides
stringent limits on the FCNC quark couplings g z. While not pivotal to every U(1)" extension,
they need to be considered when studying rare decays.

Meson mixing in Z’ models

Up to this point, we have focussed mainly on FCNC transitions AF = 1. Here, we briefly discuss
FCNCs transitions of AF = 2, which induce strong constraints on the NP parameters elaborated
so far. The transitions describe neutral meson oscillations that generate mixing between the
neutral mesons and their antiparticles. Studies regarding meson mixing have already played a vital
role in tests of the SM and its extensions for many years. In addition to their absent tree-level
contributions in the SM, they occur within the SM to an excellent approximation only via box
diagrams with internal quark and W-boson exchanges.

In what follows, we provide constraints from mixing observables on our Z’ model couplings that
outline the parameter space of NP parameters. Due to our emphasis on charm and B-physics, we
consider the corresponding D%-D® mixing and BY-BY mixing effects, with mesons that include
up-type and down-type quarks, respectively. We also detail how constraints from kaon oscillations
are met. Before that, we shortly review the general formalism.
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The time evolution of meson mixing with, e.g., P = D, B,, ... is described by the Schrédinger
equation and reads [121, 122]
P(t . P(t - i~ P(t
2 (PO g (PO _ (5 1) (1200), 55
|P(t)) |P(t)) [P(t))

where M and T’ denote the mass and decay matrices, respectively. The C PT invariance requires
that M = Mll = MQQ and ' = fll = fgg, while the off-diagonal elements obey Mo = Mlg = M;l
and ['jp =Typ = f;l due to the hermiticity of M and T, respectively. The physical eigenstates
|Py), with masses My and decay rates I'y, are obtained by diagonalising the Hamiltonian in
Eq. (5.25). The oscillations are parametrised by three physical quantities

2|Ml2| |F12| Mo
= -4l = —2 . 2
Z12 T , Y12 T P12 = arg Ty, (5 6)

While the quantities 12 and y12 are C' P-conserving, the phase difference ¢12 induces C'P violation
in mixing. The mass and width differences between P, and P_ are related to them as

AM:M+ — M_ :2|M12|, AF:F+ —I_ :2|F12‘ COSs (¢12) 5 (527)

where AM is simply the oscillation frequency and T' = (I'y 4+ I'_)/2 denotes the average width.

5.3.1 Constraints from D°-D° mixing

The Z'-couplings ¢g§* and g are subject to constraints from D°-D° mixing, where the dominant
tree-level contribution in the SM as well as the contribution via a Z’ boson are depicted in
Fig. 5.1.

S
<
ol

S
al

Figure 5.1: Dominant contribution to the D°-D° mixing amplitude in the SM via a box-
diagram (left-hand side diagram) and via a Z’ boson at tree level (right-hand side diagram).
For each diagram shown there is also a second one, obtained by a 90° rotation.

To study the impact of Z’' contributions to D°-D° mixing observables, we consider the latest
published world averages of the mixing observables that are collected in Eq. (B.5), where in

particular [123
x12 € 0.22,0.63] %, ¢12 € [-2.5°, 1.8°]. (5.28)

A recent update of those quantities is available online [124] and provided in Egs. (7.59) and (B.6).
For the Z’ models we impose

ofy <w1p, afy sin <¢1ZQ) < 212 sin (¢12) , (5.29)
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since no sufficiently controlled SM predictions of the mixing parameters are available in charm [125].
Following Eq. (5.25), the D° — D transition amplitude reads

(D°|HGF=2|D") = (D°| Zci Qi|D%) = Mys — %Flz. (5.30)

The Hamiltonian in Eq. (5.30) includes eight operators generated at the scale unp ~ Mz [126],

Q1 = (Uryuer)(@ry*er) = (Urouwer)(Uro"cr),

Q2 = (@ryuer)(@ry"cr), = (WrYucr)(WrY"CR)

Qs = (Wpen)@nes) — (@zcn)(@rcn), (531)
Q4 = (urcr)(Urer), = (Urouvcr)(urot’cr) .

As the hadronic matrix elements (HMEs) (Q;) = (D° Q; |D) are computed at the low scale
1 = me, the RG running of these operators to the NP scale uxp provokes an operator mixing
which needs to be taken into account.

In Z’' models, the following Ac = 2 Wilson coefficients are stipulated

cu 2 cu cu Ccu 2
c1(p=Mg)= (29&2 , Ca(p=Mg)= gﬁng , co(p=Mg)= (29]@2 ; (5.32)
A z'! zZ'!

while the operator ()3 is radiatively induced and needs to be taken into account as well. Assuming
no interference with the SM, we can parametrise the Z’ contribution to x2 as [126, 127
2 1

Tig =

T c1(Mz)(Q1) + /11 c2(Mz) (Q2)
pompo (533)

+ 5 (M) (VT =17 (Qs) + 11 e (M) (Qs) .
The renormalisation factor is given by [127

(4) 35 /0 35 /(6 z
as ' (mp)\ 2 (s’ (m) \ B [(as’ (Mz)\7
= 7“1(/% MZ’) = ( 0(4)('[0 ) ( (5) (6) ) (534)

as” (mp) as”’ (my)

where the strong coupling a; at LO is provided in Eq. (A.30). After inserting the Wilson coefficients
in Eq. (5.32) into Eq. (5.33), we derive the formula

o Q) (@8 + (987 — X g5 g3

= 5.35
12 QFDD mpo M%/ ’ ( )

where
2 -1
X =2 (V@ + 3 (VT -1 Qa) ) (@) (5.36)

Utilising numerical values of the matrix elements given in Eq. (B.7), we obtain the benchmark
values X = 19.2, 24.0, 26.2 for Mz = 1,5,10 TeV, respectively.

Rearranging Eq. (5.35) and imposing Eq. (5.29) yields the quadratic equation

| (g8 + (95)° — X g5 g5 < 7, (5.37)
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that is symmetric in terms of the couplings g7“ and g%', where

23?12FD0mD0M2, 7 <MZ’)2
= €[2.2,6.4]-10 . 5.38
T1<Q1> [ ] TeV ( )

Here, the allowed 95 % C.L. interval is determined by the experimental limit on x5 and the HMEsS,
cf. Egs. (5.28) and (B.7), respectively. Note that the function r also depends on Myz:, and we
have assumed Mz ~ 6 TeV in Eq. (5.38). In the maximum case of 2%, = z15, we can rewrite
Eq. (5.37) as

I3

| (95)° + (95)° — X g5 93| =2 =0. (5.39)

Solving Eq. (5.39) for gr g # 0 yields

X X2 T
ol = g — + — -1 — | . 5.40
197", = l9%'L (2 \/( 1 ) + 9%?L|2> ( )

After employing & < |g%*|> and 4/X? < 1, the following two cases emerge

. 1
97" = X g% or gp=Xg¢itegit= X 9%’ (5.41)

at linear order neglecting terms O (1/X).

In the case of only one non-zero coupling the hierarchy in Eq. (5.41) is obviously irrelevant, and
we derive the upper limit

Mz
98k = VZ <8.0-107* ( T;/> . (5.42)

Let us summarise the main implications of this study. The effects of Z’-induced contributions
g7°r can be strongly constrained by meson mixing. However, we can evade such bounds via a
cancellation whenever LH and RH couplings are present, imposing the hierarchy put forward in
Eq. (5.41). Throughout this thesis, we implement two different cases, which we anticipate in the
following to give the reader a clearer picture of the proposed hierarchy between the couplings.

e In Sec. 6.3, we study the hierarchical Z’ models in Eq. (5.41) that evade the D°-D® mixing
bounds assuming real-valued couplings.

e In Chap. 7, large C P-violating phases and hence complex-valued couplings are of special
interest. However, the relation in Eq. (5.41) imposes similar weak phases on both couplings
g¢" and g¢%‘, which unfortunately kills possible C'P-violating effects as only SM-like C'P
phases in g§* are viable. For details, we refer to the discussion in Sec. 7.1.4.
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5.3.2 Constraints from B°-B° mixing

In our Z’' framework, the NP contributions with vector (colour-singlet) operators to B,-mixing,
q = s, d, are described by the effective Hamiltonian {128

_ 4G
HAP=2 > —= 1, [Cb (@p7"b)? + CiR (Gr"br)” + CLF (@,7"b1) (Grubr) | + e, (5.43)

V2

where vy = Vip thI and the Wilson coefficients are given by

2 2
—2 bg —2 bq) -2 bg b
LL Ybq (gL ) RR _ _ bg (gR L V20 gl gl (5.44)
, :

442Gy MZ 0 M T 42Gy MZ 0 M T 4Gr  ME

Here, we focus on transitions with ¢ = s, while analogous relations are readily obtained for
Bg-mixing. In Fig. 5.2, we show the tree-level contributions to the BY-BY mixing amplitude
mediated by a Z’ boson.

Z/

ol
>

Figure 5.2: B2-B? mixing contributions via a Z’ boson at tree level. Similar diagrams for
BY9-BY mixing exist when swapping s with d quarks.

Taking the SM predictions as well as the experimental values of the mass differences of the B
mesons [128], collected in Egs. (B.8) to (B.11), within their 2.5 ¢ uncertainties, we obtain the total
(SM+NP) contribution normalised to the SM. It reads [21]
AMS(M)JrNP
s(d
AV < 1.156 (1.154) , (5.45)

where NP effects in both B,s- and Bg-mixing can be as large as 15 % compared to the SM.

In what follows, we utilise a similar idea as for D-mixing to parametrise NP effects. Provided the
limit in Eq. (5.45), we can express the B,-mixing contributions via a Z’ boson as [21, 128

AMSMJrNP
s
AMSM

(5.46)

)

T 2
_ ‘1 4200 <5M§V> : {(9?)2 +(gk) — Xo g 93’5}

with X =~ 10 for Mz ~ 5 TeV. Notice the similarity to the quadratic equation derived in
Eq. (5.39). Applying analogous simplifications, we minimise the NP-effects in B,-mixing with

(95)" + (o%)" = Xa gl gl = w, (5.47)

where w =~ 0 has to hold, allowing for very small deviations from mixing constraints. Assuming
4/X? < 1 together with w/(g%)? < 1, we solve Eq. (5.47) and re-encounter the hierarchical
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structure

1
9r = Xs 9% or 97 = X. 9% - (5.48)

For the case of only one non-vanishing coupling, the hierarchy collapses and we find the two
equivalent expressions at 99 % C.L. [129

bs |2
9881 <1 941075 o2, 04| <3.5-1078 (M2} (5.49)
Mz~ Rl TeV

Constraints from Bg-mixing on our Z’ models are similar to those coming from B,-mixing as
both sectors provide similar room for NP-effects, ¢f. Eq. (5.45), where Z’-induced contributions
(giq) ~ Upq follow the CKM suppression of the SM. Adapting Eq. (5.46) for B;-mixing [128], we
obtain the bound T

_3 (Mg
l9plg| S 1.1-1072 (Tev) , (5.50)

assuming only one non-vanishing coupling.

5.3.3 Constraints from K% K° mixing

In the down-sector, K°-K° oscillations can be subject to NP effects and set tight constraints
on possible BSM couplings connected to s— d transitions. A well-suited observable to study
short-distance C' P-violating effects in these transitions is

0
o T (M)

£ =
K=7/2  AMg

(5.51)

where small corrections from long-distance contributions are encoded in k. = 0.92 + 0.02 [130].
The phase of e is experimentally determined as ¢. = (43.5 +0.5)°, and AMy = (3.484 +0.006) -
107 GeV [32]. The comparison of the SM prediction with the experimental value [32, 131],

lersm = (2161 £ 0.183) - 1073, |ef|exp = (2.228 £0.011) - 1072, (5.52)
sets strong constraints on NP contributions.

In this thesis, we avoid BSM contributions to kaon observables by imposing appropriate (universal)
charge assignments to the s and d quarks whenever flavour rotations in the down-sector are present.
Due to g3 = g4 Q1% ~ Fy, — Fg,, we set F, = Fg, to avoid tree-level kaon FCNCs in our 2’
models, see Tab. 5.3. For RH quark transitions, we consider mixing only between the second
and third generation, stipulated by Fp, = Fp,. Moreover, C' P-violating effects are not induced
assuming real-valued Wilson coefficients.
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Z-7Z' kinetic mixing interlude

Additional constraints on NP parameters can be worked out considering kinetic mixing between
the abelian sectors. This mixing manifests itself via the parameter n (with || < 1) as

Lonix = — (5.53)

e il
4(1—7’}2) -7 1 Bl;,w

where B and B’*" are the field strength tensors of the U(1)y and U(1)’ interactions, respectively.
As the parameter 7 is not natural, it cannot be switched off by adjusting theory parameters [21].
It also violates the custodial symmetry of the Higgs potential in Eq. (2.11).

For non-trivial kinetic mixing the p parameter is altered, psy = 1 as in Eq. (2.18), and reads

2 12
1 n? sin” (Ow) . (Mg
14 = 1 + 1_722 Wlth Z = MZ/ - (554)
/r]_
Yet, a global fit of electroweak precision parameters [32],
p = 1.00039 £ 0.00019, (5.55)

suggests a NP contribution of the opposite sign. Therefore, without any cancellations from other
sources, kinetic mixing is expected to be subleading at the electroweak scale, which necessitates

In| <O (107?). (5.56)

Implications of this are studied in Chap. 8. For details on accidental symmetries and kinetic
mixing involving Z’ bosons facing the B-anomalies see, e.g., Ref. [13].

Figure 5.3: Kinetic mixing induced by the U(1)y and U(1)" gauge bosons with a fermion loop.

Another way to prevent large kinetic mixing contributions is to impose a cancellation of the
one-loop diagram depicted in Fig. 5.3. This can be realised if P Y Er=0 [132], which translates
into a linear equation of the U(1)" charges to fermions, _

(Fg, — F, +2Fy, — Fp, — Fp,) =0. (5.57)

3
=1

2

For instance, the anomaly-free Z’ models 1, 2, 4, 5, 9, 10, and 10u presented in Tabs. 6.1 and 7.3
satisfy Eq. (5.57), and therefore one-loop contributions to kinetic mixing are cancelled in these
models. This is due to them featuring Z?Zl Fy, =0, where f = {Q, U, D, ...}, and hence all
linear ACCs in Eq. (5.24) and Eq. (5.57) are fulfilled by this construction.
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Generic Landau poles in U(1)’ extensions

We recall from Sec. 3.1 that Landau poles in the RG flow indicate the breakdown of perturbation
theory. In what follows, we review bounds on arising Landau poles in U(1)" extensions.

As outlined in Sec. 3.4, an explanation of the B-anomalies requires sizeable NP couplings. In our
case, O (1) couplings induced by a tree-level mediator dictate a scale of about 40 TeV [133, 134],
while generic lower bounds on the heavy Z’ mass yield a NP scale of jig ~ 5 TeV [135]. Then,
assuming a minimal model set-up to induce the b— spu*u~ transition via flavour mixing, we
estimate [21]

1 (5 TeV/40 TeV)? 1 1
(47T)2 thVt;FLzFQs 40 72 FLQFQs

ay (o =5 TeV) ~ (5.58)
for the U(1)" gauge coupling ay = g3/(47)%. The running of the gauge coupling as in Eq. (3.19)
implies a Landau pole at high energies. Interestingly, we find that the one-loop coefficient By is
bounded from below by the minimal amount of U(1)" charges necessary to explain the B-anomalies
while simultaneously avoiding gauge anomalies through Eq. (5.24). We derive the bound

16
By > ) (FZ, +3F3,) (5.59)

which together with Eq. (5.58) yields

1H<MLP>_ 1 _157‘1’2 FL2FQ3 <157T2
Ho

= = . 5.60
B4oz4(,u0) 2 ng +3FC223 ~ 4\/§ ( )

On a quantitative level, this relation can be translated into an upper bound for the scale of the
Landau pole,

prp < 101 GeV < ppp ~ 1012 GeV . (5.61)

Here we make a few remarks. First, we note that by introducing additional U(1)’ couplings to SM or
BSM particles the Landau pole is shifted towards (significantly) lower energies. Figure 5.4 displays
the RG evolution of couplings in a benchmark model with beyond-minimal U(1)’ charge assignment
that yields a putative Landau pole at roughly urp =~ 3 - 107 GeV. The scenario corresponds to
a benchmark model BMj3 discussed in Sec. 8.3, where possible BSM fields have been explicitly
decoupled. The scale of the Landau pole is further reduced if additional couplings to BSM particles
are introduced. Yet, there are ways to lift or mitigate the generic bound in Eq. (5.61) provided
fine-tuning assumptions. For example, larger bs-mixing angles in the LH quark sector can be
generated by assuming strong cancellations between V; and V,,, which lowers a4 (pp) in Eq. (5.58).
However, we have discarded this possibility in our studies. Another way to reduce a4(po) is to
assume a smaller Z’ mass. This becomes feasible in models with first- and second-generation quarks
being uncharged under the U(1), evading the limits from pp-production [135, 136]. Nonetheless,
while exploring such a setting, it is still possible to find Landau poles below the Planck scale
even for scenarios with Mz 2 1.8 TeV and decoupled BSM fields [20]. On a last note, one might
consider explaining the B-anomalies with substantially lighter Z’ bosons (that is Mz < 150 GeV)
as studied in, e.g., Ref. [134]. While fine-tuned flavour mixing is still of the essence, it may be
possible to push the Landau pole beyond Planckian energies. Yet, the in- or metastability of the
Higgs potential remains present in these scenarios [21].
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Figure 5.4: RG evolution of couplings in am U(1)’ extension of the SM as in the benchmark
scenario BM3 discussed in Sec. 8.3, without any BSM fields, see Chap. 8 for details. The U(1)’
gauge coupling a4 runs into a Landau pole at urp ~ 3 - 107 GeV. For consistency, the RGEs
are solved at two-loop accuracy for all couplings [21, 50].

5.5.1 Planck safety essentials

A concept to both tackle the Landau pole problem as well as stabilise the scalar potential is
the Planck safety approach. In general terms, such Planck-safe theories are characterised by the
absence of Landau poles and instabilities up to Planckian energies.

One possible way of constructing Planck-safe models is described in the following. It is well
established that Landau poles can be delayed or even removed by new Yukawa interactions, slowing
down the growth of the gauge couplings due to counteracting contributions in the §-functions [137,
138]. These Yukawa interactions can be integrated by introducing a rich scalar and fermionic BSM
particle content. Then, extensions of the SM may be realised in which Landau poles are moved
towards higher energies, possibly even beyond the Planck scale where quantised gravity effects
become strong. By doing so, new constraints on the BSM matter fields and their interactions are
introduced. Moreover, the instabilities in the scalar Higgs sector are avoided by certain conditions
complementary to phenomenological ones [139, 140].

In conclusion, Planck-safe model building can be realised given a flavourful BSM sector where
both fermions and scalars are instrumental. While new Yukawa and quartic couplings play an
important role in delaying putative Landau poles, the Higgs can be stabilised by, e.g., portal
couplings. As studied intensively over the past years, it is possible to find trajectories of the RG
flow that run into fixed points at highest scales and remove the arising Landau pole altogether
known as asymptotic safety [141-146]. In this thesis, we do not study the BSM parameter space
for fixed points of the theory, but instead scan for viable coupling trajectories that remain physical
and perturbative, i.e. 0 < o; < 1, up to the Planck scale. For recent studies of Planck-safe model
building concerning the (g — 2),, anomalies see Ref. [139], whereas aspects of flavour via Higgs
portal couplings are provided in, e.g., Refs. [140, E].Tor more details, the reader is encouraged
to consult the cited literature and references therein.

Chapter 8 is dedicated to studies of Planck-safe model building explaining the B-anomalies with
flavourful Z’ models. Therein, we give details on the particle content and review conditions on the
couplings and U(1)’ charges considered.
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Chapter

6

Flavourful U(1)’ extensions in
semileptonic charm decays

After providing the most important ingredients to Z’ model building in the previous chapter,
we begin our investigations of NP-effects in rare charm decays which have been published in
Refs. [16, 17]. In this chapter, we study implications in semileptonic FCNC c¢— u T4~ transitions,
whereas NP studies of C'P-violating observables and U-spin-breaking in hadronic charm decays
are discussed in the subsequent Chap. 7.

First, we introduce the EFT description of ¢— u ¢ ¢~ transitions and discuss model-independent
bounds on Wilson coefficients in Sec. 6.1. In Sec. 6.2, we work out limits on possible Z’ contributions.
Afterwards, Sec. 6.3 deals with Z’ models that feature a certain hierarchical structure able to
evade tight constraints from D-mixing entailing sizeable effects in charm observables. Due to the
resonant pollution and poor convergence of the heavy quark expansion [148], SM null tests are
indispensable in this sector and are discussed in Sec. 6.4. Therein, we put a special emphasis on
tests that benefit from Z’ contributions.

Effective description of c— u £7£~ transitions

In the SM, the FCNC |Ac| = |Au| = 1 transitions appear at one-loop level as depicted in the
left-hand side diagram of Fig. 2.2. Contrary to studies of kaon or B-physics, internal down-type
quarks (d, s,b) propagate in the loop of ¢— u transitions. The corresponding weak amplitude can
be expressed as [149]

Ale=u) = X5 (fs = fa+& o = fal) o 1&] = Xo/As| ~ 1072, (6.1)

with CKM factors A, = Vi, Vi, encoding C' P-violating phenomena in the SM. Here, f, denotes the
loop function defined after Eq. (2.40). The strong GIM suppression in these transitions is made
clear evaluating the leading term in Eq. (6.1), which yields a naive estimation of A(c— u) ~ 1075.
Moreover, C' P asymmetries induced by |£,| are suppressed as well. Due to the combination of both
strong CKM and GIM suppression, the short-distance contributions in the SM are currently well
below experimental reach. That being said, electroweak contributions within the SM can differ
by several orders of magnitude depending on which contributions are taken into account [150],
while also being shielded by resonance contributions. Therefore, a robust theoretical framework is
instrumental to provide calculations beyond the naive estimation of the SM contribution.

Using the OPE, we can treat the short-distance and long-distance dynamics separately. However,
the determination of non-perturbative dynamics at low energies within a robust EFT framework
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proves challenging in charm due to Aqcp ~ me, which hinders the convergence of the perturbative
expansion in powers of 1/m,.. Therefore, the computation of the HMEs with naive factorisation
is not entirely reliable. The main OPE set-up is described for example in Ref. [151], where a
consistent expansion of the full SM computation for rare charm transitions to O (o) within RG-
improved perturbation theory is available. In what follows, we outline the short- and long-distance
description.

6.1.1 Short-distance description

The effective Hamiltonian that describes rare ¢— u£*¢~ processes is given by [72, 152

cu 4GF Qe
Heﬁ“a——ﬁ M{(z Or+Cr 07+ Y. > (clfoif +cl o) + Y ci”of@]

l=e,u,T1=9,10,5,P i=T,T5
2 (6.2)
ACr ViVig > CiO!
+ W gd: cq Vug Zl (A I}
q=d,s 1=
with the dimension-six operators
O7 = % (Ur o cr)FM
0y = (@ryuer)((y"e) Ol = (@uer) Gy yst), (63)
Og = (urcr)(?), Op = (urcr)(@s0), '
1 — 1 _
OF = S (@o ) (Lo 1), 075 = 5 (@op ) (L™ 75 0).

The operators O}, where i = 7,9,10, S, P, are obtained by interchanging left-handed and right-
handed chiral fields. In the following, we suppress the lepton indices for both the coefficients
and operators to improve readability. The Wilson coefficients in Eq. (6.3) include SM and NP
contributions. However, in the SM no (pseudo)scalar and (pseudo)tensor operators are present,
therefore Cg}\fp’T’TS = 0. In addition, the SM favours LH contributions while all C; are negligible.

Most notably, as the underlying FCNC transition resides in the up-sector, the GIM mechanism
removes penguin contributions to Oz 9 10 at the W-scale uy, where the lights quark masses are
set to zero [153]. Only the current-current operators

Of = (@ryut®qr) @y t%cr), O3 = (Upyuqr)(@pyter), q=d, s, (6.4)

induce effective SM contributions to O7 919 through RG running down to the charm scale ji.. The
four-quark operators in Eq. (6.4) also dominate pure hadronic decays, such as D — KK and
D — 7 with details provided in App. F.1. Following Refs. [153, 154], we can estimate

Cs™(g? ~ 0) ~ —0.0011 — 0.00411, (6.5)
C5™(q%) = —0.021 [VeyVaua L(®, ma, i) + VisVas L(a® mis, pic)] (6.6)

where ¢? denotes the dilepton invariant mass squared and the function L(q?, My, Le) accounts for
the low dynamical effects stipulated by m, # 0. See Ref. [154] for the explicit form of L(g?, my, ).

We find that Im(CST) increases from —0.004 at ¢ = 0 to —0.0014 at high ¢? at next-to-next-
to-leading order (NNLO), whereas |CS®| < 0.01 for y. = m. = 1.275 GeV [153]. Moreover, it is
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6.1 Effective description of c— uft{~ transitions

C3M = 0 which delimits charm FCNC from B or kaon physics, and implies that effects from the
(V' — A)-structure of the weak interaction are shut off at the charm scale. To summarise, the
vanishing Wilson coeflicients read

M =M =M =Ci)t = 0. (6.7)

As displayed in Fig. 6.1, we find that in D — P¢*/¢~ decay rates, P = K, 7, the short-distance
SM contributions are negligible compared to the long-range resonance-induced effects, thus
schematically C§M = C§ + C§ ~ Cft. Due to our focus on NP effects, we follow our established
notation put forward for rare B-decays in Eq. (3.44), and refer to pure BSM c¢— u £T¢~ Wilson

coefficients as Cf’g in this chapter to enhance readability whenever possible.

Lepton flavour violating contributions

Since lepton flavour violation is basically not present in the SM, observables sensitive to such
contributions provide clear signs of BSM physics if measured by experiment.

In our EFT approach, we can add operators that induce LEV in ¢— u £~ ¢'" decays as [16]

4G e ’ / / ’
Y = = 5 e 2 (K0 K0 (6.5)

i
with £ # ¢'. In this chapter, the ICZ(»/) denote lepton flavour violating Wilson coefficients where
the operators Ogl) are constructed using the corresponding analogue of the operators in Eq. (6.2)

changing the flavour in the lepton currents accordingly. In Eq. (6.8), no O;l) contribution exists as
the photon does not couple to different lepton flavours.

6.1.2 Long-distance description

The lack of knowledge about the hadronic effects in a hadronic transition is parametrised by
so-called form factors. The hadronisation of the operators in Eq. (6.3) yields a factorisation
between the lepton and quark currents written as [149

(he| O |F €707 = (he| H,

QijyeenyQp

F) (0] L5 66 (69)

where h. denotes a charged charmed hadron and F' is the final state. The quark and lepton
currents, foan and L7 %" share the Lorentz indices oy, ..., a;,. While perturbation theory
in QED allows for the computation of (0] L " [¢*+¢~), non-perturbative techniques are required
to evaluate (hc| H,, . |F), which encodes the hadronic dynamics at low energies. In the case of
a D meson decaying into a pseudoscalar P, we are able to describe the vector (n = 1) and tensor
currents (n = 2) using ¢?-dependent functions known as form factors. The relevant D — P form
factors are denoted by fi(¢?), i = 0,+,T, where details and requisite input are given in App. E.3.
A comprehensive overview of available form factors for various charm decays can be found in

Ref. [149].

The dominant contributions to the operators Og p result from D — P ~* processes with v* — M—
10—, where the different resonances M = p, ¢, n, ' present in the low-¢? region are annotated in
Fig. 6.1.
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Figure 6.1: The differential branching ratio of the D* — 7t u* u~ decay in the SM. The yellow
(blue) bands show pure resonant (short-distance) contributions. The band widths represent
theoretical uncertainties of hadronic form factors, resonance parameters and m.. Darker shaded
thin curves illustrate all parameters set to their central values with §, = 0 and d4 = 7 (solid)
and §, = 64 = 0 (dashed). We annotate the resonances M = p, ¢, n, n’ in the low-¢2 region.
Figure adapted from Ref. [16].

Their phenomenological shape comprises Breit-Wigner distributions and is given by

; 1 1 1 agel s
CR 2 :ael5p _ = 4 ¢ ;
0 (¢7) = ay ¢ —m2+im,)  3¢%—m2 +im,Iy, g% —m3 +imgly

i6,

(6.10)

ane Ay

R, 2
Crla) = ? —mZ +imyly, + q* —m2, +imy Ty’
where mj; and I'j; denote the mass and the total decay rate of the resonance M, respectively. As
this parametrisation features various parameters, one has to employ simplifying assumptions and
utilise experimental input to reduce and, subsequently, determine as many parameters as possible.
In Eq. (6.10), the isospin limit a,, = a,/3 has been used to reduce the input and the corresponding
theoretical uncertainties. The aj; parameters can be found in Tab. E.1 and have been computed
from measurements of branching ratios B(D — PM) and B (M — p*p~) [155]. However, the
strong phases ¢, 4, remain undetermined and yield a large source of uncertainty illustrated by
the respective (yellow) bands in Fig. 6.1, which are varied numerically within [—7, 7]. Due to
the challenging theoretical description of such resonant-dominated decays, further investigations
are required. For studies on resonance effects utilising the QCD factorisation approach see, e.g.,
Refs. [148, 156, 157]. In App. E, we provide explicit expressions of the (differential) branching
ratios of semileptonic and fully leptonic D — 7 decays.

6.1.3 Constraints on new physics Wilson coefficients

Here, we derive model-independent bounds on Wilson coefficients in charm, which can be used to
limit NP contributions in extensions of the SM such as Z’ models. For instance, Wilson coefficients
can be constrained by the updated experimental upper limits on the D+¥ — 7T u+ = branching
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6.2 New physics effects in rare charm decays

ratio at 90 % C.L. [158],
B(Dt— ntutp~) <6.7-1078. (6.11)
Using the branching ratio parametrisation in Eq. (E.1), we obtain [16, 149]

1.31C7|? + 1.31Co|? 4 1.3|C10]® + 2.6 [Cs|® + 2.7|Cp|? 4+ 0.4 |Cr|* + 0.4 |Cp5)?

6.12
+0.3Re (CgC}) + 1.1Re (CmC}*;)+2.6Re (C7C;> +0.6Re (C7C%) 5 1, ( )

where only BSM Wilson coefficients to muons are considered and RH currents are implicitly
included as C; — C; , + C;, ., to ease the notation. Analogously, the upper limit B (D0—> ,u*;f) <
6.2 x 1072 [159] inserted into Eq. (E.3) yields

|Cs — C5|> + |Cp — Cp + 0.1 (C10 — Cl) | £ 0.007, (6.13)

and provides the best constraints on NP contributions to CYO) for muons. Bounds on lepton flavour
violating Wilson coefficients can be extracted from the limits B (DT — et uT) < 210(220) - 10~
and B (D — e*¥) < 131072 at 90 % C.L. [158, 160]. With the corresponding branching ratio
formulae given in Egs. (E.4) and (E.5), we find

0.4 [KCo|? + 0.4 [K10[? + 0.9 Ks[? + 0.9[Kp[? + 0.1 [Kr|> + 0.1 [Krps | (6.14)
+0.2Re (Kao K % Ko K5) + 0.1 Re (Ko K + Kip Kis) S 1, |

Ks — Klg £0.04 (Ko — Kg) |* + |Kp — Kpp £0.04 (K19 — Kfg) |* < 0.01, (6.15)

with K; = Ki ye +Kj . and Ki = Ki e + Kj ., for D— Petp™ and D— Pe™ ™, respectively.
For a summary of constraints on a plethora of NP Wilson coefficients and future prospects in

charm decays see Ref. [149].

New physics effects in rare charm decays

Figure 6.2: Tree-level diagram of a ¢— w¢T¢~ transition via a Z’ boson.

While in the SM contributions to ¢— u£*¢~ processes are highly suppressed, NP contributions
via a Z’' boson can be generated at tree level as depicted in Fig. 6.2. We describe the relevant
effective Hamiltonian by

'HCZ’?“ D (gi“ ﬂLv“cLZL + 9% ER'YMCRZIL + h.c.)

! - ! - (6-16)
+91 A2+ g LRy R 7],

After integrating out the Z’ boson and matching Eq. (6.16) with the Hamiltonian in Eq. (6.2), the
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Chapter 6 Flavourful U(1) extensions in semileptonic charm decays

following Wilson coefficients are induced
co w95 (g 1)
9/10,¢ \/EGF o M%, )
;7 g% (g tar)
0 Gea, ME

where we have made the lepton index explicit to distinguish different lepton currents. One may
also introduce the corresponding lepton flavour violating coeflicients

(6.17)

o9 (o £ ai)

Koj10,00 = —
> M2/ ?
\/iGF Qe Z (618)
cu o’ 7
, B T 9Rr (QR +or )
9/10,0¢" — _ﬁGF o, M%/ 3

where ¢’ # { is understood and we recover C; o = K; ¢ for ¢/ = £.

The bounds in Egs. (6.12) to (6.14) can be translated into limits on the NP couplings g7"x and
g%e’/R of our effective Z’ framework using Eqs. (6.17) and (6.18). At this point, we provide the
limits that are given in the published version of Ref. [16], as well as updated values employing the
latest experimental input available. The lepton flavour conserving bounds read

2
_ 2 2 MZ/
Dt =t gt + g5t |\ gt |” + g% | < 0.02[0.04] (TeV> 7 (6.19)
Mz \?
DO (05" — a0t — )] 5008 (5 ) (6.20)

where the value in brackets denotes the outdated limit from Ref. [16]. Similarly, we obtain

2
Dt — ety . lge + g5 |g§e|2+}gge|2§0.04[0.17] (ﬁ) , (6.21)
2 2 MZ’ 2
DV e i - Vo P+ o <007 (35) (6.22)

from the lepton flavour violating decays.

Hierarchical Z’ models

In what follows, we study Z’ models that generate sizeable NP effects in charm, while satisfying
the limits derived in Egs. (6.19) to (6.22). However, the tightest constraints are due to D%-D°
mixing which demands [g7"z| < 8.0 10~* in the case of only one non-zero coupling, see Eq. (5.42).
Then, assuming O(1) muon couplings in Egs. (6.19) and (6.20), we find BSM Wilson coefficients

/ —
C o SO (1072), (6.23)

consistent with limits worked out in Refs. [161, 162].
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6.3 Hierarchical Z' models

As promoted in Sec. 5.3.1, we can evade the mixing bound by assuming so-called hierarchical
couplings. In this case, it is possible to satisfy the mixing constraints for both g¢* # 0 and g%' # 0
even with arbitrarily large values that obey the hierarchy in Eq. (5.41),

cu cu cu 1 cu
g1 = X gr or g = XQR ) (6.24)

with X = 20 assuming My in the TeV-range. Consequently, NP effects are only bounded by the
constraints from semileptonic decays in Egs. (6.19) to (6.22).

We investigate this set-up in the context of anomaly-free Z’ models assuming real couplings and
no weak phases ¢ = 0, i.e. no C' P-violating effects. In doing so, we follow the model building
guidelines established in Chap. 5:

o The U(1)’ charges Fy of the SM fermions and (possible) new fermions satisfy the ACCs
listed in Eq. (5.24).

¢ We focus on FCNC transitions solely in the up-quark sector, and hence evade the strong
constraints from rare kaon decays [32]. The FCNC c¢— u couplings are generated through
flavour mixing as (see Eqs. (5.12) and (5.14))

91" = 94 AFL Ackwm (6.25)
9% = ga AFR cos(6,) sin (6,,) , (6.26)

where
AFp =Fg, — Fo,, AFp=Fy, —Fy,. (6.27)

We repeat the necessity of non-universal U(1)’ charges to the ¢ and u quark, that is AFy, p # 0,
to generate the desired FCNC transitions at tree level.

From Egs. (6.25) and (6.26) we determine the ratio

9% _ AFg cos(0y) sin (6.)

L~ 6.28
gt AFL, Ackm (6:28)
which solely depends on the charge differences and mixing angles. We can classify
AF cu
% sin (26,) ~ 8 in the case gcRu =X ~20 (RH-dominated) , (6.29)
AFL 91,
AF 1 o
AF? sin (6,,) ~ 100 in the case % =1/X ~1/20 (LH-dominated), (6.30)

assuming small mixing angles 6, < 1. In the RH-dominated case, a mild hierarchy between AFg
and AFT, is needed, whereas we can accommodate the LH-dominated scenario with mixing alone,
i.e. 0, ~ 1072, However, in both cases the ratio of both couplings is fixed as

(6.31)

@ CChoe g X (RH-dominated)
Cou Cioe 9§ |1/X (LH-dominated) -

Both scenarios can be realised for a plethora of Z’ models. A list of sample solutions is listed in
Tab. 6.1 and an overview of selected scenarios with specific assignments of relevant U(1)" charges
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Chapter 6 Flavourful U(1) extensions in semileptonic charm decays

Model Fo, Fu, Fp, Fr, Fp, F,
1 4 -2 6 2 1 1 0 0 0 3 -8 5 -3 -3 0 0
2 6 3 3 8 4 4 10 10 0 1 6 5 00 0 00 0
3 7 8 20 29 6 3 19 4 25 0 9 6 3 14 13 0 0
4 1 2 4 12 4 0 0 0 0 1 -1 002 2 -2 -1 3
5 -1 2 -1 12 - 2 -1 -1 0 1 -1 01 -1 0 0 0
6 -0 6 2 13 2 3 11 2 13 3 9 -6 2 6 4 00 0
7 111 111 1 11 3 3 -3 33 -3 333
8 6 7 -15 <14 4 2 25 9 20 11 -24 19 1 8 3 0 0 0

Table 6.1: Sample solutions of an anomaly-free U(1)’ extension of the SM+3 1. In general, the
ordering of generations is arbitrary due to permutation invariance. In this chapter, however, we
explicitly use the ordering given here, that is, the i-th entry corresponds to the i-th generation,
unless mentioned otherwise. Table adapted from Ref. [16].

Model AFR AFy, 9R' /97" case 0.
1 3 2 1/X 0.008
2 12 9 1/X 0.009
3’ 35 1 X 0.122
3 35 1 1/X 0.0003
4 3 3 1/X 0.011
5 3 3 1/X 0.011
6 15 16 1/X 0.012
7 0 0 - -
8’ 18 1 X 0.244
8 18 1 1/X 0.0006

Table 6.2: Scenarios of anomaly-free Z’ models and the mixing angle 0,, for different charge
assignments taken from Tab. 6.1. The primed solutions are RH-dominated, whereas the unprimed
ones are LH-dominated. Table taken from Ref. [16].

is presented in Tab. 6.2. Let us briefly discuss the different solutions. While in general the charge
assignments within each fermion species can be chosen freely due to the permutation invariance
of charges, we explicitly use the fermion charges following the ordering in Tab. 6.1. Notably,
model 7, which exhibits universal charge assignments to leptons and quarks, is unable to generate
AFy, r # 0, and is given only for illustrative purposes. Extending the SM particle content by three
RH neutrino fields v, with non-zero U(1)" charges F), can also be realised as in model 4 (and 7).

The ratio AFr/AF}, ranges within ~ [0.9, 35] for the models presented, while the mixing angle
6., is tuned according to Egs. (6.29) and (6.30) and given in Tab. 6.2. We see that models with
AFr/AF;, > 8 can be either RH or LH-dominated, depending on the chosen flavour rotation
f.. Having specified different Z’ models, we now work out parameter constraints for them. The
updated bound on the DT — 77y ™+~ branching ratio in Eq. (6.19) can be rewritten as

AFpg sin (20,)\1? _u [ Mz \!
4 2 R U 2 2 < . 4 Z
['n ()\CKM AFL) |:]. + (2 AF, Aor >:| (FL2 + FE2) $56.6-10 ToV R (632)
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6.3 Hierarchical Z' models

where we have inserted the expressions for gj“; as well as the flavour-diagonal lepton couplings
in Eq. (5.23), that is g% = g4 F1, and g% = g4 F,. Together with the constraints from D%-D°
mixing, the ratio g4/ Mz is fixed for each model and two solutions emerge from Eq. (6.32). They
read

2 0.12 (MZ/ > 2 1+ X)71 (RH-dominated) (6.33)
91 : -1 . .
AFy, \/m TeV (1+ %) (LH-dominated)

2.0
1.5 B model 5
model 4
H model 3
Hl model 1
% 1.0 Bl model 8
B model 2
B model 6
model 3
0.5 model 8

Figure 6.3: Upper limits on the U(1)’ gauge coupling g1 as a function of the Z’ mass in

Eq. (6.33) for selected models with AFL g # 0 in Tab. 6.2. The black region is excluded by

direct searches in dimuon and dielectron spectra [32]. For lower values of g4, the bounds become

model-dependent as indicated by the lighter colouring, see main text. Updated figure adapted

from Ref. [1_6]
In Fig. 6.3, the U(1)" gauge coupling g4 is shown as a function of My for the LH- or RH-scenarios
given in Tab. 6.1 with parameter settings according to Tab. 6.2. The different lines correspond to
the upper limit in Eq. (6.33) for each scenario. We observe that the constraints for RH-dominated
scenarios are a factor X ~ 20 stronger than for the corresponding LH-dominated ones due to
(1+X)/(1+1/X) =X for X # —1. The black region in Fig. 6.3 displays the excluded region
Mz <5 TeV from resonant searches in dilepton spectra [32]. However, the true lower bound for
My is different for every solution as it depends on the specific assignments of quark and lepton
charges, as well as the overall coupling strength. Thus, part of the parameter space g4 < 0.5 and
Mz <5 TeV might still be allowed or constrained by other searches [163], indicated by the lighter
colouring. Figure 6.3 incorporates the updated bound from Dt — 7¥u*u~ on the couplings,
see Eq. (6.33). Future (more stringent) limits will further reduce the allowed parameters space,
entailing smaller g4 or larger Mz/. However, as of now, we still find sizeable contributions to
charm Wilson coefficients. The idea of hierarchical couplings as realised in this section proves
useful to not only relax present mixing bounds, but also reduce the substantial parameter space in
Z' model building.

Concluding this section, we compute the contributions to the Wilson coefficients Cs(a//)lo L for the 7’
models. Here, we choose a benchmark value Mz = 6 TeV, while in general the ratio g4/ My fixes
the (maximally allowed) value of a Wilson coefficient, constrained by Eq. (6.33). The results are

listed in Tab. 6.3. We find that in scenarios, which are either LH- or RH-dominated, substantial
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Model J\j}; / Tev 1 Co.p Cio, Co Clou
1 0.076 0.12 —0.83 0.01 —0.04
2 0.046 0.60 —0.60 0.03 —0.03
3’ 0.019 —0.04 —0.01 —0.86 —0.19
3 0.083 —0.82 —0.18 —0.04 —0.01
4 0.130 —0.80 —0.27 —0.04 —0.01
5 0.164 —0.84 0 —0.04 0
6 0.026 —0.83 0.17 —0.04 0.01
7 - 0 0 0 0
8 0.015 0.02 —0.04 0.41 —0.81
8 0.067 0.38 —0.75 0.02 —0.04

Table 6.3: Maximally induced ¢— u ™~ Wilson coefficients Cé'/)w’# for LH- or RH-dominated

Z' scenarios listed in Tab. 6.2. We also provide the corresponding ratio ga/Mz/ in units of
TeV~! according to Eq. (6.33).

Co /10, OF Cé/lo,u can be induced. Due to the hierarchies in Egs. (6.29) and (6.30), the primed
versus unprimed Wilson coefficients differ by the factor X ~ 20 (modulo rounding in Tab. 6.3).
Notably, model 2 exhibits a (V' — A)-structure (not only for muons) with Cé/} = —Ciaé as U(1)
charges to lepton singlets Fg, are zero. The challenge of how to detect these NP contributions is
approached in the next section, where null test observables in charm decays sensitive to Cé//)lo#
are elaborated.

Study of null tests in D — P£{¢ decays

In what follows, we review a selection of null test observables predestined to find BSM effects in
charm decays. Based on approximate symmetry limits of the SM, such null test searches provide
the unique opportunity not only to test the SM, but further confine the underlying NP structure if
measured by experiment. We provide a brief overview of the different sets of null test observables
in rare semileptonic charm decays. Afterwards, we present tests of lepton universality and C' P
asymmetries in Secs. 6.4.1 and 6.4.2, respectively, where contributions from Z’ scenarios enter
prominently and can have pronounced effects.

Let us skim over selected null tests and review their NP sensitivity.

e Angular observables:

The lepton forward-backward asymmetry Apg(q?) is mostly sensitive to combinations of
(pseudo)scalar and tensor operators, where effects of only scalar or pseudotensors are highly
suppressed, e.g. Apg x Re (CsCj + (Cp + CR) Cj5) for vanishing lepton masses [149].

The so-called ‘flat’ term Fyj(¢?) is enhanced for contributions to (pseudo)tensor and (pseu-
do)scalar operators as Fiy o |Cg|?+|Cp+CR|2&|Cr|?>+|Crs|?, while SM-like contributions are
O (1073-1072) [149]. Large effects in both of these observables would point towards an under-
lying tensor or scalar nature of NP in these D — P ¢¢ decays. The explicit parametrisations
of Apg and Fy are given elsewhere {1_6}

- 58 -



6.4 Study of null tests in D— Pl decays

¢ Lepton flavour violation:

As indicated by Eqgs. (6.14) and (6.15), constraints on lepton flavour violating opera-
tors in charm allow for sizeable NP contributions in differential branching ratios of, e.g.,
Dt — 7tetu™ or DY — Ktet T decays. Notably, resonance contributions are absent
in those processes, and hence the overall uncertainties are mainly due to form factors.
Especially, vector and axial-vector contributions Ky 19 ~ 0.5 score integrated branching
ratios B(DT — ntetpuT) ~ 1077. While in Z’ models LFV effects are model-dependent,
we estimate branching ratios up to O (10*11), for instance B (Dt — 7TetuT) < few - 10712
assuming g 19 ~ 10-3 [16]. These benchmark values are in agreement with data from
T — (,e)ll, with £ = e, i, as well as 1 — eee and p — ey decays (32].

e Lepton universality:

In the SM, lepton universality (LU) is realised by equal couplings of the electroweak gauge
bosons to leptons of different generations. Conversely, NP scenarios can easily induce
non-universal effects that can be probed by experiment. Familiar tests of LU have been
studied in the beauty sector with experimental data exhibiting notable deviations from the
SM prediction, see Sec. 3.4. BSM predictions of LU ratios in D — Py Py {1{~ [164] and
D — P{ti~ [16] have been worked out. Examples for the latter are discussed in Sec. 6.4.1.

e (C'P asymmetries:

The studies of C'P-violating effects can help to obtain information on NP Wilson coefficients
due to the negligible, CKM-suppressed SM contributions. While large contributions are
achieved in the vicinity of resonances, weak phases in the Wilson coefficients and strong
phases of the resonances are instrumental to generate C'P asymmetries, see Sec. 6.4.2.

6.4.1 Tests of lepton universality

Apart from non-universal couplings to u and ¢ quarks, we also allocate different couplings to
electrons and muons in our Z’ models. This feature can be exploited by defining the ratio of
branching ratios analogous to the one for rare B-decays, cf. Eq. (3.45). It reads [161, 164

Thax dB (D — Pptp”)

d 2
D 72 dq2 1
RB = “fmin (6.34)
tnex dB (D~ Pete”) | o
2 dq2 ¢

Qmin

where ¢* denotes the dilepton invariant mass squared, and ¢2;, (g2 .) indicates the lower (upper)
dilepton mass cut. The SM prediction near unity is given with high precision due to the impeccable
cancellation of QCD uncertainties [82]. Here, our focus lies on the observables RD testing the ratio
of DT — nwtuT ™ and DY — nTete™ decays. While currently no experimental measurements of
these modes are available, we can study different NP scenarios and their impact on these LU
tests.

First, we discuss generic benchmarks with contributions from different types of Wilson coefficients,
while afterwards we analyse the contributions in our Z’ set-ups. Assuming only NP contributions
to muons, we show the predicted ranges of R,[r’ in the full, low and high ¢?-integrated intervals
in Tab. 6.4. We include the same resonance parametrisation in Eq. (6.10) for electron and muon
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modes, varying the unknown strong phases d4 ,, within [—m, 7] that provide the main source of
uncertainty. We see that the low-¢? region suffers from the uncertainty of the strong phases, while
the full-¢> region remains insensitive to resonance and NP effects with SM-like ratios RY ~ 1.
Conversely, NP effects in the high-¢? region can be quite sizeable. Large deviations from unity can
also be achieved in the low-¢? region, while keeping the large uncertainties in mind.

RP SM [Col =0.5 |Ci0| =0.5 [Co| =%[Ci0| =05 [Cs(py|=0.1 [Cp|=0.5 |Crs|=0.5
full ¢>  1.00+ O (%) SM-like SM-like SM-like SM-like SM-like SM-like
low ¢> 095+ 0 (%) ©(100) O (100) © (100) 0.9...1.4 0 (10) 1.0...5.9
high ¢> 1.00£ O (%) 0.2...11 3...7 2...17 1...2 1...5 2...4

Table 6.4: RY in the SM and in NP scenarios for different ¢2-bins. Ranges correspond to
uncertainties from form factors and resonance parameters. Due to large uncertainties at low
¢° in some cases only the order of magnitude of the largest values is given. Table taken from
Ref. [16].

RP Model 1 Model 2 Model 3 Model 3% Model 4 Model 5 Model 6 Model 8 Model 8’

T

full ¢°>  SM-like  SM-like SM-like SM-like  SM-like  SM-like  SM-like  SM-like  SM-like
low ¢> 1.8...5.5 ©O(100) ©O(50) ©O(50) ©O(100) ©(100) 1.4...16 0.7...13 08...14
high ¢> 3.0...53 ©O(50) 3...30 3.5...31 20...36 1.7...37 3.5...30 1.3...17 1.4...17

Table 6.5: Same as Tab. 6.4, but for hierarchical Z’ models. See Tabs. 6.1 and 6.3 for chosen
model parameters.

Looking at the Z' models listed in Tab. 6.1, we spot that in most models (except models 4 and 5)
NP couplings to electrons exist, and hence Wilson coefficients Cg,19, are induced in addition to
Cy/10,, entering Eq. (6.34). However, due to the non-universal charge assignments of electrons and
muons, we find similar deviations from unity for R, compiled in Tab. 6.5. As before, the full-¢>
region is insensitive to NP effects, while huge deviations from the SM prediction can be achieved
in the low-q2 region. In addition, it is possible to test specific models, where for instance smaller
couplings to muons than to electrons are realised (with U(1)’ charges set accordingly) and induce
RP < 1. While measurements of the resonant-dominated dielectron modes are yet unavailable,
the expected future sensitivities at LHCb [165] enable first model-independent LU tests in the
upcoming years.

6.4.2 CP asymmetries
Another null test observable able to probe NP is the C'P asymmetry [16, 154, 166], given by
1 dr dar
Acp(q®) ( > , (6.35)

T DT \d? dg?
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6.4 Study of null tests in D— Pl decays

where I' denotes the decay rate of the C P-conjugated mode, with the normalisation as in Eq. (E.2).
Expressing the difference of differential decay rates as

dr  dr'  Gio? N 4m3
dg?  dg? 25675 mi br q>
2

2 me fr R 2m; 9
-1 2C; —————— |1 1+ —51] X
3 m(Cg+ C7mp+mpf+) m(c9)< T2 ppr f

2
q
+1m (Cp) Tm (CF) —5 (m}, —mi)* f (6.36)
+41Im (CT) Im (CgI){) mDT:'L_emP )\DP f+ fT

c

we identify the SM contribution AP as the first term in Eq. (6.36). This quantity is tiny due to
the small phases of the CKM factors in Cy, see Eq. (6.6). Therefore, Acp can be used as a null
test of the SM and indicator of BSM physics.

In this chapter, we have confined ourselves to real-valued couplings in the Z’ models presented.
Thus, no contributions are generated to Acp which is only sensitive to the imaginary part of
Wilson coefficients. Therefore, we require weak phases in our Z’ framework to utilise this null
test. Chapter 7 comprises studies of C'P asymmetries and direct C'P violation in hadronic charm
decays, where Z’ models that induce large weak phases and promising patterns of NP are put
forward. At this point, we illustrate NP effects by employing such a benchmark scenario, while
further details are provided in Chap. 7.

1.00 1.02 1.04 1.06 1.08 2.0 2.5
¢* /GeV? ¢* /GeV?

Figure 6.4: The CP asymmetry ACP((]Q) in DY — 7" pTp~ around the ¢ resonance, i.e.
[(my —5T4)%, (mg +50)?], (left-hand side plot) and at high ¢* (right-hand side plot), where
mg = 1.019 GeV and I'y, = 4.25-107% GeV [155]. We choose different values of 6, = 0, £7/2, 7
and employ Cg 19 = 0.12 exp(im/2), a benchmark of model 104, ¢f. Tabs. 7.4 and 7.8 and details
provided in Sec. 7.4. The uncertainties are due to the other strong phases 6,,,, the form factors
and the c-quark mass me..

We note that enhanced strong phases entering C&P as resonance effects are vital to generate
a sizeable CP asymmetry [166]. In Fig. 6.4, we show Agp in DT — 7ntpuTp~ around the ¢-
resonance region (left-hand side plot) and at high-¢? (right-hand side plot) for different values of
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Chapter 6 Flavourful U(1) extensions in semileptonic charm decays

d4 employing a benchmark value of Cg ;4 = 0.12 exp(im/2). This benchmark is realised in model
104, see Tabs. 7.3 and 7.4. The band width corresponds to 1 ¢ uncertainties by varying the phases
0p,n Within [—m, 7], while uncertainties from form factors and m. are also included. In general,
large NP effects are induced by contributions to Cy, while Cz and Cig,p are suppressed by the light
lepton mass and the completely negligible Im(CR(g? ~ mi)) at the ¢ resonance, respectively [16].
We find that regardless of the value of d4 strong BSM effects can emerge, while measuring Acp as
a binned observable is necessary to avoid a vanishing integrated asymmetry, which may occur due

to sign changes around ¢ ~ mi.

- 62 -



Chapter

7

C P asymmetries in rare charm
decays

This chapter comprises studies of C'P-violating NP in hadronic and semileptonic rare charm
Ac = Au = 1 transitions based on the author’s publication [17]. We consider flavourful, anomaly-
free Z' models with non-universal couplings to ¢ and u quarks. Before that, we review the C'P
phenomenology and present patterns of C'P-violating NP in Sec. 7.1. The AA¢gp contributions
are discussed in Sec. 7.2 utilising Z’ model building. Afterwards, we present U-spin and isospin
patterns which emerge in such models and report on correlations of C P-violating effects connecting
hadronic and semileptonic charm decays in Secs. 7.3 and 7.4, respectively. In closing this chapter,
we review benchmark models in the light of recently updated limits concerning D°-D° mixing
parameters in Sec. 7.5. We conclude in Sec. 7.6.

In the late of 2011, direct C'P violation in SCS D-decays was evidenced in the observable
AAcp = Acp (K+K_) — Acp (7T+7T_) . (71)

The measurement by the LHCb experiment [167], AAZEPH = (824 24) - 107 with a 3.50
significance of the measured deviation from zero, provided the first evidence for C P violation in
the charm sector. Here, the time-integrated C'P asymmetry for a final C'P eigenstate f is given

by [168]

(D% — f) —T(D° = f)

Ace(f) = I(D° — f)+T(D° — f)’

(7.2)

and effects of indirect C'P violation approximately cancel in AAgp. In 2019, LHCb reported on
the observation of direct C'P violation with an updated measurement of [169

AAFECP = (—15.442.9) - 1074, (7.3)
being 5.3 o away from zero, while the corresponding world average reads [123
AABELAY — (_16.44+2.8)-107%. (7.4)

Even though AAgp is a manifestation of C'P violation in decay, it constitutes no clear-cut sign of
possible NP. The SM contribution to the individual Agp is CKM-suppressed by a factor of [170

Voo Vb

I =21
CKM m (VS;VUS

) ~1.4-1073, (7.5)

and hence we naively estimate AASM ~ O (as/7) - Ickm ~ 1074, one order of magnitude below
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Chapter 7 C'P asymmetries in rare charm decays

Eq. (7.3). An O (10) enhancement from hadronic effects cannot be ruled out as well [171-175],
in which case Eq. (7.3) is accounted for by the SM alone. However, other groups derive smaller
estimates utilising first principle QCD methods [125, 176], i.e. [AAZE| < 3.6-10~*, which deviates
significantly from the experimental result favouring sizeable NP contributions to AAcp.

Due to this ongoing debate, we aim to generate NP contributions AAXNE, ~ 1073 that can
accommodate the current measurement alone, assuming a negligible SM contribution.

C P phenomenology and Z’ models in charm
P gy

7.1.1 Parametrisation of C P-violating new physics

The SCS decay amplitudes Ay and Ay for the D° and D° meson, respectively, are given by [168]
Af _ A}ree ol B (1 +ry ol (6f+¢f)) , zf =nop At];cree e—i¢}ree (1 +ry el (5f—¢f)> ) (7.6)

Here, ncp = +(—)1 denotes the eigenvalue of C'P even (odd) states. The parameters d; and ¢
denote the strong (C'P-conserving) and weak (C'P-violating) relative phases, respectively. The
term A}ree e*197” refers to the dominant tree-level contribution in the SM, whereas the relative
magnitude of all subleading amplitudes are described by the parameter r;. Using Egs. (7.2)
and (7.6), we can write the C'P asymmetry Acp(f) as

27y sin (dy) sin (¢y)

Acp(f) = ] +T? + 27y cos(05) cos (¢y)

= —27y sin (df) sin (¢f) + O (7’?) ) (7.7)

where we have assumed 7 < 1 in the last step !. We observe that both non-vanishing strong and
weak phases are needed to generate contributions to Ac p(f), while the tree-level amplitude A}ree
cancels. Since we are interested in NP effects contributing to this observable, we add a BSM term
to the D° decay amplitude as

.Af = Z Aq (A;]c)SM + A?P . (7.8)

q=d,s,b

The first term denotes the SM contribution with CKM factors A, = V5, Viq and the second term
incorporates NP. Here and in the following, we employ the notation f = K and f = 7 for the

subscripts referring to the final states 777~ and KK, respectively. By exploiting the unitarity
of the CKM matrix, see Eq. (2.38), we obtain

A = A ( ﬁ( — A%)SM + X\ (.Al;( — ‘A?()SM +AII\I(P,

7.9
Ar =N (AL = AZ) gy + 00 (A = A3) g + AT, (79)

SM

where the first and second terms correspond to SCS and penguin contributions in the SM,
respectively. The latter contributions induce only small Wilson coefficients as they are strongly
CKM-suppressed compared to the SCS ones. Using Eq. (7.9) together with Egs. (7.6) and (7.7),

1Since ry o< [Ap/Ag,s| & 61074, then (’)(7‘?) corrections can be safely neglected.
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we derive the formula

AAcp = AAPN + AARE, = AASM — S ArNP (7.10)
s,d
The NP effects are embedded in
AN = 7BP sin (0 ) sin (¢ ) + 7XF sin (6,) sin (o) , (7.11)
with

TR (A — AT )ent (A7 — A3)sm

where the plus sign between the pion and kaon amplitudes in Eq. (7.11) emerges due to A\g =
—As+0O (). Maximal NP effects in AAcp are generated for |sin (0x ) | ~ 1 and |sin (¢px ) | =~ 1.
Note that no information on the sign of ArNF can be inferred a priori as it depends on the product
of strong and weak phases. Therefore, we set sin (0x ) ~ 1 (meaning either sign possible) in our
analysis. Moreover, we choose for the weak phases sin (¢x ) ~ 1 following a similar guideline,
which is elaborated in Sec. 7.1.4.

To determine possible NP effects in AAgp, we also need the modulus of the leading SM amplitudes
(A3 — A% )sar and (A2 — A2 )sm, which can be extracted from data on branching ratios of D — f
modes. In this chapter, we also study the related DT — 7+7% and D® — 7%7° decays, and hence
introduce the subscripts P = 7’ and P = 70, respectively, to distinguish the different decay modes
in the following. The branching ratio for D — f modes reads [168]

_4md |Apf

B(D— P P,) = 1 7.13
(D= P Py) =7p m%, 167mp’ (7.13)
where 7p denotes the lifetime of the D meson. The amplitude is parametrised as
_ Gr o 2\ ¢DP (2
Ap—np/\pap (mD mp) 0 (mp) fP7 (714)
V2
where A\, = A\g, Ak = A\ and
1 P=m,7K
np = 1 P— ’ . (715)
E =T

Numerical values of the decay constants fp, form factors fPF as well as the respective lifetimes
7p are provided in Tab. B.3. With current experimental data on branching ratios [32] we compute
the parameters ap for the four decay modes, summarised in Tab. 7.1.
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Mode P B (Mode) ap

D’ KtK~ K (4.08 4 0.06) - 1073 1.19 + 0.04
D — xtx— ™ (1.453 £ 0.024) - 1072 0.94 + 0.07
D° — 7970 70 (8.26 + 0.25) - 10~4 0.71 + 0.05
Dt — atg0 i (1.247 £0.033) - 1073 0.77 £0.05

Table 7.1: Measured branching ratios [32] and parameters ap from Eq. (7.14) for different
D — f decay modes. Table taken from Ref. [17].

7.1.2 C P violation with Z’ models

The Z' couplings of interest are included in the effective Hamiltonian
HCZ’?“ D (gi“ ﬂLv’LcLZ:L + 9% ﬂgv“cRZL + h.c.) + g%e ZLWMELZI’L + g% ZRWWRZ;
+ Z (989" Z), + g% ar*arZ,,) (7.16)

q=u,d,s

which enhances the interaction previously considered in Eq. (6.16) by flavour-diagonal quark
couplings to the Z’ boson, g?ff r- In analogy to the lepton couplings, they are constructed by taking
the U(1)" coupling g4 times the associated U(1)" charge F; as outlined in Sec. 5.1.2. The FCNC
couplings are given by

gzu = g4 AFL /\CKM 5 (717)
9% = ga AFR cos(6,) sin (0,,) exp(i¢r), (7.18)

as defined in Egs. (5.12) and (5.14), respectively. The difference of U(1)’ charges to the doublet
(singlet) ¢ and u quark is encoded in AF, = Fg, — Fg, (AFgr = Fy, — Fy,) as introduced
in Eq. (6.27). To induce C'P-violating effects we explicitly maintain the C'P phase ¢r in the
right-handed coupling, while for g§* only small (SM-like) phases are realised.

In Fig. 7.1, the tree-level Feynman diagrams for the relevant hadronic charm decays involving a Z’
boson are displayed. Therein, the diagrams in the top row display the contributions to D® — 77~
and D°— K+ K~ that enter AANY but also induce U-spin breaking, whereas the diagrams in
the middle row can induce isospin breaking in Dt — 779 see discussion in Sec. 7.3.1.

Effective theory description of Z’ contributions
7.1.3 y p

By inducing the non-universal quark couplings in Egs. (7.17) and (7.18), additional NP four-quark
operators are generated in an EFT framework. The corresponding weak Hamiltonian at the scale

mp < p < pEw is given by [177

acl=1 _ Gr 50) 30)
Ha ' D 7 Z ¢ QY +he., (7.19)
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u,d u,d
J 0 J 0
C u u, u
A ’ 4 ’
A ot
0 d}
D
d c u c U
T Dt _ _ ot DO 70
Uu——— 7 d— <4¢—d U——— 71
c u C u
7 K+ c u 7! 70
3 ; VA 2.3 0t I
Do U, DO
S Dt u,d u
K~ B gt 70
u——4¢— 70 d—<4—( U—¢———7U

Figure 7.1: NP tree-level contributions via a Z’ boson for hadronic D-decays, that is
D’ atn=, D5 KTK~, D°— n7x~ and Dt — 7720 decays.

with the operators

Q7 = (Tc)y—_a Z Fu,.p, (@0)v+a, Qy = (c)v 14 Z Fo. (@@)v-a,
q q
Qs = (Tacs)v-a Z Fu,.p; @g4a)v+a, Qs = (ﬂacﬁ)erZ Fo, (@s9a)v-a,
N ! - ! (7.20)
Qo = (c)v-a Y Fo, (@q)v-a, Qb = (uc)vya Y Fu,p, [@0)via,
q q
Q10 = (Tacs)v-a > Fo, @sta)v-a. Qo= (Tats)vsa d  Fu,p, (@s9a)v+a-
q q

Here, the subscript (V + A) is a shorthand notation that refers to the Dirac structures -, (1 & vs),
q = u,c,d,s,band «, 3 are the colour indices. The primed operators are obtained by interchanging
the chirality L <> R of the currents in the unprimed operators as Pr/r = (1 F 75)/2, while also

accounting for the different U(1)’ charges of quark doublet or singlets. The full Hamiltonian is
given in App. F.

By comparing the two Hamiltonians in Egs. (7.16) and (7.19), we can write the corresponding
Wilson coefficients at the Z’-boson mass scale u = My as

~ ~ V2 g4 gS¢ ~ ~
&) () = &) (M) = g & Mz =C Mz =0 (721

These coefficients are evolved down to the charm scale at LO in the strong coupling o via RGEs.
This induces non-zero values of Céi)w at u = my,, see App. F.2 for supplementary calculations and
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details. In doing so, we obtain the Wilson coefficients at the charm scale

CY(me) = /i CY) (M)
O (M) (1= 77) +3C0 (M)

V) (me) = 7
5 (me) 3
<) CY (My) = CL) (M) + 13 (55/) (Mz) + 5{3(1\42,)) (7.22)
Cg (mC) N 27"2 )
1
O )dmh%@MbHﬁ@M@H@MbD
a 273 J

with the renormalisation factor r1 = ri(u = m., Mz/) defined in Eq. (5.34). For illustrative
purposes, we evaluate Eq. (7.22) for a benchmark value of Mz = 6 TeV, which yields

CV(me) = 0.83CY)(Mz),

(me) )
C(me) = 1.22CV) (M) +4.50C (M), 7.23)
¢ (me) = 1.40C (My/) —0.72C%0 (M), '
C (me) = —0.72C (Mz/) + 1.40C\) (M 1)
Furthermore, we define the functions
rrd 2r1 — ro2
Ry (me,My/) = L , Ro(me,Myp) ="'~ 7.24
e o) = S B G, e M) = s (724

which incorporate the running of different combinations of Wilson coefficients and are of use in
subsequent calculations.

To compute the NP decay amplitudes A?P, we need to determine the respective HMEs for each
operator in Eq. (7.20). For the sake of brevity, we provide the necessary details on the derivation
of the HMEs in App. F.3. The results for D° — K+ K~ and D° — 77~ decays, as well as the
related DY — 7+7% and D°— 7970 decays, are compiled in Tab. 7.2. Therein, we utilise the
shorthand notation

(g =(KTK~|... D%, (.)x=(rtn"|...|D%,
(= (@70 DY, (o = (%70 |DO) .

The HMEs are expressed in terms of the associated SM matrix elements, that is (Q3)x and (Q{),
with Q] = (up)y_a(Pc)v_a, for D - KTK~ and D°— nn~, respectively. For Dt — 770
and D°— 7970 decays the SM contributions are proportional to (QY), = (uu| QY |D°). Moreover,
we employ the chiral enhancements y i (m.) & 3.626 and x.(m.) ~ 3.655 generated by (V — A) x
(V + A) operators at the charm mass scale, see Eq. (B.2). All entries in Tab. 7.2 are obtained in
the isospin limit, m, = mg and e = 0. We impose this limit as isospin breaking corrections from
NP, Fg, v.,p; # 0, fully dominate compared to the ones within the SM. Then, (Q%), = (Q%)4 and

the (Qvg’lo)ﬂ/mo vanish as they are proportional to (Fg, — Fg,) = 0.

(7.25)

The parametrisation of the HMEs in terms of SM contributions is convenient since in the formula
for AYY, in Eq. (7.10) only the ratio of NP and SM amplitudes enters, and therefore the elements

Q5" k¢ cancel.
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P=K P=n P=nx P=nx°

Goe B iopk IBpmion,  wofol gny o (ot o),
@) Foyx @Dk Foyxe (@i E0TERONT uy o Fnip) e o)
(@)r W2 @Dk Q) 0 0

(Quo)p Fo, (@)K Fo, (Q1)~ 0 0

@r TREQDK TR (@Da 0 0

(Qy)p Fo, xx (Q1) K Fo, X~ Q)= 0 0

@) S22 @bk 221 (Qdn B (@ UL Q1)
@io)r  Foy (@) x Fp, (Q)x 021 QY oy (guy,

Table 7.2: List of HMEs for the operators in Eq. (7.20) where xp = xp (1), P = K, 7, denote
the chiral enhancements and Ff is the associated U(1)’ charge. For more details, see the main
text and App. F.

7.1.4 Avoiding D°-D° mixing constraints

Following Eqs. (5.37) and (5.38), the constraint from D-mixing on the couplings g7" is given by

(M \?
| (952 + (95)° — X g5 g5 < 6.4-1077 ( T§/> , (7.26)

assuming complex-valued couplings, and X = 20 for Mz, in the TeV-range. The parameter X has
been determined in Eq. (5.36). The bound in Eq. (7.26) can be circumvented by inducing both
non-zero couplings g¢*, g%* that exhibit the hierarchy ¢§* = 1/X ¢%* or ¢5* = X ¢%", see Sec. 5.3.1.
Notably, Eq. (7.26) forces the C'P phases of both couplings to be aligned, i.e. arg (¢5*) ~ arg (¢9%").
As only SM-like C'P phases in ¢g§* are allowed, c¢f. Eq. (7.17), we find that possible C P-violating
effects in charm are irrelevant in the case of both non-zero couplings g7* # 0 and g%' # 0. This
is the main difference compared to the Z’ model set-up discussed in Sec. 6.3, where C' P phases
have not been included, assuming real-valued, hierarchical couplings instead. Therefore, we choose
97" = 0 to generate sizeable C'P phases in g§', which is possible by setting AFy, = Fg, — Fg, =0
while AFr = Fy, — Fiy, # 0 needs to hold at the same time. This can be achieved for a selection of
the Z’ models listed in Tab. 6.1, where it is possible to rearrange U(1)’ charges due to permutation
invariance. We additionally consider new models 9 and 10 that feature large AFg and, conversely,
AFy, = 0 by construction. All models are compiled in Tab. 7.3. In models 9 and 10(u), no U(1)’
charges Fg, are present. Model 104 is constructed from model 10 while choosing smaller couplings
to muons, Fr, and Fg,. As we consider only the complex-valued coupling g% # 0, the bound in
Eq. (7.26) simplifies to

_a (Mg
culr < 8.0-1074 ) 7.27
B (T%) (7.27)
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Model FQi FUi FDi FLi FEi F"i

2 3 3 -6 8 4 4 210 10 0 6 5 1 0 0 0 0 0
4 -1 -1 2 102 -1 0 0 0 11 0 2 2 0 -2 -1

5 -1 -1 2 102 -1 2 -1 -1 11 0 11 0 0 0

9 0O 0 O -11 -2 13 7 7 -14 -8 3 5 -6 16 -10 0 0
10 0O 0 O -13 6 7 -1 -14 15 -15 15 0 -14 18 -4 0 0
10p 0O 0 O -13 6 7 -1 -14 15 -15 0 15 -14 -4 18 0 0

Table 7.3: Selected Z’ models taken from Tab. 6.1 where AF;, = 0 and AFg # 0 are possible
through permutation of U(1)’ charges, see main text for details. We add models 9 and 10(u),
where all Fg, = 0. Model 10y refers to model 10 with the smallest couplings to muons, ¢.e. Fr,
and Fg,. Table taken from Ref. [17].

Additionally, the C P-violating observable x12 sin (¢12) in Eq. (5.28) provides an even stronger
bound on the phase of g%,

T1o sin (¢r2) < 1.98 1074, (7.28)

However, it can be circumvented for certain choices of ¢ = arg (gr) around /2 (or 37/2), where
sin (¢12) = sin (2¢r) ~ 0 [17, 177]. Then, the contributions to AAcp are maximized while the
constraints from D-mixing are satisfied at the same time. We illustrate this interplay in Fig. 7.2,
where NP contributions to AAcp are shown in the ¢r-g4/ My plane for the selected models 2
and 10(p). The induced AARY, is worked out in Eq. (7.30) and shown as green bands. We also
display the regions excluded by D-mixing, distinguishing between the bound on the absolute
value 15 (red hatched region) and the imaginary part x12 sin (¢12) (red region). In each plot a
dedicated benchmark point taken from Tab. 7.4 indicates a value of AANE, ~ 1073 and ¢ ~ 7/2,
reproducing the world average of AAcp in Eq. (7.4).

model 2, 0, =1.0-107* model 10(z1), 0, = 1.7-107°

T 18 T 18
16 16
3m 4 14 3 14
~ <+
* 12 = N 12 =
T — T —
S5 10%:% S 5 10%:%
84 84
T 6 ™ 6
4 4
4 4
T T T T 1 2 T T T 2
00 02 04 06 08 1.0 12 00 05 1.0 1.5 20 25 30
94 ~1 94 —1
TeV TeV
TP TP

Figure 7.2: Exclusion regions from D°-D° mixing (red regions) and contributions |AANS|
(green bands) in the ¢r-ga/ Mz plane. Constraints on the absolute value x12 are indicated by
the red hatched rectangle, whereas the parameter space excluded by constraints on the imaginary
part x12 sin (¢12) is displayed by the red region, cf. Egs. (7.27) and (7.28), respectively. The
coloured markers indicate benchmarks listed in Tab. 7.4. Figure adapted from Ref. [17].
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Benchmark marker Model J\/’fz/ / Tev™1! 0., - 10* AFr ¢r [AANE | - 10®
golden star W model 2 0.38 1.0 12 /2 1.5
brown star W model 4 1.40 1.0 3 /2 1.7
blue star W model 5 1.30 1.0 3 /2 1.5
purple diamond ¢ model 9 2.30 0.36 9 /2 1.6
pink diamond ¢ model 10 2.30 0.17 19 /2 1.5
cyan diamond ¢ model 10p 2.30 0.17 19 /2 1.5

Table 7.4: List of benchmarks for Z’ models given in Tab. 7.3 with parameter settings that
generate AAND ~ 1073,

In what follows, we present a study involving Z’ models that feature only RH couplings with a
CP phase ¢p = 7/2 and generate sizeable effects in AAcp. We reveal and discuss NP patterns
for benchmark scenarios that suffice the input from Eq. (7.27).

Study of AAcp in Z’ models

Using Eq. (7.10), we can parametrise NP effects to AAcp as
AAGp = ASp (KTK™) = AR (xn7) (7.29)
with

2
AP (KTK™) ~ %Gu AFg ek Fq, + di Fp,]|
z (7.30)

2
Agffp (7r+7r_) ~ ]\342 0y AFg[cx Fg, +dx Fp,] .

A

Here, we have employed sin (6,,) cos (6,,) =~ 6, < 1 in Eq. (7.18) and set gf* = 0 in accordance
with the assumptions outlined in Sec. 7.1.4. The parameters ¢, x and d, x encode the LO running
of the strong coupling via the functions R; 2 as well as the tree-level contributions ax . fixed by
experiment, ¢f. Eq. (7.24) and Tab. 7.1, respectively. In addition, the parameters ¢, x include the
chiral enhancements x i » induced by the operators C~2’7’8. The exact form of these parameters is
given by

XK ()

CK(n) = (—) m Ry (me, Mz/) dK(w) = (_) aK ()

Ry (me, Mz) , (7.31)

where numerical values for different Z’' masses are given in Tab. 7.5.

Note that the sign of ANY, (f), with f = KK~ , 7" 7, is always chosen to match the experimental
value of AAcp. This is possible since no information on the strong phases dx , is available.
Therefore, sin (0k ) sin (¢r) ~ 1 is used in Eq. (7.30). We remark that flipping the sign of 6,
or choosing, e.g., ¢r = 37/2 would have the same effect, but we do not consider this possibility
here.
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Figure 7.3: |[AAYY| for different Z’ models (see plot titles) in the plane of gi/ My versus
the parameter AFp = AFg - 0., together with the excluded region from D°-D° mixing (red),
see Eq. (7.27). The pink dashed-dotted and dotted lines indicate the bounds from Egs. (7.32)
and (7.33), respectively. The black region is excluded due to bounds coming from perturbativity
and direct searches in dimuon and dielectron spectra [32], that is g4 < 47 and Mz > 5 TeV,
respectively. The markers (stars, diamonds) refer to benchmark points in Tab. 7.4. Ezpanded

version of a figure taken from Ref. [17].
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My, | TeV 2 4 6 8 10
CK 1.133 1.217 1.266 1.302 1.330
di —0.046 —0.054 —0.058 —0.061 —0.063
Cr —1.446 —1.553 —1.616 —1.661 —1.698
dr 0.058 0.068 0.074 0.077 0.080
dr 0.071 0.083 0.090 0.094 0.098
d_o 0.077 0.090 0.097 0.102 0.106

Table 7.5: Numerical values of parameters ck ,dx,» and d,r/mo in units of TeV? as defined in
Egs. (7.31) and (7.46), respectively, for different Z’ masses. Table taken from Ref. [17].

In Fig. 7.3, we display contributions to AANY, using Eq. (7.29) for the Z’ models 2, 5, 9, 10,
and 10y, see Tab. 7.3. We plot different contours in the plane of g4/My: versus the parameter
AﬁR = AFpg-0,. The exclusion region from the D-mixing constraint in Eq. (7.27) is shown in red.
The corresponding plot of model 4 is omitted in Fig. 7.3 as only marginal differences to model
5 are present in terms of AANY-bands and exclusion bounds due to identical Fy, ,. We show
both plots for models 10 and 104 since different bounds coming from (semi)muonic D-decays,
shown as pink (dash-)dotted lines, are obtained. These bounds are extracted from upper limits
on branching ratios of D¥ — 7t pu*p~ and DY — ptpu~ decays that have been worked out in
Egs. (6.19) and (6.20), respectively. For g% = 0, they can be rewritten as

- My \?
95t 10 + 0 = g AP |\ P2, + P2 S 001 (32 (7.32)

- My \>
|95 (97" = 95")| = 91 |AFR (P, = Fr,) | < 0.03 (nfv) : (7.33)

As shown in Fig. 7.3, these bounds are in general weaker than those from D-mixing, however
they become relevant for models with large lepton couplings, i.e. models 9 and 10, close to the
(black) non-perturbativity region. On that account, model 10y is constructed to evade the muon
constraints by choosing the smallest Fr, and Fg, through permutation of lepton charges. Hence,
improved bounds from future measurements would still allow for AAXY, ~ 1072 in this model.
Notably, models 2, 4, and 5 are the least affected by the constraints as they exhibit small couplings
to leptons (but also to quarks) compared to the other models. In consequence, they provide a
larger viable parameter space, allowing for AA%IIDJ ~4-1073 (lime green band). We also show the
selected benchmark points for each model in Fig. 7.3 that pass the aforementioned constraints
while inducing AAREY, ~ 1073.

7.3 Symmetry patterns in hadronic charm decays

Flavour-breaking signatures are realised in Z’ models due to the non-universal U(1)’ charges. They
entail large breaking effects that can significantly alter relations based on approximate SU(3)p
symmetries between hadronic charm decays. As put forward in Sec. 2.5, U-spin and isospin

2Here, we present Z’ scenarios employing the outdated upper limit on B (D+ — n+pu* ™) as stated in Eq. (6.19)
in brackets. Section 7.5 discusses the impact of updated measurements of observables on the Z’ benchmarks
studied in this chapter.
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Model Bro Brr Ubltax Ugrzak
2 —0.02 —0.02 0.42 0.24
4 —0.03 —0.03 0.22 0
5 —0.10 —0.09 0.32 0.11
9 —1.89 —1.75 0.22 0
10(p) 1.31 1.22 0.91" 1.19*

Table 7.6: Values of 8,/,8,0 in TeV ™2 for selected Z’ models as defined in Eqs. (7.48) and (7.52),
respectively. The quantities U, and UNE, . are also provided, see Egs. (7.36), (7.40), and (7.41)
for their definitions. All values are given for Mz, = 6 TeV. The asterisk indicates values obtained
with swapped modes in the definition of ux~ in Eq. (7.35), see Footnote 3. Table adapted from
Ref. [17].

breaking is already realised in the SM. However, they can experience enhancements in the presence
of NP contributions [173, 178, 179]. We present such breaking patterns induced by Z’ models in
Secs. 7.3.1 and 7.3.2, and work out the C'P asymmetry of D° — 7%7% decays in Sec. 7.3.3.

7.3.1 U-spin breaking patterns in D° —- KTK~ and D°— ntn—

The relevant U-spin sum rule reads [178
Acp (K+K_) + Acp (7T+7T_) =0, (734)

which holds in the SU(3) limit but is broken for Fg, # Fg, or Fp, # Fp, in a U(1)" extension,
where different charges to d and s quarks are present. Deviations from this relation indicate U-spin
breaking and can be expressed as ®

. Acp <K+K_)

ot 1 - = ~ 7 7.35
break | +TuK | ’ UK ACP (7r+71'7) ( )

where U2 . = 0 holds in the U-spin limit in Eq. (7.34). Employing our parametrisation of Acp
from Eq. (7.30), we obtain

CK FQ2 + di 1‘7‘D2
e Fo, +dn Fp, |

Uproak = |1 + (7.36)

where numerical values for models 2, 4, 5, 9, and 10(u), for Mz = 6 TeV, are provided in Tab. 7.6.
The variation of U , due to the Mz/-dependence of the parameters ¢k r , di » is at the (few)

percent level.

To study how U-spin breaking is generated in Z’ models in more detail, we perform a Taylor
expansion in Eq. (7.36) up to O (dk,d-). This is a valid approximation since the parameters dg

3To avoid large values U{gzak > 1, we set ug, = Acp (7r+71") /Acp (K*K’) for model 10(x). In this case, the
subscripts K, Q2, D2 and 7, Q1, D1 in Eq. (7.36) and following need to be swapped.
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are small compared to the chirally-enhanced cg ., that is dx »/cx » =~ —0.05. We obtain

gt |y 4 K Fe,  cxdFo, Fp, | dx Fp,
break Cr FQl C?r th Cr .FQ1

+ 0 (dk,d2,dxdy) , (7.37)

which can be simplified considering the two cases

dr F dg F
i) Fo, = F, LUl |1 S EKOn Dy | OK D, .
(i) Fo, = Fo, 70 Upeax ‘ + o 2 . o | (7.384)
.. dix Fp dx  dx (Fp, — Fp,)
Fg,=Fqg,=0: Upty=[1+—"—"2=[14—+——2 =1 7.38b
(11) Ql Q2 break ‘ + dﬂ— FDl ‘ + dﬂ— + dﬂ- FDl ( )
Case (i) holds for models 2, 4, and 5, whereas case (ii) is valid in models 9 and 10(y). Note
that Ui, = 0 is recovered for ¢y = —¢, dg = —d, and universal U(1)’ charges in the SU(3)p
limit.

In the following, we discuss the two cases. For Fo, = Fg, # 0, we identify different sources
of U-spin breaking. The second term in Eq. (7.38a) is responsible for effects coming from the
interference between SM amplitude and NP charges F, ,. This contribution accounts for 22 %
U-spin breaking, comparable to the expected breaking uncertainty of the SM. Conversely, the
last two terms in Eq. (7.38a) are pure NP U-spin breaking effects. However, they are suppressed
which can be seen by further simplifying Eq. (7.38a). We substitute dx ~ ¢k /cx dr, which holds
numerically at the (sub-)percent level due to x» ~ Xk, and obtain

di ( Fp, — F

Ut~ ’1+ CK+K(DD)‘ (7.39)
g Cr FQl

The pure NP U-spin breaking effects are given by

dx

T

Fp, — Fp,
Fo,

Fp, — Fp,

Ugriak(FQl,z 7£ 0) = FQ
1

, (7.40)

~ 0.04 ‘

suppressed by the pion chiral enhancement and the function Ry, see Eq. (7.31). Regarding case
(i), where F, , = 0, we can express the pure NP-induced U-spin breaking as

dx (Fp, — Fp,)
dﬂ‘ FD1

Fp, — Fp,

41
o (741)

Ugriak(FQl,z = O) = ’

~ 0.78‘

In Tab. 7.6, the values of UNE_ for the Z’ models are listed.

For models that obey case (i), we find U-spin breaking effects within the range of the expected
SM U-spin breaking < 30 % for values of Fpp, — Fp, ~ O (1) as in model 5. The U-spin breaking
in model 4 is SM-like due to Fp, = 0, hence UNE,| = 0. In contrast, large effects are possible
for Fp, — Fp, ~ O(10) as in model 2, which would be observable with future sensitivities for
Acp (KTK™) and Acp (™) collected in Tab. 7.7.

For models of case (ii), the NP U-spin breaking effects in Eq. (7.41) are unsuppressed. For instance,
in model 10(u) large Ugrzak is generated, though the SM-interference term with an opposite sign
slightly reduces the total U-spin breaking. Model 9 features Fg, = Fg, = 0 as well. However,
U-spin breaking emerges from dx # —d, only due to Fp, = Fp, in this model, which yields
SM-like effects as in model 4.
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Figure 7.4: Individual C' P asymmetries Acp (KJFK*) versus Acp (7r+7r7) with NP contribu-
tions of models 2, 5, 9, and 10(p) indicated by yellow, blue, purple and cyan lines, respectively.
The green band denotes the experimental world average of AAcp in Eq. (7.4) at 10, while the
present 1o regions of the individual asymmetries listed in Tab. 7.7 are shown as grey bands.
The U-spin limit in Eq. (7.34) is shown as a red dashed line, while SM-like U-spin breaking
< 30% is indicated by the red region for comparison. Figure adapted from Ref. [17].
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Figure 7.5: Future projections for Acp (K™K ™) versus Acp (n*n~) with predictions in
the Z’ models 2, 5, 9, and 10(p) in yellow, blue, purple and cyan lines, respectively. The
green band denotes the experimental world average of AAcp in Eq. (7.4) with projected 1o
sensitivities according to Tab. 7.7. Indicated by the grey bands are two future measurements
of the individual asymmetries, i.e. future I (left-hand side plot) and future II (right-hand side
plot), with central values given in Egs. (7.42) and (7.43), respectively, and uncertainties scaled
according to Tab. 7.7. The markers denote benchmark points listed in Tab. 7.4. Light and dark
grey bands correspond to LHCb Run 1-3 and Run 1-5, respectively. Around the benchmark
points of model 2 (left-hand side plot) and model 10 (right-hand side plot) dashed and solid
ellipses are drawn for LHCb Run 1-3 and Run 1-5 sensitivities, respectively, assuming Gaussian
errors for simplicity. The U-spin limit in Eq. (7.34) is shown as a red dashed line, while SM-like
U-spin breaking < 30% is indicated by the red region for comparison. Figure adapted from
Ref. [17].
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1074 Data OLHCb OBellell

AALHCP —15.4 4+ 2.9 [169] 1.3(0.3) -

AABELAY —16.4 + 2.8 [123] 1.3(0.3) -

Acp (D°— KTK™) —9 411 [123] 3(0.7) 3

Acp (D°— ntn™) 12 4 14 [123] 3(0.7) 5

Acp (D°— x°x°) —3 + 64 [123] 9

Acp (DT — 71 a0) +290 % 290 £ 30 [180] - 17
Table 7.7: CP asymmetries and future sensitivities o in units of 10™* at LHCb Run 1-3 (Run
1-5) with 23 fb~!(300 fb™) [165] and Belle IT with 50ab™* [85]. Table adapted from Ref. [17].

The contributions of models 2, 5, 9, and 10(u) to the individual C' P asymmetries Acp (K™K~ ) and
Acp (ntn™) are depicted in Figs. 7.4 and 7.5 as yellow, blue, purple, and cyan lines, respectively.
Model 4 is not shown as it features U-spin breaking similar to model 9. The U-spin limit in
Eq. (7.34) is indicated by the red dashed line, while the red contour highlights U-spin breaking
of 30%. In Fig. 7.4, we show the current experimental bounds listed in Tab. 7.7 as 1o regions
in grey and green for the individual asymmetries and AAqp, respectively. Figure 7.5 illustrates
two possible measurements denoted as future I (left-hand side plot) and future II (right-hand side
plot). Therein, the light and dark grey bands indicate the projected sensitivities for the individual
asymmetries from LHCb Run 1-3 and Run 1-5, respectively. In a similar manner, the green bands
highlight the projections for AAcp. The central values of the measurements are chosen as

future 1 :
cen — 1+ -3 cen - -3 (742)
&p (K K')=-060-10"", A¥p(r 7 )=1.00-10"",
future 11 :
(7.43)

AZp (KKT)=-145-10"%, Agp (r n7) =0.15-10"7.

They coincide approximately with values generated by two benchmark points, labelled by a golden
star (model 2) and a cyan diamond (model 10(4x)), whereas the uncertainties are scaled according
to Tab. 7.7. For completion, we also display the benchmark points for the other models taken from
Tab. 7.4. To illustrate the NP sensitivity, we show the 1 ¢ regions of the projected uncertainties of
Acp (KTK™) and Acp (m7™) as dashed (solid) orange ellipses for LHCb Run 1-3 (1-5) assuming
no correlations. We stress that future analyses that incorporate such correlations between the
individual asymmetries and AAcp are likely to be more powerful and distinguish between different
NP scenarios.

In the Z’ models presented various amounts of U-spin breaking are realised. For instance, model
10(u) features a 90 % breaking that easily exceeds the expected amount present within the SM
of 30 %. Conversely, the U-spin symmetry in model 2 is broken at the level of 40 %, in the same
ballpark as the SM. The projected sensitivities of LHCb and Belle IT in Tab. 7.7 have the potential
to signal NP in Acp (KTK ™) and Acp (ntn7).
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7.3.2 Isospin breaking patterns in Dt — &+ x?

In the following, we examine the isospin breaking induced by flavourful Z’ models for Fy, # Fp,,
which can be probed studying the DT — 77% decay. Its CP asymmetry Acp (DT — ntx?),
defined by

F(D+ — f+) —F(D_ = f7)
(Dt — fH)+T(D~ = f)’

Acp (nn?) = (7.44)

with f*+ = 7570, is of special concern as it constitutes a clean null test of the SM [181]. Following
Sec. 7.2, we can parametrise the NP contribution as

2

2
AR (7 70) ~ ]\gf 0, AFr dn (Fp, — Fu,) (7.45)
Z/

where we have inserted the corresponding HMEs from Tab. 7.2, and assumed 0, < 1. The
parameter

1

At

dnr = ——— Ry (me, Mz/) (7.46)

includes the SM tree-level contribution to Dt — 7+ 7%, a,/, given in Tab. 7.1. Numerical values
of d, for different Z' masses are collected in Tab. 7.5. By comparing Eq. (7.45) with the AANY,
formula in Eq. (7.10), we find

ARE (7t 70) ~ B - AATE (7.47)
where

dr (FDl - FUl)

Bﬂ,: .
CKFQ2+dKFD2_Cﬂ'FQ1_dTFFD1

(7.48)

In Tab. 7.6, values of S, for Mz = 6 TeV and different Z’ models are provided. Note that we
have lost information about the signs of the leading SM decay amplitudes which interfere with
possible NP. Therefore, we are unable to predict the relative sign between AN, (7T+7T0) and AAYE,
in Eq. (7.47) without a robust determination of the strong phases.

Nevertheless, we can study B,/ in our NP models and the asymmetry induced for AANE, ~ 1073
in the light of future measurements compiled in Tab. 7.7, which yields interesting findings. In
models 9 and 10(p), values of AZY, (77%) ~ (1 —2) - AAZY, are generated which are within the
projected sensitivities of Belle II with 50 ab~! @ However, models 2, 4, and 5 only induce
ARP, (7T+7T0) <0.1- AARE ~ 107* which is beyond the reach of Belle IT and LHCb. Additional
insight into this behaviour is gained by expanding Eq. (7.48) in the d; up to O (d;). Again, we
distinguish between the two cases Fp, = Fp, = 0 and Fg, = F, # 0. Barring extra enhancements
or suppressions for certain choices of U(1)’ charges, we parametrise the leading contributions as

, de  Fp, —F Fp, — F
(1) : B (FQl,z # 0) = (CK — ¢ ) : DvaQ — +0 (dzgﬂdzdj) ~ 0.03 - %7 (749>
de Fp,—F Fp, — F
(i) : Brr(Fouo = 0) = = % + O (d2,d;d;) ~ —1.55 - % (7.50)
2 2

with ¢ = K, 7, ’. We observe that a suppression factor d.// (cx — ¢r) is present in models with
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Fg, = Fg, # 0. This is due to the chiral enhancement of the (V — A) x (V + A) operators, and
yields B ~ O (10_2—10_1). In contrast, the charge assignment Fg, = Fg, = 0, realised in models
9 and 10(u), enables sizeable isospin breaking effects ~ O (1) as the leading contributions scale
with dﬂ/ /dK

7.3.3 CP asymmetry for D° — 7w%x0

In our Z’ models, the CP asymmetry for the D — 7970 decay is given by
ARE, (7°7%) ~ Bro - AARE (7.51)
where

d Fp, — F
oo = = (Fp, = Fo) . (7.52)
CKFQ2+dKFD2 —cr Fo, —dr Fp,

Here, we have simply replaced the subscripts 7/ — 70 in Egs. (7.45) and (7.46) to obtain Eq. (7.51).
Numerical values for 8,0 are given in Tab. 7.6. Promising patterns to detect NP employing with
this CP asymmetry have been worked out in, e.g., Ref. [182]. Moreover, Tab. 7.7 highlights
the pronounced experimental prospect at Belle II for A¢c h;gﬂ'o), with a future sensitivity of
OBeltelr = 9-107%, nearly a factor of two better compared to Acp (777°). Values of AZY (7070) ~
(1 —2) - AANY emerge in models 9 and 10(u), which are within the sensitivity of Belle IT with
50ab~" [85] provided AANE, ~ 1073,

As an additional test of our Z’ framework, we define the ratio

ARY (7%7%)  Bro aw
Lep\ M) [P0 _ % 08 40.10, 7.53
AR (mt70)  Br ago (7:53)

valid for all models with Fy;, # Fp,. However, Eq. (7.53) can be altered by uncertainties coming
from possible large, unknown strong phases.

7.4 Correlations between semileptonic and hadronic
D-decays

In the following, we investigate the interplay between NP contributions to hadronic observables,
i.e. CP asymmetries, with those of rare semileptonic decays in charm. To this end, we take a

look at the Wilson coefficients Cél/)lo , dominant in ¢— wlT¢~ transitions, defined in Sec. 6.3. As

outlined in Sec. 7.1.4, we have g¢* = 0 and therefore only the primed coefficients in Eq. (6.17)
remain,

;o m g% (gr *9r)
ML= BGra. MG

(7.54)

Here, g% =g4 Fg, and g‘g = g4 Fy,, as defined in Eq. (5.23), whereas the coupling g%* is given by

Eq. (7.18).
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With Eq. (7.54) and utilising the parametrisation of AAYNY in Eq. (7.30), we obtain

Im (Cé/m,e) \fG 59/10 CP7 (7.55)

where

Fp, + Fp.
CKFQ2+dKFD2 —CWFQ1 _d‘fTFD1 '

59/10 (7.56)
Numerical values of 55?10 for £ = e, 11 in units of TeV~2 are given in Tab. 7.8 for My = 6 TeV.
Assuming a benchmark value AANE, ~ 1073 in Eq. (7.55), we find

T (Ch10,¢) ~ 0.03 TV Ll (7.57)

This implies Cé/lo,e =0 (10’2) for models 2, 4, and 5 that feature gf* = 0, %" # 0 and
ﬁg /10 = =0 (1 TeV_2)7 consistent with results derived in Sec. 6.3. However, models with large
couplings to leptons in combination with Fo, = Fg, = 0, such as models 9 and 10(x), can generate
CE/)/IO SO ( ) where 59/10 o (10 TeV_z). The caveat remains that such models are at the
edge of semileptonic exclusion limits, as depicted in Fig. 7.3. They are confronted with updated
bounds on the Wilson coefficients in Sec. 7.5.

Model Bl Bl Bs° Bss
2 0.57 —0.57 —0.68 0.68
4 —1.04 —0.35 1.04 0.35

5 —0.67 0 0.67 0
9 —20.56 —14.07 15.15 —2.17
10 37.25 3.39 —32.73 1.13
10 —4.52 —4.52 —32.73 1.13

Table 7.8: Values of 55’;’10 in TeV~2, see Eq. (7.56), for £ = p, e and evaluated at Mz = 6 TeV.
Table taken from Ref. [17].

~

O(1072-1071) [16, 164, 166]. Hence, all models presented in Tab. 7.3 can generate NP patterns in
c— ultl~ decays with AANE, ~ 1073,

Signals of NP in C'P asymmetries of semileptonic D-decays are indicated by Im(C; /10 DI

In Figs. 7.6 and 7.7, we visualise the correlation between NP effects in AAgp and charm Wilson
coefficients Im(Cé/lo ,)- Plots on the left-hand side are for £ = e, while the case ¢ = p is shown
in the right-hand side plots. In Flg 7.6, the coloured lines represent values for Im(Cj ,) versus
Im(C) ,), while allowing for |AANY| <2-1072. The dashed grey line indicates the scenario
Im(Cg. £) —Im(Cj, ,), which is realised by model 2 with vanishing F'z,. Models 2, 4, and 5 (yellow,
brown, and blue lines) score smaller values Im(C§ 4 ,) < O (1072) compared to models 9, 10, and
10(u) (purple, cyan, and pink lines). Model 5 features vector-like U(1)’ charges to electrons and
muons, i.e. F, = Fp,. In this case, we find Im(Cjg ) = Im(Cj, ,) = 0. The charge assignment
Fr, = 0 in model 10x entails Im(Cy ,,) = Im(Cj, ,,), and able to generate both sizeable vector and
axial-vector contributions. Conversely, model 10 features Fr, ~ —Fpg, for both muon and electron
couplings. Hence, the axial-vector contributions are suppressed compared to purely vector ones,
that is |C1, ,| < |Cg ,| and close to zero.
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The induced absolute value |Im(Cé/10’2)’ as a function of AAYY, is shown in Fig. 7.7. Using the
same colour scheme as in Fig. 7.6, we present the contributions for vector (axial-vector) Wilson
coefficients as solid (dashed) lines, proportional to Bgflo)' To avoid clutter, we do not show model
5 in Fig. 7.7 since very similar values of 8§ as in model 2 are generated. We also display dedicated
benchmark points taken from Tab. 7.4 for the different Z’ models. The dashed grey regions
highlight the upper limits on the corresponding Wilson coefficients obtained from high-pr data
and experimental bounds on branching ratios [154, 183] barring cancellations,

) )
|CQ/1O,M| SRS |Cg/10,e| NEE (7.58)
0.15 0.15
,,,,, Im (Cy,.)= ~Im (Cly,) === model 5 -o=e Im (C5,)= ~Im (C}y,,) === model 9
model 2 = model 1 model 2 model 10
—— modeld model 10() — model 4 —— model 10
‘ {/=— model 5
.S — .S
S 0.004 — S 0.004
E E
—0.15 — —0.15 ———
—0.15 0.00 0.15 —0.15 0.00 0.15
Im (C‘;‘e) Im (Cé.#)

Figure 7.6: Induced contributions Im(Cjq ) versus Im(C ;) for different Z’ models, where
¢ =e and £ = p is shown in the left-hand and right-hand side plot, respectively. The dashed
grey line corresponds to Im(Cy ;) = —Im(Co ). Figures adapted from Ref. [17].

>
model 2 555, model 2 8%,
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Figure 7.7: ’Im(Cé/m‘éﬂ as a function of AARY, for different Z’ models, where £ = e and £ = p
is shown in the left-hand and right-hand side plot, respectively. Solid (dashed) lines correspond
to contributions to vector (axial-vector) lepton couplings Céuo% ¢ The coloured markers indicate
the benchmark points of model 2 (golden star), model 4 (brown star), model 9 (purple diamond),
and 10u (pink diamond) listed in Tab. 7.4. The dashed grey region depicts exclusion limits, see
Eq. (7.58). Figures adapted from Ref. [17].
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Chapter 7 CP asymmetries in rare charm decays

7.5 Discussing updated limits of flavour observables

Since the publication of our work [16], the HFLAV collaboration has provided a recent update
on their global fit of D-mixing observables [124], which incorporates 2021 experimental data of
LHCb [184]. The update is given in Eq. (B.6). Relevant for our analysis are the updated values

z19 € [0.314, 0.503] %, 1o € [-1.2°, 2.42°] . (7.59)

The upper limit on g%*, previously given by Eq. (7.27), thus reduces to

—_ /
<7 Mz
|g | 1-10 <_V) . (2.60)

The updated value of ¢12 in Eq. (7.59) allows for slightly larger phases. However, since we employ
¢r = 212 ~ 7/2 to avoid constraints from 15 sin (¢12) in our analysis, we merely have to debate
the tightened bound on ¢g%' in Eq. (7.60).

In the studies presented in Secs. 7.2 to 7.4, we have employed the less restrictive limit on the Z’
couplings in Eq. (6.19) coming from upper limits on D+ — 7t p* =, The improved bound (by
roughly a factor of two) also affects some Z’ benchmarks, especially models with large couplings to
muons, i.e. models 9 and 10. The construction of model 10u featuring small U(1)’ muon charges
evades this bound. For the full list of Z’ models and dedicated benchmarks, see Tabs. 7.3 and 7.4,
respectively.

. model 10(p1), 6, = 1.7-107° 18 3.0 model 10
16 2.5
3m 14
4 <« in 2.0
12 = E
& wes 1o
B A I
8 < = E 1.0
< | aa =0+ 2) 10
™ | 6 B AAND| =(15+2) 107 -
Z 0.5 mm [AANE] = (8+2) 107
4 | AAN =(3+1)-107"
0.0 T T T T T T 1
2 00 02 04 06 08 1.0 12 14

0.0 05 1‘0 15 20 25 30
LTV

AFg-10°

Mzr

Figure 7.8: Updated version of selected plots of Figs. 7.2 and 7.3 for model 10. In the left-hand
side plot, we add the exclusion regions from updated the DO-D° mixing constraints, that is
212 sin (¢12) (purple region) and the absolute value z12 (purple hatched rectangle). In the
right-hand side plot, we additionally show the improved exclusion region from updated D°-D°
mixing constraints (purple region) and the improved bound from D — 7t u ™ in Eq. (6.19)
(yellow dash-dotted line). The cyan diamond marker refers to the benchmark point chosen in
Tab. 7.4. For discussions see the main text.

In Fig. 7.8, we give an updated version of the Figs. 7.2 and 7.3 for model 10, where the NP
contributions to AAcp in the ¢p-gs/ Mz and gs4-AFg plane are displayed, respectively. In the
left-hand side plot, the overdrawn exclusion regions denote the updated D°-D° mixing constraints.
The purple region is excluded from 12 sin (¢12), whereas the purple hatched rectangle indicates
absolute values x5 that exceed the experimental limit. We observe that the allowed parameter
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space is shifted and forbids values of [AARY| > 14-107*. Therefore, the benchmark point selected
for model 10 (cyan diamond) is excluded. The same conclusions are drawn in the right-hand side
plot of Fig. 7.8, where the improved bound from D+ — 7+ Ty~ is depicted as a yellow dash-dotted
line. However, we still find viable parameter space for smaller values of AAE; ~ few-107%. Similar
implications can be obtained for model 9 and its benchmark, which also features large Z’ couplings
to muons. Conversely, the impact on the remaining models discussed in this chapter (models 2, 4,
and b5) is significantly smaller and benchmark points remain viable due to small couplings and
ratio g4/ Mz, see corresponding plots in Figs. 7.2 and 7.3.

While certain benchmark points might be at the edge of being excluded (or excluded by future
data), they still provide insight into connections of C P-violating observables. We point out that a
possible interference between SM and NP contributions, which has been neglected in this study,
can enhance C P-violating effects. Then, even smaller NP contributions may become relevant in
the light of future measurements of AAcp and theory developments.

7.6 Summary and conclusion

The flavourful, anomaly-free Z’ scenarios presented in Tab. 7.3 are viable candidates to induce both
AAgPIQ ~ 1073 in hadronic charm decays as well as measurable C'P asymmetries in semileptonic
c— ulT¢~ modes above the SM. The underlying correlation between the two sectors has been
worked out in Sec. 7.4. Therein, we studied Z’ models with couplings only to RH quark currents
featuring a weak phase ¢z = 7/2. While the scenarios put forward in Chap. 6 evade D°-D° mixing
constraints completely, they necessitate SM-like phases. Conversely, for models with only g&* # 0
these mixing bounds provide tight constraints on our models. However, a NP interpretation of
AAcp can be achieved that suffices bounds from mixing and semi(muonic) experimental limits, see
Fig. 7.2. Relaxing our assumptions on the negligible SM contributions to AA¢p, the implications
derived in this study can be used as upper limits on the Z’ model parameters.

Supplementary cross-checks are given by C' P asymmetries in DY — 7t7~ and D° — K+ K~ decays,
where U-spin breaking beyond the SM can be probed. We refer to Figs. 7.4 and 7.5 for benchmarks
employing present data and future sensitivities from colliders, respectively. Furthermore, related
CP asymmetries in DT — 7779 and D°— 7970 decays can even exceed AANY, contributions,
making observations of isospin-violating NP accessible. Projected sensitivities at Belle II are
provided in Tab. 7.7.

As put forward in Sec. 6.4, the non-universality of lepton couplings in our Z’ framework can
be probed in LU ratios, such as RE and R%. For instance, model 9 can achieve Rf? > 1 due
to large muon couplings, while simultaneously inducing ANy, (777%) ~ AN (7070) < 2 AARY .
Conversely, model 10u generates RY < 1 with sizeable NP U-spin breaking AN (7F77) <
ARE (KTK~) ~ AARY, [17]. We stress the importance of working out and testing correlations
between C P asymmetries to pin down the specific NP model. Hence, future C'P studies of both rare
semileptonic and hadronic charm decays with improved data and sensitivities will help disentangle
the different NP patterns, with LHCb and Belle IT as the main players.

Regarding future work of Z’ models in this sector, the issue of Landau poles emerging in the
RG running needs to be addressed. Due to sizeable U(1)" charges and coupling strength at the
charm scale, diverging couplings arise way below the Planck scale. One possibility to tame this
UV behaviour is devised by the Planck safety approach. It ensures the predictivity and stability
of the theory until the Planck scale, see Sec. 5.5.
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Chapter

8

Planck-safe U(1)’" explanations
for the B-anomalies

As previously discussed in Sec. 3.4, the keen interest for the B-anomalies hinting at NP effects in
b— s£T¢~ transitions persists and motivates BSM model building in this sector. A plethora of
NP scenarios has been put forward to account for the deviations in these observables. Here, Z’
models are prime candidates due to possible non-universal couplings to quarks and leptons at tree
level. While U(1)" extensions are able to address the neutral-current b— s¢*¢~ anomalies, they
fall short of explaining the anomalies in the charged-current b— ¢ fv decays.

In this chapter, we present a study of anomaly-free Z’ models, based on the findings published in
Ref. [21]. These models can account for the B-anomalies while providing a stable and predictive
theory up to Planckian energies. We outline the necessary BSM particle content and discuss viable
models in Secs. 8.1 and 8.2. Section 8.3 encompasses an analysis of viable RG trajectories for
a selected benchmark model, while phenomenological implications are provided in Sec. 8.4. We
summarise in Sec. 8.5.

The Z’ model set-up

In our investigation we consider Z’ models that generate sizeable contributions to the Wilson
coefficients of the weak Hamiltonian in Eq. (3.41). They are induced at tree level with couplings
to b, s quarks and leptons as shown in Fig. 8.1.

Figure 8.1: Tree-level diagram of a b— s£7 ¢~ transition via a Z’ boson.

The relevant Z’ couplings are given by
LY S (97 507"bLZ), + g% SrY'bRZ), + hec) + gi Ly 0L Z), + g LRy R Z), (8.1)

where £ = e, j1, 7 is understood. By integrating out the Z’ boson in Eq. (8.1) we obtain the effective
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Hamiltonian [128

, 1 _ _
HZ% D W{ 9P (SLy"br) + g2 (bey*sL) + g% (SrY"br) + 9% (brY"sR)

z (8.2)
2

+ g (™) + g (Cry*lr) |

which evokes contributions to the Wilson coefficients ng//)lo ;- As previously reviewed in Sec. 5.3.2,

the couplings g%s, p entail additional Bs-mixing contributions, which are constrained by experimental

data. The NP Wilson coefficients relevant for b— s £/~ transitions can be extracted by comparing
the effective Hamiltonians in Egs. (3.41) and (8.2). We find

YT VaGracVaVy o Mz

where g‘g( g refer to the flavour-diagonal Z” couplings to leptons given by Eq. (5.23). The non-

diagonal coupling of b- and s-quark doublets has been worked out in Sec. 5.1.3, and is given in
Eq. (5.19). It reads

g%s = (FQs - FQz) V;;;V;b 94, (84)

with Vi Vs = —0.04. The global fit of b— s Wilson coefficients discussed in Sec. 4.2 indicates that
the B-anomalies can be explained with NP in left-handed FCNC quark couplings only. Therefore,
we set

g =0. (8.5)

This setting can be realised by choosing §; = 0 in Eq. (5.9), which entails a trivial rotation matrix
between flavour and mass eigenstates in the down-sector.

8.1.1 Beyond the standard model particle content and

interactions

In what follows, we review the particle content in our Z’ model set-up. In analogy to our previous
studies in Chaps. 6 and 7, we introduce generation-dependent U(1)’ charges Fy for the SM quarks
(f =Q,U,D) and leptons (f = L, E), as well as for three RH neutrino fields (f = v). Moreover, in
this analysis we explicitly involve the SM Higgs H and a Ny x Ny BSM scalar S, with corresponding
U(1) charges Fg and Fg, respectively. The scalar S is assumed to be a SM singlet with trivial
representations under the SM gauge group. The fermion sector is supplemented by Ny BSM
fermions 1y, g carrying universal U(1)’ charges.

In order to generate the heavy mass (~ TeV) of the Z’ boson, we introduce a BSM scalar ¢
as a SM singlet with Fyy # 0, which is responsible for the SSB of the U(1)’ symmetry. In
Tab. 8.1, the relevant matter fields and their representations under the extended gauge group
U(1)y x SU(2)r, x SU(3)¢ x U(1)" are collected. Moreover, we make the following simplifying
assumptions. To avert additional gauge anomalies emerging from BSM fermions, see Sec. 5.2, we
consider only vector-like fermions that are complete SM singlets. In addition, those fermions come
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8.1 The Z' model set-up

in three generations while S has vanishing U(1)" charge. In summary, these conditions read

]\710237 Flb:Fll)L:Fle’ F‘S:O7 YwZO, 7“2:1, ’/'3:1. (86)

Field Gen. U(l)y SU(2) L SU@3)c U(1)’

SM fermions Q 3 +% 2 3 FQi
L 3 -3 2 1 Fr,

U 3 +2 1 3 Fuy,

D 3 -3 1 3 Fp,

E 3 1 1 1 Fg,

Higgs scalar H 1 +% 2 1 Fg
BSM fermions Vg 3 0 1 1 Fy,
'¢'L Nf Yw T2 T3 F"/’L

’(/)R Nf Yw ) T3 FwR

BSM scalars S Ny X Ny 0 1 1 Fs
¢ 1 1 1 Fy

Table 8.1: SM and BSM fields with multiplicities (number of generations ) and representations
under U(1)y x SU(2)r x SU(3)¢ x U(1)’. In our analysis, we further impose Egs. (8.6), (8.19),
and (8.20), as well as Eqs. (8.12) and (8.22), see main text. Table taken from Ref. [21].

8.1.2 The Yukawa sector

The SM Yukawa interaction in Eq. (2.19) is extended by a pure BSM Yukawa vertex as well as by
the coupling of RH neutrinos to the Higgs, Y”. Thus, the Yukawa sector becomes

Lyva =Y QHU +Y) QHD+Y ' LHE +Y/ L Huvg,; +yv¥,,;SijYr;+hec . (87)

In particular, the BSM Yukawa is described by a single universal coupling y, which is protected by
a U(3)y, x U(3)y, flavour symmetry. We choose the F;,, .. charges to be universal, which ensures
that this symmetry is only softly broken.

This symmetry further prohibits additional Yukawa interactions between SM or RH neutrino

fields and the BSM sector of 9, r and S. While Majorana-like Yukawa couplings of neutrinos are
allowed for some models, we do not consider such scenarios here [21].

8.1.3 The scalar potential

With the BSM scalars S and ¢, we can extend the scalar potential in Eq. (2.11). We write the
occurring mass and cubic terms as

VA L vE =y (HTH) + m tr (S79) + m}, (678) + praer [det (S) + det (ST)] , (8.8)
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where the last term involves determinants in flavour space and the trilinear coupling pqe;. The
quartic interactions read

VO = N(HTH)? + 5 (¢7¢)% + utr (STSSTS) +vtr (STS) tr (S15)

~ (8.9)
+ 8 (HTH)tr (S1S) + 6 (HTH)(¢'¢) + w (¢T¢) tr (STS5) ,

featuring the Higgs (\) and BSM (u, v, s) self-interactions as well as portal couplings (4,4, w). In
the BSM sector, two types of vacuum configurations are realised; a flavour-symmetric one (V1)
with quartic u > 0, and a symmetry-broken one (V'~) with u < 0 [139, 140]. In the former setting,
the BSM scalar vev is flavour-diagonal, while V'~ possesses a vev only in one diagonal component
of S. At large, it can be shown that the classical potential in Eq. (8.9) is bounded from below
whenever the conditions [185-187]

A>0, A>0, s>0, 0 =04+2VAA>0, 6 =6+2/As>0,

. > (8.10)
w=w4+2VsA >0, 2VAAs+0vs+ VA +wVA+ V5 w >0,
are satisfied. The parameter
u +
A s tv>0 foru>0 (VF) (8.11)
u+v>0 foru<0 (V7)

depends on the ground state for the BSM scalars. These stability conditions ensure a stable scalar
potential, and is one of the key elements of the Planck safety strategy, which guides the analysis
presented here. We refer to Sec. 5.5 for a brief discussion on Planck safety.

8.1.4 Gauge-kinetic mixing and scalar symmetry breaking

To ensure that the scales and mechanisms of the electroweak symmetry and the U(1)" breaking
are independent, we fix

Fy=0. (8.12)

This assumption also avoids additional kinetic mixing contributions which would affect the p
parameter as outlined in Sec. 5.4. Nonetheless, kinetic mixing between the two abelian sectors is
induced in our models via the parameter 7 # 0, see Eq. (5.53). In our analysis, we avert large
mixing contributions by imposing the constraint on n put forward in Eq. (5.56), || < O (1072).
This ensures kinetic mixing to be subleading at the electroweak scale. Moreover, corrections to
the photon and Z couplings g}”Z o< 1 Fr g4 of SM fermions f can be evaded for small values of g4
or 1 at the electroweak scale [21]. In what follows, we outline the SSB of the U(1)" symmetry and
its implications on BSM parameters. After EWSB, cf. Eq. (2.13), we find

1 0 1
H=— 0= —7s+9), (8.13)
V2 vp +h 2
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where the real modes h, ¢ are rotated into mass eigenstates via

I _ cos(B) —sin(B) h , (8.14)
¢ sin () cos(f) ) \¢
and the scalar portal couplings induce the mixing angle
Supv 6w
tan (28) = ﬁ ~ i (8.15)
By acquiring a vev (¢) = vs/v/2 # 0, we generate a Z’ mass
Mz = |Fg|gavg, (8.16)

where no contribution from the SM Higgs appears stipulated by Eq. (8.12). Due to the new decay
channels of ¢’ into SM fermions and gauge bosons introduced by the scalar mixing, the decay
width of the A’ to SM final states is reduced in consequence. The mixing angle is constrained by
combined Higgs signal strength measurements [32], which imply

sin” () < 0.01. (8.17)

Employing Egs. (8.15) to (8.17), we estimate
0 41 for Mz =5T
{ or Mz =5 TeV (8.18)

F, -< .
|¢|g48 2.4  for Mz =3 TeV

While a non-vanishing vev of the scalar S may also be realised [140], the resulting mixing into
mass eigenstates becomes more elaborate but can be adjusted by the size of the scalar portal
couplings, |4], ||, and |w|.

Phenomenological constraints on Z’ model parameters
8.1.5 g

To conclude this section, we summarise additional constraints on the Z’ model parameters. In
accordance with phenomenological reasoning, we further impose the following charge assignments.
First, we avoid severe constraints from K°-K° oscillations [32] by fixing

Fo, =Fg,, Fp, =Fp,. (8.19)

This prohibits kaon FCNCs due to universal s and d quarks couplings, see discussion in Sec. 5.3.
Moreover, we forbid couplings of the Z’ boson to electrons,

Fr, =Fg, =0. (8.20)
This setting is considered due to the following reasons. By choosing vanishing U(1)’ charges
to electrons, we can induce the required p-e non-universality by construction, provided that
appropriate Z’ couplings to muons are present. In addition, a Z’ boson coupled to electrons with
sizeable g4 2 O (1) could affect electroweak observables at tree level measured at LEP [10, 188].
While such bounds are of course model-dependent, we evade possible constraints by neglecting
U(1)’ charges to electrons.
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Gauge invariance conditions in the Yukawa sector

The BSM Yukawa coupling y in Eq. (8.7) is assured to be gauge invariant due to the charge
assignments proposed in Eq. (8.6). Conversely, this is not given by default for the SM Yukawa
couplings but would necessitate the following conditions, i,j = 1,2, 3,

Yi: Fg,4+Fuy—Fy, =0,

Ydij: FQifFHfFDjZO,

Y. Fp,+Fy—Fg =0,

Vi Fp,—Fyg—F, =0.

(8.21)

In our analysis, however, we relax some of those constraints. We know that the necessary tree-level
FCNC via the Z’-b-s quark vertex requires non-universal charges, i.e. F, # Fg, in Eq. (8.4). Yet,
this charge assignment cannot be realised if all conditions in Eq. (8.21) have to be met. Instead,
solving Eq. (8.21) for non-diagonal entries in Y,/ and Y, yields universal charge assignments
Fg, = Fg, = Fg,, while similar implications manifest themselves in the lepton sector.

As we are guided in our approach to explain the B-anomalies and ensure a stable RG flow that
includes the dominant (top and bottom) Yukawa couplings, we only impose the gauge invariance
conditions for the diagonal quark Yukawa elements in Eq. (8.21). Hence, we fix

i, —
Y’f_ : Fo,+Fuy—Fy, =0, (8.22)
Yd“: F’Qi—F’H—F‘DiZO7
allowing for the corresponding mass terms. In doing so, we drop the related conditions for the
lepton sector, neglecting charged lepton and neutrino masses. For the same reasons, only the top
coupling Y;3? is essential for the RG evolution, whereas other Yukawa couplings remain naturally
orders of magnitude smaller under the RG running.

Constraints on ggs from Bg;-mixing

A Z' coupling g%s # 0 invariably generates a tree-level contribution to AMj, i.e. to Bs-mixing,
see Sec. 5.3.2. As we confine ourselves to g% = 0, we use the bound in Eq. (5.49),

97|

Ve <1.24-107° TeV 2 = Loy - (8.23)
Z/

While this limit is quite strong, it can be met by Z’ benchmark scenarios that are introduced in
Sec. 8.2. To quantify the B;-mixing contribution, we define the ratio of induced over maximally
allowed mixing as

bs |2
‘QL 1
- 1 .24
B, M%, T ) (8 )

where rp, <1 is understood. In Sec. 5.3.2, we have put forward a certain hierarchy of couplings,
that is g%s = gg’;g X, with X =~ 10. In these scenarios, small RH currents g?,—f # 0 are present,
which allows to evade Bs-mixing constraints completely. We discuss this possibility in Sec. 8.4.3.
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Benchmark models explaining the B-anomalies

In this section, we present viable scenarios that induce NP effects accounting for the B-anomalies.
We employ selected fit results on the Wilson coefficients Cg ,, and Cio,,,, which have been presented
in Sec. 4.2. We determine three benchmark models (BMs) that predict NP near the matching scale
o =~ 5 TeV. Furthermore, a fourth scenario with a lower matching scale g ~ 3 TeV is identified
as well. The explicit U(1)’ charge assignments are compiled in Tab. 8.2.

model FQi FU’L FDZ FLi FEZ FVz FH F¢ F¢
1 1 1 1 1 1 1 1 1 9 9 9 9 1
BMi 55 25 -1 20 20 10 30 30 10 O0~10 10 O0—-10 10 6 0 0 0 1 3
1 1 1 1 1 1 1 1 1 1 1 11 1
BM2 -3 -3 § ~—1 ~1 & ~—i "7 © 0 1 0 0 0 1 -1z 10 1335
1 1 1 1 1 1 1 1 1 1 1 1 1
BMs -g -5 0 -5 -5 0 -5 —-g 0 0 3 3 0z 3 0 3z 2 0 1 g
BMy 0 0 3 o o 1 o o L& o 4 -2 o L -2 o -2 o0 1 %

Table 8.2: U(l)’ charge assignments in the four benchmark models BM;_4. Note that the
charges are not given as integers, but instead are normalised by scaling the largest value of each
solution to one. Table taken from Ref. [21].

2.0 ¢

angular B — K™ up
. — Rg ]
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A global fit, with Ry
BM, 4
BM,
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C97u

Figure 8.2: Likelihood contours as in the left-hand side plot of Fig. 4.2, with additional four
benchmarks given in Tabs. 8.2 and 8.4 and displayed as diamond-shaped markers. The dashed
line indicates Cy,;, = —Ci0,,,. Note that BM; and BMy generate identical values of C(g’lo)’p‘ , see
main text for further details. Figure adapted from Ref. [21].

To generate the desired NP contributions via the semimuonic Wilson coefficients in Eq. (8.3), we
study different patterns that distinguish the four models presented. Motivated by the 1d and 2d
fit results in Tab. 4.2, we choose

BM174 : anu 7é 0 and ClO,[L =0,
BM; : Cg,u = —C10,W (825)
BM; : —Cg’u > CIO,M >0,

where BM, is constructed as a minimal model with only the necessary U(1)" charges to third-
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generation quarks. The model generates the same Wilson coefficients as BMy, see Tab. 8.2.

In Fig. 8.2, we display the corresponding Wilson coefficients together with selected likelihood
contours in the Cy ,-C10,, plane. Moreover, these models are compliant with the theoretical and
phenomenological constraints brought forward in Sec. 8.1. In particular, we employ the ACCs
introduced in Eq. (5.24) to obtain anomaly-free Z’ models. The gauge invariance of quark mass
terms and constraints from Bg-mixing in Eqgs. (8.22) and (8.23), respectively, are satisfied as well.
The solutions presented also obey Egs. (8.19) and (8.20) in accordance with kaon mixing and
electroweak precision measurements, respectively.

In the following, we discuss the different benchmarks beginning with some general remarks. To
generate NP scenarios with Cy,, = —Cio,, (as in BMy), we require gy = 0, that is F, = 0.
Conversely, models with Cig,, = 0 (as in BM; 4) are only possible with vector-like muon charges
Fr, = Fg,, ¢f. Eq. (8.3). The pattern that emerges for the 1d and 2d fit results in Tab. 4.2 reads

—Co,u > Cio,p >0, (8.26)

and yields constraints on the relative sign of the quark and lepton charges. Viable Z’ models that
match the pattern in Eq. (8.26) need to satisfy

F‘Q3>.FQ2 and FLQEFEQZO

(8.27)
or FQ3<FQ2 and FL2§FE2§O,

following the input of the known signs of the relevant CKM elements and g3 > 0 in Eq. (8.3).

Moreover, the inclusion of RH neutrino charges F,, has a profound impact on which scenarios
are accessible. In the case of vanishing RH neutrino charges F,, = 0, the theoretical and
phenomenological constraints necessitate

FHZO, Fq3:72Fq1:72Fq2, FL3:7FL2, FE3:*FE2::FFL2a (828)

where ¢; = Q,, U, D,. The desired pattern of Wilson coefficients in Eqgs. (8.26) and (8.27) can only
be achieved by setting Fr, = Fg, in Eq. (8.28). While NP scenarios with Cg , # 0 are allowed,
such vector-like muon charges stipulate Cig,, = 0. Therefore, Cy9 , 7# 0 requires RH neutrinos in
our Z' framework that enter the ACCs in Eq. (5.24) and consequently relax the conditions in
Eq. (8.28). We observe that non-vanishing charges F,, are mandatory for BMy 3 where Cyg,,, # 0.
In BMy the inclusion of RH neutrinos is also required to couple the Z’ boson to third-generation
quarks only. Conversely, RH neutrinos are not needed in BM;, which is both compliant with
Ci0,, = 0 and Eq. (8.28).

BM; exhibits a distinct structure where the same U(1)’ charge for all representations of quarks
(¢: = Q,, U, D;) and leptons (¢; = L,, E;) for a given generation i emerge, that is

FQS:_2FQ2:_2FQ1a FZ1:0’ Ffaz_Féz' (829)

In addition to quark masses, this particular choice of charges also allows for diagonal lepton Yukawa
elements Y see Eq. (8.21). To reproduce the best-fit value Co,, = —0.83 given in Tab. 4.2,
we employ Eq. (8.3) and derive the matching condition cy(po) = g5/(47)? = 1.87 - 1072 for the
rescaled U(1)" gauge coupling. In this case, the constraint from B,-mixing in Eq. (8.24) is satisfied

with moderate g, = 0.35.

In BMy, we have Fig, = 0 which provokes the best-fit values Cg ,, = —Ci0,, = —0.41, see Tab. 4.2.
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This leads to ay(po) = 5.97 - 1073 and rp, = 0.86, near to but lower than the current B;-mixing

bound in Eq. (8.23).

The pattern —Cy , > C19,, > 0 is realised in BM3. We generate
Cy, =—0.71, Cig, =+0.24, (8.30)

with ay(po) = 4.60 - 1072, which is in excellent agreement with the respective fit result in
Tab. 4.2. In contrast to the other benchmark models BM; 5 4, we have to adjust for two coeflicients
simultaneously. We fix Cy , to its best-fit value, while allowing Cy, ,, to be within the 1 o uncertainty
of its central fit value, i.e. C1g,, = 0.20 = 0.13. Notably, no charges to third-generation quarks are
present In BM3. The required Z’ couplings to the (mass eigenstate) b quarks are induced after
flavour rotations as detailed in Sec. 5.1.3.

In benchmark model BMy, we choose a lower matching scale than in BM; 2 3 as the vanishing
first- and second-generation quark charges yield a suppressed Z’ production in pp-collisions,
and allow to mitigate constraints on the Z’ mass [21]. Following this argument, BMj can also
be considered minimal as it features fewer couplings compared to the other benchmarks. We
provide more details on the phenomenological implication of our Z’ benchmarks in Sec. 8.4.
As in BM;, we have Fr, = Fg,, and hence Cig, = 0. For identical Cy, = —0.83, we obtain
ay(po =3 TeV) = 2.46 - 1072, A model with a similar minimal set-up as BM, has been studied in
Ref. [134]. Yet, a large tuning in flavour rotations is necessary in their set-up, while CKM-like
bs-mixing as in BM, would violate the pattern in Eq. (8.27) and predict the wrong sign of Cy .
For convenience, we collect all features of the benchmark models in Tab. 8.4, at the end of this
chapter.

Planck safety in U(1)’ extensions

After presenting phenomenologically viable U(1)" extensions that account for the B-anomalies
in Sec. 8.2, we move to the Planck safety analysis of these benchmarks models. We outline our
Planck safety analysis under general considerations in Sec. 8.3.1. Afterwards, dedicated results for
the benchmark model BM3 are presented in Sec. 8.3.2. We refer to Ref. [21] for details on the
other benchmark models.

In Sec. 5.5, we have discussed Landau poles that arise at energies urp < 102 GeV when U(1)’
gauge interactions ay(po) =~ O (1072) with minimal U(1)’ charge assignments are included into
the RG flow. This limit lies well below the Planck scale pp; ~ 10" GeV, and is lowered even
further in scenarios with a beyond-minimal U(1)" charge assignment, illustrated in Fig. 5.4. To
obtain a stable and predictive theory until the Planck scale, we consider a rich BSM particle sector
and new interactions put forward in Sec. 8.1. Following Sec. 5.5.1, we utilise the Planck safety
approach to ensure the predictivity and stability of our models up to the Planck scale.

8.3.1 Critical surface of model parameters and general

considerations

The RG running of the couplings determines possible Planck-safe trajectories, which can be
extracted for the different benchmark models BM; 5 3 4 introduced in Sec. 8.2. We consider the
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running of the gauge, Yukawa, quartic and portal couplings employing the rescaled couplings «;
given in Egs. (A.33) and (A.37). In App. A.4, we provide the numerical values of the SM couplings
at the matching scale in Tab. A.1, which are extracted from experimental data. The RG evolution
of these couplings up to the matching scale remains unchanged. Moreover, we include the running
of the kinetic mixing parameter 7, see Sec. 8.1.4, being constrained by Eq. (5.56). For the quartic
coupling a; we impose Eq. (8.18). As stated in Eq. (8.22), we only take into account the SM
Yukawa couplings of the ¢ and b quark, denoted by y; and yp, respectively. The remaining Yukawa
couplings of the SM can safely be neglected due to their numerical smallness and (technical)
naturalness. Viable RG trajectories are given by finite and well-defined values of all couplings for
energies from the matching scale up to the Planck scale. Here, we fix the matching scale to

(8.31)
3 TeV  for BMy

5 TeV for BM172)3
o = .
Furthermore, we demand a stable scalar potential by imposing the conditions in Eq. (8.10) to hold
all the way up to Planckian energies.

Following the approach outlined in Ref. [140], the RG running is evolved numerically at two-loop
accuracy for all couplings starting at the matching scale. Then, the evolution of the couplings
via the corresponding S-functions is computed until the Planck scale. During this procedure,
we monitor the stability of the quantum vacuum and ensure the absence of Landau poles for
any RG trajectory. Since in each benchmark model the value of ay4(po) is determined by the
Wilson coefficients needed to account for the B-anomalies, cf. Eq. (8.3), we define the set of initial
conditions

Pe = {ozy, A5, OF, Oy Oy, Oy, as} | i=po - (8.32)

This set includes the values of the remaining couplings at the matching scale in Eq. (8.31).
Then, the BSM critical surface of parameters constitutes a set Pc that leads to well-defined RG
trajectories up to the Planck scale.

To move arising Landau poles past the Planck scale through BSM Yukawa interactions, we require
a contribution

F} - ay(po) 2 0 (1071). (8.33)

Simultaneously, the growth of ay needs to be decelerated by choosing sufficiently small absolute
values of all other U(1)" charges relative to |Fy|. Due to their colour and isospin multiplicities
the quark charges heavily influence the growth of the U(1)’ gauge couplings. However, these
considerations coincide with the phenomenological constraints from B,-mixing that demand
Fg,./Fy < 1, see Tab. 8.2. Conversely, sizeable U(1)" charges to leptons are needed in Eq. (8.3)
to accommodate the B-anomalies after all.

In the scalar sector, substantial contributions from at least one of the portals couplings § or é to
the scalars S and ¢ are necessary to stabilise the Higgs potential in Eq. (8.9). We estimate the
preferred ranges

O(107°%) Saz; SO(1071), (8.34)

where it is sufficient if one of the Higgs portals fulfils one of the conditions above, while the other
one can be chosen freely. The conditions in Egs. (8.33) and (8.34) provide a major advantage in

- 94 -



8.3 Planck safety in U(1)' extensions

obtaining viable RG trajectories. Hence, they are key results of our RG analysis as in general the
parameter region is dominated by poles (and instabilities) [21].

8.3.2 Planck-safe trajectories in benchmark model 3

In BM3, the value of ay(ug) = 4.60 - 1072 dictates a putative Landau pole at upp =~ 25 TeV.
The location of the naive Landau pole bounds the masses of the 9 and S fields, My, Mg < prp.
Previously, in Fig. 5.4 we have displayed the RG running of the same benchmark while disabling
the BSM fields v, S, and ¢. This explains why in that scenario the Landau pole is located at
larger energies around 3 - 10* TeV. We remark that the addition of BSM fields lowers the potential
scale of the Landau pole due to additional U(1)" charge carriers. However, the associated BSM
Yukawa interactions are able to move divergences past the Planck scale.

107!

3 z

o o 1077

gc gc-
10—3 L
107! 4

1073 1072 107! 1 1074 107° 1072 1071 1
ylsTev sls Tev

Figure 8.3: Critical surface of parameters for the benchmark model BM3, projected onto
the {ay, az}]u, (left-hand side plot) and the {as, az}|,, (right-hand side plot) plane of
parameters. We set the matching scale o = 5 TeV and as|,, = 107%° (left-hand side
plot), ayl, = 107°®° (right-hand side plot), together with {aa, 1, cu, w, Cw, s}y =
{4.60 - 1072, 0, 1074, 1072, 1076, 10_3'5}. The black cross corresponds to the sample tra-
jectory displayed in Fig. 8.4. The colour coding is as follows. An unstable vacuum (stable
vacuum V1) at the Planck scale is indicated in grey (blue). Brown and yellow regions illustrate
an unstable (ay < —107%) and a metastable (=107 < «a, < 0) Higgs at the Planck scale.
Landau poles that emerge at or before the Planck scale are shown in red. Figure taken from
Ref. [21].

Viable RG trajectories are obtained, scanning over the set of initial conditions Pc in Eq. (8.32).
The prior estimates made under general considerations in Eqs. (8.33) and (8.34) are adjusted in
the latter case, where we find

107" S oy (o) (8.35)
107* S aspo) $1071 or 107%° < az(pg) <1071, (8.36)
Results for BM3 are displayed in Fig. 8.3, where the UV critical surface at the Planck scale is shown

in terms of the couplings o, as and aj at the matching scale. We observe that many parameters
settings are excluded due to poles (shown in red) and instabilities of the scalar potential (brown,
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Chapter 8 Planck-safe U(1)" explanations for the B-anomalies

yellow). However, we find a fair range of parameters space that allows for a stable ground state V'
(blue) at the Planck scale, while pushing Landau poles beyond Planckian energies. Visible in both
projections, we observe two disconnected pieces of the vacuum only separated by the occurrence
of poles for parameters in between. We further deduce that both Higgs portal couplings become
sizeable at pg in one of the regions, but remain within the limits established in Eq. (8.36).

a4 ]

10-1F @, ]
/ T,
1072} 9% 1

i\

10—3 L
I Mﬂ

10° 107 10° 10" 10" 105 107 10"
u/GeV

Figure 8.4: Sample running of couplings for the benchmark model BM3s up to the

Planck scale up1 (grey area) showing trajectories for all couplings and the kinetic mix-

ing parameter 7 for po = 5 TeV alongside {ou, 1, oy, s, a3, O, Qw, Qw, as}|u, = {4.60 -

1072, 0, 107%%,1072%,1072%, 107 %, 107°, 107%, 10~*°}. Figure taken from Ref. [21].
In Fig. 8.4, a sample Planck-safe trajectory of BMj is depicted, with parameters settings corre-
sponding to the black cross in Fig. 8.3. Overall, we find a moderate but slow evolution of all
couplings between the matching and the Planck scale. Kinetic mixing reaches an O (1) value,
while the BSM Yukawa and U(1)’ coupling score values of O (107'). All other couplings remain
roughly within the range of O (10_3—10_2). We also identify the so-called ‘walking regime’ in
Fig. 8.4, where the growth of couplings comes almost to a halt. Such regimes can be observed in
all viable trajectories and prove to be an essential feature of our model building. Comparable RG
trajectories are obtained when considering different Planck-safe parameter regions of Fig. 8.3. The
corresponding results for the other benchmark models BM; 5 4 are discussed in Ref. [ﬂ]

Phenomenological implications

In this section, we present phenomenological implications of our benchmark models. To this end,
we study predictions for dineutrino modes and discuss collider signatures that emerge in Z’ models.
We also entertain the possibility of RH quark couplings and their impact on Ry () observables.

8.4.1 Predictions for dineutrino modes B— K®vp

A detailed parametrisation of SM and NP contributions to dineutrino modes ¢’ — g vv is provided
in, e.g., Ref. [20] and also discussed in Chap. 9. It can be shown that a universal impact for
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all B— Hvo, with H = K, K*,..., branching ratios is present for vanishing RH quark currents.
This setting is realised for the Z’ models considered in this analysis, see Sec. 8.2. Therefore, we
write [20]

B(B— Hvo 1
M =3 (Z |1+ Fr,al® +|F, a2> , (8.37)
where a = 2 N 71 gbs (M%/ XSM) and |a] < 1. Here, Xgy = —12.64 encodes the SM contribution,
see definition in Eq. (9.6). Inserting the U(1)’ charges and Wilson coefficients of the respective
benchmarks into Eq. (8.37), we obtain the values 1.003,1.05,1.08,0.97 for BM;, BM,, BMj3
and BMy, respectively. The tiny deviation from one in BM; is due to a certain cancellation of
contributions. To be precise, the chosen second- and third-generation charges Fr, = —Fp, provoke
an cancellation of the interference term with the SM, ¢f. Tab. 8.2. Ounly the second term in Eq. (8.37)
encodes contributions from light RH neutrinos which is missing SM interference. Therefore, only
negligible contributions at the permille level are realised in BMj 3 4. We find that b— s dineutrino
branching ratios are generally enhanced in NP scenarios addressing the B-anomalies, although
a mild suppression is obtained in BMy where ¢ > 0 and Fr, < 0. While current sensitivities of
the Belle II experiment allow for an observation of B® — K% and B? — K*Ovi decays at the
SM-level, the NP effects in our benchmarks are indistinguishable from the SM prediction within
present precision, see Tab. 9.3. Nevertheless, the study of branching ratios in dineutrino modes
allows for different patterns of NP that can validate or falsify concrete models, see Chap. 9.

8.4.2 Collider signatures

The Z’ models in Sec. 8.2 provide a rich phenomenology that can be probed at different colliders.
In what follows, we present two key signatures, while expanded discussions can be found in

Ref. @

The decay width of a Z’ boson decaying into fermion-antifermion pairs is given by [189

- 27 N7, 4m?2.
F(Z'%fifi): T Coy Mgy 1 — 2fl
3 MZ,

(8.38)

2

m
(Ff2Li +Ff2m) - Mi%f/ (FfZM - 6FfLiFfR'i +F]%Ri)

Here, kinetic mixing has been neglected, and the colour factor reads N, é = 3 for quarks and N, é =1
otherwise. The decay Z' — 1) is kinematically allowed and becomes dominant if Mz > 2M,.
We find that the phase space suppression of the partial decay width T'(Z’ — %) remains small
(< 5%) as long as My < 0.3 Mz The Z' cannot decay to SM gauge bosons at LO if kinetic
mixing is neglected. For Fy # 0, the decay Z' — ss with s = h, ¢ can arise and its corresponding
decay width reads [189]

(S

2
(2 — ss) ~ %oul My F2 (1 "y A”;Q ) . (8.39)
Z/

The branching ratios B (Z’' — fif;, ss) can be computed via Egs. (8.38) and (8.39), employing
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the charge assignments in Tab. 8.2 for the benchmark models BM;_4. The results are compiled in
Tab. 8.3.

Model  jets b t e n T Veyu,r h 123 [} etz
BM; 0.5 0.5 0.5 0 15 15 15 0 54 0.2 0.43 M 4/
BM, 14 1.5 1.5 0 9 9 18 0 46 0.1 0.14 M,/
BM3 5 0 0 0 4 4 8 0 79 0.1 0.73 M4/
BMy4 0 0.9 0.9 0 3 11 14 0 72 0.2 0.43 M 4/

Table 8.3: Tree-level branching ratios in % for the different Z’' decay modes to fermion-
antifermion pairs and pairs of scalars, neglecting fermionic as well as kinetic mixing. The last
column displays the total Z’-width. The numerical values correspond to the scenario where
the decays Z’' — wiﬂ)i, ¢¢ are kinematically allowed and hardly phase space suppressed (i.e.
My,s < 0.3My). If the decay to 1) is kinematically suppressed at a significant level or
forbidden, the other branching ratios increase by up to roughly a factor of 2, 4 and 5 in BM; 2,
BMj3 and BMy, respectively. Table adapted from Ref. [21].

Therein, we also show the corresponding total Z’-width I'*°*(Z’) obtained in the limit My, < 0.3 M.
We find that the decay mode Z’ — 1) (if kinematically allowed) provides the dominant contribution
in all benchmarks with a branching ratio of approximately 50 %, 80 % and 70 % in BM; o, BMj
and BMy, respectively. Another observation made in all scenarios is the substantial branching
ratio to dineutrinos B (Z' — vv) ranging from 8 to 18 %. Thus, both these decay modes yield
missing energy signatures at colliders, Z’ — invisible with a branching ratio of ~ 65-85%. Such
signatures can be studied with future LHC searches.

The four benchmarks can be distinguished by their different branching ratios to leptons (muons
and tauons) but also to dijets, where BMy provides the largest ratio of 14 %. Conversely, in BMy
no dijets are produced via Z’ decays due to the vanishing first- and second-generation Z’ couplings.
Thus, a distinction of benchmarks is possible when measuring Z’ branching ratios with an accuracy
of ~10%.

Another finding in the benchmarks presented is their promising implications for future muon
colliders [190-193]. The Z’ boson can be directly produced, either on- or off-shell, in the s-channel.
The cross section is enhanced by the large U(1)’ coupling as well as the requisite muon coupling
Fr,. In the following, we study the Z’ production in dominant subsequent decays to invisibles
which provides a formidable discovery potential via putpu~ — Z' — b, vo. To lowest order, the
corresponding cross section is given as

s (FL,+FE)  gf
(M%/ 75)2 +M2/F2Z/ 487T

o(utu™ = 2" — Yip,vi) = ANGF;+ > (F7, +F2)|, (8.40)

which is about 880, 72, 560 and 4800 times larger in the respective models BM;_4 compared to the
SM cross section oy (™ — Z — vi) & 1.94- 1071 GeV > for /s = 3 TeV [21]. For recent
muon collider studies of Z’ models explaining the B-anomalies, we refer to Refs. [194, 195].
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8.4.3 Impact of right-handed quark currents

Throughout this chapter, we have focussed U(1)" extensions that feature NP Wilson coefficients
C(9,10),, With only LH quark couplings g%s. While this assumption works perfectly to explain
the B-anomalies, it restricts Rx ~ Ry~ [83]. The latest experimental data from LHCb [8, 84],
collected in Tab. C.5, suggests in particular Ry+ > R0 in the ¢*-bin [1.1, 6.0 GeV? at a level of
approximately 1 0. The first measurement of R K2 [9] does not follow this trend, but is subject to
sizeable uncertainties. -

In the following, we consider simultaneous contributions of LH and RH quark couplings, g% and

g%, respectively. In Eq. (3.50), we have put forward a double ratio sensitive to primed Wilson

coefficients. This ratio can be simplified in the case of vanishing electron couplings and reads
R~

e 1-0.41 (C5, —Clo,) - (8.41)

The semileptonic Wilson coefficients obey the relation

c ' bs

e (N7} R

e 12 (8.42)
9, 10,0 9L

see Eq. (8.3). The 4d fit results in Tab. 4.2 favour r < 0, but they also remain consistent with
r = 0 varying uncertainties within 1-2 . However, we can derive additional implications assuming
that Cg ,, < 0 remains true in future updated global fits and that NP contributions to electrons
are tiny. Under these assumptions, we can distinguish

r > 0 (hence Cé’# <0): Rg+> Rk,

7 <0 (hence Cy , >0): Rg- < Rk.
Interestingly, Z’ contributions to B,-mixing can be cancelled in a LH-dominated scenario g%s =
g% X, with X, ~ 10, which has been put forward in Eq. (5.48). In this case, Eq. (8.42) can be
rewritten inserting the definition of g% Eq. (8.4). We obtain

_ 2V Vi Fo, — Ig

sin (20a) = —¢ o _FD2 ~ (—8-107%)
s 3 2

FQB_FQz
Fp, — Fp,’

(8.43)

where 6, denotes the bs-mixing angle for the down-type quark singlets, cf. Eq. (5.20). Hence, 0, is
small in models with Fg, — Fi, of the same order or smaller as Fp, — Fpp,. The ratios of Wilson
coefficients are strictly positive, that is » = 1/ X > 0 in the preferred LH-dominated scenario.

In summary, we find that Z’ models can be uniquely probed by a combined analysis of b— s£T£~
transitions, Bs-mixing constraints, and universality ratios Rx versus Rg-. Moreover, related
muon-to-electron ratios, such as R4 or Rg,, can help pinpoint the underlying chirality of the NP
quark currents [83].
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Summary of Planck-safe benchmark models

We have studied new flavourful U(1)" extensions of the SM that account for the B-anomalies
presently hinting at NP in b— s~ transitions. In doing so, we have enforced stability and
predictivity of the theory parameters via RG evolution up to the Planck scale. This is necessary
to avert Landau poles emerging well below Planckian energies when adding the U(1)" coupling to
the RG flow, and further remedies the metastability of the scalar potential. We have extended the
particle content by including vector-like fermions, meson-like scalars and (in some models) RH
neutrinos, see Sec. 8.1.1. The new Yukawa couplings tame Landau poles while portal couplings are
crucial to stabilise the scalar potential, as illustrated in Sec. 8.3.2 for a sample RG trajectory.

The benchmark models presented each describe a viable fit scenario from Tab. 4.2, addressing the
B-anomalies. The main features are summarised in Tab. 8.4. We have explored the phenomenology
of these benchmark models, where distinct signatures for (future) lepton and hadron colliders
have been discussed in Sec. 8.4. Notably, we find that the Z’ predominantly decays into invisibles,
where Z’ — 1) dominates if kinematically allowed, see Tab. 8.3. Moreover, these models can be
extended and tested to accommodate future measurements.

Model  po aa(po) Cop  Crop Yilg YY) rp, B(Z —inv) g
BM; 5 TeV 1.87-1072 —0.83 0 v v X 0.35 73 % X
BMy, 5TeV  597-1072 —0.41 —Co, v X X 0.86 64 % v/
BMj3 5 TeV 4.60- 1072 —0.71 +0.24 v X X 0.60 87 % v
BMy4 3 TeV 2.46 - 1072 —0.83 0 v v v 0.70 86 % v

Table 8.4: Key features of Planck-safe benchmark models (with charge assignments listed in
Tab. 8.2), showing the values of the matching scale 110, the Wilson coefficients C(g 1¢),,, the
gauge coupling au, and the diagonal Yukawa interactions Yszdye’l, as in Sec. 8.2. In addition, we
list the branching ratio for Z’ decays to missing energy, whether RH neutrinos v are included,
and the room left by the Bs-mixing constraint 7p, < 1 before RH currents need to be invoked,
with rp, defined in Eq. (8.24). Table taken from Ref. [21].

While Z’ models with large My in the TeV-range are able to account for the B-anomalies, they
fall short of simultaneously explaining the (g — 2), discrepancy [196] due to tiny Z’ one-loop
contribution to (g — 2), [197, 198]. This apparent mismatch can be interpreted as different types
of NP entering these anomalies, see, e.g., Refs. [199, 200]. This motivates future studies where the
Z' boson teams up with other NP particles, such as leptoquarks or vector-like fermions [201] that
can collectively explain flavour anomalies in different sectors.
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Chapter

Lepton universality tests in
dineutrino modes

Probing lepton universality (LU) in rare semileptonic decays provides an excellent opportunity
to find deviations from the SM. Regarding the current status of the persistent B-anomalies, it is
well motivated to construct additional tests involving other decay modes not only as a cross-check,
but also to pinpoint possible BSM scenarios that can account for those effects. Therefore, related
FCNC quark transitions into dineutrinos modes ¢’ — g v are ideal for testing universality and
discovering NP due to several reasons. Firstly, these modes are subject to similar loop and CKM
suppressions as ¢’ — ¢ ¢t ¢~ transitions, while neutrino masses require SM extensions. The flavour
of neutrinos cannot be tagged experimentally, and thus a measurement of dineutrino observables
involves an incoherent sum over all neutrino flavours ¢, j = e, u, 7. In particular, the dineutrino
branching ratio is expressed as

B(qd — qui) =ZB(q’ — qUii;) . (9.1)

.3

Notably, contributions from lepton universality violation, or lepton flavour violation, are included
by construction. This way, complementary experimental tests of LU and charged lepton flavour
conservation (cLFC) can be formulated. In this chapter, we study different lepton flavour structures
connecting the charged dilepton couplings to those of dineutrinos by SU(2)-invariance in a model-
independent way. A clean environment to probe dineutrino modes is available at ete~-facilities
such as Belle IT and the BES IIT experiment, with promising expected yields for measurements
of missing energy (85, 202]. Furthermore, planned experiments like the Future Circular Collider
(FCC) with collider signatures of positron-electron collisions FCC-ee [203] will also advance NP
searches in these modes.

This chapter is based on collective findings first presented in Refs. [18-20]. Therein, detailed
studies in different flavour sectors, such as charm and B-physics, have been conducted, while
results for kaon and top couplings have been worked out as well. In what follows, we aim to present
the general idea of these studies. To this end, we review the correlation of dineutrino and charged
dilepton couplings present in the SMEFT framework in Sec. 9.1. This link is put to use in Sec. 9.2,
where predictions for dineutrino modes are worked out in the charm and B-sector. Subsequently,
in Sec. 9.3 we discuss novel tests probing LU in b— s v transitions in a model-independent way.
Results for Z’ models are described as well.
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SU(2)-link between dineutrino and charged lepton

couplings

Here, we present a unified description of FCNC interactions between two quarks and two leptons,
separating contributions of charged leptons and neutrinos. Compared to the previously considered
EFT framework in Eq. (3.41) and Eq. (6.2), we utilise a slightly adapted notation where the
different flavour indices of quarks and leptons are made explicit. Below the electroweak scale,
u < pgw, the Hamiltonian involving charged leptons is given by

e et 4GF Qe P.gij Bij
Hep’' D——=— > K, 057 +he., (9.2)
V2 dm A=L,R
whereas for neutrinos we have
vivs 4G o, Pogij ~afij
Mo =——= = Y QY +he, (9.3)
V2 dm A=L,R

where the indices a, 8 and ¢, j denote the flavours of quarks and leptons, respectively. The
superscript P = D (P = U) refers to the down-quark sector (up-quark sector), for instance
P.3 = Dig (Uy) indicates b— s (c— u) transitions. The dimension-six operators O%’" and

iﬁ “ cover the low-energy dynamics, where the relevant semileptonic operators read

afij — 57 i afij — 57 1
02 = @pvuap) Centi), OF = @fvuan) Tir"0h) (94)
while, in absence of RH neutrinos like in the SM, only the two dineutrino operators

W = @val ) Pivl), QWY = @) (i i), (9:5)

appear in Eq. (9.3). The short-distance dynamics are encoded in the Wilson coefficients ICkPa‘j W
/Ci:’s"ﬁ + Kifﬁg and C: wpif _ Cij*sﬁl\l/f + Ci‘fﬁg , where the separation between SM and BSM
contributions is made explicit. The SM Wilson coefficients are lepton (flavour) universal, which
gives

Clin = Vas Vi Xom 0y, (9.6)

particularising for the b— s transition. In Eq. (9.6), we have introduced the coefficient Xgnm =
—2X,/sin? (fw) = —12.64 & 0.15, which is known with a high accuracy, including two-loop
electroweak contributions [204] and NLO QCD corrections [205, 206]. Details on the derivation

of the function X; is given in Refs. [131, 204]. The contributions C R:’Sﬁj are negligible [207], and

hence are not considered in our studies. The semileptonic Wilson coefficients K} %" are related to

the rare B-decay ones, previously defined in Eq. (3.44), as

KD — Vi (e ) e = v v (e - i) 01)

Assuming pgw S Anp, we can describe the set of FCNC transitions ¢z — qa(ﬁfﬁjﬂ v;i;) in
SMEFT introduced in Sec. 3.3. The LO contributions are given by the four-fermion operators
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embedded in [61]

e B c® B
LsMEFT D —5 2 = (Ly,L)(QY"Q) + 2 (Ly0°L)(Qy"0"Q)
; s (9.8)
+ vl“ (L, L)(UA"U) + lgd (Ly,L) (DA D),
h Yy,

where ¢ are Pauli matrices and vy, denotes the Higgs vev. We have suppressed the flavour indices
of the SU(2)-doublet leptons L and quarks @ as well as the RH up-singlet (down-singlet) quarks
U (D) to avoid clutter. We remark that operators featuring charged lepton singlets E, such as
(Qu,Q)(EA"E), are disconnected from the dineutrino processes and break the relation Co = —Cyg
in WET. Additional operators that induce Z-penguins at tree level, such as (@WMQ)(H TDrH)
involving two Higgs fields H and a covariant derivate D*, are constrained by, e.g., electroweak and
top observables [208, 209]. They are negligible for the purpose of our investigations. Therefore, the
(axial-)vector operators in Eq. (9.8) provide a suitable model-independent basis for the description
of dineutrino modes due to their invariance under QCD-evolution [210], while corrections from
electroweak RG running [211] are not significant, see Ref. [20] for details.

By splitting the operators in Eq. (9.8) into SU(2);-components, we derive the following link
between the couplings to dineutrinos (C%) and to charged dileptons (K%) in the gauge basis

2 2
cf = kP =" (el +c) . CH=KR = "Cu,
e oe (9.9)
2w 1 3 2 ’
cp =Ky =Z(cl)-c)), CR=KR="Cu.

A one-to-one map between the dineutrino and dilepton Wilson coefficients is realised for RH
quark currents, Cg’D = Kg’D in both up-quark and down-quark sectors. In contrast, we obtain
CP = KY and CY = KP in the gauge basis for the LH quark currents, due to the relative minus

signs between Cl(ql) and Cz(;)- This SU(2)-link in the gauge basis is visualised in Fig. 9.1.

Appropriate field rotations are necessary to express KX and Cf in the mass basis, which are
denoted by calligraphic Kf and C% included in Eq. (9.2) and Eq. (9.3), respectively. Employing
the unitary rotations introduced in Eq. (2.21), we obtain the relations
C = (Upmns)" KR Upnins (9.10)
CP = (Upnins)' KF Upnins + O (Ackm) (9.11)

where Upyins is the PMNS matrix, and P = U, D for P’ = D,U. By summing over the lepton
flavours i, j incoherently, as put forward in Eq. (9.1), a link between the couplings C% and KF, is
established [18]

> (Ier12 +1eR7 1)

v=1,j
/ T
—tr (cf e +ck (c;;)*) — tr (/cf (icf) +KcP (/cg)T) + O (Aexm) (9.12)
= 3 (IR +IKRY12) + 0 (oxa)
(=i,j

Further details on this SU(2)-link and the incorporated flavour rotations and assumptions are
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collected in App. G.

ug

Uagij _ Dagij
CL - KL

Vi

Lri lr;

Figure 9.1: Diagrams that display the NP contributions to up- and down-quark transitions
with dineutrinos Cg’ r and dileptons K 5 R, from the operators in Eq. (9.8) in the gauge basis,
with flavour indices «, 3, i, j. The SU(2)r-link between neutrino and charged lepton operators
is exploited in Eq. (9.12) in the mass basis. Figure taken from Ref. [18].

Equation (9.12) provides the unique possibility to predict dineutrino rates for different lepton
flavour structures IC}L)’%, which can be probed with lepton-specific measurements. We determine
the following structures

o lepton flavour universality (LFU) or equivalently called just lepton universality (LU):

E 0 0
Kig=|0 k 0|, (9.13)
0 0 k
o charged lepton flavour conservation (cLFC):
kee O 0
Kir=1 0 kuy 0 ; (9.14)
0 0 k.

kee kep, keT
Kir=1 ke kup kur |- (9.15)
k‘re kru k‘r‘r
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9.2 Correlations of different flavour sectors

In the following, we explore the rich playground of dineutrino modes using the SU(2).-link in
Eq. (9.12). The differential branching ratio of dineutrino modes can be written as

dB (¢ — qvp)

T = (e ap+ a-(a') o (9.16)

which is related to the final state hadron’s energy distribution in the initial state hadron rest frame
as dB/dq¢® = 1/(2my) dB/dE. Here, my; denotes the mass of the initial state hadron and ¢
indicates the dineutrino invariant mass squared. In Eq. (9.16), the factors a4 (g?) are decay mode
specific. and include the form factors and kinematics of the respective decay, see, e.g., Refs. [19,
20] for definitions. Consequently, all branching ratios depend on at most two combinations of
Wilson coefficients that can be chosen as

ap =Y _[CY £CHIP. (9.17)

i,J

Here, it proves useful to define the quantity

733;5'*‘35137 cPii2 | |oPii)2 t 9
wp=~F=E =3 (ICL7 +1CR71°) . aF < 2zp, (9.18)

(2]
which for instance enters in inclusive decays. The integrated branching ratio of dineutrino modes
is readily obtained as

B(d —quv)=A,z}p +A_xp, (9.19)
with
qmax

Ay = a+ (q2) dq¢?, (9.20)

2
Qmin

where ¢2,, and ¢2,,. denote the allowed kinematic range which depends on the specific decay
mode, e.g. ¢2;, = 0 and ¢2,, = (mpo — mgo)? for the exclusive B — K decay. In Tab. 9.3,
we provide central values of AL with their symmetrised uncertainties for selected b— s decay
modes. Interestingly, A_ = 0 for decays into pseudoscalar mesons B — P, while A} < A_ for
vector mesons B — V. Moreover, the relation A, = A_ holds in inclusive B — X, decays. This
complementarity between different decay modes is a result of parity conservation in the strong
interaction as well as Lorentz invariance. It can be exploited for instance to construct tests of LU,
see Sec. 9.3.

We discuss the implications of the SU(2)-link for charm and beauty dineutrino modes in Secs. 9.2.1
and 9.2.2, respectively.

9.2.1 Predictions for charm

Due to the efficient GIM-cancellation in charm decays, the SM amplitude of ¢— u dineutrino
transitions is perfectly negligible and therefore constitutes a clean null test of the SM. Recently,
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D’ > F Ay A BIYY Bi¥c BT NG /mem  NAFo/mem N /neg
(1078  [107% [1077] [1079] [1079]

D% — 7O 0.9 0 6.1 3.5 13 47k (395k) 270k (2.3M) 980k (8.3 M)

D° — 7070 0.7-107% 0.21 1.5 0.8 3.1 11k (95k) 64k (540k) 230k (2.0 M)

D° - xtn™  1.4-107%  0.41 2.8 1.6 5.9 22k (180k) 120k (1.0M) 450k (3.8 M)

D° - KTK~ 4.7-107% 0.004 0.03 0.02 0.06 0.2k(1.9k) 1.3k(11k) 4.8k (40 k)

Table 9.1: Coefficients A+ as defined in Eq. (9.20) for selected D°-meson decays into final
states I for central values of input [19]. Utilising Eq. (9.19), we provide the upper limits on
branching ratios Bri7", Bipe and B™** corresponding to Egs. (9.23) to (9.25), respectively.
The expected number of events, see Eq. (9.22), per reconstruction efficiency nes for Belle II
with 50ab~! (FCC-ee yields in parentheses) are given in the last three columns. Table taken
from Ref. [19].

the BES III experiment performed the first experimental search of the c— w v process, where the
upper limit [212

B(D"— rvp) <2.1-107* (9.21)

at 90 % C.L. has been obtained. Current experiments like BES IIT [202], Belle II [85] as well as
other future e™e™-colliders such as the FCC-ee [203] are perfect for analyses of the corresponding
missing energy modes, with charm production rates from B(Z — c¢) ~ 0.12 [32] for the latter.
More quantitatively, we can parametrise the expected event rate for a decay h., — F vy, with a
charged hadron h. and final state F', as

NP — g N(he) B (he — Fui) (9.22)

where 7.g denotes the reconstruction efficiency. The number of charmed hadrons N(h.) can be
fetched from Tab. G.8 with expected magnitudes of O (1010).

Utilising the SU(2)-link in Eq. (9.12) together with data on the charged lepton couplings ICidM
and IC%‘M, we are able to computed upper limits on the quantity z., = zy,,. Here, we have

adapted the notation Uiy = cu and D15 = sd, while also 7,7 — £,¢' is understood. We employ
high-pt data provided in Tabs. G.1 and G.2 to obtain the upper limits [19]

Tew <34 (LU), (9.23)
Tew <196 (cLFC), (9.24)
ZTew ST16 (general) (9.25)

assuming the inherent flavour structures of the lepton couplings, see Egs. (9.13) to (9.15), in
each of those limits. Notably, we have included the O (Ackm) corrections in Eq. (9.12), where an
explicit derivation of the upper limits is provided in App. G.3. We remark that more stringent
bounds are obtained when including data from rare kaon decays in addition to those from (high-pr)
Drell-Yan processes. However, they are subject to cancellations and may not be considered fully
model-independent. We focus on the bounds given in Egs. (9.23) to (9.25) for our subsequent
studies, whereas limits also including low energy constraints are listed in App. G.4.

In Fig. 9.2, we display the resulting upper bounds on selected charm dineutrino branching ratios,
employing Eq. (9.19) together with Z‘a < 2x,. The corresponding Ay factors as well as the

max max

maximal branching ratio for the specific flavour structures denoted by BF*, Bipe, and BM
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9.2 Correlations of different flavour sectors

are provided in Tab. 9.1. In Fig. 9.2, we additionally show the relative statistical uncertainty
8B = 1/+/Net N(h.) B against the branching ratio B, where the former scales as 1/1/Np", for
Belle IT (green region) and FCC-ee (lilac region). We choose 7.g = 1072 as a benchmark efficiency
shown as tilted lines, whereas the left-most boundaries of the respective regions correspond to
the ideal, no loss case neg = 1. All relevant values of N are listed in Tab. 9.1. We find that
for efficiencies of a permille or better, branching ratios of O (10_6) down to O (10_8) can be
discovered at 50 (that is 8 = 1/5) in D’-modes. Similar yields are obtained for other charm
modes given elsewhere [19]. Certainly, given corroborated estimates of 7.z and reduced systematic
uncertainties in the future, the reach of future measurements at charm factories can be worked
out more quantitatively. However, regions with branching ratios O (10’6—10’5) already cover
interesting physics as can be inferred from the computed maximal branching ratio limits. We
observe that all limits shown here are above ~ 1076, except for D° — K™K~ viv. Notably, the
branching ratio Bm**(DY — 7% v) = 1.3 - 1077 is only one order of magnitude smaller than the
available experimental limit, see Eq. (9.21).

10()

nEECe =1073
pellell — 103
e <1
Pl < 1
— B (D’ — n'vi)
..... B, (D° — 70 v )
== Bmx(D° — 7Oy i)
By (D° — nt 7 vi)
By (D — 7t n-vi)
B"""‘(D“ —S>ata v 17)
By (D° — Kt K~ vi)
B (D — K+ K~ v)

7
B"'“x(]_)” - KtK v f)

30

102 -
107 1072 10 100" 10°% 10 107

B(D" — Fuvp)

Figure 9.2: Relative statistical uncertainty of the branching ratio 68 versus the branching
ratio B for dineutrino decays of the D° meson. The shaded areas correspond to the reach of the
reconstruction efficiency 7.gq = 1, while the solid tilted lines depict the impact of 7j.g = 1073
for FCC-ee (lilac) and Belle II (green). Horizontal 30 (dotted) and 5o (dashed) black lines
illustrate 68 = 1/3 and dB = 1/5, respectively. Vertical lines represent upper limits assuming
LU (solid), cLFC (dotted) and generic lepton flavour (dashed) for decay modes, compiled in
Tab. 9.1. To improve readability, the three lines for each decay mode are grouped together by a
shaded band. Figure adapted from Ref. [19].

The upper limits satisfy Bij* < Biipe < B™**, and we can therefore infer that, e.g., a branching
ratio measurement Beyp in some mode with Biy* < Bexp < BiP would be an indication of LU

max

violation. In contrast, a breakdown of cLFC is inferred by a branching ratio above B 5.
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Reach of Z’ models in charm dineutrino modes

Specific BSM extensions, such as leptoquarks or Z’ scenarios, feature a generic alignment between
the Wilson coefficients in the gauge basis

Y =acy)

lg >

27 1 2
KP =~vCP=(1+a) (a> ¢, KY = 505 =(1-a) (a> )

(&

(9.26)

where v = (1 + «)/(1 — a). In Z’ models, where a = 0 (hence v = 1), the Eq. (9.26) can be
simplified to

KPP =olP. (9.27)

Similar results and implications arise for leptoquark representations [19]. In particular, for c— u
transitions it holds

w2y < 3 (=92 4 9 2) (9.28)
4,3

utilising the bounds on charged lepton couplings from high-pr data, we obtain

2% <15 (LU), (9.29)
27 <85 (cLFC), (9.30)
27 <288 (general), (9.31)

which are stronger than the model-independent limits in Eqs. (9.23) to (9.25), nevertheless within
the same order of magnitude. The resulting upper limits on dineutrino branching ratios follow the
same reasoning and are compiled in Tab. 9.2.

Z' models: Kg = C’g
he = F BIG* Bape BT

[1077] [107%] [1079]

D% — 7" 2.7 1.5 5.1
DO — 7970 0.6 0.4 1.2
D - nta— 1.2 0.7 2.4

D° - KTK~ 0.01 0.007  0.03

Table 9.2: Upper limits B, Bipe and B™** extracted from the LU, cLFC and general
bounds on zZ, in Eqs. (9.29) to (9.31), respectively, see Eq. (9.19). Table taken from Ref. [19].

9.2.2 Predictions for beauty

To study the phenomenological implications in the B-sector, it is convenient to utilise the following
notation,

Uss _ fte Da3 __ ybs Uis _ rtu D3 _ 1bd
Kixe =K%, KiZXke =K%, Kite =K%, Kikp=Ki. (9.32)
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B (Mode),, derived Belle II
Mode A A B (Mode)gyy upper limit ~ EFT limit @ 5ab~! (50ab~1)
[1078] (1078 [1078] [1079] [1079) %
B® — K° 516 + 68 0 391 + 52 26 [213] 15 -
BT - Kt 558 + 74 0 423 + 56 16 [214] 16¢ 30 (11)
BY— K0 200 + 29 888 + 108 824 + 99 18 [213] 18¢ 26 (9.6)
BT — Kk**t 217 + 32 961 + 116 893 4 107 40 [215] 19 25 (9.3)
Bs— ¢ 184+ 9 1110 + 85 981 + 69 5400 [216] 23 B
B® - X, 1834 £193 1834 £193 2800 % 300 640 [216] 78 B
Bt = X, 1978 £208 1978 £208 3000 % 300 640 [216] 84 B

Table 9.3: SM predictions of dineutrino branching ratios of B— Kvi and B— K*vv decays,
as well as related modes with underlying b— svp transition. Also provided are the Ay
parameters [21], see Eq. (9.19), and the current experimental upper limits on the branching
ratio at 90% C.L. in the fifth column. Derived EFT limits using Eq. (9.35) are displayed in
the sixth column, while projected Belle II sensitivities [85] for 5ab™" (50ab™ ") are given in the
last column. The superscript ¢ denotes limits used as input in Eq. (9.35). Table adapted from
Ref. [21].

This highlights the respective quark transition and eases the notation of the dilepton couplings,
where we have omitted the subscript ‘NP’. In addition, we reduce clutter by using rescaled versions
of these quantities

ij ij £\ —1 cij cij £\ — uij uij *\—
wp = K7 (Ve Vi)™ s = KT (VYT R =K (Ve T (933)

where the dependence of the CKM matrix elements has been factorised. Similar changes in notation
can be implemented for the corresponding dineutrino Wilson coefficients.

In Tab. 9.3, we summarise the SM branching ratios for selected b— s modes that are computed
using Eq. (9.19). In this case, Eq. (9.17) reads

Tt = 10 + KT £ KR)2 (9.34)
@,

Here, we have inserted the connected dilepton couplings, neglecting O (A%KM) corrections that
stem from the SU(2)-link in Eq. (9.12). Different sensitivities of Wilson coefficients in x4 enter
the branching ratio parametrisation given in Eq. (9.19) for B— Pvv, B— V vp, and inclusive
B— X,vv decays. This fact can be exploited by using current experimental upper limits to
constrain

z, 29, x,,+02z] <20, (9.35)

S ~

extracted from the experimental limits on Bt — K*vv and B — K*%vp, see Tab. 9.3. Using
Eq. (9.35), we find indirect limits on the branching ratios of other dineutrino modes that hold
within our EFT framework. Exemplary EFT limits are collected in Tab. 9.3 for selected decay
modes, that is B— K v, B,— ¢vi and inclusive B— X,vp decays. An extended list that also
involves decay modes with underlying b— d transitions is provided in Ref. [21]. We note that a
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bs 0’ ee o T ep et uT
1K5°% by 331 178 637 200 688 748
rbett! 1 [-1.6,—1.1] 806 2.5 71 86
rbset! 1 [0.2,0.8] 806 2.5 71 86
‘Kzﬁu’ Lo 35 35 35 45 45 45

Table 9.4: Upper limits on charged dilepton couplings nlﬁ%' from high—pr [183, 217] (top
row), charged dilepton B-decays (mid rows) and derived ones from three-body rare B-decays
to dineutrinos (bottom row). Numbers without ranges correspond to a limit on the modulus.
The pp ranges are derived from the global fit results of Ref. [20], see Sec. 4.2 and Tab. 4.1
for details, with the departures from zero in IC SHE corresponding to the B-anomalies. The
LFV-bounds are quoted as flavour-summed, \/|I€Z+W |2 + |k €T |2, whereas the other bounds
are for a single coupling. Corresponding rescaled values for couplings ICZLS‘;{“ = Vi Vi kY8 ' are
given in Tab. G.3 for completion. Table entries taken from Refs. [20, 21].

violation of these limits would be a sign of NP which is not embedded in our EFT description,
such as light BSM particles.

In the following, we study the impact of the dineutrino limits on flavour-specific charged dilepton
couplings. Afterwards, we compare them with direct limits extracted from high-pt data and rare
B-decays to charged leptons. The bound in Eq. (9.35) can be rewritten in terms of the rescaled

couplings mtc” and an” see Eq. (9.33), which yields

D Xsn 8y + 7+ VP S18-10°, Y7 Xamdy i —wp P S1310° (g g6

] ,J

By assuming different lepton flavour structures we can utilise Eq. (9.36) to obtain limits on fitLCij

and /@bS” For the three dedicated scenarios (LU, cLFC, and a general flavour structure) we obtain
the constraints 21]

LU: [&%% <23, —10< k% <35,
cLFC: [s%% <35, —22< w4 <47, (9.37)
general : |k < 32, |kt < 32,

assuming real-valued couplings. A comprehensive list that incorporates the various limits on the
couplings anM is given in Tab. 9.4, where the limits in Eq. (9.37) are displayed in the bottom
TOW. Bounds extracted from Drell-Yan data and rare B-decays to charged leptons are given in the
top row and middle rows, respectively. Note that we quote the LFV-bounds as flavour-summed,
where the limits obtained in the general case (allowing for cLFV) in Eq. (9.37) are scaled as
Kbs|,, = /322 1 322 & 45. The bounds from (semi)leptonic rare B-decays are computed using
flavio [91] with experimental upper limits taken from Ref. [32], assuming one coupling at a time,
|Co| = |C10] = kL/2 or |Ch| = |Clp| = kr/2. Supplementary tables that list upper limits on charged
dilepton couplings K, p for other quark transitions can be found in App. G.2. We observe that

limits on couplings with dimuons K L " from charged B-decays are the strongest, which have been
extracted from our global fit to b— s data, see Sec. 9.3. Moreover, the bounds from dineutrinos
surpass the ones obtained via the direct dilepton data for 77 as well as er and u7 by a factor of 23,
2, and 2, respectively, whereas weaker constraints follow for ee and ey. Comparing our findings to

Drell-Yan data, the dineutrino bounds on /@'lﬁ%' are a factor of 4 or more stronger (depending on
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the coupling) than those from high-pr. Similar results follows for limits on Hsz%/ couplings [21].

Since the SU(2)-link enables us to extract limits on LH top couplings fitLC“, as well, we can
compare such limits to those obtained by the 2021 analysis of CMS [218] with top quark productions
plus leptons (admixture of dielectrons and dimuons), k% = [~196, 243], with £ = e, . Assuming
a top-philic flavour pattern [219] with FCNC couplings in the down mass basis we find x{° ~
Vi Vit k8 = [=8,10] somewhat stronger than the corresponding dineutrino limits, ki =
[—22,47]. However, those limits from dineutrinos are available for all flavours £, as opposed to
collider limits from CMS, which are limited to ee and pu only.

Universality tests with b— svv transitions

As the SU(2)-link is bidirectional, we can utilise data of charged dileptons to obtain bounds on
dineutrino modes. In what follows, we provide tests of lepton universality, where we focus on
B— Kvv and B— K*vv decays, featuring an underlying b— s transition.

In the LU limit, the branching ratio in Eq. (9.19) can be parametrised as

B(B— Kv) ;= AP% o) |y, (9.38)

B(B— K*v)y = ARK" of o+ APR a1 (9.39)

with x?fs’LU = 3|V Vi |? (Xsm + K14 + RIEM)Q and ¢ fixed to the flavour with the strongest
constraints. As present rare top data is not able to put useful constraints on the couplings
Khett (18], we instead solve B(B— Kvv)y in Eq. (9.38) for this coupling and insert the two
solutions into Eq. (9.39). This yields a correlation between the branching ratios,

BK™

. A7 _
B(B% K l/l/)LU = AWB(B% KVZ/)LU
+

2 (
" B(B— Kvv)
+3APET VP [ w2kl
| tb t| 3 ‘V;&thﬂQAEK R

9.40)

which holds for any combination of charged and/or neutral decay modes with appropriate substi-
tution of the parameters A4, see Tab. 9.3.

As the most stringent limits on /{’ﬁ“ are given for ¢ = p, we utilise the global fit approach outlined
in Chap. 4. In the following, we consider the 6d fit results of the NP Wilson coefficients C((;)g 10),

listed in Tab. 4.1 where only pure b— s data has been included. Matching to the dineutrino basis,
we find

/-iisw =Cou = Crop = —1.45£0.29,

bs / / (9'41)
Kot =C, — Clo, = 0.46 £0.26,

with an deviation from the SM hypothesis, mlzs”j%” =0, at 4.60.

We use Eqgs. (9.40) and (9.41) to display the correlations between B (B®— K*%vi) versus
B (B"— K%wp) and B (B’ — K*%vp) versus B(B™— K*vr) shown in the left-hand and right-
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20 :
1 —— LD 7 background
exp. upper limits |
=) | EFT upper limits
‘_,< 15 LU region
— 1 EFT region
‘§ future sensitivity
5 SM
NS 107, z
= ] }
2 5 ‘
«Q
- FHV—r———7——F 0 : ——
0 10 20 30 5 10 15 20
B(B"— Kvy) - 10° B(B" = K*wy)-10°

Figure 9.3: B (B° — K*°vv) versus B (B° — K°vp) (left-hand side plot) and B (B° — K*’vw)
versus B (BT — K*vp) (right-hand side plot). SM predictions (blue diamond) with their
uncertainties (blue bars) from Tab. 9.3, where the resonant 7-background in the charged mode
is included as an additional uncertainty and the solid blue line indicates the scale of the pure
resonant contribution. The dark red regions (dashed red lines) represent the LU region given
by Eq. (9.40) where x%** and A4 have been scanned within their 1o (20) uncertainties. The
light green region represents the validity of the EFT framework as in Eq. (9.35). Assuming the
couplings in Eq. (9.27), we display a specific BSM benchmark, which results in best-fit values
(yellow star) and 1o regions (yellow ellipses) for a Z’ boson from b— s global fits, see main
text for details. Hatched grey bands correspond to the current experimental 90% C.L. upper
limits, whereas the yellow boxes illustrate the projected experimental sensitivity (10 % at the
chosen point) of Belle II with 50ab~" in Tab. 9.3. Figure adapted from Ref. [19)].

hand side plot of Fig. 9.3, respectively. Scanning ff?;”” and the prefactors A, see Tab. 9.3, within

their 10 (20) uncertainties, one identifies

B(B°— K*%up
( O_> OVIJ)LU =17...26 (1.3...29). (9.42)
B(B — K Z/I/)LU

BB~ K*vr),y =16...24 (1.2...2.7). (9.43)
B(BT— Ktvi)

These limits are shown as the red LU regions in Fig. 9.3. Two measurements outside this region
would indicate a breakdown of LU. However, a measurement inside this region does not necessarily
imply LU. To avoid a double counting of uncertainties in the derivation of the LU region, we
separate branching ratio contributions into those coming from the SM, NP, and their interference
terms. Then, only the central values of the respective AL factors in Tab. 9.3 are inserted for
the pure NP contributions, whereas the SM term even incorporates correlations between the AL
factors. The interference term is scaled with A ~ v/ Acen . Aunc where A" and A""° refer to the
central value and the value including uncertainties of the corresponding A, respectively. The SM
predictions are shown with their uncertainties as blue markers, taken from Tab. 9.3. The green
region represents the validity of our EFT framework, given by Eq. (9.35). The hatched grey bands
correspond to the currently available experimental 90 % C.L. upper limits, while the unhatched
grey regions indicate the derived EFT limits, see Tab. 9.3. Then, a measurement between those
two areas would infer a clear hint of BSM physics not covered by the EFT framework. The widths
of the yellow boxes illustrate the projected experimental sensitivity (10 % at the chosen point) of
Belle 1T with 50ab™" [85].
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The solid blue line (in the right-hand side plot) corresponds to the resonant branching ratio of a
BT meson annihilating via 7tv — Kt vp, B(DT— K' U,v;)p ~5- 1077, such that the region
left of this line loses any sensitivity to possible NP. Correlations that include only neutral mesons
as in the left-hand side plot are not affected. Similar procedures can also be applied to perform
tests of cLFC. However, current limits on 77 couplings as given in Tab. 9.4 are unable to provide
information beyond the already established EFT limit, 7.e. the green region.

Z' boson benchmark

In Z' models, the alignment of Wilson coefficients K2 = CP is present, cf. Eq. (9.27). By giving
up the model-independent framework from our previous discussions, we gain the possibility to
predict LU branching ratios for all possible decay modes only using information from global fits.
For Z' models, where also RH quark couplings C’g # 0 emerge, we employ the global fit results
in Eq. (9.41). In Fig. 9.3, the corresponding best-fit branching ratio prediction is displayed as a
yellow star while 1o uncertainties (computed in a similar manner as the LU region) are indicated
by the enclosing ellipse. In this Z’ scenario, predictions of the LU branching ratios of B— K™ vp
decays read

B(B’— K°p) =(45+0.6)-107%, B(B*— Ktvy)=(4.9+0.8)-107°,

9.44

B (BO—> K*OVD) =(10.7+1.1)-107%, B(Bt— K*tvp)=(11.6+1.2)-1079, ( )
which can be compared with their SM predictions and corresponding (experimental) limits provided
in Tab. 9.3.

9.4 Summary and conclusion

We have worked out a striking connection between dilepton and charged dineutrino couplings
established by the SU(2)-invariance studied in SMEFT. While this link is applicable in many
flavour sectors, it allows us to probe the lepton flavour structure in dineutrino observables, e.g.
branching ratios related to missing energies measurements. We identify three different structures,
that is lepton universality, charged lepton flavour conservation, and an arbitrary structure allowing
for lepton flavour violation. Assuming these flavour structures, upper limits for charm dineutrino
branching ratios and b— s couplings have been determined, see Tabs. 9.1 and 9.4, respectively.

As currently no direct observations of BSM physics have been made at colliders, synergies and
correlations across all flavour sectors provide the possibility to analyse existing data and hunt
towards NP patterns in these rare decay modes. Meanwhile, future refined theoretical work is
also vital, and can profoundly impact and improve the tests that have been put forward in this
chapter. In particular, improved data of form factors can significantly reduce the uncertainties of
branching ratio predictions.

The SU(2)-link in Eq. (9.12) can be exploited in both directions, meaning limits from dineutrino
data directly affect dilepton couplings and vice versa. By including global fit results of b— sy~
Wilson coefficients, we can study a relation between dineutrino branching ratios of B — vector
and pseudoscalar mesons to probe lepton universality. We have presented the LU regions in
Eqgs. (9.42) and (9.43), which are further illustrated in Fig. 9.3. Furthermore, tests of the EFT
framework can be established, e.g. Eq. (9.35) for b— s transitions, where a violation hints at light
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Chapter 9 Lepton universality tests in dineutrino modes

BSM particles such as RH neutrinos. Refs. [19, 20] provide estimates on the impact of additional
dimension-six operators induced by light RH neutrinos where improved (future) experimental
limits on B(D? — vv) and B(B{,) — vv) can further constrain scalar and pseudoscalar operators
in charm and B-physics, respectively.

The data-driven bounds on branching ratios presented for rare charm dineutrino modes of up to
O (107) can be probed by e*e~-facilities as displayed in Fig. 9.2. Limits on dineutrino branching
ratios in flavourful Z’ models with a simplified SMEFT framework, see Eq. (9.27), are stronger
than the model-independent ones, but within the same order of magnitude. We very much look
forward to updated analyses of Belle II and LHCb and improved theoretical input to further
elaborate on the suggested null and lepton universality tests able to disentangle different NP
scenarios.
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Chapter

Summary and conclusion

In this thesis, we exploited the rich phenomenology of Z’ models. A notable aspect of these
extensions is the presence of non-universal fermionic U(1)’ charges. Due to flavour rotations large
effects in FCNC transitions can be induced, which in contrast are strongly GIM-suppressed in
the SM. However, the new charges are subject to constraints from gauge anomaly cancellation
that have to be met, while also stringent phenomenological bounds on NP parameters from, e.g.,
meson mixing supplement the model-building approach presented in Chap. 5.

Prompted by the enduring B-anomalies with a plethora of b— s£7¢~ and b— s~ data available,
we performed global fits of b— s Wilson coefficients in Chap. 4. The results obtained point
towards the evidence of lepton universality violation which can be realised by the presence of NP
in left-handed quark currents, see Tabs. 4.1 and 4.2. A minimal extension to account for these
deviations is given by Z’ models that have been extensively studied in the literature. However,
these models are prone to Landau poles emerging before the Planck scale which need to be
addressed. We tackled this issue in Chap. 8, proposing the Planck safety approach that comes
with a great predictive power as only a small subset of models achieves a stable behaviour until
the Planck scale. Such viable Z’ models were worked out in Secs. 8.2 and 8.3.

The previous studies can be complemented by information from FCNCs in the up-quark sector. In
Chap. 6, we studied rare charm decays where null test observables are instrumental to evade the
unknown description of the long-distance dynamics. Sizeable contributions to Wilson coefficients
present in these observables can be generated by certain sets of Z’ models compiled in Tab. 6.1.
In particular, deviations from the lepton universality limit RE = 1 are readily induced in such
models. The predictions are outlined in Sec. 6.4.1 and provide a clear-cut sign of NP if confirmed
by experiments. In addition, we worked out the implications of new sources of C'P violation
in Chap. 7. We exploited C'P asymmetries in hadronic charm decays, where a link between a
NP-dominated AAcp and semileptonic D-decays allows to probe different patterns in Z’ models
within the reach of future LHCb and Belle II sensitivities [85, 165]. Furthermore, large U-spin
and isospin breaking effects are realised in these models and can also be accessed by the same
experiments.

Thanks to the SU(2)-invariance in the SMEFT, a genuine connection between quark transitions
into dineutrinos with those into charged dileptons emerges. We investigated this link in Chap. 9
across multiple FCNC transitions in a model-independent way, but also in Z’ scenarios that
provide more restrictive predictions. Using Drell-Yan and rare decay data, we derived upper limits
on various ¢— uv¥ branching ratios for distinct lepton flavour assumptions, see Tab. 9.1. The
link can also be applied to b— s transitions, which in contrast yields improved limits on charged
T-lepton couplings, see Tab. 9.4. In addition, we presented novel universality tests in B— Kvv
and B— K*vp decays illustrated in Fig. 9.3. Predictions for Z’ models were also worked out.

Clear signs of NP are yet to be discovered at colliders, however the future experimental prospects,
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Chapter 10 Summary and conclusion

both in the up- and down-sector, are promising and highly anticipated by the community. For
example, the first measurements by the Belle II experiment of the LU ratios Ry () are expected
in the near future [85], and will provide independent validations of the current deviations by
LHCb [8, 84]. While global fits are already well-established in the B-sector, future implementations
comprising observables in the up-sector are welcome, and indeed will be crucial to disentangle the
whole picture of the underlying BSM theory.
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Appendix

Notations and conventions

Throughout this thesis, we work in natural units, i.e. redefining the speed of light and Planck’s
constant as ¢ = 1 and h = 1, respectively. This gives all quantities dimensions of energy E (in
electron volt €V) to some power. Equivalently, we can define the mass dimension of a quantity
using E = m c?. For example, momentum p and masses m of particles are given in units of GeV,
whereas (life)times 7 and lengths x have units 1/ GeV. Their mass dimension is then given by
[p] = [m] = 1 (positive mass dimension) and [r] = [#] = —1 (negative mass dimension), respectively.
Common examples are
[da] = [z] = [r] = =1, [0 =I[pu] =1,

=l
[Sl=[/d4m }=07 =1, W=3, =1, (A0

where the action S is assumed dimensionless. In Eq. (A.1), £ denotes a Lagrangian (or Lagrangian
density), while ¢ and ¢ refer to fermion and scalar fields, respectively.

Furthermore, we follow the conventions (except when explicitly noted otherwise) described in this
appendix that are commonly employed in the literature, e.g. Ref. [26].

Dirac algebra and spinors

We define the metric tensor as
g = diag (+1,-1,-1,-1) . (A.2)
The Dirac or gamma matrices vy, with u =0, 1, 2, 3 satisfy the anticommutation relation
s} = v + 1 =20 (A.3)

where explicit expressions of v, and 5 are given elsewhere [23, 24, 26]. This implies a Dirac
algebra with 16 elements

S=14x4, P=7v, V=9, A=v7v, T=o0,, (A4)

where
75 = i7"y’ =17, (A.5)
Opv = % ['Y;w’Yu] = %('Y;L’YV — V) - (A.6)
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In Eq. (A.4), we organise the different structures as scalar (S), pseudoscalar (P), vector (V'),
azial vector (A) and tensor (T'). The following relations are useful

()" =+°, (v)' = =,
(Y =791, () =1, (m)’=-1, (A7)
{(¥5. 7.} =0, (v5)" = s,

with ¢ =1, 2, 3.
The chirality projectors are defined as

LF 7
2 )

Ppr= (P =Py, Pavu=9.P_a, (A.8)

with A = L, R, where —L = R and —R = L is understood. Furthermore, we give the charge
conjugation matriz C = iy?+° with selected properties

Clys) Cl=+v, CT=-C, Ct=C"', C(Py) =PsC. (A.9)

A fermion is described by a four-component Dirac spinor and its adjoint which are denoted by
¥ and ) = (1/))T 70, respectively. Then, left-handed (LH) and right-handed (RH) fermions are
defined as chiral fields

1¥
YR = Prr = 275 P, (A.10)

Yya=vPa=vP_4. (A.11)

Employing Eq. (A.9), we define the charge-conjugated spinors as

W=CYP , ()=, (A.12)

with chiral properties according to
V5 = (a)" = (°)_, = P_av®, (A.13)
Pa =15 = Wa)" = () _, =9 Pa. (A.14)

By expressing a Dirac fermion as
V=1L +Yr, Y=1+%g, (A.15)

we can identify the following properties

Vvt = b + Ypyvutr (A.16)

VY =Y YR +YRYL (scalar) , ( )

Vst = =P yuL + Yryvubr  (axial vector), (A.18)
Vst = PR —Upt  (pseudoscalar) . (A.19)

vector) ,

We note that vector-type terms with ~, and 7,75 connect only fields of the same helicity, i.e. LH
or RH fields. Conversely, a helicity flip occurs for scalar-type terms only linking fields of opposite
helicity.
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A.2 Pauli matrices

These features manifest themselves when examining interaction and mass terms of fermionic
Lagrangians |26

»Cmass =—-m (VJJRQZJL + QZLQZ}R) ) (A20)
Ling = +9 Fy (&L’YHAM@/JL + %WA%R) ) (A.21)

where g and Fy, denote the gauge coupling and charge under a U(1) symmetry, respectively, and
m is the fermion mass. A helicity flip is needed to dynamically generate a mass term. This
statement generally holds for charged fermions while an exception marks the introduction of
so-called Majorana mass terms for neutral fermions, e.g. neutrinos as in Eq. (2.29). Gauge
interactions connect fields of the same helicity, and hence without a separate mass term it is not
possible to generate fermion masses radiatively through interactions.

Pauli matrices

The Pauli matrices o? are defined via the Lie algebra following
[(ri,aj] =2ie€ o', {O’i,O'j} =2i6;; 1, (A.22)

tacitly employing the Einstein summation notation. Here, the structure constant e;;; is the
Levi-Civita tensor normalised as €123 = +1, while §;; denotes the Kronecker delta. The four Pauli
matrices can be written as

0¥ = , ol = . ol = . . o= . (A.23)

A.3 Fierz identities

Fierz identities or Fierz relations transfer a given chain of spinors into another one. They prove
useful when a calculation of matrix elements between external states is easier to perform using a
certain arrangement of spinors. The relevant Fierz identities at operator level [26, 220] read

(V1Y Patb2) (V5" Patha) = (b1 v Patha) (V37" Patb) (A.24)
(&1 Yu Pa ¢2) (&3 7 Pp ¢4) =(-2) (&1 Y PB ¢4) (&3 Y Pa 7/’2) ) (A.25)

with the projection operators P4 # Pp as in Eq. (A.8). Using an improved notation, the identities
above can be compactly written as

V" Palij [y Palee = [V Pala [vu Palkj » (A.26)
(V" Palij [vu Pl = (—2) [PBla [Palk; , (A.27)

with fermion indices i, j, k, [ in flavour space.
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Details on the definition of couplings

The renormalisation factor 71 in Eq. (5.34) is evaluated via the running of the effective strong
coupling ag = g2/(47) at one loop [44, 221]. The corresponding RGE is given by

2
das, _ _5goop % (A.28)

with B(?CD =11 —-2/3ny as in Eq. (3.21). As quark masses m, create additional higher-order
perturbation terms, they indirectly affect oy via the number of active quark flavours at the scale
w, denoted as ny. A quark flavour f is referred to as active if mg < p. At the quark thresholds,
we impose the boundary conditions

od Y (= my) = o™ (= my) . (A.29)

In the studies of Chaps. 6 and 7, we employ

(ny)
Ozgnf)(,u) _ as 7 (o)

=— — (A.30)
L+ By(ng) o™ (o) In ()

where Bo = (()QCD /(4m). To compute the running while passing quark thresholds, we employ the

experimental input as(Mz) = ag5)(M z) provided in Tab. B.1. For example, we obtain

al (my) = al® (my) = = 2s(Mz) RN (A.31)
1+ By (5) as(Mz) In (%)
alP(me) = 0:" () (A.32)

1+ 30(4) ag4) (myp) In (%%) .

Rescaling of gauge couplings

In what follows, we provide the notation of the rescaled couplings used in Chap. 8, where we follow
the notation of, e.g., Refs. [21, 137, 141, 142]. The gauge couplings read

2

X .
ax = 1 )2 with X = {gla 92, 93, 94}7 (A33)
™

where the scaling differs from the convention commonly used in literature by a factor 47. Due to
this rescaling, the RGE of the strong coupling in Eq. (A.28) gets modified and reads

da3

= B3 a? A.34
dln(u) 30&3, ( 3 )
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A.J Details on the definition of couplings

po = 3 TeV po =5 TeV

a1 (po) 8.40-10~4 8.46 - 1074
az(po) 2.54-1073 2.52-10732
as(po) 6.37-1073 6.09-1073
ot (110) 4.17-1073 4.00-1073
ap(po) 1.07-1076 1.02-1076
ax(1o) 5.18 - 1074 4.80-10"4

Table A.1: Numerical values of SM parameters at matching scales po = 3 TeV and po = 5 TeV.
Table taken from Ref. [21].

with By = —2 ﬂ(?CD. The solution can be written as

a3 (po)
as(p) = 3 —~, (A.35)
N B m ()

suppressing the active quark flavours for brevity. However, we avoid unnecessary confusion by
using the default notation for the fine-structure constant

2

@

(A.36)

Qe .
™

—~

where e denotes the elementary charge. Then, a.(me) ~ 1/137 at u = me.

For completion, we give the corresponding rescaled Yukawa, quartic and portal couplings as utilised
in the Planck safety analysis of Ref. [21] and discussed in Sec. 8.3,

2

ay = 5 with Y = {yta Yo, y})

(4m) (A.37)
=2 with Z={\4,6,u,v, w, s}.

(47)° { J
In Tab. A.1, we provide the SM parameters at the matching scales pug = 3 TeV and pug =5 TeV,
employed in the analysis of Chap. 8.
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Appendix

Numerical constants and
input parameters

In this appendix, we summarise the input parameters which are employed in the main calculations of
this thesis. In Tabs. B.1 to B.3, we list values of coupling constants, CKM parameters, masses, and
lifetimes divided into three separate tables. Therein, central values and the respective uncertainties
are given. Yet, we generally consider only the central values in our computations if not noted
otherwise. For instance, the uncertainties of the Fermi constant Gy and the fine-structure constant
ae quoted in Tab. B.1 are minuscule and only stated here for the sake of completion. We also
provide useful functions and input on meson mixing parameters.

In Tab. B.1, we quote two numbers each for the CKM parameters in the Wolfenstein notation. The
first numbers are taken from the Particle Data Group (PDG) of 2018 [155], whereas the numbers
in brackets refer to the latest PDG input available in Ref. [32]. While the updated values have
only minor impact on the results presented herein, we clarify that Chaps. 6 and 7 utilise the older
numbers, while the updated numbers are included in the analyses of Chaps. 8 and 9.

For the conversion from seconds to GeV the following relation proves useful

6.5821 - 10 '3 ps GeV = 6.5821 - 107 %°s GeV = 1. (B.1)

We define the chiral enhancements [168

_ 2mio
2m=,
Xﬂ'(,U/) = T )

me(p) (ma +ma) (1)

with values xx(m.) & 3.626 and x.(m.) = 3.655 at the charm scale.
The Kéllén function is defined as
Ma,b,c) = a® +b? + ¢ — 2(ab + ac + be) . (B.3)
Moreover, we employ the kinematic function
App = App(¢?) = N(mp, mp, ¢%), (B.4)

with units [GeV]*. Here, ¢ is the dilepton invariant mass squared, while mp and mp denote
constituent decay masses.
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D°-D° mixing parameters

For the mixing parameters we use the latest published world averages of the HFLAV collabora-
tion 123

z12 €[0.22, 0.63) %, w12 € [0.50, 0.75] %, 1o € [-2.5°, 1.8°] (B.5)

quoting the allowed 95 % C.L. intervals. However, a recent global fit update of the D-mixing
parameters is provided online awaiting publication. The updated values as of December 2021

read [124]

x12 € [0.314, 0.503] %, y12 €[0.495, 0.715] %, 12 € [—1.2°, 2.42°] . (B.6)
We discuss the impact of this update on the parameter space of Z’ models in Sec. 7.5.

The HMEs of the operators @Q1_3 and Qg in Eq. (5.31) are computed at u = 3 GeV. The numerical
values can be extracted from Ref. [222] and read

(Q1) = 0.0805(55) GeV* = (Qs)
(Q2) = —0.2070(142) GeV*, (B.7)
(Q3) = 0.2747(129) GeV? .

B°-B° mixing parameters

The experimental world averages of the mass differences of the neutral B(y) mesons read [123]

AMF® = (0.5065 + 0.0019) ps™*, (B.8)
AMEP = (17.757 £ 0.021) ps~ . (B.9)
For the SM predictions we employ the weighted averages [128
AMGM = (0.533700%2) ps~*, (B.10)
AMEM = (18.4707) ps™t. (B.11)
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Appendiz B Numerical constants and input parameters

Quantity Symbol Value Unit Reference
Fermi constant Gr 1.1663787(6) 1077 GeV 2 PDG [32]
inv. fine-structure constant ae(me)™t 137.035999150(33) PDG [32]
137.036 strong coupling constant as(Mz) 0.1182(8) FLAG [223]
Wolfenstein parameter ACKM 0.22453(44) [0.22650(48)] PDG [155], [32]
A 0.836(15)  [0.790(17)] PDG [155], [32]
3 0.122(18) [0.141(17)] PDG [155], [32]
7 0.355(12) [0.357(11)] PDG [155],[32]

Table B.1: Numerical values of input parameters used in this thesis. The values in parentheses
denote the respective uncertainty up to the given significant figure, e.g. 1.0(2) = 1.0 £ 0.2. For
the CKM input, we give the errors as symmetrised ones by taking the largest value of the upper

and lower uncertainties.

Quantity Symbol Value Unit Reference
W-boson mass Mw 91.1876(21) GeV PDG [155]
Z-boson mass Mz 80.379(12) GeV PDG [1?5]

Higgs-boson mass My 125.18(16) GeV PDG [1?5]
electron mass me 0.5109989461(31) 1073 GeV PDG [155]
muon mass my, 0.1056583745(24) GeV PDG [1_55]
tauon mass me 1.77686(12) Gev PDG [155]
u-quark mass mq (2 GeV) 2.2(5) 1073 GeV PDG [155]
d-quark mass mq(2 GeV) 4.7(5) 1073 GeV PDG [1?5]
averaged u, d mass at charm scale % (me) 3.894(49) 1073 GeV Our anaﬁs]L
s-quark mass ms(2 GeV) 95(9) 1073 GeV PDG [155]
s-quark mass at charm scale mg(me) 106.71(78) .1073 GeV Our anaﬁsT
c-quark mass at charm scale me(me) 1.275(25) GeV PDG [155]
b-quark mass at b-scale my(my) 4.198(12) GeV PDG ﬁ
t-quark mass at t-scale my(my) 160(5) GeV PDG [1—55]
B°-meson mass mgo 5.27965(12) GeV PDG [32]
Bt-meson mass mpg+ 5.27934(12) GeV PDG [3_2]
Bs-meson mass mp, 5.36688(14) GeV PDG [3_2]
D°-meson mass mpo 1.86484(5) GeV PDG [3_2]
D7 -meson mass mp+ 1.86966(5) GeV PDG [3—2]
D,-meson mass mp, 1.96835(7) Gev PDG [32]

Table B.2: Continuation of Tab. B.1, which lists numerical values of the input parameters
used in this thesis. The quark masses are given in the MS scheme [32]. fWe have computed the
masses using the rundec package [224] available in Python and Mathematica.
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Quantity Symbol Value Unit Reference
muon lifetime T 2.1969811(22) 107 5 PDG [32]
tauon lifetime . 2.903(5) 10712 s PDG [32]
D°-meson lifetime Tho 0.4101(15) 10712 5 PDG [32]
D™ -meson lifetime Tp+ 1.040(7) 10712 s PDG [3_2]
D,-meson lifetime TDg 0.504(4) 10712 S PDG [3—2]
B-meson lifetime 50 1.519(4) 10712 s PDG [32]
B*+-meson lifetime Tt 1.638(4) 10712 s PDG [32]
Bs-meson lifetime TB, 1.515(4) 10712 s PDG [3_2]
m-meson decay constant fr 130.2(8) 1073 GeV FLAG [223]
K-meson decay constant Ik 155.7(7) 1073 GeV FLAG [E]
D-meson decay constant o 212.0(7) 10~%  GeV  FLAG [223]
D,-meson decay constant fps 249.9(5) 1073 GeV FLAG [E]
B-meson decay constant fB 188(7) 1073 GeV FLAG [T]
Bg-meson decay constant fBs 227(7) 1073 GeV FLAG [E}
D — 7 form factor D (0) 0.612(35) [225]F
O (m2) 0.614(35) [225]°
D — K form factor DK (0) 0.765(31) [225]"
fER@m3)  0.789(28) [225]"

Table B.3: Continuation of Tabs. B.1 and B.2, which comprises lifetimes of leptons and mesons,
as well as meson decay constants and D — P form factors. TValues are obtained using the
fit results of the z-expansion parameters in Ref. [225] including correlations, see App. E.3 for

details.
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Appendix

Details on b— s global fits

In this appendix, we provide details on the global fit of b— s Wilson coefficients that is performed
using the flavio and iminuit packages available in Python [91, 95]. We summarise the observables
included in our fit and present results in Apps. C.1 and C.2, respectively. The correlation matrices
for the fit scenarios are given in App. C.3.

List of observables and data included

In our global fit, we study observables featuring little sensitivity to long-distance physics, which
provide an enhanced potential in NP searches. Such observables are often referred to as (theoreti-
cally) clean, where hadronic uncertainties of, e.g., form factors cancel at LO in the effective theory
considered. In addition, the experimental accessibility of these observables is formidable [226].
Incorporating a large number of such (binned and unbinned) observables in our fit is necessary to
sufficiently constrain the FCNC operators in b— s transitions.

In the following, we give the complete list of observables and datasets used in the global fit,
where we follow Refs. [93, 94]. We provide several tables that include different sets of observables,
e.g. angular observables and (differential) branching ratios in Tabs. C.1 and C.2, respectively.
We include the observables listed in Table B.1-B.3 of Ref. [93], while additionally including the
recent measurements of RKg and R+ from LHCb [9], displayed in Tab. C.4 herein. In our
analysis, we focus on observables sensitive to the b—"s transition. Hence, we do not include
charged-current B-decays (b— (¢, u) fv), strange, charm or 7-lepton decays as well as LE'V decays,
such as BT — K*rpu, cf. Tables B.4 to B.9 in Ref. [93]. Conversely, we include observables
of radiative modes, B?S) — pTp~and Ap-decays, which are already implemented in flavio, see
Tab. C.3. To minimise confusion, we highlight observables that are only included in our analysis
(and not implemented in the analysis of Ref. [93]) with a o in Tabs. C.1 to C.4.

For the binned b— su™pu~ observables compiled in Tabs. C.1 and C.2, we take into account
all available data on angular observables in the optimised basis i [226], where we refer to, e.g.,
Ref. [249] for details on angular observables. The different (sub)sets of observables and bins
included vary depending on the experiment providing the data. Notably, in the region of the
cc resonances non-factorisable contributions diminish the validity of the QCD factorisation [70].
Thus, we do not take into account ¢2-bins between 6 and 8 GeV?. Moreover, we omit the g2-bin
0.1,0.98] GeV? in our fit since different form factor treatments in flavio and Ref. [226] lead to
considerable discrepancies in the associated theoretical uncertainties in this bin. In contrast, a

IThe optimised basis represents a sound trade-off between theoretical cleanliness and simplicity in their experimental
accessibility, see Ref. [226] and references therein.
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C.1 List of observables and data included

Observables ¢*-bins in GeV? Datasets

(0) (B® = K%uF ™)

FL),(P1),(P2),(P3), 1.1,2.5],[2.5, 4], , i
FL), (P1),{Py), 0.04,2],[2, 4], i
<<PL5’>>,<<Pé>>7<<PA:§>> [ [4,]6][ ! ATLAS’17 [229]

FL), (AFB), 1,2],[2,4.3], ,
<<1L9i>§<}§f>> [4[1.3,13],[[16, 1]9] CMS17 [230]
(FL), (ArB) [0,2],2, 4.3],[16, 19.3] CDF’12 [231]

(0) (BY = K*Fptu™)

FL), (P1), {P2), (P 1.1,2.5],[2.5,4], ,
e s LHCH20 (22
(App) [1.1,2.5],[4, 6], [15, 19] LHCb'20 [232] o

(Arg), (Fu) [}17157]’2][5%?’][71[5?:’242]]’ LHCb'14 [233] o
(O) (Ap— Aptp™)
(Afp). (App), (AFs) [15, 20] LHCb'18 [234] o
(O) (Bs— putu™)
(FL), (Ss), (Sa), (S7) [0.1,2], 2, 5], [15, 19] LHCb’15 [235)

Table C.1: Datasets on angular b— sut ™ observables used in our fit. This list comprises
126 different observables. The o highlights observables that are not included in the analysis of
Ref. [93].

good agreement is reached in all other bins. Following the set-up in Ref. [93], we always take into
account the narrow bins (if provided by the experiment) in the region of large hadronic recoil
(low-g? region), while for low hadronic recoil (high-¢? region) we consider larger bin sizes averaging
over the kinematic region above the resonances. Observables of radiative B-decays as well as the
branching ratios of B;— p*u~ and B®— putu~ (due to their strong correlation) are also included
in our fit, where we provide the corresponding SM predictions and measurements in Tab. C.3.

While the previously presented observables are obtained from pure b— s pu*u~ data, we list a
special set of observables that violate LFU in Tab. C.4. Assuming that electron modes do not suffer
from NP effects, we include observables with couplings to electrons that set strong constraints
on the Wilson coefficients Cél) [97]. We include the datasets from LHCb and Belle, where the
measurements on the ratios of (differential) branching ratios Ry« provided by LHCb yield stronger
constraints on our fit due to their significantly smaller statistical and systematic uncertainties.
We refer to Tab. C.5 for a comparison and Sec. 3.4 for more details on the LU ratios. The Belle
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Appendiz C Details on b— s global fits

Observables ¢*-bins in GeV? Datasets
(%) (B®— K*°utpu™) [1.1,2.5],[2.5,4], 4, 6], [15, 19] LHCb’16 [236]
<%> (Bt — K*Tutu™) [0.1,2],[2,4], 4, 6], [15, 19] LHCb’14 [237]
<%> (B®— K%utu™) [0.1,2],[2,4], [4, 6], [15, 22] LHCb’14 [237]

[1.1,2],1]2,3],[3, 4],

daB + +,,+,— )

(35) (Bt — Ktptu™) [4.5]. [5, 6], [15. 22] LHCb’14 [237]

a5 - [0.1,2], 2, 5], 15, 19], , )

(4B) (Bo— ot p™) (1.1,2.5]. (2.5, 4], [4, 6 LHCb’15 [235], LHCb’21 [99] O
(48) (A~ Aptp7) 2, 4], [4, 6], [15, 20] LHCb'15 [238] o

Table C.2: Datasets on binned differential branching ratios in b— syt~ observables used in
our fit. This list comprises 27 different observables. The o highlights observables that are not
included in the analysis of Ref. [93]. The O indicates new/updated measurements of observables
compared to the analysis of Ref. [20], see comments in the main text.

results are measured in more bins compared to LHCb 2. Additionally, we take into account the
observables

Qa5 = Pzif% - 41,65 . (C1)

They measure the difference of angular observables P/ between electrons and muons in the final
state, and thus constitute a null test of the SM. The list in Tab. C.4 is complemented by a set of
BY— K*Yete™ observables, also included in the analysis of Ref. [93].

Updated measurements compared to the analysis in Ref. @]

Since the publication of Ref. [20], where this global fit to b— s data was presented first, updated
measurements of some observables have been made available to flavio. Hence, in this appendix we
perform an updated fit that includes the following changes compared to the analysis in Ref. [20]:

o We additionally include the latest LHCb measurement [99] of (%} (Bs— ¢ utpu~) with ¢2
bins [1,2.5],[2.5,4] and [4,6] GeV?, see Tab. C.2.

o We use the updated combined measurement of B?s) — wtu~ branching ratios [98] with
a Gaussian distribution fitted to the numerical combination of ATLAS, CMS and LHCb
results, see Tab. C.3. In Ref. [20], the 2020 combination [250] has been employed instead.

« We include the (first) LHCb measurements [9] of R+ (and Rp) which were not available
when our original analysis was realised. -

2We remark that for the Belle measurements of RKg and Ry + the updated values taken from the published

version of Ref. [245] are employed in our fit. The measurements list provided by flavio v2.3.3 only incorporates
the outdated values of version 1 as of May 2022. However, such changes have no noticeable impact on the fit due
to the large uncertainties of those measurements.
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Observables

SM prediction

Measurement /Limit

B (BS—> ;L+,u7)
B (BO~> p,+,u,_)

(3.67 £0.14) - 1072
(1.14 £0.11) - 1071

(2.940.3)-107°
(0.6 £0.7) - 10710

combination 2021" [98]

combination 20217 [98]

B (B — K*%v)
B (BT — K*ty)

(41.84+7.4)-1076
(42.5+8.0)-1076

(43.3+1.5) - 107 HFLAV’14 [239)
(42.1£1.8) - 10~% HFLAV’14 [239)

B(B— Xsv) (329 +23) 1076 (327 +14) - 107°% Belle’16 [240, 241]

B(Bs— ¢7) (4.0£05)-107°  (3.6+0.5£0.3+0.6) - 107° Belle’14 [242]

5(Bs — K*Ofy)

-/ 1.04 £ 0.19 1.19 4 0.06 £ 0.04 + 0.07 LHCb’12 [243]
B(Bs — ¢7) J—

Acp (B®— K*%) 0.005 = 0.002 —0.002 £ 0.015 HFLAV’14 [239) °

Acp (Bs— ¢7) 0.004 =+ 0.002 0.1140.29 4+ 0.11 LHCb’19 [244] o

ASp (Bs— ¢) 0.03 £ 0.02 —0.677937 £ 0.17 LHCb’19 [244] o

S (-2+2)-107* 0.43+0.30 £ 0.11 LHCb’19 [244] °

Sixny —0.023 £ 0.014 —0.16 £ 0.22 HFLAV’14 [239] °

Table C.3: Datasets on observables of B?S> — putp~and B— X~y decays, where their SM
predictions are obtained using flavio. This list comprises 12 different observables. The o
highlights observables that are not included in the analysis of Ref. [93]. The O indicates
new/updated measurements of observables compared to the analysis of Ref. [20]. Latest
combination of ATLAS’18, CMS’19 and LHCb’21 results using a Gaussian distribution implemented in flavio.

Observables ¢*-bins in GeV? Datasets
(RK§> [0.1,4], [1.0,6.0], [14.18,19] Belle’19 [245]
(RKg> [1.1,6] LHCb’21 [9] o O
(Rye+) [0.1,4], [1,6], [14.18, 19] Belle’19 [24;]
(Rp+) [1.1,6] LHCb’2$]
(Rpcx0) [0.045,1.1], [1.1, 6], [15,19] Belle’19 [SE]
(Rpex0) [0.045,1.1], [1.1, 6] LHCb’17 [8_4]
(Rpext) [0.045,1.1], [1.1, 6], [15,19] Belle’19 [8_6]
(Rpewt) [0.045, 6.0] LHCb’QIE] o O

LU-violating observables

(Qa),(Qs) [0.1, 4], [1, 6], [14.18, 19] Belle’16 [246]

B%— K*%ete™ observables

(FL), (Py), (P2), (Im(AT)) [0.002, 1.12], [0.0008, 0.257] LHCb’15 [247], LHCb’20 [248]

Table C.4: Datasets on observables in B— K ¢t¢~ decays sensitive to LFU violation. This
list comprises 29 different observables. The o highlights observables that are not included in
the analysis of Ref. [93]. The O indicates new/updated measurements of observables compared
to the analysis of Ref. [20].

- 129 -



Appendiz C Details on b— s global fits

¢*-bin in GeV? SM prediction Measurement Dataset Deviation
[0.1,4.0] 1.00 £ 0.01 1.621121 (stat) £ 0.02(syst) Belle’l9 [245] < 1.00
Roo [1.0,6.0] 1.00 £ 0.01 0.55702% (stat) +£0.01(syst) Belle’l9 [245] < 1.00
X g,
S
[1.1,6.0] 1.00 £ 0.01 0.661039 (stat) 1003 (syst) ~ LHCb21[9] ~ 150
[14.18,19.0] 1.00 £ 0.01 1.5711:28 (stat) £ 0.02(syst) Belle’l9 [245] < 1.00
[0.1,4.0] 1.00 & 0.01 0.9870-2% (stat) +0.02 (syst) Belle’l9 [245] < 1.00
R [1.0,6.0] 1.00 4 0.01 1.3919-35 (stat) & 0.02 (syst) Belle’l9 [245] < 1.00
K+
[1.1,6.0] 1.00 £0.01  0.84679932 (stat) 10015 (syst) LHCb'21[8] ~3.1c
[14.18,19.0] 1.00 £ 0.01 1.1310-3% (stat) 4 0.01 (syst) Belle’19 [245] < 1.00
0.4612-55 (stat) 4 0.13 (syst Belle’19 [86 <100
[0.045,1.1] 0.91 4 0.03 —027 (stat) (syst) (86)
0.667001 (stat) £0.03 (syst) LHCD’17 [84] ~2.20
Ryexo 1.0672-%2 (stat) + 0.14 (syst Belle’19 [86 <100
[1.1,6.0] 1.00 4 0.01 ~03s (Stat) (syst) (86)
0.697011 (stat) +£0.05(syst) LHCD’17 [84] ~ 250
[15,19] 1.00 £ 0.01 1.1219:80 (stat) &£ 0.10 (syst) ~ Belle’19 [86] < 1.00
0.045,1.1 0.91 + 0.03 0.6219-99 (stat) + 0.09 (syst Belle’19 [86 <1.00
0.36
Ao [0.045, 6.0] 0.98 + 0.02 0.701018 (stat) 1903 (syst) LHCb21 [9] ~1ldo
K* -
[1.1,6.0] 1.00 4 0.01 0.7210-99 (stat) £ 0.15(syst)  Belle’19 [86] <1.00
[15,19] 1.00 4 0.01 1.407 199 (stat) +£0.12(syst)  Belle’19 [86] <1.00

Table C.5: List of R, (.) observables for selected ¢*-bins used in our fit. We state the
experimental results while also indicating the corresponding collaboration and year of publication,
e.g. LHCb’21. The theoretical predictions in the SM are taken from Refs. [82, 87]. The deviation
of a measurement compared to its SM prediction, 7.e. the pull from the SM in terms of standard
deviations, is also provided. Notably, the experimental results from Belle are compatible with
the SM due to their large uncertainties.
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Fit results and supplementary plots

In what follows, we display all results following the fit procedure outlined in Chap. 4. In doing so,
we iterate the fit results of Chap. 4 in Tabs. C.7 and C.8 for clarity. Revised fit results employing
updated measurements of some observables are compiled in Tabs. C.9 and C.10. Additional
information can be fetched from Tab. C.6.

Fit Fit Table Updated measurements Nobs X%M
no R, (. Table C.7 X 162 183.33
with R () Table C.8 X 189 223.48
no R . Table C.9 v 165 189.16
with R () Table C.10 v 194 232.93

Table C.6: Additional meta data for the fit scenarios presented in this thesis. The tick denotes
fits that include the updated measurements (see explanation at the end of App. C.1). nobs
denotes the number of observables included in the respective fit approach, whereas xZ,; is the
x? function evaluated for SM-like (i.e. zero-valued) fit parameters.

The fit results in Tab. C.7 using only pure b— s u™pu~ data (called ‘no Ry ') have been utilised
in the work of Ref. [20], and are presented in Chap. 9. Conversely, the best-fit values of scenarios
including Ry -y and BY— K*0ete~ observables (called ‘with Ry (+)’) in Tab. C.8 feature in the
study of Planck-safe Z’ models explaining the B-anomalies in Ref. [21]. They are discussed in
Chap. 8. Dedicated best-fit scenarios and their impact on BSM models are presented in Chap. 4.
Therein, Figs. 4.1 and 4.2 display the likelihood contours of global fit results and different (sub)sets
of observables for the 6d and 2d fit scenarios, respectively. Additional plots that show different
sets of observables are collected in Figs. C.1 and C.2.

Global fits with pure b— sutp™ data (‘no Rg))

Dim. Co,p Cio,p Cé,u C;O,“ Cr C; red)(2 pullgy,
1 —-0.91+£0.18 - - - - - 1.00 450
1 —0.68+0.16 —Co,p - - - - 099 470
2 —1.024+0.19 0.46+0.18 - - - - 0.96 490
4 -113+£0.18 0.31+£0.21 0.29+£0.33 —0.24+0.19 - - 092 5.00
6 —1.154+0.18 0.30+0.20 0.224+0.34 —0.244+0.19 0.002+0.01 0.02£0.02 091 4.60

Table C.7: Duplicate of Tab. 4.1, given here for clarity.
Best-fit values and 10 uncertainties of the Wilson coefficients from a fit with only pure
b— spTp~ data for different NP scenarios. We also provide the respective value of redy? and
pull from the SM hypothesis. Table taken from Ref. [20].
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Global fits including Ry data (‘with Ry ’)

Dim. Co,pn Cio,u Cé’M CiO,M Cr C; redy? pullgy;
1 —0.83 £0.14 - - - - - 0.98 6.00
1 —0.41 £ 0.07 —Co,u - - - - 0.99 6.00
2 —0.71+£0.17 0.20£0.13 - - - - 097 590
4 —-1.07+0.17 0.18£0.15 0.27+0.32 —0.28 £0.19 - - 090 6.50

6 —1.08+0.18 0.18£0.15 0.27+£0.34 —0.28 £0.17 0.0005 £ 0.01 0.005+0.006 0.89 6.1¢

Table C.8: Duplicate of Tab. 4.2, given here for clarity.

Best-fit values and 1o uncertainties of the Wilson coefficients from a fit also including the
observables listed in Tab. C.4 for different NP scenarios. We also provide the respective value
of redx? and pull from the SM hypothesis. Table taken from Ref. [20].

2.0 1 2.0
) AB/dg?
Ap
1.5 - 15 Arp
F
.
1.0 1.0 —— global fit, with Ry,
2 1
S 05 So 05
Q <
0.0 | 0.0
—0.5 - \\\ 0.5
- A
-10 T T T T T -10 T T T T T
-2.0 -15 ~1.0 ~0.5 0.0 0.5 1.0 -20 -15 ~1.0 0.5 0.0 05 L0
C9-,u Cy Iz
2.0 - 2.0
angular B — K* juju — dB/d¢?
. — Ry App
15 - Ry 1.5 P
- N | | g lobal fit, no Ry A
1.0 | — global fit, with Ry 10 —— global fit, with Ry
= =
LS 05 LS 05 /_\
0.0 | 0.0 | C
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~2.0 -15 ~10 0.5 0.0 05 L0 ~2.0 -15 ~10 05 0.0 05 10
Ciop Ciou

Figure C.1: Supplementary contour plots to Fig. 4.1 that show different likelihood contours in
the 6d fit scenario ‘with Ry (.)’, where the lower two plots display contours in the Cio,,-Cio,,
plane.

Fit results that include updated measurements

In Tabs. C.9 and C.10, the results using the updated measurements are compiled. In Fig. C.3, the
3 0 contours for the 6d fit scenario are shown. We compare the preferred parameter regions to
illustrate the small but visible change when including the updated measurements. Nonetheless,
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2.0 1<
AN — dB/d¢*

X Arp

N P

B,

global fit, with R

Ciop

0.0

~0.5

Figure C.2: Supplementary contour plot to Fig. 4.2 that shows different likelihood contours in
the 2d fit scenario ‘with Ry («)"

we stress that this update has no major impact on the overall fit results and implications for the
model building in this thesis. Thus, we only present the updated results in this appendix, while
the published results in Tabs. C.7 and C.8 are employed for all related studies.

Updated global fits with pure b— sputu~ data (‘no Rg(-)’)

Dim. Co.p Cio, Co, Clo. Cr ch redx? pullgy,
1 —0.8440.21 - - - - - 1.07 350
1 —0.58+0.12 —Co,p - - - - 1.00 490
2  -1.074+0.21 0.50+0.13 - - - - 0.97 5.10
4 -113+£0.19 0.26+0.20 0.1940.33 —0.26 £0.17 - - 0.93 5.10

6 —1.17£0.20 0.25+0.20 0.10£0.34 —0.27£0.17 0.002£0.01 0.02+0.02 0.93 4.70

Table C.9: Same as Tab. C.7 but for the updated fit.

Updated global fits including Ry -y data (‘with Ry )”)

Dim. Co.p Ci0,u Ch Clo.. Cr ch redx? pullgy
1  —0.81+0.15 - - - - - 1.03 5.7¢
1 —0.42+£0.07 —Co,u - - - - 0.99 640
2 —0.61+0.17 0.32+£0.10 - - - - 0.98 620
4 -1.084+0.18 0.16+£0.14 0.17+£0.30 —0.3140.15 - - 091 6.80
6 —1.094+0.18 0.15+£0.14 0.16+£0.30 —0.32+0.15 0.001 £0.01 0.00540.004 0.91 6.40

Table C.10: Same as Tab. C.8 but for the updated fit.
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20 2.0
""" global fit, no Ry --—--- global fit, no Ry
updated global fit, no R updated global fit, no Ry
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Figure C.3: Comparison of likelihood contours (at 1-3 ) for 6d fit scenarios where selected

planes of Wilson coefficients are displayed.
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C.3 Correlation of the fit parameters

The correlation matrices for the fit results ‘no Ry’ in Tab. C.7 are given by

1.000 —0.257
Corr (2d) = ) (C.2)
—0.257 1.000

1.000 —0.109 0.128 0.251
—0.109 1.000 0.285 0.507
Corr (4d) = ) (C.3)
0.128 0.285 1.000 0.664

0.251 0.507  0.664  1.000

1.000 —-0.107  0.166 0.253 —-0.200 -0.129
—0.107 1.000 0.307  0.515 0.098 —0.070
0.166 0.307 1.000 0.654 0.058 —0.232
Corr (6d) = , (C.4)
0.253 0.515 0.654 1.000 0.0561 —0.001
—0.200 0.098 0.058 0.051 1.000 0.046

-0.129 -0.070 -0.232 -0.001 0.046 1.000

where the columns are ordered as {Co ., C10,.}, {Co,s C10.5 C > Cio,,. )} and
{Co.> C10. C 45 Cio > C7, C7} for the 2d, 4d, and 6d scenarios, respectively.

The parameters of the fit ‘with Ry(.)’ shown in Tab. C.8 are correlated like so,

1.000  0.479
Corr (2d) = ) (C.5)
0.479 1.000

1.000 0350 0.133  0.427
0.350 1.000 0.562  0.502
orr = , .
Corr (4d) (C.6)
0.133 0562  1.000  0.799

0.427  0.502  0.799 1.000

1.000 —0.486 —0.366 0.107 —-0.212 0.011
—0.486 1.000 0.632 0.310 0.146 —0.036
—0.366 0.632 1.000 0.726 0.148 —0.033
Corr (6d) = : (C.7)

0.107 0.310 0.726 1.000 0.055 0.001
—0.212 0.146 0.148 0.055 1.000 —0.010

0.011 -0.036 —0.033  0.001 —0.010 1.000
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For the updated fit results ‘no Ry (.’ in Tab. C.9 the following correlations are present

1.000 —0.288
Corr (2d) = , (C.8)
—0.288 1.000

1.000 —-0.047  0.123 0.168
—0.047 1.000 0.412 0.752
Corr (4d) = ) (C.9)
0.123 0.412 1.000 0.596

0.168 0.752 0.596 1.000

1.000 —0.046 0.181 0.175 —-0.201 —0.186
—0.046 1.000 0.420 0.754 0.102 —0.059
0.181 0.420 1.000  0.593 0.0564 —0.280
Corr (6d) = ) (C.10)
0.175 0.754  0.593 1.000 0.044 —0.046
—0.201 0.102 0.054 0.044 1.000 0.050

—0.186 —0.059 —-0.280 —0.046  0.050 1.000

while the updated fit results ‘with Ry .’ compiled in Tab. C.10 feature

1.000  0.405
Corr (2d) = , (C.11)
0.405  1.000

1.000 0.444  0.171 0.484
0.444  1.000  0.650  0.691
Corr (4d) = , (C.12)
0.171 0.650 1.000 0.772

0.484 0.691 0.772 1.000

1.000 0.445 0.174 0.486 —0.127 —0.020
0.445 1.000 0.652 0.693 —0.007 —0.024
0.174  0.652  1.000 0.773  0.040 —0.022
Corr (6d) = . (C.13)

0.48  0.693 0.773  1.000 —0.017 —0.010
—-0.127 —-0.007 0.040 -0.017 1.000 —0.007

—-0.020 -0.024 -0.022 -0.010 —-0.007 1.000

We point out the apparent strong correlations ~0.5 in the pairs (Ci0,,,Cg ,,); (C10,u5Clo )5
(Cs.,1,Cl0,), where similar findings have been presented for other global fits of, e.g., Ref. [100].
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Appendix

A brief review of gauge
anomalies

In this appendix, we offer a basic understanding of gauge anomalies and their cancellation to
obtain a consistent QFT. Later, we discuss anomaly cancellation in the SM as a useful example.
For details on this topic we refer to the literature, e.g. Refs. [24, 251-253], while we mostly follow

Ref. [254].

Gauge anomalies in a quantum field theory

In the description of QFTs symmetries play an important role. A symmetry of the classical action
is a transformation of the fields that leaves the action invariant, such as gauge transformations.
When promoting the classical formalism to a QFT, these symmetries correspond to Ward and
Slavnov-Taylor identities for abelian and non-abelian theories in the path integral formalism,
respectively. However, these identities can be violated if the functional integral measure is not
invariant under the symmetry, which prohibits a conservation of the associated quantum current.
In general terms such a violation is referred to as a gauge anomaly.

We review the abelian anomaly as an instructive and simple example introducing a massless
(complex) spin-1/2 fermion in some representation R of the gauge group G considered. The
Lagrangian is given by

1

L= _Z F,ilu Free =+ ﬁmatter[¢a 7;’ Dud% D;ﬂm ) (D-l)

where the precise form of the field strength tensor F, is left unspecified as it is not needed in the
present discussion of anomalies. Relevant however is the fermionic part which reads

- - - - . R
Lanatierlt, 6, Dyth, D] =~ P =~ (9 = id" ) . (D-2)
Here, we assume standard interactions of the fermion with the gauge field A via a covariant
derivative D,, that (in this particular example) does not include the chirality matrix 5. Following

the path-integral formalism, we study the effect of transformations on the fermion measures Dy
and Dy in the effective action

WAl _ / Dy Dip i J Lomstierl.D,b.D,] (D.3)
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‘While local transformations

P(x) = P (2) =U(2) Y(x),

- 5 _ _ D.4
P(x) = ¢ (z) =U(@)d(x), Ulx)=ir"Ul(x)iy®, (b4

where U(z) denotes a unitary matrix, generally do not leave the effective action invariant, we are
interested in the effects of such transformations on the fermion measures Dy and D only. As we
consider fermion measures for anticommuting fields, they transform according to

Dy — DY = (detL{)f1 Dy, DY — DY = (detﬁ)_1 Dy, (D.5)
with the operators U and U obtained by (z|U |y) = U(z) §*(x — y) and (z|U |y) = U(z) §*(z — y),

respectively. In the following, we specify the matrix U(x) considering two cases of non-chiral and
chiral transformations.

D.1.1 Non-chiral versus chiral unitary transformations

First, we let U be a unitary non-chiral transformation of the form
U(x) = el @ha (D.6)
with Hermitian generators (hoé)Jf = hqo and [v*, hy] = 0. We find that since
U(z) = in? e i€ (@)ha 0 = e i€ (@)ha (170)2 — i€ (@ha _ U—l(x)7 (D.7)
also U = U~1, and thus the fermion measure is invariant under the transformation, cf. Eq. (D.5):
(det) ™" (detl) ' =1. (D.8)
We deduce that no gauge anomalies emerge for matter fields that couple non-chirally to the gauge

fields. We note that assuming non-chiral couplings in the Lagrangian (D.2) is necessary to ensure
gauge invariance when regularising the functional determinants detf and detU.

Conversely, in the case of unitary chiral transformations
Ulz) = e€" @hars (D.9)
we observe a striking difference compared to the previous case. While the fact that v5 = (75)T
renders the transformation in Eq. (D.9) unitary, it follows due to the anticommutation of ~5 and
~Y that
U(x) — i/yo e~ (@hars i’}/o — et (@havs (170)2 — et (@hars — Ulz). (D.10)

This yields i/ = U, and thus the transformation behaviour of the fermion measure is guided by

(detd) ™" (detZl) " = (dettd) 2. (D.11)
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After performing some algebra [254], the above expression can be written as

(dettd) 2 = ¢ Jd'w e aala) (D.12)
with the local anomaly function

aa(x) = —26%(0) tr (o ys) - (D.13)
It can be shown that the gauge anomaly for chiral transformations can be extracted from a one-loop
triangle diagram computation, displayed in Fig. D.1. Furthermore, anomalies only emerge for

chiral and massless fermions in non-abelian gauge symmetries, where the contributions of v, and
1Yg are additive and only differ sign-wise.

G G//

G’

Figure D.1: A triangle Feynman diagram coupling to gauge bosons G, G’ and G” with an
inner fermion loop.

Cancellation of gauge anomalies

L
We describe the contribution to the anomaly from LH fermions as Df" , where RY denotes the
representation of the fermion field 1y, ; under the gauge group G. Similarly, each RH fermion ¢ ;
R
contributes with —Dféﬂy. The total anomaly can be written as

RL RE
Ao = ZA§|'¢}L,i + ZA§|'¢}R,]‘ x ,P/B’Y(ZDQ,BZ‘W - ZDaé»y) ’ (D.14)
7 J 7 J

which vanishes trivially in the case of non-chiral fermions (often referred to as vector-like fermions).
Here, P?7 denotes an expression involving a partial derivative acting on combinations of gauge
fields, where the explicit form is given in Ref. [254]. We define the group theoretical factor

DYy, = strr (ha hp hy) (D.15)

which denotes the symmetrised trace of the generators h, of a corresponding gauge interaction G.
This quantity parametrises the anomaly illustrated in Fig. D.1. Then, gauge anomalies are present
if the trace in Eq. (D.15) is non-vanishing,.

As there are many possible combinations of generators that can appear in Eq. (D.15), it proves
crucial to know which gauge group (factors) and which representations lead to anomalies. In the
following, we study possible sources of anomalies utilising the SM gauge group as an instructive
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example. We refer to Refs. [253, 254| for in-depth group theoretical discussions and details on
more general group structures.

Anomaly cancellation in the standard model

The SM gauge group in the unbroken phase reads
Gsm = U(1) x SU(2) x SU(3), (D.16)

where we have dropped the usual subscripts as in Eq. (2.1) to ease the readability in this
discussion.

Naively, the following combinations can give rise to anomalies:

(1) [SU3))* x SU(2) (5) SU(2) x [U(1)]? (8) [SUB)]* x U(1)
(2) SUE) x [SU(2)]” (6) [SU2)]” (9) [SU@)* x U(1)
(3) SU(3) x SU(2) x U(1) (7) [SUE))’ (10) [U(L))*

(4) SU(3) x U(1) x U(1) (11) U(1)-gravity

Following the labelling in Fig. D.1, we refer to the anomalies that arise from these different
possibilities as G — G’ — G’ anomalies. That being said, it is useful to distinguish between the
simple U(1) factor and G5 = SU(2), SU(3), with traceless generators for the latter [255]:

tr(hs) =0 for any SU(NV) Lie algebra. (D.17)
To this end, it is convenient to redefine the Lie algebra generators satisfying
trR (ha hg) = tr (KX RE) = 62 C% 6as (D.18)

for each simple and G; factor. Here, g; and C’%) denote the associated gauge coupling and the
Casimir, respectively, with, e.g., Cny = Cx = 1/2 for G; = SU(N). We can dismiss certain cases
above. The cases (1) — (5) yield vanishing contributions, where the trace can be factorised as
always one non-abelian factor G appears alone. Moreover, only non-zero contributions arise if a
U(1) and SU(N) with n > 3 are involved, which renders DEB’Y = 0 for case (6). While (7) also
gives no contribution, it is not obvious at first glance on why this is true. Here, we make use of
the fact that also for groups with only real or pseudoreal representations no contributions appear.
Then, considering the SM fermions in Tab. 2.1 (reading the table from top to bottom) the total
(reducible) SU(3) representations that occur are given by R = (3+3) +3+3+ (1 +1). As 3 is
the complex conjugate of 3, we find only real representations entailing DZ}M =0.

For the four remaining cases we need to check if anomalies emerge by evaluating the trace of
generators explicitly. Using the group theoretical properties defined above, we obtain dedicated
equations for each of the cases which we collectively call anomaly cancellation conditions (ACCs).
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Obviously, all these conditions need to hold for a consistent QFT. We summarise

[SUB)* x U(1) : Asgy = trg (tatsY) , (D.19)
[SU@R) x UQQ) : Agy = trg (TaT5Y) (D.20)
[UDP: A =tre (YYY), (D.21)
U(1)-gravity :  Aggr = trg (V) (D.22)

where Y, T, and ¢ denote the generators of U(1), SU(2), and SU(3), respectively, see Eq. (2.6).
Starting with Eq. (D.19), we confirm that indeed the SM with its known fermions is free of any
gauge anomaly. For brevity, we consider only one generation of fermions while utilising the fermion
charges and representations listed in Tab. 2.1.

For the combination [SU(3)]* x U(1) only fermions charged under both SU(3) and U(1) contribute
(in this case the quarks), where we need to consider the multiplicity (of SU(2)) of each fermion.
Rewriting the trace yields

1
o =5 (2 5Y%) ~215(22) (L)
e (1243) E ru (). L D.23)
a’p 3 a B 3 .
1 2 1
—9391035aﬂ(2’6+33>—0.

In an analogous manner, we obtain for Eq. (D.20) the expression
1 1
Agy = tr (TRTFYR) =t (T27T3) - (2 gl) +3tr (T2T3) - <—6 gl>

1 1
= 9291 C26ap (2 +3- <_6>) =0,

where solely SU(2) doublets contribute accounting for the multiplicity of SU(3). For the two
remaining combinations in Eq. (D.21) and Eq. (D.22) we find vanishing contributions in both
cases,

(D.24)

1 3 1 3
A= (YRR =2 (G o’ 132 (<o)
i3 (20) 43 (“La) —o
391 391 =0,
R 1 1
Agn =tr (Y™) =2- 59 +(-g1)+3-2- s

2 1
+3- (391) +3- <—3gl> =0.

This demonstrates that each generation of the SM is an anomaly-free set, and therefore the full
SM with all three generations features no gauge anomalies. The same holds true for the broken
phase of the SM following similar reasoning for anomaly cancellation in SU(3)¢ X U(1)em

(D.25)

(D.26)
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Anomaly cancellation in new physics scenarios

This work focuses on NP models that involve an extended gauge group with a new Z’ gauge boson.
The absence of gauge anomalies enforces new conditions on this interaction, in particular on the
associated charges of fermions. This concerns not only the SM fermions, but also (possible) new
fermions that might be included in BSM model building. We study the details of such ACCs in
Sec. 5.2, and give some remarks regarding the general idea of these conditions in terms of BSM
physics in the following.

We emphasise that new chiral fermions, which are differently charged under the SM gauge group,
add to the gauge anomaly. Hence, they need to be fixed according to the above ACCs. Consequently,
BSM fermions are often included as vector-like or even as SM-singlets (meaning trivially charged
under the SM gauge group) to evade this issue completely. Then, only the ACCs involving the
new gauge group factor need to be taken into account. While also grand unified theories, such as
lepton-colour unification in Pati-Salam models [256], can be considered, more commonly studied
are extensions of the SM gauge group by an additional U(1)" factor. In this particular case, six
conditions have to be met that are given in Eq. (5.24). These conditions exhibit a similar structure
as the SM ones, where instead the new charges play the role of the hypercharge. Indeed, the
fermion hypercharges in the SM are chosen such that the ACCs in Eqgs. (D.19) to (D.22) are
satisfied.
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Appendix

E

Parametrisations of
qz—distributions in rare charm
decays

In this appendix, we provide the parametrisation of ¢c— u¢T¢~ decay distributions taken from
Ref. [16]. Numerical values of the resonance parameters are provided in Tab. E.1, whereas masses,
decay constants, and lifetimes can be found in App. B. Some information on D — P form factors
is given at the end of this chapter.

Lepton flavour conserving decays

Within the EFT framework outlined in Eq. (6.2), we parametrise the differential semileptonic
decay distribution D — P¢+{~ as

o Gt [
dg®> 1024 7°m3, q?

2mc fT 2 ng 2
_ 1+ —= A
mp +mp fi q? prly

2 4m2 4m2
+[Crol® [5 <1 - q_2£> Appfi + q_zz(ng - m%,)QfOQ}
2

4m?
st (1= 258 1o+ ) Lt - w2 s (B.1)

Co+ CR +C;

2
3

4 4m?
e 2 C 2 1— {4
+3[|T|+|T5|]( )(m

q? D+ mP)2

2me.  fr my
8Re( |Co+CR+Cr———L21cr ) ———
+ e([ 9+ (g + 7mD+mPf+] T) mp+ mp ppf+fr
2
4 R\¥\ e, 2 23202 4 2 My 2
+4Re (clo (Cp +CR) )mc(mD b3 +161Cr P s Aop

with App = A(m%, m%, ¢*) defined in Eq. (B.4). In Eq. (E.1), we have neglected the up-quark mass
and applied the notation C; — C; 4 C; to condense LH and RH quark-current contributions [16].
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The ¢%-integrated decay rate is readily obtained as

2

Tmax I

2 2 2

r=r (Qmin’qmax) = /2 dq2 dq . (E2)

Qmin

The full leptonic D° — ¢+¢~ branching ratio reads

G% a?m3,, f2 4m? 4m?
B(D® — ¢te7) = Foe DiD J1— L (1-—%)[Cs —Ch)?
( ) =70 64 m3 m? m mho [Cs = Cs
2]

where fp and 7po denote the D%-meson decay constant and lifetime, respectively.

(E.3)
2mp me

Cp—Cp+ - (C10 — Cip)

DO

+

Lepton flavour violating decays

The differential distribution for the lepton flavour violating D — Pe*pu¥ decays is given as

dg? 102475 m3,
2 2
(Kol +1K10) App £ + (1Ks[? + [Kp[?) 5 (m, —m)” £

C

2

q 2

— E4
(mp +mp)? or I (E.4)

m
= (mh —mp)* fo

dl' (D — PetpT) G% a? X {
DP

3
4
+ 3 (|ICT|2 + |ICT5|2)

+ 2Re (:l:ICQ ICT; + K1 K:?a)

Me

m
+ 4 Re (’Cg ’C;—v + IClOICEka’) m ADP f+ fT} + (@) (mi) s

where the electron mass has been neglected. Furthermore, K; = KC;, ue—l—lq) e and IC; = ICLE#—HC;E u

for D— Petp~ and D— Peput, respectively, is understood. The branching ratio for leptonic
decays reads

2
G% aZmby, f? m? My, Me
B(D° = e*p) = o F647r3 7[7)102, S ”CS K+ Trl:2 (Ko — KCo)

mDO Do (E 5)
) .
m, Me
Jr‘/CP ;:Jr 7:2 (ICw—IC’w) ] .
DO
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E.83 D — P form factors

a,/ GevV~? ag/ GeV 2 a,/ GevV~—?2 a,/ Gev 2
DT — ¢t 0.18 £ 0.02 0.23 £ 0.01 (5.740.4) x 1074 ~8x 1074
D% — #° 0.86 + 0.04 0.25 + 0.01 (5.34+0.4) x 107* ~8x107%
D, - K 0.48 + 0.04 0.07 £ 0.01 (5.94£0.7) x 107* ~7x107%

Table E.1: Phenomenological resonance parameters in Eq. (6.10) extracted from the experi-
mental measurements of B(D — m M) and B (D, — K M) [155] with resonances M = p, ¢, 1,1’
decaying to utu~. Table taken from Ref. [16].

| DI D — P form factors

The HMEs for D-meson decays into a pseudoscalar P can be parametrised as [154

2 9 2 9

(P(k)|Ty" c|D(p)) = @+m“—T2?f£¢ ﬁ@%+wT2?ﬁ£ﬁm%, (E.6)

(P)|To™ (1 £ 5) c[D(p)) = —i (PR — kip” 10, k) 2I2E) (E7)
pUmD“‘mP’ .

where ¢* = (pp — pp)" = (pe+ + pe-)*. We identify the form factors f1 o(¢?) and fr(g?) in the
vector and tensor current, respectively.

In this thesis, we use the D — 7w and D — K form factors available in Refs. [225, 257] where
lattice QCD methods have been employed. The form factors are described via the z-expansion

z 2 V4
fi(d?) o £i(0) + ¢ (2(¢?) — 2(0)) (1+M)], (E.8)

T1-P g 2
for i = 4+,0,T, and with

() = Vis —¢* — iy — o
Vie — @+ Vi =1

We refer to Refs. [225, 257] for numerical values of the f;(0), ¢;, and P; parameters, where central
values as well as their covariances are provided. Values for the form factor fy(¢?) at low ¢2, i.e.
¢*> = 0 and ¢*> = m%, are given in Tab. B.3. We note that for D° — 70 decays the respective
form factors receive an additional isospin factor f; — fi/v/2, following |7%) = 1/v/2 (|uu) — |dd)) *.
Moreover, for D, — K decays we use the D — 7 form factors [16, 258]. See Appendix A of
Ref. [16] and references therein for further details.

te=(mpEmp), to=/ty (Vmp—mp)’. (B9)

IThis normalisation is also employed when computing the branching ratio B (D+ — n+x0), whereas it cancels for
B (D°— 797%) due to identical particles in the final states, see Eq. (7.15).
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Appendix

F

Effective Hamiltonian and
hadronic matrix elements for
Ac = 1 processes

In the following, we provide the full effective Hamiltonian relevant for Ac = 1 processes. We
summarise the effective operators as well as NP operators induced by a Z’ boson in App. F.1.
Details on the RG evolution of the new four-quark operators are provided in App. F.2. In App. F.3,
we present calculations of hadronic matrix elements (HMEs) in the naive factorisation ansatz.

F.1 Overview of effective operators

The relevant contributions to the SCS D-meson decays, i.e. D’ —+ K+K~ and D°— 77—, can
be described by the following effective Hamiltonian at the scale my, < p < ppw [168, 177]

.G &
i = S A Y e eran) + (00 + Q)
P i=1 J

(F.1)
30 (G@ + Q) + 30D (P + Qi) } +he.,
k P l

where the index p runs over all active down-type quark flavours (p = d,s,b) and A, = V,,V,».

Note that A\g s ~ Ackm ~ 0.2, whereas Ay ~ )\%KM =0 (10_4). In what follows, we define the
various operators that appear in the Hamiltonian. The so-called current-current operators Q¥
read

QF = (up)v-a(Pe)v-a, (F.2)
Q5 = (Uapp)v-a(Psca)v-a, (F.3)

where «, 8 denote colour indices that are implicitly summed over and (V' + A) refer to the Dirac
structures v,(1 £vs), e.g.

(@p)y—a =1y (1 =) p =TaYu (1 =75) Pa = (TaPa)v-24- (F.4)

The operator Q] provides the dominant tree-level SM contribution, C} ~ 1, at the matching scale
u via a W-boson exchange. The corresponding Feynman diagrams relevant in this thesis are
depicted in Fig. F.1. The operators in Egs. (F.2) and (F.3) are related to the current-current
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analogues O‘li’s introduced in Eq. (6.4) by Fierz identities and employing the colour structure

embedded in the SU(3)¢c generators.

d 5
mt K+
W u W u
c d c £
Do o D° K-
U—&— U Uu———7U
d
at
u
w+ c d
Wt 0
d
D+
c d u
D+ _ _m° _ _ ¢t
d—<*—d d—<*—d

U—&—7U

Figure F.1: SM tree-level contribution via a W boson for selected hadronic D-decays.

The QCD penguin operators @3 456 and QED penguin operators Q789,10 are given by
Qs = (We)y-a Y _(70)v-a,
q

Q1 = (Tacs)v_a Z(%QQ)V—A ,

q

Qs = @)v-a Y @)+

q

Qs = (Tacp)v—-a Z(%%)vw& ,

q

Q7 = %(EC)V—A Zq: eq(@@)via,

3
Q8 = §(ﬂacﬂ)V—A zq: eq(@ﬂQa)V-i—A 3

Qo = %(ﬂC)V—A Zq: eq(Gq)v—-a,

3
Q1o = Q(ﬂacﬂ)V—A Zq: €a(@pa)v-a

(F.5)
(F.6)
(F.7)

(F.8)

(F.9)

(F.10)

(F.11)

(F.12)

Here, e, is the electric charge of the quark g. The operators (03456 are first generated at O ()
and proportional to V,;,V;. The latter is also true for the operators ()78 9,10, which are negligible

in the SM as they appear at O («.).
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The chromomagnetic operator Qg
Qsg = mcua " (1 +75) cataps Gy » (F.13)

is also generated at O (as), where G, represents the strong field strength tensor. Scalar and
tensor operators are given by

®) = @PLp)(pPre) | (F.14)
QY = (@aPrpg) (B Prca) | (F.15)
Q) = (@, PLp) (o Pre), (F.16)
QF) = (s 0w PLpg)(Dgo™” Prea) , (F.17)

where tensor operators do not contribute to D®— KtK~ and D°— 7ntn~ decays in naive
factorisation, but can mix with the scalar ones under RG running [177]. Note that the corresponding
primed counterparts @’ for the aforementioned operators in Egs. (F.5) to (F.17) are obtained by
the obvious replacement v5; — —7s.

In this thesis, our focus lies on the current-current operators Q¥ and their relation to NP-induced
operators Q,(c/), which we outline in the following.

F.1.1 New physics operators with additional U(1)’ charges

The remaining operators @,(C') in Eq. (F.1) describe NP contributions via a Z’ boson. We define
them as

Q7 = (Tc)v - a Z Fu,.p, (@@)v+a

q

= dapyuer (Fu, ury*ur + Fu, ery"cr + Fp, dry"dg (F.18)
+ Fp, Spy"sk + Fp, bry"'bR) |
Q= (W)viay | Fo, [@)v-a, (F.19)
q
Qs = (Tacs)v-a Y Fu,.p, (@gda)v+a (F.20)
q
Qi = (Tacp)via Y Fo, [@sda)v—a, (F.21)
q
Qo = (@e)v-a ) Fo, [@)v-a, (F.22)
q
Qb = (@c)v4a Y Fu,p, [@0)v+a, (F.23)
q
Q10 = (Tacs)v—a Z Fq, (@gqa)v-a, (F.24)
q
Qo = (Tals)via > Fu.p, [@sa)vias (F.25)

q
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where ¢ = u,c,d,s,b and Fy denotes the associated U(1)’ charge. In Eq. (F.18), we explicitly
write out the sum for the operator Q7 to illustrate how the different quark currents enter.

Matching and running of new physics four-quark
operators

We relate the corresponding Wilson coefficients at the Z’ mass scale

Cr(Myz)=Co (Mg,
Ch (Myr) = Ch(Mz1) | (F.26)
()

These coefficients are evolved down to the charm scale at LO in ay via RGEs, where the top and
bottom quarks are integrated out at their respective hold scales. Following Eq. (3.34), the RGE of
the Wilson coefficients is given in general terms by

—

dC(p) 3o
T) (W) C(p) =0, (F.27)

where C is a vector that includes the Wilson coefficients in question and v is the ADM expressed
by a perturbative expansion v(u, as) = (%) =+ A1) (%)2 + ..., ¢f Eq. (3.35). The solution of
Eq. (F.27) can be formally written as

— -

C (1) = U (p1, p2) C (p2) , (F.28)

or expressed as

- —

C (me) = Ug (me,myp) Us (mp, my) Ug (my, Mz ) C(Mzr) ,  p1 < pa, (F.29)

where Unf (p1, p2) = My, (p1) Un,y (1, p2). Here, Uy, (g1, pi2) denotes the evolution matrix from
scale pz to py in an EFT with ny active flavours. The threshold matrices My, match the associated
effective theories with ny — 1 and ny active flavours, but are given by the identity matrix at LO.
The evolution matrix Uy, is computed by [177]

(ng)

Uy (1,112) = V (‘”(“2)> v, (F.30)

o)) |,

where we have introduced the shorthand notation @, = 7° /(2 B°P). The vector 7 contains

the diagonal elements of the diagonal matrix ’yg)) which is defined via the change of basis

.
F O~y (7<o>> V. (F.31)
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The ADM describing the RG evolution of the operators in Eq. (7.20) at LO reads [177

= -6 0 0 2 -6 0 0
C
0 Sa-NG) 0 0 =16 0 0
~ O = Ne ) = , (F.32)
0 — 6 0 0 -2 6
0 0 6 - 0 0 6 —2

Nc

where Ng = 3 denotes the number of colours. Due to parity conservation in QCD, 7 is identical
for both Q; and Q). With s = Mz and p3 = m., we find the following analytical expression for
the running of the Wilson coefficients

eV (me) = /i CY) (M)

A0n) (1) + 38001

5§/) (me) = T 7

50) CY (My) = CL) (M) + 72 (é:g’)(MZ,) + 5{8(1\/_/2,)) (F.33)
Cg (mC) N 27“% )

) G (M) — G (M) 4 (G (M) + €L (M)

Cig(me) = T ,

with the renormalisation factor r1 = 1 (yu = m., Mz/) defined in Eq. (5.34).

F.3 Hadronic matrix elements in naive factorisation

In order to derive an estimation of the HMEs, we employ the factorisation of currents for non-
leptonic decays which is given by

_ _ e +p-
(PYP71Qi|D%) = (P*| (@10, T1 2,01 |0) (P7| (@3,0, T2 4,0,) |ID°) BT (F.34)
Here, P = m, K and I'y  refer to possible Dirac structures of the four-quark operator
Qi = (T1,0, 11 92,01)(@3,0, T2 Q,0,) = (01" T1057)(@5° T2 ¢57) (F.35)

exposing the colour indices «;. Note that this factorisation is only possible for quark currents
with same colour indices. In naive factorisation it is BY P~ = 1. Nevertheless, in what follows
we keep these factors for expediency, while often referring to HMEs as ‘matrix elements’ or just
‘elements’.

In general, three different colour structures emerge

(@) = barazdasas (PTPT| (g7 T1a5®) (@5° T245") |D°) (F.36)
(Q°) = dayasdasae (PTPTI(@7 T15%) (@5° T245) [D°) (F.37)
(@) = [t"avas [t asas (PTPT[(a" T105”) (@5° T245*) [D°) (F.38)

where the t* are SU(3)¢ generators. The subscripts of the operators indicate the underlying colour
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structures of the currents, i.e. D (disconnected), C' (connected), and M (mixed).

Employing the colour rearrangement identity [26, 220

1 1

- m 6061042603044 + 5 5111045043(12 ) (F39)

[ta}maz [ta]asw =

which can be viewed as a special Fierz identity, we find that

1 1
M D c
=—— - . F.40
(@) = 537 (@) +5 @) (.40)
It follows that
(QP) = Ne (Q%) B™' P, (F.41)
where BP"P™ =1 —b with b = 2 ﬁgif)) . As a meson state and the vacuum are colourless, we have

(@) = (PTP7| (@ T11" a2) (43 T2 " q4) |D°)

+| (= a -1 (= a 0 Ptp- (F.42)
= (PT[(@: 111" ¢2)[0) (P7[ (g3 21" q4) [D") B =0,

and recover BFT P |naive = 1 in naive factorisation. However, beyond naive factorisation the
BP'P” parameters contain other corrections and are order one [26, 44].

In the next part, the matrix elements for the operators discussed for D° —+ KT K~ and D° — 7 m—
decays are provided, where we show results for current-current and penguin operators in Apps. F.3.1
and F.3.2, respectively. For more details as well as studies involving, e.g., scalar or chromomagnetic
operators we refer to Ref. [177]. The matrix elements for the NP-inducing operators are presented
in App. F.3.3. Therein, we also derive the relevant matrix elements of related D° — 7%7% and
DT — 7 7Y decays, extending the shorthand notation for the elements (Q;)p by P = 7%, 7/,
respectively.

F.3.1 Current-current operators

QY and Q% for p =d,s

By comparing the colour structure in Egs. (F.36) to (F.38) with the current-current operators
in Egs. (F.2) and (F.3), we can directly infer the relations (Q}) < (QP) and (@) + (Q°)
between the matrix elements, and can immediately apply Eq. (F.41). For the K T K~ final state
only p = s gives a non-zero element as p = d only contributes at higher order in ay via weak
annihilation [168], whereas only p = d gives a contribution for the 777~ final state. We find

3 (

(QI)k = Nc(Q3)k By, (F.44) Q) = No (QD) . BE.  (F.46)
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F.3.2 QCD and QED penguin operators

Relating the matrix elements is not as obvious as before in the case of penguin operators. Here,
we employ Fierz identities to infer the possible contributions from these operators. The general
idea is to relate the matrix elements of all penguin operators back to those of the SM-dominant
current-current operators (Q5%) .

Q3 and Q4

As an example, we start with the HME of the operator Q4 for the K™K~ final state, where P = K.
We write

Q) = (KYK ™| (Tacs)v-a Y _(Gsqa)v-a|D°)

q

= (Y (Wata)v-a(@ses)v_al...) .

q

(F.AT)

where we have employed the Fierz identity given in Eq. (A.26) and introduced a simplified braket
notation for enhanced readability. At this point, we assume that only ¢ = s contributes to (Q4) x
which yields

(Qa)x = (.| _(@)v-a@)v-al-..) =D (.[@yv-a@)v-al...)
q q (F.48)

= (.| @s)v-a(Sc)v_al...) B2 = (Q})k BZ.

In the second line we have identified the operator (Q3)x, where the hatted parameter ES accounts
for the fact that only ¢ = s in (Q4) x has been considered.

The calculations for the operator Q3 follow a similar strategy. We apply the Fierz identity in
Eq. (A.26) and find for ¢ = s

(Q3)k = (KTK ™| (Waca)v—-a(3ssp)v—a |D")

= < . ‘ (ﬂaSB)V—A(Eﬁca)V—A | . > . (F49)

Then, we employ Eq. (F.41) where only colour indices are interchanged while the quark (flavour)
structure remains unchanged. It follows that

(Q3)k = (.| (Wasp)v—a(3sca)v_al...)
= NLC (| (@asa)v—a(scs)v-al...) Biés = Nic Qi) x Big ’ (F.50)

which now has the correct quark content in the factorised currents. This enables us to relate the
two HMEs using Eq. (F.41). We obtain

(Qa)x = No (Qs)k Bs (F.51)

which we conveniently summarise as
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P=K: [ P—x
(Qa)k = No(Q3)x B3, (F.52) (Qa)r = Nc (Q3)= By, (F.54)
(Qu)x = (Q3)x Bs, (F.53) (Qa)r = (Q})x BY (F.55)

Analogous relations hold for the primed counterparts of the penguin operators, which are skipped
here for the sake of brevity.

Qs and Qg

Here, we follow the same method as before while applying the Fierz identity in Eq. (A.27). As an
example, we rewrite

(Qs)x = (KTK™|(Gc)y—a »_(@q)v+a|D°)

(F.56)
= (.| (=2) ) (@ags)s-p [@sca)sir |-
q
where the shorthand notation S £+ P refer to the Dirac structures 1 £ v5. We obtain
(@) = 3 (@) 37 (F.57)
sk = - \Ke/K B .

In addition, only ¢ = s contributions to (Qe)x and after relating (S — P) x (S + P)-terms with
the (V — A) x (V F A) ones (see Ref. [168], Eq. (A5) for details) we derive

(Qs)x = xx (Q3)x Bs , (F.58)

with the chiral enhancement xx defined in Eq. (B.2). With similar reasoning for P = 7 operators,
we obtain

P=K: P=m:
(Qe)xk = Nc (Qs)x B3, (F.59) (Qe)x = Nc (Qs)» BY, (F.61)
(Qs)x = xx (Q5)x By,  (F.60) (Qs)r = xx (Q1)= BE.  (F.62)

Q; for : =17,8,9,10

Analogous derivations for the matrix elements of Q7910 yield
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P=K: P=m:
(Qs)k = No(Qn)x Bi,  (F.63) (Qs)x = No Q)= Bf,  (F.67)
(Qe)x = 5 es i (QD)x B, (F.64) (@s)r = 5 eaxn (@D BY, (F68)
(Qi0)x = Nc (Qo)k Bs, (F.65) (Q10)r = Nc (Qo)» BY, (F.69)
(Quo)i = s (Q%)x BE (F.66) (Quo)x = ea (QF)= B, (F.70)
where e, = eq = —% denotes the electric charge of the corresponding quark.

F.3.3 New physics operators @Z for 2 =17,8,9,10

In the following, we show the results for the NP operators that are of special interest in Sec. 6.3.
For better comparison, we set B; = 1 directly working in naive factorisation, and obtain

P=K: P=m:
@ = 5= (@, (BT (@)= 5= (@) (€15
(Q8)x = Fp, xx (Q}) ke, (F.72) (Qs)r = Fp, X (QD=,  (F.76)
(Go)ic = Nic G,  (B.73) (Go)r = Nic Gro)es  (FTT)
Qo) = Fo, (@)K, (F.74) (Q10)r = Fo, (@), (F.78)

where Fg, , and Fp, , refer to the U(1)’ charges of the doublet and singlet d (s) quarks, respectively.
Similarly, we can extract matrix elements for P = 7%, 7’ in terms of the current-current operators,

cf. Egs. (F.2) and (F.3),

Q = (@q)v-a(Gc)v-a, (F.79)
Qg = (ﬂaqﬁ)V—A(aﬁca>V—A 5 (FSO)

with ¢ = u,d. Together with the shorthand notation (...); = (gq| . ..|D°), we find the following
expressions for the matrix elements
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P=qx
(Qr)w = Nic (Qs)w (F.81)
@s)r = T2 X5 (), (Ps2)
(@) = 5 (@uohw =0, (F.83)
(Qio)r =0, (F.84)
P =70
(Qr)mo = Nic (Qs)no (F.85)
(@ = L0 =T0)Xn 01y, (.50
(Go)no = Nic (@10} o =0, (F.87)
(Q10)m0 =0, (F.88)

working in the isospin limit m, = mq, that is (QY), = (Q%)4. In this limit, <@9710>,ﬂmo vanish as

they are proportional to (Fg, — Fg,) = 0. The factor 1/v/2 for P = 7° is due to the additional

70 meson in the final state.

The results for the primed counterparts are obtained by interchanging the U(1)’ charges Fg, <> Fp,
in the expressions above. They are compiled in Tab. 7.2.
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Appendix

&

Charged lepton and neutrino
links via SU(2)7-symmetry

In this appendix, we provide ancillary calculations and details of the SU(2)-link outlined in
Chap. 9. We review the correlations between dineutrino and charged dilepton Wilson coefficients
in App. G.1. Supplementary tables listing constraints on charged dilepton couplings K , can
be found in App. G.2. They are taken from Ref. [18]. In Apps. G.3 and G.4, we provide details
on the derivation of charm dineutrino limits and present updated results of dineutrino branching
ratios, respectively.

Connection of Wilson coefficients in the mass basis

The dineutrino and dilepton Wilson coefficients in the gauge basis are given by C4 and K%,
respectively, with A = L, R and P = U, D. The SU(2)-link in Eq. (9.9) relates the couplings of
dineutrinos and dileptons as CP = KY,CY = KP and C’g’D = Kg’D in the gauge basis.

Going to mass basis, we perform a field rotation to obtain the calligraphic C§ and K4 coefficients.
Using the biunitary rotations defined in Eq. (2.21), we identify four different unitary rotations
in the quark sector, corresponding to the left-handed (right-handed) V,, 4 (Uy,q), both for up-
and down-type quarks. Conversely, for leptons two rotations are required, V; and V,,, as we only
consider couplings to LH leptons, c¢f. Egs. (9.4) and (9.5). Employing these rotations, we write the
Wilson coefficients in the mass basis as

c =) vt cPvyv,, B =) Wy cRuav,,

(G.1)
K2 =)t Vo)t KPVaVe, KR =)' (V)" KR U4 Vi,
and
cV=wv) wv)tcvv,v,, c¥=w)t w) ctu,v,, @2)
K =)t (V)" KEVave, KF = (o)' (U)" KR ULV '
As C’g’D = Kg’D, we identify
CR = (V)" (Ug)" KR U4V, = (Upans)" [KR] Upnins, (G.3)
¢ =) W) KLU, V, = (Upmns)' (K% Upmns (G.4)
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where Upyng = (W)TVV is the PMNS matrix, see Eq. (2.27). In the LH quark sector, the analogous
relations feature a different structure,

CP = (Upnns)' [(VCKM)T Ky VCKM] Upmns , (G.5)

CY = (Upnins)' [VCKM Kf (VCKM)T} UpMNs , (G.6)

where the CKM matrix Vogy = (Vu)Jr Vi, see Eq. (2.25), enters prominently due to the link
between up- and down-sector. We define

LB, = [(VCKM)T Ky VCKMLB , (G.7)

Lag = [VCKM Kr (VCKM)T] ) (G-8)

af

where we have made the quark flavours «, 3 explicit. For instance, expanding Eqs. (G.5) and (G.6)

in the Wolfenstein parameter A\cxum =~ 0.2, we obtain

23 = ’CU% + O (Ackm) (G.9)
LY =KV + 0 (Aexm) (G.10)

for b— s and b— d transitions, respectively. Note that switching off mixing between the first and
second generation entails suppressed CKM corrections, i.e. O ()%KM) for LY, and O ()%KM) for
L

Bounds on lepton-specific Wilson coefficients

Here, we summarise the various limits on charged dilepton couplings which have been compiled
from Ref. [18]. Upper limits on ICSd” and ICC“” are provided in Tabs. G.1 and G.2, respectively.
Moreover, Tabs. G.3 and G.4 summarise the derived limits from b— s and 7)_ d couplings,
respectively. Constraints on top-couplings ICtC“ and ICt““ are listed in Tabs. G.5 and G.6,
respectively. T T

sd el ee o T e er ur
\ic“i“ Dy 3.5 1.9 6.7 2.0 6.1 6.6
Kcste 51072 1.6-1072 - 6.6-1074 - -
IKsdet'|a [-1.9,0.7]-1072 [-1.9,0.7]-10"2 [-1.9,0.7]-10"2 1.1-10"2 1.1-10"2 1.1-1072

Table G.1: Upper limits on charged dilepton couplings ICS‘W from high-pr [183, 217] (top
row), charged dilepton K-decays (mid row) and derived ones from kaon decays to dineutrinos
(bottom row). Numbers correspond to a limit on the modulus. LFV-bounds are quoted as
flavour-summed, \/|K¢T¢ |2 + |[K¢¢T|2. “Obtained assuming no large cancellations between
K3¢ and K. Table taken from Ref. [18].
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cu b’ ee o T ep erT ur
K54 |y 2.9 1.6 5.6 1.6 4.7 5.1
Kcgee | 4.0 0.9 - 2.2 n.a.f -
[Kewtt|a [-1.9,0.7] - 1072 [-1.9,0.7]-10~2 [-1.9,0.7]-10"2 1.1-10"2 1.1-10"2 1.1-10"2

Table G.2: Upper limits on charged dilepton couplings Ki’f%, from high-pr [183, 217] (top

row), charged dilepton D-decays (mid row) and derived ones from kaon decays to dineutrinos
(bottom row). Numbers correspond to a limit on the modulus. LFV-bounds are quoted as
flavour-summed, /|[KC¢7¢" 2 4+ [KC¢T2. TNo limit on D° — e*7T available. “Obtained

assuming no large cancellations between K3 and K. Table taken from Ref. [18].

bs ¢’ ee o T ep et ut
K54 oy 13 7.1 25 8.0 27 30
Kcbset! 0.04  [—0.06,—0.04] 32 01 28 34
Kcbsee! 0.04 [~0.03, —0.01] 32 0.1 2.8 3.4
st |,y 1.4 1.4 1.4 1.8 1.8 1.8

Table G.3: Upper limits on charged dilepton couplings IC%S%I from high-pr [183, 217] (top
row), charged dilepton B-decays (mid rows) and derived ones from three-body rare B-decays
to dineutrinos (bottom row). Numbers without ranges correspond to a limit on the modulus.
The pp ranges are derived from the global fit results of Ref. [20], see Sec. 4.2 and Tab. C.7
therein for details, with the departures from zero in ICILS" " corresponding to the B-anomalies.
LFV-bounds are quoted as flavour-summed, /[KC¢7 ¢~ |2 4 [~ ¢ |2, whereas the other bounds
are for a single coupling. Table taken from Ref. [18].

bd ¢¢’ ee Bt TT ep €T KT
IS4 |5y 5.0 2.7 9.6 3.1 9.6 11
fcbaet! 0.09  [-0.07,0.02] 21 02 34 24
fcbdet! 0.09  [—0.03,0.03] 21 02 34 24
‘K%du"w 1.8 1.8 1.8 2.5 2.5 2.5

Table G.4: Upper limits on charged dilepton couplings K%’f%, from high-pr [183, 217] (top
row), charged dilepton B-decays (mid rows) and derived ones from three-body rare B-decays to
dineutrinos (bottom row). Numbers without ranges correspond to a limit on the modulus. The
pp ranges are derived from a global fit of b — d observables [18]. LFV-bounds are quoted as
flavour-summed, \/|K¢T¢ |2 + |K¢ 7|2, whereas the other bounds are for a single coupling.
Table taken from Ref. [18].
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tcll ee

o T e et T
teee!

Kt | ~ 200 ~ 200 n.a. 36 136 136

Kt ,  [~1.9,09]  [-1.9,0.9] [-1.9,0.9] 1.8 1.8 1.8

Table G.5: Upper limits on charged dilepton couplings ICtLCffsé/ from collider studies [ﬁ, 259,

vy
260] of top plus charged dilepton processes (top row) and on charged dilepton couplings K%
derived from three-body rare B-decays to dineutrinos (bottom row), see Ref. [18] for details.
Numbers correspond to a limit on the modulus except when a range is given. LFV-bounds are

quoted as flavour-summed, /|K¢T ¢~ [2 4 [K¢ 7|2, whereas the other bounds are for a single
coupling. Table taken from Ref. [18].

tu Ll ee o T e et ut

ctuee! ~ 200 ~ 200 n.a 12 136 136
L.R e

[ttt |,, [~1.6,1.8] [~1.6,1.8] [~1.6,1.8] 2.4 2.4 2.4

Table G.6: Same as Tab. G.5 but for couplings ICtL“,%,. Table taken from Ref. [18].
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Extracting bounds on ¢— u dineutrino branching

ratios

In what follows, we provide details on the computation of the limits on ., collected in Egs. (9.23)
to (9.25). In doing so, we write

Cit = (UPMNS)Jr /CSLd UpmNs + AckM (Up1\/{1\js)Jr (/CSLS - ]C%d) Upmns + O (AZCKM) ) (G.11)

where we have replaced the superscripts with their associated quark transition, e.g. U1 = cu and
D12 = sd, to ease the notation. Utilising the trace identity in Eq. (9.12), we obtain

Loy = Z <|Czuij|2 I |Clc2uz'j|2> — tr (CZ“U (sz‘j)f —l—C}C%“ij (Clc%uij)T)

v=i,j
g Nt g Nt
~tr (/c;d” () de () ) 82 + O (V) (G.12)

= 3 (I 2+ I 2) + 62w + O (Weiear)

l=i,j

with the O (Ackm) corrections given by

0%eu = 2 A\CKM tT <Re (ICéLd” (;Cést _ K%d”) ))

=2Xckm Y Re (/c;d” A Wi /cid”*) :
(=i,j

(G.13)

To study the lepton flavour structure and also put bounds on the rare charm dineutrino branching
ratios, it is convenient to further introduce

RM/ _ ‘,CsLdM'|2 + |K:%uél’ ‘2 7
RN’ _ ‘K"zdﬂ/ + K"%ufll |2 , (G14)
SR™ =2 Ao Re ( Jader josste's _ pesded! ,Cdeez’*) '

These quantities obey the relations Rff, + RY =2 RY and Rff/ < 2R . Furthermore, §R% <
2N |5 (|ICSLSM\ + |ICdeM|). We use the limits on charged lepton couplings from, e.g., high-pr
data to derive bounds on R and 6R* given in Tab. G.7. The high-py limits on A3%¢" and

IC“’R“M can be fetched from Tabs. G.1 and G.2, whereas the bounds on the ss- and dd-couplings
are given elsewhere [19].

Finally, we can establish the upper limits on z., for the different flavour patterns,

Ty =37 <34 (LU), (G.15)
Ty =7+ 7 +777 <196 (cLFC), (G.16)
T =7+ + 07T 4+ 2(r* + 77 +7H7) <716 (general) (G.17)

equivalent to the bounds given in Egs. (9.23) to (9.25).
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ee o TT ep er Wt
R 21 6.0 77 6.6 59 70
SR 19 54 69 5.7 55 63
et 39 11 145 12 115 133

Table G.7: Bounds on R* and §R* from Eq. (G.14), as well as their sum, " = R 4 R
Table taken from Ref. [19].

he flc = he) N(he) (a) N(he) (b)
D° 0.59 6-10'" 8-10%°
Dt 0.24 3-10't 3.10%°
Df 0.10 1-10% 1-10%
AF 0.06 710 8- 10°

Table G.8: Charm fragmentation fractions f(c — h.) [261] and the number of charmed hadrons
he, N(he) = 2 f(c = h.) N(cE), expected at benchmarks with N(cé) = 550 - 10° (a, FCC-ee)
and N(cg) = 65 -10° (b, Belle IT with 50ab™") [85]. Table taken from Ref. [19].

Fragmentation fractions f(c — h.) [261] of a charm quark to a charmed hadron h. are listed
in Tab. G.8, where we also give the number of charmed hadrons N(h.) = 2 f(¢ — h.) N(cc)
for FCC-ee and Belle II benchmark ¢¢ numbers [85], N(cc) = 550 - 10° and N(cc) = 65 - 10,
respectively.

Updated limits on ¢ — w dineutrino branching

ratios

Here, we provide updated benchmark values for charm dineutrino modes following improved limits
on Iy, which are constructed using low energy constraints in addition to the high-pr ones [18]

Tew $2.6  (LU), (G.18)
Tow $156  (cLEC), (G.19)
Tew S 655 (general) . (G.20)

Compared to the respective limits in Eqgs. (G.15) to (G.17), we see that the inclusion of rare kaon
data on |lCid“,| and UC%““/ |, given in Tabs. G.1 and G.2, respectively, significantly improves the
limits on x.,. However, they are not available for all couplings, e.g. 77 and u7. Therefore, in our
main discussion we choose to include bounds from Drell-Yan data.

The updated upper limits on dineutrino branching ratios are compiled in Tab. G.9. In Fig. G.1, we
give an updated version of Fig. 9.2 which illustrates the resulting upper limits on selected charm
dineutrino branching ratios assuming a specific lepton flavour structure.
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D’ —F Ay A_ B Birce BT NG /mem  Neirc/meg  N™¥/meg
[107% (1078 [1077] [107%] [1079]

DY — 70 0.9 0 0.5 2.8 12 3.5k (30k) 210k (1.8 M) 890k (7.6 M)

DY — 7070 0.7-107%  0.21 0.1 0.7 2.8 0.8k(7.1k)  51k(430k) 210k (1.8M)

DY - rxtn=  1.4-.107%  0.41 0.2 1.3 5.4 1.6k(14k) 98k (830k) 410k (3.5M)

DY - KTK~ 47-107% 0.004 0.002 0.01 0.06 0.02k(0.1k) 1.0k(8.8k) 4.4k (37k)

Table G.9: Updated version of Tab. G.9. Coefficients A as in Eq. (9.20) for selected DP-meson
decays into final states I for central values of input. Utilising Eq. (9.19), we provide the upper
limits on branching ratios Brj", Baypce and B™** corresponding to Egs. (G.18) to (G.20),
respectively. The expected number of events, see Eq. (9.22), per reconstruction efficiency nes
for Belle IT with 50ab™! (FCC-ee yields in parentheses) is updated as well and given in the last
three columns.

10" L
pBellell — 103

e <1

P gl <

— Br(D° = )

----- B, (DY — v i)
==+ B"x(D’ — v p)

— BRF(D’ = wtrvw)
""" B (D° = 7t 7 v D)
— = B"™(D" = xt 7 vD)
— BE(D" - K*K-vp)
..... Bﬁ?c(D" S KtK- ,”7)
—— B (D0 KK v

10~ 107 10~ 10~ 10~
B(DU — F1/17)

107!

5B(DO — FV17)

IR
10710 1079

Figure G.1: Same as Fig. 9.2, but displaying upper limits assuming LU (solid), cLFC (dotted)
and generic lepton flavour (dashed) taken from Tab. G.9.
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Abbreviations

ACC anomaly cancellation condition
ADM anomalous dimension matrix
ATLAS A Toroidal LHC ApparatuS

BES Beijing Spectrometer
BSM beyond the standard model

CDF Collider Detector at Fermilab

CF Cabibbo-favoured

CKM Cabibbo-Kobayashi-Maskawa
cLFC charged lepton flavour conservation
cLFV charged lepton flavour violation
CMS Compact Muon Solenoid

DCS doubly Cabibbo-suppressed

EFT effective field theory
EWSB electroweak symmetry breaking

FCC Future Circular Collider

FCCC flavour-changing charged current
FCNC flavour-changing neutral current
FLAG Flavour Lattice Averaging Group

GIM Glashow-Iliopoulos-Maiani

HFLAYV Heavy Flavor Averaging Group
HME hadronic matrix element

IR infrared

LEP Large Electron—Positron Collider
LFU lepton flavour universality

LFV lepton flavour violation
LH left-handed

LHC Large Hadron Collider

LHCDb Large Hadron Collider beauty
LO leading order

LU lepton universality

MS minimal subtraction

NLO next-to-leading order
NNLO next-to-next-to-leading order
NP new physics

OPE operator product expansion

PDF probability distribution function
PDG Particle Data Group
PMNS Pontecorvo-Maki-Nakagawa-Sakata

QCD quantum chromodynamics
QED quantum electrodynamics
QFT quantum field theory

RG renormalisation group
RGE renormalisation group equation
RH right-handed

SCS singly Cabibbo-suppressed

SM standard model

SMEFT standard model effective field theory
SSB spontaneous symmetry breaking

UV ultraviolet
vev vacuum expectation value

WET weak effective theory
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