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Kurzfassung

Diese Dissertation beinhaltet aktuelle Anwendungen des auf der Renormierungsgruppe (RG) basierenden
Konzepts der Planckskalensicherheit (PS) in der Modellbildung jenseits des Standardmodells der Teilchen-
physik (SM, BSM). PS bezeichnet dabei ein RG-Laufen aller Kopplungen bis zum Quantengravitationsregime
an der Planckskala ohne Vakuuminstabilitdten und Landau-Pole. Dazu muss die Metastabilitdt des SM Hig-
gspotentials behoben werden. Wir gehen diese Aufgabe in minimalen SM-Erweiterungen mit vektorartigen
Fermionen, Singulett-Skalaren oder beiden, mit oder ohne flavor an. Dazu untersuchen wir die RG-Fliisse
dieser Modelle in hoheren Schleifenordnungen sowie die gesamten durch BSM-Massen, -Multiplizitaten,
-Ladungen und -Kopplungen aufgespannten verfiigharen Parameterrdume. Dabei enthiillen und charakter-
isieren wir mehrere fundamentale RG-Mechanismen fiir PS, sowie deren Zusammenspiel. Die Forderung nach
PS impliziert dann Bedingungen an die BSM-Parameter. Wir studieren auch die Beschleunigerph&nomenolo-
gie unsere Modelle, insbesondere im Hinblick auf die Komplementaritit zwischen phdnomenologischen und
PS-Bedingungen an Parameter. Danach widmen wir uns einer komplexeren Klasse von BSM Modellen,
nidmlich anomaliefreien, flavor-vollen Z’-Modellen. Das Z’-Boson kann flavor-verandernde neutrale Strome
auf Baumgraphenniveau induzieren, die im SM Schleifen- und Cabibbo-Kobayashi-Maskawa-unterdriickt
sind. Daher sind Z’-Modelle natiirliche Kandidaten um experimentell gemessene Abweichungen einiger
flavor-Observablen von ihrer SM-Vorhersage zu erklaren. Insbesondere fokussieren wir uns dabei auf die
anhaltenden Anomalien im Zusammenhang mit b — syt p~ Ubergingen sowie die unerwartet groBe CP-
und U-Spin-Verletzung in D° — KK~ 77~ Zerfillen. Allerdings treten in Z’-Modellen typischerweise
niederenergetische Landau-Pole auf, durch die die Theorien ihre Vorhersagekraft verlieren. Wir zeigen,
wie in Z’-Modellen die Anomalien im beauty- und charm-Sektor jeweils aufgelost und gleichzeitig Landau-
Pole hinter die Planckskala geschoben werden kénnen. Dadurch ergeben sich prézise Vorhersagen fiir
charakteristische, phdnomenologische Signaturen, die an Beschleunigern gesucht werden kénnen.

Abstract

This thesis comprises recent applications of the renormalization group (RG) based concept of Planck
safety (PS) in beyond the Standard Model of particle physics (SM, BSM) model building. PS refers to
a RG flow of all couplings up to the quantum gravity regime at the Planck scale without any vacuum
instabilities or Landau poles. This requires to cure the metastability of the SM Higgs potential. We tackle
this task in several minimal SM extensions featuring vector-like fermions, singlet scalars or both, with or
without flavor. We investigate the higher loop-order RG flows of these models, scrutinizing their complete
available parameter spaces spanned by BSM masses, multiplicities, charges and couplings. Thereby, we
unveil and characterize several fundamental mechanisms for PS as well as their interplay. Requiring
PS then results in constraints on BSM parameters. We also study the collider phenomenology of our
models, focusing in particular on the complementarity between phenomenological and PS constraints.
We then turn to a class of more complex BSM models, namely flavorful, anomaly-free Z’ models. The
Z' boson can induce flavor-changing neutral current transitions at tree-level, which in the SM are loop-
and Cabibbo-Kobayashi-Maskawa-suppressed. Therefore, Z’ models are natural candidates to address
several experimentally measured deviations from the SM in flavor observables. In particular, we focus
on the persistent anomalies in b — su™p~ transitions as well as the large CP and U-spin breaking in
DY — KTK~, 7t~ decays. On the other hand, Z’ models are generically plagued by low-energy Landau
poles spoiling the predictivity of the theory. We show how the flavor anomalies in the beauty and charm
sector can respectively be resolved in Z’ models while the notorious Landau pole is simultaneously pushed
beyond the Planck scale. This results in distinct predictions of characteristic phenomenological signatures
that can be searched for at colliders.
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Revealing the elementary building blocks of nature as well as their fundamental interactions is one of
the major challenges in modern natural science and is studied in the field of elementary particle physics.
An enormous joint effort from mathematics, theory and experiment in the middle of the past century
resulted in the formulation of the Standard Model of particle physics (SM), unifying the strong, weak
and electromagnetic forces in a quantum field theory (QFT) framework obeying the bizarre principles of
quantum mechanics and special relativity. Ever since, it has been validated with great precision in a vast
number of measurements by several different experiments promoting it to the most successful theory at the
quantum level these days. It was completed in 2012 by the discovery of the Higgs boson [8, 9] at the Large
Hadron Collider (LHC) unveiling the last postulated particle of the SM [10-13].

Despite its tremendous success, the SM cannot be the fundamental description of nature as it suffers from
several shortcomings and unexplained observations. First of all, it does not incorporate a quantum theory
of gravity, the force dominating the dynamics of the universe at large scales. It also lacks an explanation
for dark matter and dark energy which according to cosmological observations account for 95% of the
total energy of the universe [14]. Finally the amount of C'P violation in the SM is orders of magnitude
too low to explain the observed baryon asymmetry of the universe (BAU), i.e. the dominance of matter
over antimatter [15]. Eventually, the discovery of neutrino oscillations [16, 17] evidenced tiny but non-zero
neutrino masses which is incompatible with the strictly vanishing neutrino masses in the SM. The above
shortcomings altogether imply the existence of physics beyond the Standard Model (BSM), whose imprints
are hunted for in close interplay between theory and experiment.

Additional theoretical shortcomings of the SM are related to its renormalization group (RG) evolution.
The postulation of the RG [18-23] encoding the scale dependence of couplings was a major breakthrough in
formal QFT and famously allowed to simultaneously explain the phenomena of confinement and asymptotic
freedom (AF) in quantum chromodynamics (QCD) [24, 25]. The running of couplings is thereby encoded in
their renormalization group equations (RGEs), which can be computed in the perturbative loop expansion
with systematically increasing precision. While there is a whole industry pushing this frontier by deriving
general RGEs in template QFTs, e.g. [26-31], the results are encoded in software packages such as [32-35]
which allow to compute the RGEs of a specific model in an automated way.

Solving the RGEs of the SM, one finds that its RG flow exhibits two unpleasant features. Firstly, in
the deep ultraviolet (UV) at p ~ 10*! GeV the hypercharge coupling runs into a Landau pole, where
perturbation theory breaks down and the SM looses its predictivity. Secondly, precision computations
revealed that the effective Higgs potential becomes metastable around p =~ 10! GeV [36-38]. One ansatz to
avoid these shortcomings is the notion of asymptotic safety (AS) [39], demanding that couplings run into a
UV fixed point. Hence, the corresponding theory is valid up to arbitrarily high energy scales. The discovery
of AS in gauge-Yukawa (GY) theories [40] a decade ago then opened the door for asymptotically safe BSM
model building [41-46]. Within this thesis we deploy the deduced concept of Planck safety (PS) where
the requirement of a UV fixed point is relaxed to demanding a well-behaved RG flow of couplings without
any Landau poles or vacuum instabilities until the the Planck scale Mp; >~ 10'® GeV where quantum
gravity effects are expected to set in. Demanding PS in a BSM model then results in constraints on model
parameters which are complementary to phenomenological ones promoting PS to a promising guideline
for BSM model building. The main part of this thesis is therefore devoted to analyzing the possibility
of achieving PS in BSM models. In particular, we work out the basic RG mechanisms giving rise to PS
in minimal models based on vector-like fermions (VLFs) and scalars. Moreover, we also investigate more
sophisticated models with characteristic phenomenology which simultaneously resolve other issues of the
SM.

From the phenomenological side, there are three main frontiers in the quest for new physics (NP). At the
energy frontier mostly hadron machines such as the LHC explore energies at the TeV scale in search for the
direct production of heavy BSM particles which are predicted in several BSM models. At lower energies,
at the precision frontier experiments such as Large Hadron Collider beauty (LHCb) or BELLE-II search



1 Introduction

for small deviations of precision observables from their SM prediction. Such deviations can be caused by
quantum effects of virtual NP particles and allow to also indirectly probe higher energy scales than direct
searches. The correct framework for these model-independent, indirect searches are effective field theories
(EF'Ts), in particular Weak Effective Theory (WET) and Standard Model Effective Field Theory (SMEFT),
which allow to link BSM models in the UV with low-energy observables. As they can be used both in
top-down and bottom-up direction they provide an ideal interface between theory and experiment. The set
of frontiers is completed by the cosmological frontier.

While direct evidence for BSM particles is still absent, some hints are emerging at the precision frontier.
Several of them are related to the field of flavor physics. In particular flavor observables related to rare
flavor changing neutral current (FCNC) processes provide an excellent testing ground for BSM physics,
as they are severely Cabibbo-Kobayashi-Maskawa (CKM)-, loop- and partially Glashow-Iliopolus-Maiani
(GIM)-suppressed in the SM. Scrutinizing these processes in experiments revealed some systematic deviations
from SM predictions in rare b — su™ p~ transitions, which are jointly referred to as the B anomalies. In
particular, several related lepton flavor universality (LFU) ratios [47-50], branching ratios [51-53], and
angular observables [54, 55] were found to individually deviate from the SM at the 1-3¢ level. Another puzzle
recently emerged in the charm sector, where the direct C'P asymmetries in hadronic D — 7t7~, Kt K~
decays [56, 57] hint at a simultaneous, severe breaking of the approximate SM C'P and U-spin symmetries.

We address these anomalies in the framework of flavorful Z’ models, e.g. [58-61]. They are based on
extending the SM by an additional U(1)" gauge symmetry mediated by a massive Z’ boson. While being
subject to several, severe theoretical and experimental constraints, in particular from anomaly cancellation,
electroweak precision observables, meson mixing and notorious low energy Landau poles, the Z’ induces
tree-level FCNC couplings which are potentially able to explain the observed deviations in rare FCNC
decays. Within this thesis, we therefore explore if and how the anomalies can be resolved in flavorful Z’
models and whether simultaneously PS can be realized.

This thesis is based on [1-7] by the author and structured as follows: In Chap. 2 we briefly review the
SM, its shortcomings as well as SM-based EFTs. Afterwards, we discuss RGEs in general gauge-Yukawa
theories with special focus on the SM and introduce the concept of PS as well as our analysis workflow in
Chap. 3. We then analyze whether and how PS can be realized in minimal BSM models featuring VLFs,
singlet scalars or both. In Chap. 4, we focus on VLF models and identify the gauge- and Yukawa portal
mechanism for PS. The subsequent Chap. 5 deals with scalar singlet extensions, that allow to achieve
PS via the direct and indirect Higgs portal mechanism and have implications for Higgs phenomenology.
We combine both sectors in Chap. 6, which gives rise to a novel PS mechanism based on a pure BSM
Yukawa, interaction. We also work out collider signatures. Chap. 7 is then devoted to an introduction to Z’
models as well as a discussion of the central theoretical and phenomenological constraints. We apply these
findings in context of the B anomalies in Chap. 8, where we construct Planck-safe Z’ models resolving
the anomalies. Afterwards, in Chap. 9 we build different Z’ models, designed to resolve the U-spin-C' P
anomaly in hadronic charm decays. We conclude in Chap. 10. Several supplementary technical details are
relegated to the appendix.

The presented research works were performed using the software packages [32, 33, 62, 63].



Following the literature [64-66], in this chapter we briefly review the SM. We introduce the fields and
interactions in Sec. 2.1, before recapitulating the mechanism of electroweak symmetry breaking (EWSB) in
Sec. 2.2 and the SM flavor structure in Sec. 2.3. Afterwards, we summarize motivations for BSM physics in
Sec. 2.4 and introduce the framework of EFTs in Sec. 2.5.

2.1 Fields and Interactions

The SM is a four-dimensional, renormalizable gauge QFT with local gauge group

which describes all known elementary particles and their interactions except gravity at the most fundamental
level. Here SU(3) represents the strong interaction coined QCD [24, 25, 67-69] whereas SU(2); x U(1)y
describes the electroweak interaction [70-72] which is spontaneously broken to the U(1),,, of quantum
electrodynamics (QED). The charges of fields under the SU(3)o, SU(2);, and U(1)y gauge interactions are
referred to as color, weak isospin and hypercharge, respectively. The electric charge @, of a field is related
to its weak isospin component T3 and its hypercharge Y via the Gell-Mann-Nishijima relation

Q. =T3+Y. (2.2)

The field content of the SM is split into fermions of spin % and bosons of spin 0 or 1. The SM fermion fields
are classified according to their charges under Gq; and summarized in Tab. 2.1. They are divided into
color-charged quarks and colorless leptons. According to their representation under SU(2); it is further
distinguished between left-handed (LH) quark doublets @ and right-handed (RH) singlets U, D as well
as LH lepton doublets L and RH singlets E. Thus, LH and RH fermions carry different charges under
Gqu rendering the SM a chiral theory, see App. A.1 for the definitions of chiral field components. The
upper and lower SU(2); components of () and L correspond to LH up- u and down-type d quarks as well
as LH neutrinos v and charged leptons ¢, respectively. Note that neutrinos in the SM do not have a RH
counterpart. Interestingly, all SM fermion representations @, U, D, L, E come in three different copies
called generations, families or flavors that share the same quantum numbers and only differ in their masses.

The U(1)y, SU(2);, and SU(3), gauge interactions between fields are mediated by spin-1 gauge bosons.
These are the electroweak bosons B,,, W and the gluons an respectively, where a = 1,2,3 and b=1,...,8
corresponding to the N2 — 1 generators of the respective SU(N). The SM particle content is completed by
the Higgs boson H which is a complex scalar SU(2); doublet uncharged under SU(3).

The SM Lagrangian density can be compactly written as!

1 v a 04 v
Lo =— 1 (B,,B"™ +WiWi + GG, (2.4)
Ly =+iQ.PQ; +iU;PU; +iD;PD; +iL, L, +iE; PE; , (2.5)
Ly =—Q.HY/D,—QHY, U, — L,HY,’E, + h.c., (2.6)
Ly =+ (DMH)T(D“H) —Vy, (2.7)

!Here we omit the phenomenologically irrelevant gauge-fixing and ghost terms. Moreover, we neglect the CP violating

2
QCD O-term Oqcp 33;2 ervPoGy , GY,, as it is extremely constrained by measurements of the neutron electric dipole

moment [73] to Ogep < 10713 [74].




2 The Standard Model of Particle Physics and Beyond

Field Flavors Ul)yx SU2), x SUB)> T3 Q.
U c t 1 2
Qi ) ) (+%7 21 3) % :13
d 5 b —5 —3
L L L

U, Up, Crs tp (+2,1,3) 0o 2
D dp,  Sp. bg (—3,1,3) 0o —1

1
w () ) e
/i v " I
El eR, /J’R? TR (—1, 1, 1) 0 —1
¢* 3 1

H 0 (3.2, 1) :
¢ -1 0

Table 2.1: SM field content including the representation under the SM gauge group (2.1). Different
fermion flavors (i = 1,2,3) as well as the Higgs H are indicated in terms of their SU(2); components
that differ by the associated weak isospin T2 and electric charge Q.. Fermion subscripts L, R refer to
LH and RH chirality, respectively.

where we implicitly summed over all gauge a,b as well as flavor ¢, j indices and employed Feynman slash

notation Ip = D, A" with the Dirac matrices v#. Lg (2.4) contains the kinetic terms of the gauge fields
F,i# =B, Wy GZ for k =1, 2, 3 with their field strength tensors

mo

Fl

b= 0,Fi, — aVF,i# +igy, fimr Fm FP (2.8)

k,pn”" koo

where g, and fl™" correspond to the gauge couplings and structure constants of U(1)y, SU(2), and
SU(3), respectively. Thus, for non-Abelian gauge groups with non-vanishing structure constants £ gives
rise to gauge boson self interactions. £y (2.5) contains the kinetic terms and gauge interactions of fermions
encoded in the covariant derivative

D, =0, +ig,YB, +igoWiT" +igsGht", (2.9)

where T¢ (a = 1,2,3) and t* (b =1, ...,8) correspond to the canonically normalized SU(2); and SU(3)q
generators of the field representation they are acting on, respectively. £ (2.6) contains the Yukawa
matrices Yy, Y;?, ¥,;” which encode the couplings of up-type quarks, down-type quarks and charged leptons
to the Higgs boson, respectively. Here H¢ = io, H* denotes the charge conjugated Higgs with the second
Pauli matrix 0,. £y (2.7) finally encodes the kinetic term, gauge interactions and (tree-level) potential Vi
of the Higgs. Note that any explicit fermion and gauge boson mass terms are forbidden by gauge invariance.
They are generated by the Higgs mechanism [10-13] during EWSB. This is discussed in the next section.

2.2 Electroweak Symmetry Breaking

The SM Higgs potential at tree-level is given as

Vy=—p?H H +\HTH)?. (2.10)
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For positive parameters 2, A > 0 the potential has its global minimum? at

2
H Yh

HTH) = = 2.11

(i) == (2.11)
where H acquired a vacuum expectation value (VEV) v, =~ 246 GeV. Choosing the specific ground state
(H) = \%(0, v,)T out of the infinitely many degenerate minima in (2.11) spontaneously breaks the SM

gauge symmetry as
(H)
SUB)exSU2), xU(l)y —— SUB)e X U(1)gp- (2.12)
After EWSB the Higgs field in unitary gauge is given as

H= \2 (vhi h) , (2.13)

where the electrically neutral real scalar field h denotes the physical Higgs boson with mass M, =~ 125 GeV
[8, 9]. The broken Higgs potential

A AU, 1
Vh — Zhll _|_ )\,Uhh?) + A'U}thQ — % = K}4h4 + /ighs + §M}%h2 - ‘/0 (214)

then features a quartic k, as well as trilinear x4 Higgs self-coupling and the mass term M?. Note that
2

the independent determination of M, and v, fixes the quartic as A = % L in the SM. After spontaneous
h

symmetry breaking (SSB), of a priori four degrees of freedom (d.o.f.) in H there is only a single physical
d.o.f. h left. Each of the other three d.o.f. corresponds to a broken generator of SU(2); x U(1)y which
according to Goldstone’s theorem [75] each yield a massless scalar Goldstone boson. However, when
inserting (2.13) into £ the Higgs VEV generates mass terms for B, and W, that are diagonalized via

1 Z cosfy, —sinfy\ (W3
W=+ = H/‘l Fi ‘1/’2 n) — m
Iz V2 ( pt ”> ’ (Au> (sin Oy  cosBy, ) (Bu) ’ (2.15)

where the weak mixing angle 6y is defined as

91
Vi + 95

This yields the massive electroweak gauge bosons Wlf and Z, as well as the massless photon v(4,,) as
physical d.o.f., where the Goldstone modes have been absorbed in the additional longitudinal polarizations
of the massive Wj and Z,,. The W- and Z-boson masses are given as

sin By, = (2.16)

Mw
My = 19,50 mz = o (2.17)

We can now rewrite the electroweak part of the covariant derivative (2.9) as

. 92 — . 92 2 .
D,=9,— 15(1/1/;1”r +W,T™) — ICOSHWZ“(T3 —sin” 0y Y) —ied, Q. , (2.18)

2The full effective Higgs potential additionally contains higher-order corrections which may modify its shape and alter the
extrema structure, e.g. [36-38], see also Subsec. 3.2.3.
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with T+ = T 4 iT? for the SU(2); generators and the electromagnetic coupling

e = g, cos By, = gy sinby, . (2.19)

2.3 Flavor

The fermion kinetic Lagrangian £ (2.5) is diagonal in flavor space and features a global flavor symmetry
UB)? =UB)gxUB); =[UB)g xUB)y xUB)p] x [U(3), x U(3)g] (2.20)

under unitary transformations on the chiral fermion fields @Q;, U;, D,, L;, E;. This flavor symmetry is
explicitly broken by the Yukawa sector (2.6) to

U(3)° -5 U (1), % U(1), x Ul), x U(1),, (2.21)

corresponding to baryon number (B) and lepton family numbers (e, p, 7), which are exact global symmetries
of the full SM Lagrangian (2.3).

After EWSB the Higgs VEV in £y generates mass terms MY = U—\/%Y;j for f = u, d, £. To obtain the

physical fermion fields we have to go to the fermion mass basis. Thus, we have to diagonalize the Yukawa
matrices which are a priori unconstrained, complex matrices by a bi-unitary transformation

y;=ViY il (2.22)
This corresponds to applying unitary transformations on the chiral fermion fields

fir= V[J:RfL,R ) (2.23)

where primed (unprimed) fields denotes the mass (gauge) basis. We then obtain the fermion mass terms
= Linass = MUl + mydy di +mily fy, (2.24)

with the masses m, = U—\/%yf where we dropped the primes for notational convenience. The numerical
values of quark and lepton masses are collected in App. A.2. They exhibit a strong hierarchy that remains
unexplained within the SM and is part of the SM flavor puzzle [76]. Neutrinos on the other hand are
strictly massless in the SM.

Most of the fermion field transformations (2.23) are unphysical and do not have any observable effect. The
reason is that most terms in £ are o f, .rRY" [ R, SO that the fermion field transformations immediately
drop out due to unitarity. The only exception are charged current interactions of quarks with the W*-bosons
via

z,, = % (@, Vi d + vy, ) Wi + hec., (2.25)

which couple LH up- and down-type quarks. The CKM matrix [77, 78]
Vud Vus Vub)

V= Vegn = ViV = (Vcd Ve, Vi,
Ve Ve Va

(2.26)

is the only combination of fermion transformations VLf r that becomes physical and gives rise to flavor
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changing charged currents. In contrast, there are no tree-level FCNCs in the SM. Note that in the lepton
sector due to the absence of RH neutrinos in the SM we can apply the unitary transformation V; also to
vy, such that the leptonic charged current interactions remain flavor diagonal.

In the SM, the CKM matrix is strictly unitary and contains four free parameters, namely three mixing
angles and a C'P-violating phase. It exhibits a very peculiar hierarchy, i.e. it is numerically close to the
unit matrix. This can be conveniently seen in the Wolfenstein parametrization [79]

-2 A V-
Vexkum = -\ - AN2 +0O0\Y), (2.27)
AN (1—p—in) —AN? 1

where we expanded in the small Wolfensteinparameter A ~ 0.2. Note that up to @(\*) CP violation just
occurs in the CKM elements V,,; and V,,, while it is absent elsewhere.

We can now examine the number of independent free parameters in the SM. These are the three gauge
couplings g;, the parameters of the Higgs potential u? and A, nine fermion masses and four CKM parameters
summing up to 18 parameters®, of which 13 are related to flavor. At first glimpse, this number seems large.
However, these 18 parameters allow to simultaneously explain several hundreds of measurements which
impressively demonstrates the predictive power of the SM.

2.4 Motivation and Directions for BSM

Despite its tremendous success the SM is not the most fundamental theory of nature. The reason are
several observed phenomena that remain unexplained within the SM and prove the existence of NP.

A prominent example is the discovery of neutrino oscillations [16, 17] which provides evidence for non-
vanishing mixing of the three SM neutrino flavors. It is encoded in the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) matrix which is the leptonic counterpart of the CKM matrix and implies the existence of lepton
flavor violation (LFV). Moreover, neutrino oscillations demonstrated that at least two neutrinos have
non-zero masses which however have to be several order of magnitude smaller than the other SM fermion
masses [14].

Several shortcomings of the SM are related to cosmological observations. First of all, it does not
incorporate a quantum theory of gravity which is the fundamental force dominating our universe on large
scales. Furthermore, SM matter just accounts for roughly 5% of the energy budget of the universe [14].
The majority of the universes energy is stored in dark matter and dark energy which are not part of the
SM. Finally, the SM does not offer an explanation for the observed BAU which quantifies the dominance of
matter over antimatter in the universe. The BAU can only have been generated in processes fulfilling the
three Sakharov conditions [80]. Besides out of equilibrium dynamics, these also require the violation of
baryon number B and CP. In the SM B violation is completely absent and the magnitude of C'P violation
is significantly too small to explain the measured value of the baryon-to-photon-ratio in the observable
universe [15]. Thus, additional BSM sources of B and C'P violation have to exist.

Moreover, precision computations [4, 36-38] have evidenced the metastability of the SM Higgs potential.
This metastability can potentially be cured by NP. Although the lifetime of the false vacuum is larger than
the age of the universe and thus metastability is not in conflict with observations the stabilization of the
SM vacuum has become an active new direction in BSM model building. We discuss this in more detail in
Subsec. 3.2.3.

Another open question is the origin of the SM flavor structure that constitutes the SM flavor puzzle [76].
In the flavor sector both the fermion mass spectrum and the CKM matrix exhibit large hierarchies. This is

3In this counting we omitted again the QCD ©-term.
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in principle allowed as fermion masses and quark mixing angles are free parameters of the SM. However, the
peculiar patterns of these parameters are often interpreted as hints for some more fundamental underlying
dynamics.

In addition, several anomalies related to flavor observables have emerged in experiments during the
last years. In particular, a set of systematic deviations from the SM coined the B anomalies has been
experimentally observed in the past decade in several observables related to rare b — sutu~ FCNC
transitions. This is discussed in detail in Subsec. 8.1.1. Interestingly, also hints for an excess in the
branching ratio of the related B™ — K™ww decay have been reported by the Belle IT experiment [81, 82].
In the charm sector, hints for BSM sources of C'P and U-spin violation have been recently gathered by
LHCb, cf. Sec. 9.1. In this thesis we aim at explaining these flavor anomalies in anomaly-free, flavorful
U(1)" extensions of the SM in Chap. 8 and Chap. 9, respectively. A key tool for this purpose are EFTs,
which constitute an interface between experimental low-energy data and BSM models in the UV.

2.5 Effective Field Theories

Despite the clear evidence for BSM physics discussed in Sec. 2.4 up to now no new particles have been
directly discovered. Therefore, indirect and model-independent NP searches have become increasingly
important. The crucial theoretical framework for this task are EFTs, see e.g. [83-88] for more comprehensive
and detailed reviews.

The basic idea of an EFT is to describe physical processes in a certain energy range just in terms of
the relevant, dynamical d.o.f.. Sufficiently heavier d.o.f. are systematically decoupled from the the low
energy description of the process [89]. Thereby, EFTs allow to disentangle low energy (long distance) and
high energy (short distance) physics contributions in a given process. The low-energy physics is encoded in
higher-dimensional operators O§d> with mass dimension d > 4 constructed of the dynamical fields. At each
mass dimension all possible operators obtained from field combinations respecting gauge invariance and
possible additional symmetries of the system have to be taken into account. Short-distance contributions
on the other hand are captured in dimensionful effective couplings of these operators. This separative
approach is formally referred to as operator product expansion (OPE) [90]. The effective couplings can
further be expressed as ratios C’;d) /A%* with dimensionless Wilson coefficients (WCs) c\¥

;. suppressed by
d-4 powers of a high scale A.

An EFT can be used in two different ways. In a top-down approach one starts from a renormalizable
model in the UV and obtains the WCs in a low energy EFT by integrating out the heavy fields. In a
model-independent bottom-up approach in contrast the WCs are treated as free parameters. Observables
are computed in the EFT as functions of the WCs and their allowed values are determined by fits to
experimental data. This allows to extract widely model independent constraints on heavy NP contributions
to the WCs providing directions for model building.

A prominent historical example of an EFT is Fermi’s theory [91] which constitutes an effective description
of the charged current weak interactions (2.25) in the SM. The full effective Lagrangian of Fermi’s theory
is given as

4G q>
Lpormi = ————J * T+ 0 () : (2.28)
va©oot miy
with the charged current
Jr =V v dn Y v ivens  JL = (J,J[)T ; (2.29)
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(a) (b)

Figure 2.1: Leading order (LO) Feynman diagrams for muon decay in the SM (left) and Fermi’s theory
(right). The crosses indicate a local four-fermion operator in the EFT. The WC of the operators for
g < my; is obtained by integrating out the W-boson.

where the summation over flavor indices i, j is understood and we introduced the Fermi constant

_V2g5 1
smy v}

(2.30)

as effective coupling of the theory.

We illustrate the derivation of the EFT description from the full theory in a top-down study of muon
decay. The corresponding LO Feynman diagrams in the SM as well as Fermi’s theory are depicted in
Fig. 2.1. The energy scale of the decay is set by the momentum transfer ¢% ~ mi < m%v Thus we can

(-5 ) This

gives rise to an effective four fermion operator (e, v,p,)(¥, 7, 0r) O J*J,; with the effectlve couphng

treat the W-boson as approximately static, i.e. collapse the propagator ﬁ

G < —L- containing the high energy information about the W-boson. Hence, the precise value of G = fQ

in (2. 30) is fixed by matching the amplitude in the full theory to the EFT. Historically, G was extracted
from data in a bottom-up approach, demonstrating the power of EFTs to perform low-energy computations
completely agnostic of the high-energy dynamics.

The precision of the EFT computation can be systematically improved by considering corrections of

This gives rise to higher-dimensional operators with

. Thus, the increasing precision comes at the price
of an increasing number of operators and WCs that have to be considered. When expanding to all orders
in m—%v the EFT is formally equivalent to the full theory. However, as the expansion parameter is typically
tiny for practical purposes it is often sufficient to consider LO contributions.

To compare low energy data to high-energy predictions from UV models we have to relate the values of
WCs at different energy scales p. Demanding the effective Lagrangian

Lo =13 3 Cilm)Oi) (231)
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to be independent of the scale 4 implies a running and mixing of WCs C; obeying

dc;
dlnp

N o (2.32)

It is governed by the so-called anomalous dimension matrix (ADM) +,; defined through the renormalization
of operators due to QCD corrections reading % = —,;;0;. It can be systematically computed order by
order in perturbation theory. Crucially, solving (2.32) for ;; at k-loop order also resums potentially large

logarithmic terms oc of~!(a, In ﬁ)" Vn € N. We now introduce two SM-based EFTs that are relevant for

this work in more detail.

2.5.1 Standard Model Effective Field Theory

The SMEFT is extensively applied in model-independent searches for heavy NP, see e.g. [92]. It is a
generalization of the SM, i.e. operators are constructed of all SM fields and respect the full SM gauge
symmetry Gg,, (2.1). SMEFT just makes use of two central assumptions: Firstly, all possible BSM particles
have masses well above the electroweak scale and secondly EWSB is linearly realized by a SU(2); doublet
Higgs*. Apart from that, the SMEFT approach is completely model independent. The SMEFT Lagrangian
is given as

Lovmrr = Lo+ D LD with  £@ =3 Wcﬁ@@ : (2.33)
d=5 i

where ng) and di) denote the WCs and operators at mass dimension d, respectively. As Lqyppr contains
the full Lgy; all WCs strictly vanish within the SM. SMEFT operator bases are explicitly known up to d = 8
[94-97] as well as an algorithm to construct operator bases at arbitrary dimension [97, 98]. The leading £(®)
contains only the lepton number violating Weinberg operator [94] which can give rise to Majorana mass
terms for neutrinos. In fact, all operators of odd mass dimension necessarily violate either baryon or lepton
number [99] and are therefore not relevant for this work. Thus, the leading NP contributions to observables
in SMEFT typically arise from £(®). The first complete generating set of operators for £ was derived in
[100]. Later on, redundant operators were successfully removed in [95] by applying equations of motion and
integration by parts relations yielding the so-called Warsaw basis for £9). Assuming baryon and lepton
number conservation, £(®) contains 59 linearly independent operators and 2499 real parameters [101]. The
large number of parameters is mainly related to the fermion fields and corresponding WCs carrying flavor
indices and can be drastically reduced by assuming flavor symmetries. For maximal U (3)® flavor symmetry
there remain 76 real parameters® [101], which as of now are still too many to perform a full fit. Thus, in
bottom-up fits typically just a subset of operators is considered and certain flavor symmetries are imposed
on the WCs. In contrast, for the top-down approach a completely general tree-level dictionary is available
to match any renormalizable UV model to SMEFT [102]. In both cases the running of WCs between the
NP scale and the typical scales of observables has to be taken into account. The corresponding SMEFT
ADM is known completely at 1-loop [101, 103, 104] and partially at 2-loop [105].

2.5.2 Weak Effective Theory

At energies below the electroweak scale SMEFT is not the appropriate framework, as the heavy SM fields
t, H, Z, W decouple and the electroweak symmetry is broken down to QED. Accordingly, operators should

4There is also a more general EFT called Higgs Effective Field Theory (HEFT) where this assumption is dropped, see [93]
for a review.
5Some of the 59 WCs are complex-valued yielding two real parameters.
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not contain fermion doublets but their weak isospin components separately. The EFT realizing these
features is called WET®. To relate observables above and below the electroweak scale it is crucial to match
WCs in SMEFT onto those in WET which is typically done at y = my,. The matching conditions at
tree-level as well as one-loop are completely known [106]. Note that in contrast to SMEFT in WET several
WCs are already induced in the SM by integrating out the heavy ¢, H, Z, W fields.

A central application of WET are B decays, see e.g. [107]. In particular, we are interested in rare
semileptonic b — st/ FCNC transitions, which are the subject of Chap. 8. The part of the WET
Lagrangian that gives rise to such transitions at tree-level reads

4G r o
Ly = 5 gp VoV |Or T 6100+ 3 D (fOf+¢ffOf) + B cfOf  (234)
2 am l=e,u,7i=9,10,S,P i=T,T5

. 2 . - . .
with the fine structure constant a, = 7~ and the semileptonic dimension-six operators

0§ = (5p7,br)(v"0),  Ofy = (51,7,bp) (Ey"4°0),
Og =my,(5.bg)(¢L), 0% = my(5.bg) (07°), (2.35)

1, f L 7
Of = 5(50,,D)(Eo0),  Of; = 3(50,,b) (o™ 750),

where o, = £[7,,,7,]. The electromagnetic dipole operator

0, = %(gLauubR)Fw (2.36)

can also contribute indirectly to b — s£*£~ transitions via electromagnetic penguins. Primed operators
Of’ for i =7,9,10, 5, P are obtained by interchanging the quark chiralities L <+ R. Note that we do not
consider possible lepton flavor violating (LFV) operators O’ with £ # ¢/. The WCs

e CZ(/)SM n CZ(/)K,NP (2.37)
contain a LFU SM contribution C’l(/)SM and a potential, flavor specific NP contribution Cfl)e’NP. In the
SM the (pseudo-)scalar, tensor and primed WCs are negligibly small at p;, ~ m, whereas 078}\9/{10(%) read
C3M () =~ —0.29, C5M (1) = —4.31 and C5M(p,,) = 4.07 at NNLO [108].

At 1-loop, b — s¢*¢~ transitions additionally receive LFU contributions from the charged-current
four-quark operators

Of = (5§muaf)@n"vy), 0% = (537,47)(@77"02). (2:38)
with ¢ = u, ¢ and color indices «, . The corresponding WCs C{ as well as through RG-mixing also C§ are

induced at tree level in the SM and constitute a central source of theoretical uncertainties in predictions for
b — s¢T¢~ observables, e.g. [109].

1n the literature there is a subtle ambiguity in the use of the term WET. Processes at scales m, < pu < my, should be
described by the ’traditional’ WET also called WET-5 referring to the five active quark flavors u, d, s, ¢, b. Unless stated
otherwise, within this thesis when speaking of WET we always refer to WET-5, which is the correct tool for B physics.
However, at lower scales m, < pu < my, the bottom quark has to be integrated out yielding a different EFT called WET-4
which is the right framework for charm physics.

11



A crucial feature of QFTs is the dependence of coupling constants on the energy scale p due to quantum
fluctuations. In perturbation theory this phenomenon manifests itself in the frequent appearance of
unphysical UV divergences in the evaluation of corresponding higher-order loop diagrams. These have to be
cancelled in the computation of physical observables, which is achieved in the processes of reqularization and
renormalization, see e.g. [64, 65] for a detailed pedagogical introduction of the concepts. The divergences
are first analytically parametrized by employing a certain regularization method and then absorbed into
the bare parameters of the theory by choosing a proper renormalization scheme. Common choices are
dimensional regularization [110] and the modified minimal subtraction scheme (MS-scheme) [111] which
are also employed within this thesis. However, physical observables are scheme-independent, i.e. all explicit
dependencies on the regularization and renormalization method have to cancel in their computation. This
condition is encoded in the Callan-Symanzik equation [18-23] which implies RGEs for the renormalized
parameters in the theory. For coupling constants o, the RGEs read

doy _ 3.1
dlnﬂ_ﬂgy ()

where p is the renormalization scale and (3, denotes the S-function of the coupling a,. It can be systematically
computed in the perturbative loop expansion, i.e.

By=>_5y", (3.2)

where ,Bém denotes the n-loop contribution to 3,. The Bén) depend on the couplings and field content of
the theory with each successive loop order being proportional to higher powers of coupling constants. Once
the g-functions are known the RGEs can be solved for some starting values a,(p,) at a reference scale
to- The dependence of the coupling constants o, () on the renormalization scale implied by the RGEs is
referred to as RG evolution, flow or running. Crucially, the precision in the determination of the running
can be systematically improved by including higher loop orders in the S-functions.

In this chapter we first investigate the RGEs in GY theories in general and the SM in particular in
Sec. 3.1 before introducing the concepts of asymptotic safety and Planck safety as guidelines for BSM
model building in Sec. 3.2.

3.1 Gauge-Yukawa Running

The SM is a GY theory, promoting them to objects of crucial interest in particle physics. Thus, large efforts
have been made to investigate the RGEs in GY systems [26-31, 112-117]. For this purpose, it is convenient
to introduce redefined coupling constants

X2 Y2 A

X T 162 YT o2 Y27 Ten2 (3.3)

where X, Y and Z refer to gauge, Yukawa and scalar quartic couplings, respectively. In this specific
convention, all loop factors 1/(4m)? are incorporated in oy y , and hence removed from the S-functions.
Moreover, the powers of fundamental coupling constants for the different interactions in (3.3) are chosen
such that all n-loop diagrams contributing to a S-function are of @(a™). Accordingly, all 3™ are of @(a"*1)
yielding a simple method to identify the loop order of a given term in a S-function. To shorten the notation,

12
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we define the 1mn approximation (also 1mn loop order) as taking into account 1-, m- and n-loop order in the
gauge, Yukawa and scalar quartic sector, respectively.

The complete set of 2-loop template S-functions in a fully general GY theory has been first worked out in
[112-114] and corrected in [115, 116]. As of now, template RGEs are available up to 432 loop order [26-28].
General 3-loop scalar quartic S-functions are subject of active research and only partially known [29-31] as
computations in theories featuring chiral fermions and charged scalars are significantly complicated by the
correct treatment of 5 in dimensional regularization, see [118] and references therein for details. For some
special cases results at higher loop orders are also available!. However, obtaining multi-loop RGEs in a
specific model from the GY template S-functions remains quite an involved task. While a first attempt to
simplify the process was put forward in [126] it is nowadays performed with the help of computer codes.
Prominent examples are PYROTE 3 [34], RGBeta [35], ARGES [32] and FoRGEr [33]. In this work we made
use of the latter two as the application of symbolic rather than numeric computation methods allows us
also to leave some parameters such as field multiplicities and representations unspecified. We now examine
the general anatomy of S-functions in the different sectors.

3.1.1 Gauge Couplings

The 1-loop p-function Bf;l) of a gauge coupling a is given as

BV = —Ba?, (3.4)

where we introduced the 1-loop coefficient B which depends on the gauge group and particle content of the
theory. We see that Bél) x ag. In fact, all terms in 3, up to arbitrary loop order are o o/g with k& > 2 2 [28].
Thus, gauge couplings «, cannot be RG induced if they vanish at some scale y,. This feature is referred to

as technical naturalness and always protected by a symmetry. We also see that ﬁé” is independent of all
other gauge, Yukawa or quartic couplings that might be present in the theory. Solving the 1-loop RGEs
analytically yields
_ ag(/J’O)

1+ ay(pg) BIn l%

arg (1) (3.5)
Assuming that the inclusion of higher loop orders does not change the running significantly, we can deduce
the RG behavior of a, depending on the sign of B. For B > 0 the coupling constant «,(u) decreases
towards higher energies and asymptotically approaches zero in the UV. This behavior is referred to as
asymptotic freedom and was first observed in QCD [24, 25]. For B < 0 on the other hand «, grows with
increasing energy and finally diverges. This phenomenon is referred to as a Landau pole and occurs at the
scale )
Lip = Mo €XP () (3.6)
P 0 Bag(#o)
When approaching this scale in the UV, perturbation theory breaks down and our capability to make
predictions is compromised.
In a SU(N) gauge theory with N Weyl fermions in the representation R under the gauge group and

In the SM, the full 3-loop B-function of the Higgs quartic coupling a, was derived in [119, 120]. In pure QCD and QED
the full 5-loop gauge S-functions are known [121-124]. In pure scalar theories 6-loop S-functions were pioneered in [125].

2The sole exception to this rule arises from kinetic mixing of two abelian gauge fields (see Sec. 7.2 for details) with gauge
couplings a; with ¢ = 1,2 in a semi-simple gauge group [28]. In this case, the kinetic mixing parameter n induces terms
in B, that are of lower power in ; but contain powers of c; instead. The terms of lowest power in o, are ,6’(1.1) D n2aiaj
for 7 # j [28, 127]. These terms are however still o< «;, quadratic in gauge couplings and vanish for n = 0.
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Ng scalars with representation Rg the 1-loop coefficient reads [112]

22 4
B="N--

2
N — S NpSy(Rp) — = NsSs(Rs). (37)

The Dynkin index S,(R) is defined as Sy(R)047 = Tr [t (R)tP(R)| with t*(R) denoting the generators of
the representation R and takes the values Sy (F) = 3, S5(S) = $(N —2), 95(5) = (N +2) and S,(A4) = N
for the fundamental F, anti-symmetric S, symmetric S and adjoint representation A of SU(N). The first
term in (3.7) arises from gauge boson self-interactions. Thus, (3.7) also applies for a U(1) gauge theory
when setting N = 0. Interestingly, there is a competition between gauge bosons on the one hand as well as
charged fermions and scalars on the other hand. While the first contribute positively to B pushing the
theory towards asymptotic freedom, the latter contribute negatively promoting the occurrence of a Landau
pole. Thus, in SU(N) theories the UV fate is determined by the specific gauge group and field content of
the theory. For U(1) gauge theories in contrast we invariably encounter a Landau pole in the UV unless all
fields are uncharged (quantum triviality).

In the SM and denoting with B; the 1-loop coeflicient for a; with i =1,2,3 we find

41
37

19
BSM = — B$M =14, (3.8)

BSM:
1 37

implying asymptotic freedom for a, ;5 whereas the hypercharge coupling «; runs into a Landau pole at
roughly 10*! GeV. This can also be seen in Fig. 3.1, where the full 3-loop SM RG flow from the TeV scale
up to transplanckian energies is shown. The strong coupling a4 in contrast diverges in the infrared (IR)
around Agcp =~ 0(0.1 GeV) causing confinement.

Starting from 2-loop, f; also receives contributions from the other gauge and Yukawa couplings in the
theory. Assuming for now a simple gauge group with gauge coupling «, and a single Yukawa coupling «,,
the gauge coupling S-function reads

By = a2(~B+ Ca, — Da,), (3.9)

where we applied the notation from [40, 128] and C', D depend on field content of the theory. The coefficient
C' can have either sign but B < 0 always implies C' > 0 [128]. Thus, for B < 0 the 2-loop gauge contribution
is not able to prevent the occurrence of a Landau pole. For the Yukawa contribution in contrast it holds
D > 0 offering a mechanism to slow down the growth of gauge couplings [128]. For semi-simple gauge
groups and several Yukawa couplings the constants B, C' are generalized to matrices in coupling space,
respectively, without changing the qualitative findings derived above [128]. Going to higher orders 3,
eventually also receives contributions of quartic couplings of (un-)charged scalars starting from 3-loop
(4-loop) [129].

3.1.2 Yukawa Couplings

The 1-loop S-function of a Yukawa coupling «,, in a theory featuring a simple gauge group and a single
Yukawa coupling reads
8y = a,(Ba, — Fa,), (3.10)

where the coefficients F, F' depend on the field content. We see that also a,, like all Yukawa couplings
occurring in this thesis, is technically natural due to underlying protective symmetries. Moreover, 3,
already contains a term involving «, at leading order. In particular, as F, F are always positive [128],
the Yukawa contribution itself induces a growth of «,, whereas the gauge coupling contribution brakes it.
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Figure 3.1: SM 3-loop running of the Higgs quartic [119, 120], top Yukawa [130, 131], and gauge
couplings [117, 132, 133] between the TeV and the Planck scale (gray band), and further up to the
Landau pole of the hypercharge coupling. The Higgs quartic becomes negative around p ~ 10'' GeV
and remains so up to the Planck scale. Plot adapted from [2].

Consequently, whether «, grows or decreases towards the UV depends on the field content and the initial
values of a, . In case of several gauge and Yukawa couplings E, F are promoted to matrices sharing the
discussed features [128].

In the SM the leading order S-functions of the top- and bottom Yukawa couplings read

17 9
ﬁilgM =0y (9at + 3oy, — Fal — 5042 — 16a3> ,
3.11
0 5 9 (3.11)
IBb,SM =0y | 9oy + 30, — gal — 5042 —16¢a4 |,

where we neglected contributions from the Yukawas of all lighter fermions. The dominant contribution
stems from the strong gauge coupling a; yielding 3, ;, < 0 throughout the running which induces a decrease
of a; j, towards high energies as observed in Fig. 3.1.

Starting from 2-loop also scalar quartic couplings contribute to 3,, yielding a full connection of the
Yukawa RG evolution to all other sectors.

3.1.3 Scalar Quartic Couplings

In the scalar sector, already at leading order S-functions can receive contributions from all other sectors.
In a theory with a single gauge o, Yukawa «, and quartic coupling «,, respectively, the 1-loop quartic
S-function has the structure [114]

Yy

B = Hal —Laga, + Lao,+ Ja2—Ja2, (3.12)

where the constants H, [, ., J, , depend on the details of the theory and are typically positive [134]. If

more couplings of a kind are present, the constants H, I g.yr Jg,y are promoted to three index objects in
coupling space. Crucially, there can be contributions which do not contain the scalar quartic coupling itself
at all, i.e. in contrast to gauge and protected Yukawa couplings quartics are in general not technically

natural. Hence, even if a quartic is set to zero at some scale it can be switched on radiatively if not
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3 Renormalization Group Running as Tool for Model Building

protected by a symmetry. Moreover, the quartic can become negative within its RG evolution.
In the SM the 1-loop Higgs quartic S-function reads®

3
Bg\wSM = —6a7 + g(a% + 20y a5 4 303) + (120, — 3a; — 9ay) vy + 2403 (3.13)

where we neglected all Yukawas except from the top. As the Higgs is a color singlet there is no contribution
from «j at leading order. The numerically dominant contribution is negative and stems from the top
Yukawa. It induces a decrease of oy towards higher energies which can be seen in Fig. 3.1. Notably, «,
turns negative around p$M ~ 10! GeV indicating the loss of absolute stability of the SM Higgs potential,
see Subsec. 3.2.3 for details. After taking a minimal value of a, ~ —10~ closely prior to Mp, around
10'7 GeV it becomes positive again in the transplanckian regime around 10?® GeV. This second sign change
is fueled by the steady growth of the hypercharge coupling. Eventually, in the very deep UV there is a
third sign change immediately below the hypercharge Landau pole where a;, becomes negative again and

diverges towards large negative values at the pole.

3.2 Concepts from SM to BSM

Having reviewed the anatomy of GY RGEs we now investigate how RG running can provide directions for
BSM model building. The SM RG flow Fig. 3.1 exhibits two unpleasant features. Firstly, in incorporates a
Landau pole of the hypercharge coupling in the deep UV around p =~ 10*' GeV. While not being unphysical,
the occurrence of such poles impedes our comprehension of physics beyond certain scales. Hence, it is
worth to explore the opportunity to avoid Landau poles due to the presence of BSM physics in more
detail. Secondly, we encountered a negative value of a, in the vast range 10! GeV < p < 10%® GeV hinting
metastability of the SM Higgs potential, see Subsec. 3.2.3 for details. Despite vacuum metastability with
sufficiently long lifetime not being in conflict with observations, a theory of nature with an absolutely
stable ground state is desirable and seems most intuitive. Driven by this thought, restoring absolute Higgs
stability due to a modified RG evolution has become a common objective in BSM model building, see
[2] for a thorough overview of approaches and existing works. More importantly, BSM running can also
worsen the stability w.r.t. the SM. This can result in a metastability with lifetime smaller than the age of
the universe or even an unstable BSM potential. Both cases are in conflict with observations and hence
excluded. Thus, checking for vacuum stability is a crucial task and should actually be performed in any
BSM model. A promising approach to tackle both problems at the same time are the concepts of AS and
PS where AS constitutes a top-down approach and PS is its bottom-up counterpart.

3.2.1 Asymptotic Safety

In the previous section we have learned that some coupling constants asymptotically approach zero in the
deep UV, a phenomenon coined AF. AS generalizes this scenario by observing that couplings in the UV
may also run into an interacting fixed point (FP) rather than a free one. On a technical level, AS is related
to the zeros of the S-functions f; of all couplings «; in a theory that define a FP «] via

oy
Bz|* - 81nu L

= 0. (3.14)

.
a;

3Note that there are different conventions for the normalization of A yielding different but equivalent S-functions. We apply
the normalization of (2.10) with quartic term A(HTH)? but also the normalization 3 (H'H)? is common.
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3.2 Concepts from SM to BSM

The RG flow can have several different FPs. For a FP to be physical and perturbative it has to hold
0 < o < 1% In general, FPs can be Gaussian (free), partially interacting or fully interacting as well
as UV or IR attractive. The set of coupling configurations that give rise to RG trajectories running
into a FP in the deep UV is referred to as UV critical surface. They correspond to QFTs that remain
controlled and predictive up to arbitrarily high energies. Crucially, the UV critical surface typically has
lower dimensionality than the full coupling space. In this case, demanding AS reduces the number of
independent coupling constants which strongly increase the predictive power of the theory.

Initially put forward as a scenario for quantum gravity [39], AS within the last decade also gained
increasing attention in the context of GY theories. An important proof of existence was provided in [40]
demonstrating that exact AS with a stable ground state can arise in GY theories featuring a SU(N) gauge
group under strict perturbative control in the Veneziano limit®. Up to now all known examples for AS in
four-dimensional, non-supersymmetric, renormalizable, weakly coupled GY theories uniquely trace back to
this model in the large N limit [134]. The phenomenon was then studied in more detail in several subsequent
works [41-46, 128, 136-151]. Highlights investigating AS in template GY theories include extensions
beyond the Veneziano limit [138, 139, 141], to semi-simple gauge groups [144] and supersymmetric theories
[139, 140]. Furthermore, several necessary conditions as well as strict no-go theorems for AS to arise in
weakly coupled GY without gravity were derived in [128, 136]. In particular, it was proven that Yukawa
interactions together with elementary scalar fields offer a unique key towards AS [128]. In addition, the
presence of weakly coupled UV FPs strictly requires non-Abelian gauge interactions [136].

The FP structure of a GY RGE system depends on the loop order taken into account in the different
sectors. Thus, a detailed study at different loop orders is crucial to check the perturbative stability of
FPs. The complexity of the RGEs then increases as the various couplings successively start to mix in
the different S-functions. In the 210 approximation, which is the leading order for AS to appear, the GY
system is decoupled and the running of scalar couplings is not taken into account at all. However, the
scalar sector is crucial for two reasons. Firstly, in SM extensions the running of scalar couplings can induce
instabilities in the potential. Secondly, an enlarged scalar potential can give rise to a nontrivial vacuum
structure with important phenomenological consequences. Thus, it is necessary to include also the RGEs of
scalar quartics in the analysis.

Due to the fast progress in template GY theories also realistic BSM model building guided by AS has
become a very active business [41-46, 145-149]. Directions include SM extensions with VLFs and matrix
singlet scalars [41-46] inspired by [40], grand unified theories (GUTs) [147], supersymmetry [149] and
two Higgs doublet models [145, 146]. Applying AS as top-down guideline for BSM model building has
two main advantages. Firstly, it yields QFTs that remain controlled and predictive up to arbitrarily high
energies. Secondly, it allows to significantly constrain the viable parameter space of a given model due to
the typically reduced dimensionality of the UV critical surface. Demanding also the existence of UV-IR
connecting trajectories narrows the available parameter space further down. Finally, the derived constraints
are widely independent of and often complementary to those from phenomenology. Hence, combining both
increases the predictivity of the theory.

3.2.2 Planck Safety

In spite of the success of AS in BSM model building it has a shortcoming. Quantum gravity effects are
expected to modify the RG flow starting from the Planck scale Mp, = \/hc/G 5 =~ 10! GeV where G
denotes Newton’s constant. Thus, discussing the RG evolution of a BSM model without gravity up to

4There exist exceptions to the positivity criterium for some scalar quartic couplings that might also become moderately
negative without spoiling vacuum stability.

5In the Veneziano limit the number of fermion flavors N and the rank of the gauge group N are sent to infinity while
their ratio is fixed and kept as continuous parameter [135].
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3 Renormalization Group Running as Tool for Model Building

arbitrarily high energies is rather academic. Therefore, in the deduced concept of PS requiring a physical
and perturbative UV FP is alleviated to demanding a RG flow without vacuum instabilities or Landau
poles up to Mp;, while the RG evolution in the transplanckian regime is not taken into account. This
concept was first pioneered in [45, 46] and further explored in [1, 2, 4, 5, 7].

Despite sharing a similar ansatz, there are some differences between PS and AS. While AS constitutes a
top-down approach, PS works bottom-up. Moreover and in contrast to AS, demanding PS does typically
not fix a parameter (combination) to an exact value but rather constrains it to an allowed range. We
refer to the subset of parameter values that make it safely up to the Planck scale as BSM critical surface.
Normally, it still has the same dimensionality as the full parameter space but with reduced volume. Thus,
also PS yields enhanced predictive power yet not as much as AS. In a similar manner, demanding the
existence of a physical and perturbative UV FPs severely narrows down the shape of viable models [128,
136] posing a challenge to realistic BSM model building. In particular, requiring AS leads to a prima facie
exclusion of potentially viable models featuring a physical and perturbative RG evolution up to the Planck
scale that only exhibit shortcomings in the transplanckian regime.

An important example are models in which the RG flow features a walking regime. There, the running
of a subset of couplings is significantly slowed down such that they stay locked at almost constant values
for several orders of magnitude. On a technical level, this phenomenon is related to approximate zeros of
the the p-functions, which arise in the vicinity of pseudo FPs. These can be FPs in the RGEs of a subset
of couplings or FPs featuring unphysical, e.g. complex, coupling values. Walking regimes have first been
observed in the gauge sector of technicolor and composite Higgs models, see e.g. [152, 153]. More recently,
they have also been noticed in the scalar and Yukawa sector [1, 2, 4, 5, 7, 45, 46]. If walking regimes
now capture gauge or quartic couplings they can enforce PS by preventing the occurrence of subplanckian
Landau poles and vacuum instabilities, respectively. This effect is of high relevance for this thesis.

Another advantage of PS is the possible connection of effects in the UV to low energy physics. The loss
of absolute SM vacuum stability is a high energy effect far out of reach of present and future colliders.
However, the scale of the metastability does not point to a mass scale of NP to cure it. Its remedy may
arise from new phenomena at much lower scales, possibly as low as a TeV. Thus, PS opens a door to
indirectly test stability at existing and future colliders. Note that in our methodology the absence of a
cutoff scale below Mp, thereby constitutes an important conceptual difference w.r.t. the EFT approach.

PS also constitutes a new ansatz for model building on its own right. Up to now, particle physics
experiments have mostly confirmed the predictions of the SM with tremendous accuracy in a plethora of
measurements at various experiments. This is contrasted by just a few anomalies and the absence of clear
NP signatures at colliders or elsewhere, calling for novel theory ideas. PS provides such a new direction in
a well-motivated manner. Hence, a central goal of this thesis is to establish and improve PS as powerful
tool for BSM model building by exploring the underlying RG mechanisms as well as the interplay of PS
with phenomenology.

3.2.3 Vacuum Stability

A crucial feature of Planck-safe models is the stability of the scalar potential which has to be explicitly
assured throughout the RG flow. The existence of a stable vacuum requires the scalar potential to be
bounded from below. In case of the SM Higgs potential (2.10) the simple condition

A>0 (3.15)

assures tree-level vacuum stability but is broken in the SM for 10! GeV < p < 10%® GeV. In order to
rigorously investigate the stability of a scalar potential, additional corrections from loops and higher-order
operators have to be taken into account. To do so, one has to compute the full Coleman-Weinberg effective

18



3.2 Concepts from SM to BSM

6 - Planck M; = (1725 + 0A7) GeV 1 L Stabi]ity
A 0.120 +
g 3
g =
,&') 21 %v.
—
0 0.115 +
T2 168 170 172 174 176
10° 10° 101 102! 1077 1038 10%
M,/GeV

u/GeV
(b) (In-)stability regions of the full effective SM Higgs

potential up to Mp, as a function of the top mass M,
from cross section-measurements and the strong cou-

(a) Running of the effective Higgs quartic coupling
@y o (1) using the PDG central value of the top mass M,
from cross section-measurements [155] (thick line) and
five standard deviations in either direction (thin lines),
while the gray band indicates the Planck scale. Also
shown is the running of the tree-level quartic coupling
ay (p) for comparison (thick dashed line). The full
effective potential is absolutely stable if oy (1) stays
manifestly positive during the whole RG evolution.

pling constant ags)(M ). Color-coding indicates abso-
lute stability oy og(p) > 0 for all py < p < Mp, (green)
or its loss min vy (1) < 0 (red/gray). Central values
(crosshairs) and uncertainties taken from PDG [155].
We also show the first five 1o uncertainty rings (thin
lines) with deviations added in quadrature.

Figure 3.2: Stability of the SM effective potential at state-of-the-art accuracy. Plots taken from [4].

potential [154] and to subsequently perform a detailed analysis of its extrema structure. If the potential
features local minima, the lifetime of each false vacuum has to be inferred by computing the tunneling
probability to the true vacuum. Only if the lifetime of the false vacuum is sufficiently larger then the age of
the universe it constitutes a viable ground state of the theory.

In the SM, corresponding computations [36—38] evidenced the metastability of the full effective Higgs
potential V_ g with a sufficiently large lifetime. The loss of absolute stability of V_4 is indicated by a sign
change of the effective Higgs quartic coupling

Qe = 4y +0(?), (3.16)

which explicitly contains the mentioned higher-order effects, see App. A in [4] and references therein for
a pedagogical derivation and precise definition. We reanalyzed the stability of the SM Higgs vacuum
in [4], exceeding the precision of previous computations by applying the highest available loop orders
for the effective potential, S-functions and matching, respectively, as well as the most precise available
determination of input parameters. Here, we only briefly review the central results referring to [4] for
details. Overall, the evidence for the loss of vacuum stability in the SM is sharpened. This can be seen in
Fig. 3.2a, which displays the running of a, .. At the reference scale ji,o; = 200 GeV, ay og(figer) is 17%
larger than its tree-level pendant o, (pu,.). However, it still turns negative around p =~ 2- 10! GeV close to
the scale of sign change of the tree-level quartic and stays slightly negative a ¢ 2 —10~* until beyond the
Planck scale. This reflects our previous finding from Subsec. 3.1.3 that the Higgs quartic is subdominant to
its own RG evolution. We conclude that the loss of SM vacuum stability is mainly RG induced while the
impact of finite order corrections to the effective potential on stability is rather small.

Rigorously inferring the loss of Higgs stability at the 5o level is however still prevented by experimental
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uncertainties of input parameters, in particular the top mass and the strong coupling constant®. This is
illustrated in Fig. 3.2b. Absolute vacuum stability is restored if the PDG average for the top quark mass
from direct cross-section measurements M, = 172.5 + 0.7 GeV’ or the 5-flavor strong coupling constant

at the Z mass a§5>(MZ) = 0.1180 + 0.0009 deviate by —3.9¢0 (cf. Fig. 3.2a) and +8.00 from their central
values, respectively. Neglecting possibly relevant correlations [157] and adding uncertainties in quadrature,
already a 3.50 shift would suffice to achieve stability. Notably, all other input parameters for the stability
analysis are either numerically too small (e.g. masses of fermions except for the top) or determined with a
too small uncertainty (e.g. o 5, My, M) for their uncertainties to matter at the level of M, and ozg’)(MZ)
for the stability of the effective potential.

Unfortunately, repeating the full effective potential analysis in BSM models is quite intricate and
computationally expensive. Moreover, our model building goal is rather to identify Planck-safe parameter
space regions and to qualitatively understand the underlying RG mechanisms than to perform high precision
stability analyses. Therefore, in this work we apply a more efficient approach by just checking for tree-level
stability. This naturally limits the precision of our computation but in exchange facilitates a comparatively
fast and automated stability analysis. We also recall that finite-order corrections to the SM effective
potential are only of minor impact for stability, which is rather dominated by RG effects, cf. Fig. 3.2a. Thus,
the tree-level analysis constitutes a good and well-justified approximation for checking vacuum stability.

Nevertheless, we also try to estimate the reach of higher-order contributions to stabilize the effective
potential. A mild violation of tree-level stability might in fact be compensated by such higher-order
corrections yielding a metastable potential as in the SM [4, 37, 38]. Strong violations of tree-level stability
on the other hand are expected to correspond to instabilities of the effective potential. In case of the Higgs
potential we therefore distinguish between metastabilities —107* < o, < 0 and instabilities ay, < —1074
roughly estimating the critical value from [37, 38]. On a technical level, this also implies the discrimination
between RG flows exhibiting strict and soft PS, which we define as:

o strict Planck safety: No Landau poles below Mp,,
absolute tree-level vacuum stability Yy € [ug, Mp]

o soft Planck safety: As strict PS,
but allowing for an intermediate, moderately negative Higgs quartic®
—107* S a,(u) S 0 for p € [pg, Mpy) but ay (Mpy) > 0.

Here p denotes a low scale, typically the scale of NP. This distinction is exemplarily illustrated in
Fig. 3.3. In both cases, the RG flow has to be free of subplanckian Landau poles but the vacuum stability
requirements differ in rigor. The notion of strict PS demands absolute tree-level vacuum stability during
the complete RG flow all the way up to Mp,;. Thus, strict PS provides a conservative criterium for stability.
Note that strict PS always requires the NP scale p to be lower than the scale of the sign change of «, in
the SM of ~ 10'! GeV. Soft PS on the other hand also allows for intermediate, SM-like metastabilities
of the Higgs potential. However, instabilities are forbidden and the potential has to be fully stable at
Mp,. Interestingly, the last condition is also beneficial for asymptotically safe models of quantum gravity,
as matching them to the SM typically disfavors SM-like oy (Mp;) < 0, e.g. [158, 159]. Hence, soft PS

SNote that although contributing only starting from 2-loop to both B, and the effective potential, the strong coupling and
its uncertainty still have a crucial impact on stability due to the numerically sizeable value of a5 (and o).

"We stress that the methodology for an accurate extraction of the top quark mass from data is quite intricate and subject
of an ongoing debate [4, 156].

81f a BSM stability condition in a model with extended scalar sector is not well-defined for o, < 0, we conservatively deploy
this condition in the limit acy, — 0.
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Figure 3.3: The different possible RG fates of the Higgs quartic a,. Trajectories with min o, (1) <
—10~* correspond to an unstable potential (brown). For —10~* < min a, (1) < 0 the trajectory features
metastabilities. In this case we label the trajectory as metastable (yellow) if a, (Mp;) < 0 or softly
Planck-safe (light blue) if ay (Mp;) > 0 corresponding to Planck scale stability. If finally min a, (1) > 0
the RG evolution is strictly Planck-safe and features absolute stability all the way up to Mp.

still constitutes an improvement w.r.t. the SM, exploring the maximum reach for Planck scale stability
by imposing stabilization due to neglected higher-order corrections at intermediate scales. Thus, soft PS
provides a more optimistic estimate for vacuum stability.

Note that BSM models featuring new scalars, imply additional vacuum stability conditions complementing
(3.15). Tree-level vacuum stability conditions for arbitrary potentials can be derived following the methods of
[137, 160, 161] using copositivity criteria and typically imply a set of inequality conditions for scalar quartic
couplings®. Quantifying the effect of violating these tree-level BSM stability conditions on vacuum stability
would require a rigorous analysis of the full BSM effective potential from which we refrain. Consequently,
we do not allow for any violation of BSM stability conditions but demand all of them to be fulfilled at all
scales up to Mp; for both strict and soft PS.

3.2.4 Strategy and Workflow

The starting point our PS analysis in BSM models are the values of SM couplings at a scale p,..; = 200 GeV,
which have been determined at high precision in [162] from experimental data. The precise values are given
in App. A.2. The couplings are evolved towards the UV using the SM S-functions at full 3-loop order in the
gauge [117, 132, 133], Yukawa [130, 131] and scalar [119, 120] sector. This is done by numerically solving
the RGEs using Mathematica [63]. In order to reduce the complexity and computing time we thereby
neglect all Yukawa couplings other than the top and bottom one. This approximation is well justified, as
the neglected Yukawas are significantly smaller than all other SM couplings.

The next task is to match the SM RG flow to the BSM one at the NP scale pyp which is set by the
mass scale of BSM particles Mpgy;. We restrict ourselves to scenarios where the NP scale is well above the
electroweak scale, i.e. pupw < unp =~ Mpgy- Typically we assume NP around the TeV scale which allows

9The asymptotic shape of the potential for very large field values is dictated by the scalar quartic couplings. Thus, the
conditions for boundedness from below, i.e. the existence of a stable vacuum, only depend on the quartics and are
independent of all other parameters in the scalar sector.
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for collider signatures at the LHC. Moreover, we assume that the BSM particles exhibit no large mass
hierarchies, so that from the RG point of view our model is characterized by just a single scale'®. If not
stated otherwise, SM couplings are matched to their BSM counterparts at tree level via

allg,gl,\g[,t,b,)\(MNP) = a?g,s,t,b,,\WNP)' (3.17)
The values of BSM couplings are treated as free model parameters above pyp and set to zero below.

We then employ the tools ARGES [32] and FoRGEr [33] to infer the S-functions of all couplings in the
BSM model at full 2-loop order. As couplings in all sectors can be of similar size we refrain from including
available higher loop orders in the gauge- and Yukawa S-functions for the sake of consistency of the
perturbative expansion!!. S-functions of SM couplings in the full model above jyp are composed of the
SM contribution and a BSM one

_ A3SM BSM
/BI,Q,B,t,b,A - Bl,2,3,t,b,>\ + ﬁ17273,t,b7,\7 (3.18)

whereas p-functions of BSM couplings are purely BSM and just switched on above pyp. Note that in our
matching procedure the BSM fields have been implicitly approximated as infinitely heavy below uyp and as
massless above. However, at loop level threshold corrections to this approximation induced by finite BSM
particle masses arise which replace the dependence on the unphysical matching scale pyp by the physical
mass Mpqy, see e.g. [163] for a pedagogical introduction. Pleasantly, when matching at pyp = Mpgy all
threshold corrections o In ]\ZLNPM induced by the heavy BSM fields vanish. Thus, in our procedure threshold

corrections are minimized W]ilsich justifies our approximation.

Having the complete set of S-functions as well as SM coupling values at the matching scale at hand,
we also fix the values of BSM parameters in order to solve the full RGEs up to Mp, and analyze the
obtained RG flow to determine its RG fate. This task is automated in a Mathematica [63] routine. It
numerically integrates the RGEs and subsequently evaluates the numerical solution which is a function of
log v at several hundred intermediate energies g < p; < Mp,*2. If a numerical RG trajectory features a

very large coupling a(u,;) > 10 or derivative dfo‘gu(,ui) > 500 for any '3, we categorize it as featuring

a pole. For a pole-free RG flow, we next determine min; v, (p1;). If min; o, (1;) < —107% we label the
trajectory as Higgs unstable. For RG flows without a Higgs instability we also evaluate (potential) BSM
stability conditions Vy,, deploying them in the limit A — 0 at g, iff A(1;) < 0 and they would be ill-defined
otherwise. If there is a violation of BSM stability at any p;, we categorize the trajectory as vacuum unstable.
If not, we compute a, (Mp,) and label the flow as Higgs metastable if ay (Mp,) < 0, softly Planck-safe if
ay(Mp) >0, —107* < min, o, (11;) < 0 and eventually strictly Planck-safe if min; o, (u;) > 0. We stress
that the order of the steps is crucial to determine the labeling of trajectories exhibiting several unpleasant
features, i.e. a pole and a Higgs instability'4.

This procedure can straightforwardly be repeated for other values of BSM parameters in a systematic
scan over the available parameter space in order to determine the BSM critical surface of a model.

100bviously the situation is different from the view point of phenomenology where the exact particle masses are crucial to
e.g. determine kinematically allowed decay channels of BSM particles.

1The absence of 3-loop quartic template S-functions prevents us from employing 333 loop order also in the full theory.

12We thereby use the same grid points that Mathematica dynamically determined as anchors for the numerical integration,
with the step-width depending on the slope of the flow.

13The numbers have been carefully adjusted such that it is very improbable to mislabel a trajectory as pole. The derivative
criterium filters out rare, unphysical trajectories featuring evident numerical instabilities close to an apparent pole that
can arise for large numbers of couplings.

14We thereby intentionally chose to first check for the occurrence of poles, as affected trajectories quite often entail a loss of
vacuum stability closely below the pole. Our convention aims at only correspondingly labeling trajectories with vacuum
stability problems in the well perturbative regime while not including those with pole-induced instabilities.
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In this chapter we systematically explore the possibility to render the SM Planck-safe by extending it with
VLFs, closely following [2, 5]. The presented BSM models offer a promising, minimally invasive approach
towards Higgs stability as they comprise just a single BSM field and are hence controlled by just a few
free parameters. However, this ansatz towards Higgs stability based solely on VLFs has so far received
surprisingly little attention. The few existing works [164-169] mostly restrict themselves to models with
additional, weakly coupled BSM Yukawa interactions. In particular, stabilization in the absence of BSM
Yukawas was only fragmentarily studied for certain colorful VLFs in [169]. Also the regime of tiny or strongly
coupled Yukawas up to now has hardly been explored at all. We close this gap by performing an in-depth
analysis of minimal VLF models in order to identify the different vacuum stabilization mechanisms arising
in the RG flow, quantify their effect on the Higgs potential and examine their phenomenological implications.

We start with presenting our setup and notation. In our models, the SM is extended by N generations of
VLFs v of mass M in the representation (Y, ds, d3) under the SM gauge group U(1)y x SU(2); x SU(3),
that may or may not allow for a Yukawa portal coupling x to SM fields. Here, vector-like refers to the equal
representation of the LH ¢; and RH ¢ components of 1) under the SM gauge group which constitutes an
important qualitative difference to chiral SM fermions. The implementation of the VLFs in a BSM model
is by design quite straightforward for two reasons. Firstly, our models are free of gauge anomalies which
would spoil the consistency of the theory but can only be caused by chiral fermions, see [170] for a detailed
review. Secondly, the vector-like representation allows for explicit Dirac mass terms of the VLFs which for
chiral fermions are forbidden by gauge invariance. Hence, the VLFs acquire a mass even without the Higgs
mechanism. In this work, we generically assume the VLF mass to be M = 1TeV.

We now first explore the possibility to stabilize the Higgs via a modified running of gauge couplings in
Sec. 4.1 before turning to models with an extended Yukawa sector in Sec. 4.2. We also briefly comment on
phenomenological implications of our findings.

4.1 Gauge Portals

The core of the gauge portal mechanism for Higgs vacuum stability is the addition of charged BSM matter
to the SM. More precisely, we add N VLFs charged under the SM as (Yp, d,, d3), without introducing
any new interactions. Therefore, for now we focus on VLF representations that do not allow for a Yukawa
coupling to SM fields or assume possible Yukawa couplings to be negligibly small, a property that is
conserved in the RG flow due to their technical naturalness. The addition of charged matter manifests
itself in a modified running of the respective gauge couplings. The Higgs S-function in contrast remains
unchanged. Hence, a stabilization of the Higgs can only arise indirectly and is channeled through the
modified running of gauge couplings and the top Yukawa.

In order to understand the RG dynamics of the gauge portal mechanism we make use of the general
properties of S-functions in GY theories, which have been discussed in detail in Sec. 3.1. In particular, we
work out the leading order deviations of the RG flow in our VLF models from the SM one. Integrating the
1-loop gauge coupling RGEs (3.4)

B; = —B;o} (4.1)

we obtain their well-known RG evolution (3.5)

a;(fo)
. 4.2
1+ (o) B; In = “2)

a;(p) =
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4 Stabilizing the Higgs with Vector-like Fermions

from the matching scale p, to some high scale . The relevant 1-loop coeflicients

41 19
_B1 = —3 — 6B1, B2 = ? — (SBQ, B3 — 14 - 533 (43)

consist of the SM contributions as well as a BSM ones
531 = %NFd2 ds YFQ) 532,3 = %NFdSQ 52(‘1273) ) (4~4)

where S,(dy 3) denote the respective Dynkin indices of the SU(2); and SU(3) representations. The
magnitude of the dB; is controlled by the multiplicity Ny and representation (Y, dy, dg) of the VLFs.
Crucially, the BSM contribution is always positive, i.e. dB; > 0. Thus, the gauge couplings above the NP
scale generically take larger values than in the SM. Quantitatively, from (4.2) we find

- = 0B;In (“) <0 (4.5)
Ho

for the enhancement w.r.t. the SM. Consequently, all models still feature the hypercharge Landau pole at
an equal or lower scale than in the SM pupp < pfM ~ 10%! GeV which can be subplanckian. More so, if
0B, 5 are too large, also AF of SU(2), and SU(3)¢ is lost and a5 Tun into a Landau pole, too. Hence,

the dB; should not be too large in order to avoid any Landau poles below Mp;.

The modified running of gauge couplings imprints itself also on the running of the top Yukawa, which
due to its size has a crucial impact on the running of the Higgs quartic coupling. In contrast to the gauge
sector, the 1-loop top S-function does not receive any direct BSM contributions from the charged new fields.
It remains the same as in the SM (3.11)

By ~ a; (9o — %al —Za, — 16ay) (4.6)
where we neglected the bottom Yukawa due to its smallness. Nevertheless, also the top running is modified
due to the gauge contributions to ;. Crucially, 3, receives negative contributions from all gauge couplings
a;, so that the increase in the RG evolution of gauge couplings (4.5) results in a accelerated decrease of «,
in comparison to the SM. Analytically integrating the RG flow to leading order in couplings and §B; as
well as to leading logarithmic accuracy, we find

L
o (p) — afM(p) ~ —ay(pg) (326By of + 20B, a3 +86B5 a3) In? (.U) <0 (4.7)
0

as approximate result for the decrease of a, w.r.t. the SM. As (4.1) and (4.6) are both 1-loop the deviation
from SM running is a resummation effect which is signaled by the squared logarithmic term in (4.7).
Thus, the leading deviation of a;(u) manifests itself at 2-loop due to the modified 1-loop running of gauge
couplings contained within (4.6). Note that there is also a competing effect at the same order in couplings
from the direct modification of the top f-function at 2-loop due to additional VLF gauge contribution.
However, this contribution is only linear in the large logarithm In HLO and therefore a subleading effect w.r.t.
the resummed deviation (4.7).

Turning to the running of the Higgs quartic, we note that at 1-loop 3, does not receive any direct BSM
contributions and is thus given by its SM pendant (3.13). Nevertheless, analogously to the top Yukawa
also the running of the Higgs quartic is indirectly modified due to the altered RG evolution of the gauge
and Yukawa sector. Direct BSM contributions to the Higgs S-function at higher loop orders in contrast are
of subleading logarithmic accuracy and therefore neglected. Given that o, around the electroweak scale is
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4.1 Gauge Portals

much smaller than the top Yukawa and gauge couplings, cf. (A.6), 5, is numerically dominated by the
inhomogeneous 1-loop terms and can be approximated as

3
f(oz% + 2009 + 3a§) — 60[?. (4.8)

5}\28

Crucially, the gauge contributions are positive while the top one is negative. Thus, both the increase of
gauge couplings (4.5) and the decrease of the top-Yukawa (4.7) relatively to the SM result in an increase of
By. To quantify the effect on the Higgs quartic, we integrate the RG flow of o in (4.8) deploying (4.5)
and (4.7). To leading order in 6 B; and couplings as well as leading logarithmic accuracy we finally obtain

aﬂm—a?W>%+%ﬁmwwﬂw%ﬂbde3H¥<:)

+ %01 (ko) oy (110) + Bavy(p1g)] 6By In? (:()) (4.9)

I
+3207 (1) (o) 6 B3 In® (M) ;
0

which constitutes the central result of our semi-analytical analysis.

We learn that an uplift of the electroweak gauge couplings a 5 directly results in an uplift oc 6B 5 in ay
at 2-loop order. In case of the strong coupling there is no such effect as the Higgs is uncharged under QCD.
This is reflected in the absence of an a3 contribution to 3, at 1-loop (4.8). Hence, the leading effect of 6 By
on the running of a, arises at 3-loop and is channeled through the altered top running. Despite being of
higher loop order, this effect turns out to be numerically comparable to electroweak contributions due to
larger values of both the numerical coefficient in (4.9) and a3 ;(10). Analogous 3-loop enhancements of
ay due to modified top running arise o< dB; 5 from the electroweak gauge couplings. They are however
not included in (4.9) as they are subleading with respect to the explicitly given direct electroweak effects.
The strong gauge portal mechanism via the top Yukawa has already been noticed in [169]. A systematic
derivation of the RG dynamics as presented here as well as a rigorous analysis of the available parameter
space are however missing. Beyond that, the direct electroweak portal mechanisms so far to our knowledge
have not been considered at all in the literature and constitute a main novelty of this work.

Notably, all 6 B; contribute positively to (4.9). Hence, the effects of all three gauge portals constructively
add up jointly pushing the Higgs towards stability. We infer that the presence of BSM matter charged
arbitrarily under at least one SM gauge interaction invariably results in an uplift of the Higgs quartic

(1) — aM () > 0 (4.10)

and potentially vacuum stability. This establishes the viability of the gauge portal mechanism. In particular,
we aim at finding Planck safety windows in the model parameter space, where the §B; are sufficiently
sizeable to enable vacuum stability but still below the threshold to cause subplanckian Landau poles. Note
that the magnitude of the different contributions in (4.9) is not only set by the size of the 6 B; but also
increases with the RG time In : that has passed since the matching at py >~ M. This is not surprising,
as the resummed effect of the modified BSM accumulates when contributing increasingly long to the RG
evolution.

Given that the leading order scalar and Yukawa S-functions are the same as in the SM, the overall shape
of the RG trajectory a, (1) also approximately resembles the SM case Fig. 3.1. In particular, the extrema
structure of the trajectory is preserved. However, an important difference arises when the enhanced running
of gauge couplings (4.5) generates a Landau pole below the SM hypercharge one pyp < uf™ =~ 104 GeV.
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4 Stabilizing the Higgs with Vector-like Fermions

In this case, the accelerated running of gauge couplings also results in an accelerated running of a, (u)

between the matching scale and the Landau pole but still approximately along its SM trajectory. More

precisely, it holds ay (1) ~ a5 (45 (1)) with pgyy (1) > pu bijectively mapping [p, rp] — g, ). This

squeezing can exemplarily be seen for the hypercharge portal in Fig. 4.4 and is discussed in more detail in
Subsec. 4.1.3. Hence, there are two net effects of the gauge portal mechanism on the running of a, w.r.t
the SM: A compression of the RG trajectory and a moderate uplift (4.9). The relative size of this effects
depends on the choices of parameters and varies for the three different gauge portals.

Crucially, these two modifications of the trajectory imply that a,(u) is bounded from below by its
minimal value in the SM. Discarding the tiny region in p close to the hypercharge Landau pole after the
third sign change of «,, this yields a, (u) = aI;m’SM ~ —10~%. Moreover, due to the squeezing and the
increase of the uplift with In MLO the minimum of a, (u) always appears at lower or equal scales than in the

SM, i.e. at g, < pS¥ ~ 1017 GeV. Recalling that the minimal SM value corresponds to metastability
of the full effective potential with sufficiently large lifetime [37, 38], we conclude that also in any gauge
portal extension the effective potential is at least metastable. In particular, any observationally forbidden
instabilities are automatically excluded justifying the tree-level approach for stability.

4.1.1 Strong Portal

In order to analyze the strong gauge portal in more detail, we now study VLFs in the representation
(0,1, d3) that only interact via SU(3),. Hence, the running of the strong coupling is enhanced by §B3 > 0
whereas the evolution of electroweak gauge couplings remains SM-like with §B; 5 = 0, see (4.4). The model
is characterized by just three parameters: the multiplicity Ny, mass M and SU(3) representation dg of
the VLFs.

To begin, we focus on VLQs with d; = 3. We compute the full 2-loop RG evolution of couplings from the
matching scale p, >~ My up to the Planck scale, scanning over the free parameters (Mp, Np) as described
in Subsec. 3.2.4. The result is depicted in Fig. 4.1a, where different colors indicate different RG fates. In
regions of relatively low N or large M we end up with a metastable potential at the Planck scale (yellow),
similar as in the SM. For large N and low My we encounter subplanckian Landau poles (red).However,
there is also a wedge-shaped region in between where these problems are avoided and the vacuum is stable
at the Planck scale (blue). It corresponds to a Planck-safe RG evolution and constitutes the BSM critical
surface constrained by upper and lower bounds on N as well as an upper bound on M.

This division of the parameter space can be understood by recalling the results (4.9) of our semi-analytical
analysis. The strong portal mechanism is controlled by d B; which is proportional to N (4.4). For low N,
the uplift in the Higgs quartic (4.9) induced by the enhanced running of « is not sizeable enough to render
o, positive at the Planck scale. This implies a lower bound on N for PS. For sizeable N in contrast
also 0 B; is sizeable and above N = 10 AF of the strong coupling is lost, in excellent agreement with the
1-loop estimate Ny = 2 from (4.4). Hence, we encounter an a3 Landau pole in the UV, which for large
Ny and sufficiently low My occurs below the Planck scale. This gives rise to the (M gdependent) upper
bound on Ny. The upper bound on My arises as the values of ag 4(p) for large g ~ Mp have already
severely decreased due to their SM running. Hence, the uplift oc 3(pg)a? () is not sizeable enough
anymore and the strong portal mechanism becomes insufficient to ensure stability. Moreover, for larger M
there is less RG time left between iy =~ My and pu = Mp, for the uplift oc In® MLO in a to sufficiently set
in. This explains the wedged shape of the Planck-safe region in Fig. 4.1 which generically requires larger
multiplicities N for increasing masses M.

The BSM critical surface is further subdivided into regions of soft (light blue) and strict (dark blue) PS,
where the vacuum is stable at or even all the way up to Mp,, respectively. These different stability regions
arise due to different stabilization mechanisms. Strict PS is achieved by an uplift in «, from (4.9) that is
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Figure 4.1: The strong gauge portal for a SM extensions with VLQs charged as (0,1, 3) under the SM.
Shown is the BSM critical surface in the (N, M) plane (a) as well as an exemplary strictly Planck-safe
RG evolution (b). Figures adapted from [2].

sufficiently large to render its minimum value positive and prevent subplanckian metastability. An example
for a strictly Planck-safe RG evolution due to the strong portal mechanism is depicted in Fig. 4.1b for the
case of Np =2 VLQs of mass M= 1TeV. As expected from our semi-analytical estimate, in this scenario
(solid lines) we observe a mild enhancement of a3 along with a decrease in o, w.r.t. the SM (dashed lines)
that is sufficient to ensure vacuum stability all the way up to Mp,.

In the regions of soft PS in contrast the uplift is not sizeable enough to render the minimum positive.
Nevertheless, the uplift can be sufficient to shrink the metastability interval such that the second sign change
already appears below Mp,. This is mostly relevant for small Np. In addition, there is a collaborating
effect from the squeezing of the RG trajectory of a, (u). It starts being relevant as soon as AF in a4 is lost
and its Landau pole appears below the hypercharge one, i.e. Np = 10 — 12 with slight dependence on M.
The squeezing then has the same effect, namely pulling the second sign change below Mp, enabling soft PS.
Putting it all together, we obtain from Fig. 4.1a the conditions

Mp<10°TeV,  2< Np<15,

4.11
(Mp<105TeV, 2< Np<19) (4.11)

for strict (soft) PS, which demonstrates the predictive power of PS.

Of particular interest are the borders between the different regions in the parameter space. At the
boundary between soft PS and metastability at Mp, we find o, (Mp;) ~ 0 whereas at the frontier between
min

soft and strict PS the minimum value of the Higgs quartic is o™ (p) =~ 0, indicating Higgs criticality.
We now turn to higher representations ds > 3 under SU(3).. The Dynkin-Index S,(d3) increases for
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Figure 4.2: The weak gauge portal for a SM extensions with VLLs charged as (0,2, 1) under the SM.
Shown is the BSM critical surface in the (Np, M) plane (a) as well as an exemplary strictly Planck-safe
RG evolution (b). Figures adapted from [2].

larger ds, cf. Subsec. 3.1.1, yielding larger contributions 0By for fixed N (4.4). Hence, the N window
of the BSM critical surface is shifted towards lower values and shrinks, see also Fig. B.2 in App. B. For
ds = 6, 8 PS can still be achieved implying qualitatively similar conditions as (4.11). For d; = 10 however,
already adding N =1 VLFs with a mass in the multi-TeV range generates a subplanckian Landau pole
and the PS window ceases to occur. This excludes PS for all representations ds > 10.

We stress that the gauge portal mechanism operates at weak coupling in the safely perturbative regime.
Thus, we expect our full 2-loop order results to be a good approximation such that the existence and shape
of the gauge portal should not be relevantly altered at higher loop orders. We verified this for the highest
available loop order 432 in the gauge, Yukawa and scalar sector, respectively, see Fig. B.1. There, we can
see that increasing the loop order to 432 indeed has negligible impact on the BSM critical surface.

Color charged VLFs in the TeV range without (or with super feeble) Yukawas can be probed at colliders
in R-hadron and dijet searches, see [42] for details. Moreover, it is possible to hunt for the direct impact
on the running of a4 (u) which was measured up to p =~ 4 TeV by the ATLAS collaboration [171]. For the
masses My = 1TeV we are interested in, the respective bounds however do not constrain relevant fractions
of the BSM critical surface.

4.1.2 Weak Portal

For the analysis of the weak gauge portal, we focus on SM extensions featuring N colorless VLFs of mass
Mp = 1TeV in the representation (0, dy, 1) which are charged solely under SU(2);. This implies an uplift
0By > 0 whereas dB; 3 = 0. An exemplary strictly Planck-safe RG evolution at 2-loop is shown for d, = 2,
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Mp=1TeV and N =5 in Fig. 4.2b.

We also provide the BSM critical surface in the Mr— N plane for d, = 2 in Fig. 4.2. We again encounter
a sizeable, wedged PS window situated right between the region of subplanckian o, Landau poles (low M
and high N) and Higgs metastability at Mp; (low Ny or very high My). The different regions arise in the
same manner as in the strong portal case. Interestingly, AF in «, is lost already starting from Np = 5 in
accord with the 1-loop estimate Np > % from (4.4). However, for TeV-ish VLLs the ay, pole only occurs
below the hypercharge one for N > 8 and below Mp, for Np > 11.Note that these N values increase with
increasing j1, = My due to the decrease of o, in the SM. From Fig. 4.2a we obtain the conditions

Mp<10°TeV, 4< Np<16,

(Mp<1012TeV, 3 < Np<53) (4.12)
for strict (soft) PS. Notably, for soft PS the upper bounds on My and Ny are quite large which is different
to the strong portal. The reason is, that the SM decrease in a, for a wide range of My can still be
compensated by a large N causing large 0B, (4.4). The resulting direct uplift and squeezing of «, are
sufficient to pull the second sign change below Mp; and still enable soft PS. This explains the 'banana
shape’ of the soft PS window. Due to the reduced RG time until the Planck scale for large py = M, the
stabilizing effect is for a long time not spoiled by the appearance of subplanckian a, Landau poles.

For higher representations d, > 3 the allowed range in N shrinks and shifts towards lower values due to
larger contributions d B, analogously as for the strong portal case, see also Fig. B.3 in App. B. For dy, > 5
PS is excluded for VLFs in the TeV-range, as there is already a subplanckian o, pole for Np = 1.

4.1.3 Hypercharge Portal

We now consider VLFs in the representation (Y, 1,1) under the SM in order to investigate the hypercharge
portal. We obtain an enhancement 6 B; > 0 whereas the running of the non-abelian gauge couplings remains
SM-like with 0B, 5 = 0. The model is characterized by multiplicity Ny, mass M and the hypercharge
Yp which in contrast to d, 5 is a continuous parameter. At first glimpse, the existence of the hypercharge
portal seems counterintuitive as the hypercharge Landau pole in comparison to the SM is shifted towards
lower, eventually subplanckian energies when adding U(1)y- charged matter. However, we find that PS
can also be realized via the hypercharge portal mechanism. We investigate this in more detail for Y, = %,
see Fig. 4.3. An exemplary, softly Planck-safe RG flow is depicted for N = 20 of these VLLs with a
mass of Mp=1TeV in Fig. 4.3b. The running of «; is strongly enhanced w.r.t. the SM with the Landau
pole looming close-by in the transplanckian regime around g ~ 10?2 GeV. The induced uplift of «, is still
not sufficient to render the vacuum stable all the way up to Mp, in contrast to the non-abelian gauge
portals. However, the squeezing of the trajectory pulls down the second sign change below My, yielding
oy (Mpy) > 0 and hence soft PS.

This effect is further illustrated in Fig. 4.4 for fixed Ny = 34 and different values of M. The squeezing
is most pronounced for the lowest masses My, as the enhanced growth of «; starts earlier. For large
masses, we still encounter a metastable vacuum at Mp, as the squeezing w.r.t. the SM is not sufficient.
For lower masses, the squeezing is sufficient to pull-down the second sign change of «, to subplanckian
energies, yielding a stable vacuum at Mp,. However, when further decreasing My eventually also the third
sign change triggered by a; = (1072 becomes subplanckian, destabilizing again the vacuum at Mp,. For
slightly lower masses finally the Landau pole itself becomes subplanckian.

The different RG fates are also reflected in the BSM critical surface Fig. 4.3a. While regions of strict PS
are absent, there is a sizeable window for soft PS which extends deep into the high mass and multiplicity
region. Interestingly, there is a narrow instability ridge (brown) located between the pole region and the
BSM critical surface which precisely corresponds to the situation where the third sign change is subplanckian,
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Figure 4.3: The hypercharge portal for a SM extensions with VLLs charged as ( %, 1,1) under the SM.
Shown is the BSM critical surface in the (N, M) plane (a) as well as an exemplary softly Planck-safe
RG evolution (b). Figures adapted from [2].
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Figure 4.4: Illustration of the squeezing of the RG trajectory of the Higgs quartic. Shown is the 2-loop
running of oy in a SM extension featuring N = 34 VLLs in the representation (%, 1,1) for different
masses My (solid lines) indicated by different colors compared to SM running (dashed line). While, the
location of the first sign flip hardly changes, the second and third sign changes experience a significant
pull down from the deep transplanckian regime (Fig. 3.1) to Mp, and below. The pull-down is larger
for lower M. Figure adapted from [2].

30



4.2 Yukawa Portals

but the Landau pole is not. The PS window shares the well-known ’banana shape’ of the weak portal
caused by the requirement of larger § B, for higher masses My to achieve a stabilization within less RG
time In #io between p, =~ My and Mp,. The window finally closes for very large masses and multiplicities,
yielding the soft PS conditions

Mp < 10° TeV, 19 < Np<55. (4.13)

Turning to higher (lower) values of |Yy|, the value of 0B, increases (decreases), cf. (4.4). Thus, the PS
window in N moves towards lower (higher) values and shrinks (widens), see also Fig. B.4. As §B; o« NpY?,
there is to a good approximation an anti-proportionality between the allowed ranges in N and Y2 which
is just broken by the 2-loop term 8 NyYpa$ C ;. The maximum allowed value of Y} is obtained for the
lowest number of flavors, i.e. Ny = 1. For a TeV-ish VLL PS is achieved for 2.16 < Y < 2.53. The allowed
range gets more narrow and shifts towards higher values when increasing the mass, e.g. to 3.33 < Yy < 3.45
for M = 10! GeV, shortly before the stability window finally closes.

Theory constraints on VLL parameters from demanding PS can be confronted with experimental
measurements of the electroweak precision parameters [172]

s miy L miy
Y =2a,—=0B, W = Zay,—= 0B, 4.14
50 Y1 M2 1 1092 M2 2 ( )
which directly depend on My [173] and Np via 0B, , (4.4). However, for Mz = 1 TeV the existing
constraints are not restricting the weak or hypercharge stability windows. Moreover, for VLLs without
Yukawa couplings LHC searches for long lived charged particles [174], as well as 1) resonances decaying to

diphotons apply. Corresponding limits are available for electric charge > 1 and N =1, and up to now do
not exceed Mp = 1TeV.

4.2 Yukawa Portals

We now turn to VLFs representations allowing for a renormalizable Yukawa portal coupling x to the Higgs
and a SM fermion. In total, there are 13 of these VLF representations that are listed in Tab. 4.1. The
presence of the BSM Yukawa coupling crucially influences the RG flow of the models as it contributes to
the gauge, Yukawa and Higgs quartic S-functions (3.9) starting at 2-, 1- and 1-loop order, respectively, cf.
(3.9), (3.10) and (3.12). In particular, the negative contribution to the gauge S-functions

Bz’ C _Dina?anv (415)

with D,,. > 0 offers a unique mechanism to slow down the growth of gauge couplings [128] and hence to
prevent subplanckian Landau poles. The most relevant contributions to the Higgs quartic S-function read

5>\ C +I)\na>\am - Jmﬁai + Km-w@ai ) (416)
with I,,., J,.., K,.. = 0 and can either stabilize or destabilize the Higgs vacuum depending on the values
of a,, and the relevant coeflicients. Note that for charged VLFs also the gauge portal mechanism is active.
In order to disentangle the different effects simultaneously influencing the RG evolution we first consider
feeble Yukawas before allowing for sizeable Yukawa couplings to a single or all three generations of SM
fermions.
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Model (Y, dy, ds) L2 rial
A (—1,1,1) kij LiHipp; + h.c.
B (—1,3,1) Ki; Lip;H + h.c.
C (_%’ 2, 1) Kij ELz‘fIEJ' +he
D (-3.21) Kij O HOE; +hie.
E (0,1,1) Kij LiH YR, + h.c.
F o (0,31) ki; Lo HE + hc.
G (_%7 1, 3) Kij @z’Hij +h.c.
H  (+2,1,3) ki QH Y, +hec.
I (—3.3,3) Kij Q¥r;H +h.c.
J (+3.3,3) Kij QrH® + h.c.
K ("‘%7 2,3) ’igj _LiHch + ”gj ELz‘HDj +he.
L (+%,23) Kij ¥, HU; + hee.
M (—3.2,3) Kij r HD;j +hee.

Table 4.1: List of all VLF extensions of the SM allowing for a renormalizable Yukawa portal coupling
with a SM fermion and the Higgs (two portals k% exist in Model K). Shown are the VLF representation
(Y, dy, dy) under the SM and the explicit BSM Yukawa interaction £ Table adapted from [2].

portal*

1 102 10  10° 10'* 10"
Mp/TeV

(a) Model G. The pole region corresponds to subplanck-
ian a3 Landau poles. The BSM critical surface is quali-
tative similar to the pure strong portal case Fig. 4.1a
but extends further into the high My and N region
due to the collaborating hypercharge portal. Figure
adapted from [2].

1 102 10  10° 10** 10%
Mp/TeV

(b) Model I. The pole region corresponds to subplanck-
ian a, Landau poles. Stabilization arises from collabo-
ration between all three gauge portals with the weak
portal being dominant. PS can only be realized for
relatively heavy VLFs with M = 30TeV and low mul-
tiplicities Np.

Figure 4.5: Collaboration of gauge portals for vanishing Yukawa portal coupling «,, = 0. Shown is the
BSM critical surface in the (Ng, M) plane for model G (a) and I (b). Same color coding as in Fig. 4.1.
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4.2 Yukawa Portals

Model Poles Planck safety
(Yp,dy,dy)  NEO'© gpole soft strict
A (—1,1,1) 7 o, Np=6 X
B (-1,3,1) 3 o, 1< Np<2 1< Np<2
C (-1,2,1) 12 ay, 3<Np<1l 5<Np<I11
D (-3,2,1) 2 o, Np=1 X
E (0,1,1) 00 X X
F  (0,31) 3 ay 1< Np<3 3<Np<3
G (—3,1,3) 11 a; 2<Np<10 2<Np<10
H (+2,1,3) 6 a; 2<Np<5 2<Np<5
I (-4,3,3) 1 o X X
J (+3,3,3) 1 oy X X
K (+%,2,3) 4 ay, 1< Np<3 1<Np<3
L (+%,2,3) 1 o, X X
M (—2,2,3) 2 o, Np=1 Np=1

Table 4.2: Planck fate of VLFs models A-M from Tab. 4.1 for different multiplicities N assuming
Mp =1 TeV and vanishing Yukawa portals a,|y,, =~ 0. For Np > NP the gauge coupling aro'
runs into a subplanckian Landau pole. Allowed ranges of Ny for soft and strict PS are also indicated.
Model E remains metastable as in the SM, whereas Models I, J, and L develop Landau poles below
Mp, already for N = 1. Note that since the BSM fermion representations are real in Models E and F,
half-integer values for Ny (odd number of Weyl fermions) are compatible with the cancellation of gauge
anomalies [170]. Table adapted from [2].

4.2.1 Feeble Yukawas

Yukawa portal couplings are technically natural. Hence, when chosen feebly small or vanishing at the
matching scale this property is conserved during the RG evolution. In this case, the influence of «,, on
the RG flow is negligible. The gauge portal mechanism is however still active, and potentially capable of
ensuring vacuum stability. For VLFs charged nontrivially under more than one SM gauge interaction the
effects from the different gauge portals add up according to (4.9), see also Fig. 4.5. Adding too many charged
VLFs for feeble o, =~ 0 gives rise to a subplanckian Landau pole of the gauge coupling corresponding to the
dominant portal mechanism. Hence, we search for Planck safety windows where the enhanced running of
gauge couplings is sufficient to stabilize the Higgs but does not yet cause Landau poles below Mp,.

For M = 1TeV, the results of our analyses in model A-M are summarized in Tab. 4.2. Strict PS can
be realized for some ranges of Ny in models B,C,F!,G,H,K,M. Models A and D do not allow for strict
but for soft PS. This is understandable as stabilization in model A (D) proceeds purely (mostly) via the
hypercharge portal. PS cannot be achieved in models E,I,J,L. The VLFs in model E are SM singlets, thus
the gauge portal is inactive and the Higgs remains metastable as in the SM independent of Np. Models
I,J,L on the other hand develop subplanckian Landau poles already for N = 1. The reason is the large
color factor dy = 3 contributing to 0B, , (4.4) which in combination with sizeable dy = 3 (Y = ) gives

!Note that VLFs in models E and F come in real representations under the SM gauge group. Hence, an odd number of
Weyl fermions corresponding to an half-integer number of Dirac fermions N is compatible with the cancellation of gauge
anomalies [170].

33



4 Stabilizing the Higgs with Vector-like Fermions

Model Interactions Planck fate Gauge Portal Yukawa Portal
(YFa d27 d3) _£§>/0Ytal for Q= 0 afsit,;il(;tx|MF ari?l%ax'MF az‘?friiinlMF azt,:rlﬁltql]\/IF
A (-1,1,1) Kk LyHyp metastability X X 6-1073 0.2
B (-1,3,1) Kk Ly H strict PS 2.1074 1.6-103%  1.6-1072 0.4
C (-3,2,1) kY, HE, metastability X X 6-1073 0.2
D (-3,2,1) K, HeEq soft PS X 3-107° 81073 0.2
E (0, 1,1) kLyHp  metastability X X 5-1073 0.2
F (0, 3,1) k Ly HC soft PS X 1-1073 1.6-102 0.4
G (—3,1,3) kQHp metastability X X 1-1072 0.2
H (+3,1,3) H@Hci/} r  metastability X X 6-1073 0.2
I (—%, 3,3) kQpH ap-pole X X 0.3 0.6
J (+3%,3,3) kQuuzH® ay-pole X X 0.3 0.6
W HeU. 1-107° 1-1074 0.13 0.25
K (+1,23 ™ O Uy strict PS .
+ry ¢, HDjy 1-107° 1-10~ 0.13 0.25
L (+%,2,3) kY, HUy a;-pole X X 1-1072 0.2
M (-2,2,3) K, HeDy strict PS 81071 1.4-1073 81073 0.2

Table 4.3: Planck safety windows of SM extensions featuring a single VLF of mass My = 1TeV with
Yukawa coupling «,, only to third generation SM fermions and the Higgs. The allowed soft and strict
PS ranges in «,,| M, for both the gauge and the Yukawa portal are indicated in each model, respectively.
For model K, the indicated ranges correspond to the case of just one Yukawa coupling &, , being
switched on at a time, respectively. Notably, for large | M, the Yukawa portal mechanism allows for
strict PS in all models due to the occurrence of strongly coupled walking regimes. The gauge portal
mechanism on the other hand can only render a few models Planck-safe. For vanishing Yukawas, the
Planck fate of each model is indicated and the results of Tab. 4.2 are recovered. Table adapted from [2].

rise to an ay (o) pole below Mp; in model I,J (L). The subplanckian poles can be avoided by choosing
larger f4y =~ Mp. This is illustrated for model I in Fig. 4.5 where a PS window opens up for My = 30 TeV
implying a lower mass bound for PS. We also observe the characteristic wedge shape of the PS window
which can exemplarily be seen in Fig. 4.5a for model G.

4.2.2 Third Generation Yukawa Portals

In full generality, the portal coupling x;; is a matrix in flavor space with 3 N independent components.
However, in the spirit of minimality for the remainder of this section we restrict ourselves to Ny = 1
generations of VLFs?. This reduces the number of free parameters and simplifies the analysis of the
emerging RG dynamics. To start, we assume only a single non-negligible Yukawa coupling of the VLF to
the third SM fermion generation to be switched on. This setup is popular also in experimental analyses, e.g.
[175, 176], as models A-M are then fully characterized by the VLF mass My and the value of the portal
coupling «,..

The results of our analysis are summarized in Tab. 4.3 assuming M = 1TeV. For vanishing Yukawas

2Two models with Nz = 3 and additional BSM scalar fields are studied in Chap. 6. In comparison to the minimal models
they exhibit a rich phenomenology coming at the price of a large number of free BSM parameters.
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Figure 4.6: Illustration of the Yukawa portal mechanism. Exemplarily shown is the strictly Planck-
safe RG flow in Model M of Tab. 4.3 for a single VLF with mass M ~ 1TeV and Yukawa coupling
@, |n, = 0.2 at full 2-loop order (solid). The large initial value of the Yukawa coupling induces a
walking regime closely above the matching scale. The Yukawas «,, ;, as well as «, are kept at strongly
coupled values all the way up to the Planck scale. The gauge couplings on the other hand do not
participate in the walking but continue to run at weak coupling all the way up to the Planck scale,
similar as in the SM (dashed). Figure adapted from [2].

|, = 0, the models exhibit diverse phenomena such as strict (B,K,M) and soft (D,F) PS due to the
gauge portal mechanism, Higgs metastability at Mp, (A,C,E,G,H) or subplanckian Landau poles (I,J,L),
in agreement with our findings from Subsec. 4.2.1. The gauge portal window in models B,D,F. KM
generically implies model-dependent upper limits on «,| M, for strict and soft PS in the ballpark of
107° — 1073, see Tab. 4.3. This is not a surprise as increasing «, | My destabilizes the Higgs due to the
negative contribution 8, D —J, . a2, cf. (4.16). This destabilizing effect was already observed in [164-169].
Hence, for intermediate, weakly coupled values a, [, PS cannot be realized.

When further increasing the Yukawa coupling, the situation however changes. Sizeable values of «,,| My
induce walking regimes, where some couplings almost stop running and nearly stay constant for several
orders of magnitude. This behavior is related to approximate zeros of the S-functions of involved couplings,
see Subsec. 3.2.2 for details. An example is illustrated in Fig. 4.6 for model M with M = 1TeV and
|, = 0.2. While the running of gauge couplings stays SM-like, the Yukawa and quartic couplings o ,; \
enter the walking regime closely above the matching scale and are captured at sizeable, positive values
all the way up to Mp,®. In particular, the walking renders «, positive throughout until the Planckian
regime, enforcing vacuum stability. Moreover, the sizeable values of the Yukawas «, , decelerate the growth
of gauge couplings and push Landau poles further towards the UV. Hence, the walking regime allows to
stabilize the Higgs and to prevent subplanckian Landau poles and a new PS window opens up at large
a,| M, which we refer to as Yukawa portal. Notably, we find that the emergence of such walking regimes is
quite generic and PS can be achieved via the Yukawa portal mechanism in all models A-M for sufficiently
large a, | M- In some models, soft PS can already arise for couplings as low as o, M, = few x 1073, For
strongly coupled a, [, Z few x 107! we finally obtain strict PS in all models. This constitutes a central
result of our analysis.

3Interestingly, a,,  asymptote to very similar values as up to subleading corrections from o ;  their S-functions are
identical after exchanging o, <> .

35



4 Stabilizing the Higgs with Vector-like Fermions

107] 0.3 T T T T T T T T T T
T T T T T T T T T T T
Fstable unstable stable E 1072} E
—1 L
10 Yukawa Portal == 10_3 F -
) 3
10~=¢ E 2 104 E
10_3 _szgo 3 1()*5 E
10_4 Portal s
\ (—g, 2, 3) ]0_() i
1073 Nr =1 3 05 107 100 10T 1053 1015 1017 1019 1021 1023 1025
) My = 1 TeV 10° 10> 107 10° 10' 1013 10" 1017 10 10%! 1073 10
1076 1 1 1 1 1 1 [l/GCV
0 0.002 0.004 0.006 0.008 0.01 0.012
@ (i10) (b) Running |a, (1| for different values of |y, , in-

dicated by different colors. We observe the transition
from the gauge to the Yukawa portal by varying «, | Mp-
For feeble v, (violet, dark blue) strict PS is achieved
via the gauge portal. Increasing o[y, renders the
minimum of a;, negative, giving rise to a subplanckian
metastability interval (light blue). When further in-
creasing «,,| M, the second sign change moves beyond
My, yielding Planck scale metastability (green). Even-
tually, for a,, = 1072 (yellow, orange, red) soft and
strict PS are restored due to a strongly coupled walking
regime.

(a) Absolute value of the Higgs quartic coupling at the
Planck scale |ay (Mp)| as a function of the Yukawa por-
tal coupling at the matching scale |y, Stability can
be achieved via the gauge portal (blue) or the Yukawa
portal (red) for feebly or strongly coupled o[y, , re
spectively. In between, weakly coupled «| My destabi-
lize the Higgs potential and render a, (Mp,) negative
(green).

Figure 4.7: Gauge and Yukawa portal mechanism for different values of o, | M- Exemplarily shown are
plots for model M with a single VLF of mass M~ 1TeV. For feeble values of @, |, PS is achieved
via the gauge portal mechanism. In the weakly coupled regime, the Yukawa destabilizes the Higgs
vacuum. Finally, strongly coupled «,,| 1, allows for PS again. Figures taken from [2].

We stress that the Yukawa portal relies on a completely different mechanism than the gauge portal. In
the gauge portal mechanism, the mild enhancement in the running of gauge couplings indirectly causes an
higher-order uplift and squeezing of o,. This results in a mild deformation of the RG trajectories w.r.t.
the SM. In the Yukawa portal mechanism in contrast, the shape of Yukawa and quartic RG trajectories is
drastically changed due to large «,, contributions to their S-functions already at leading order.

The dominant RG mechanisms that are operative for different magnitudes of the Yukawa coupling are
further illustrated in comparison in Fig. 4.7. There, the impact of the value of «, |, on vacuum stability
is investigated exemplarily in model M for My =1TeV. Fig. 4.7a shows |a, (Mp,)| as a function of o, [y,
whereas Fig. 4.7b depicts the full RG trajectory |a,(u)| for selected values of a,|y,. From Fig. 4.7b
we see that for feeble and weak Yukawas |y, < 1072 the hypercharge Landau pole occurs above Mp,
around g >~ 5- 10?3 GeV. The minimum value o™ is realized around fi,,;, >~ 10'3 GeV. For feeble Yukawa
couplings (violet, dark blue) the Higgs quartic stays positive throughout the running and we obtain a
strictly Planck-safe RG evolution due to the gauge portal mechanism. When increasing the Yukawa, o}
decreases and eventually turns negative for «,| My = 8- 10~*. This give rise to a metastability interval
of quickly increasing width. At first, the second sign change stays subplanckian (light blue) and we still
encounter soft PS with a, (Mp,) > 0, see also Fig. 4.7a (blue). Above |y, = 1.4+ 1073 in contrast the
second change is pushed in the transplanckian regime and the gauge portal closes due to the loss of Planck
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Figure 4.8: BSM critical surfaces in the My — a, [, plane for Model M (a) and L (b) from Tab. 4.1
for Np = 1 and coupling to third generation SM fermions only. Same color coding as Fig. 4.1, also
indicating unstable potentials ay, < —10~* (brown). 90% confidence level (c.l.) exclusion regions on
a, /M2 from SMEFT fits [177, 178] are indicated as black hatched regions. Figures taken from [2].

scale stability (green).

This changes again for «,| M = 8- 1073, when the Yukawa portal opens up and «, is captured in a
walking regime at sizeable, positive ay, ~ 107!, The second sign change is thereby again enforced below
Mp,, rendering the trajectory softly Planck-safe (yellow, orange)*. The onset of walking occurs earlier for
larger [y, . Above a, |y, Z 0.2 the walking starts immediately above the matching scale, even preventing
the first sign flip and inducing strict PS again.

We are now in the position to study the impact of varying the matching scale p, ~ M on the RG flow.
To this end, we perform systematic scans over the Mp — a, ), parameter space in all models A-M. In
Fig. 4.8 we exemplarily show the BSM critical surfaces for models M and L, of which the first exhibits a
gauge portal for TeV-ish M while the latter does not.

More precisely, in model M we find that the strict (soft) PS via the gauge portal mechanism is achieved
for small o, |y, < 1073 —10"* and M < 10TeV (My < 3-10% TeV), in accord with our previous findings.
For higher masses, the gauge portal closes as there is not enough RG time left to render a, (Mp,) positive
and we encounter Planck scale metastability. For 1073 < o, | My S 1072 we observe the characteristic

vacuum instability strip due to the destabilizing contribution D> —J, a2 C 3,. Above, the Yukawa portal
opens up at a, |y, 2 1072 (o[, = 1071) for soft (strict) PS. In contrast to the gauge portal, the soft
and strict Yukawa portal window stays open almost all the way up to their natural cut-off scales, i.e. Mp,
and My =~ 107 TeV where «, becomes negative in the SM, respectively. The reason are the inhomogeneous
a,, contributions to 8, which dominate for large o, |);, and can cause a, to enter a stabilizing walking
regime almost immediately above the matching scale.

In model L in contrast there is no gauge portal for TeV-ish My, due to the hypercharge Landau pole
being subplanckian around p = 10** TeV. When increasing the mass the Landau pole is however pushed
into the transplanckian regime and for 3 - 102 TeV < M < 10 TeV, a gauge portal into soft PS opens up.

4Interestingly, the walking regime also pushes the hypercharge Landau pole further towards the UV.
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The rest of the parameter space looks qualitatively similar to model M. In fact, this is the case for all
models. At large mass and low coupling we encounter metastability as in the SM. Intermediate values
of a [y, cause an instability band, above which the Yukawa portal for soft and finally strict PS opens
up. Qualitative differences only arise in the low Mp and «, |y, region, which can exhibit a gauge portal
window, metastability or subplanckian Landau poles.

We also studied the impact of coupling the VLF to first or second instead of third generation SM fermions.
While the phenomenological implications differ (see Subsec. 4.2.4), the BSM critical surfaces are almost
identical to the third generation case. The reason is that mixed terms containing both SM and BSM
Yukawas in the S-functions are numerically small and hardly influence the RG flow.

The Yukawa portal mechanism is sourced by large values of the Yukawa coupling which induce walking
regimes and often requires o[y, = 1071, This is close to the perturbativity limit «,, ~ 1 and hence raises
the question whether the Yukawa portal and the associated walking regimes are perturbatively stable,
i.e. whether they persist at higher loop orders. At the highest available loop order which is 432 in the
gauge, Yukawa and scalar sector, respectively, the Yukawa portal disappears due to Landau poles in the
Yukawa sector, see Fig. B.5. However, given that walking regimes typically also attract the Higgs quartic
at similarly sizeable values a, = 107! as the Yukawas, applying the 432 S-functions seems inconsistent. To
clarify the situation an analysis at full 3-loop order is needed. Unluckily, up to now this is not possible due
to the lack of a template formula for scalar quartic S-functions at 3-loop order.

4.2.3 Flavorful Yukawa Portals

So far, we considered Yukawa couplings of VLFs only to a single SM fermion at a time. However, it seems
natural to allow for all renormalizable couplings compatible with symmetries to be present in the theory.
Therefore, while still keeping precisely N =1 BSM fermion we now generalize our analysis by taking into
account three VLF Yukawa couplings &, to the three SM fermion generations, respectively. In the spirit of
minimality, we make use of the approximate SM flavor symmetry

U(2) x UQ2)y x U2)p x UB), x UB) g, (4.17)

cf. (2.20) which is only broken mildly by small SM Yukawas of leptons as well as first- and second-generation
quarks. Accordingly, we use the ansatz

K = (4.18)

(K, Kk, k)  for VLLs
(k, k, &) for VLQs’

which reduces the number of independent BSM Yukawa couplings to two (one) for VLQs (VLLs).

We find, that the BSM critical surfaces in all models are qualitatively very similar to their pendants in
the Subsec. 4.2.2 with coupling to third generation SM fermions only. The only systematic deviation is
a shift of the PS windows towards lower values of a,[, compared to the single Yukawa case. In VLL
models A-F this shift amounts roughly to a factor of < 3. The reason is that «, contributions to the
B-functions stemming from fermion bubble diagrams pick up an additional factor three from all SM fermion
generations running in the loop. This also reflects our finding from Subsec. 4.2.2 that the RG evolution is
hardly influenced by the choice of the SM fermion generation a VLF couples to.

In the case of VLQs, the flavor symmetry (4.17) suggests two independent Yukawa couplings a,, 7. For
flavor-universal v, |5;, = a|)s, We again find the downwards shift in a,,_z[,,, to amount to a factor < 3,
cf. Fig. 4.9 exemplarily for model L. and M, in complete analogy to the VLL case. Fig. 4.9 also shows
the BSM critical surfaces of model L and M in the «a, [ — az[y, plane for Mp=1TeV. The plots are
basically symmetric under the interchange ay <+ 2, as two SM fermion generations couple with s but

38



4.2 Yukawa Portals

1072

gli Tev

1074
1076

10—8 ) -
10°% 10% 10* 107 1

aKll TeV

(a) Model M, M, = 1TeV.

ak,?lMp

1 102 10% 107 10?2 10%
MF/TCV
(b) Model M, a"%’lMF = Ofn|MF.

1
1072
o
g
T 10!
1076
1078
10°% 1009 107* 1072 1
aKll TeV
(c) Model L, M =1TeV.
B
3
<]

1 10 105 10° 10?2 10%®
MF/TCV
(d.) Model L, Oé',;lMF = aK/lMF.

Figure 4.9: BSM critical surfaces for N =1 VLF with Yukawa portal couplings to all SM fermion
generations. Surfaces are exemplarily given for models M (a,b) and L (c,d) in the o, |y, — azly, plane
with fixed My =1TeV (a,c) and the Mp— [y, plane for agz|y, = @[y, (b,d), respectively. Same
color coding as Fig. 4.1. Regions excluded by AF =1 or AF =2 FCNC bounds [179] on «,,/ M2 and
a? /M2, respectively, are indicated by the black hatched areas. Most stringent FCNC constraints are
from K; — pp decays and K-mixing in model M (a,b) as well as 1-loop contributions to D-mixing in

model L (¢,d). Figures taken from [2].
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(a) VLF pair production at colliders (schematic). Fig-

ure adapted from [5). (b) VLF contribution to D-mixing (model L).

Figure 4.10: Phenomenology of VLF models.

just one with i. We also learn that for hierarchical Yukawas a,, < az and vice versa the Planck fate is
determined by the larger coupling while the influence of the smaller one is of minor importance. While the
Yukawa portal dynamics are widely independent of the SM fermion generation(s) and even species the
VLF couples to, phenomenological signatures and existing bounds differ severely.

4.2.4 Mass Limits

We briefly examine experimental probes of VLF models A-M featuring a single VLF with Yukawa portal
coupling k. While detailed phenomenological analyses can be found elsewhere [46, 179-181] we focus on
the interplay of constraints from phenomenology and PS. A non-vanishing BSM Yukawa coupling x # 0
induces VLF decay to a SM fermion and a Higgs, W- or Z-boson, depending on the model [179, 180]. This
allows for pair and single-production searches at colliders (Fig. 4.10a), see. e.g. [175, 176], which constrain
Mp and o, as a function of M, respectively. Mass bounds from these direct searches typically do not
exceed My < 1.5TeV [175] and are not shown in the surface plots for clarity. In addition, bounds on
a,,/M% can be inferred from global SMEFT fits. They are particularly sensitive to large values of «,, which
are required for the Yukawa portal mechanism. This complementarity often allows to probe higher BSM
masses than direct searches.

We exemplarily study the mass bounds arising from the combination of PS and phenomenological
constraints for model L, starting with the third generation only scenario. Matching the model to SMEFT
induces only two WCs, namely [102]

C3 = 8n? Qy O3, =82y P (4.19)
corresponding to the operators
fru = i (D, H) = (D, H) H) (UFAUS), - Qly = (HUH)(QHU;). (4.20)

From a single operator SMEFT fit [178] we obtain the 90 % c.l. limit «,,/M% < 0.01 TeV 2. Recalling that
model L does not feature a gauge portal, PS in contrast requires sizeable values of «,, to achieve PS via the
Yukawa portal. Combining both constraints, from Fig. 4.8b we can read off the mass bounds

ATV < Mp<107TeV,  (1TeV < Mp < 1016 TeV) (4.21)

for strict (soft) PS, where the lower limit for strict PS is already higher than direct search bounds.
If Yukawa couplings to more than one SM fermion generation are switched on, additional constraints
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Model Flavor universal

(YF’ d2’ dS) M%cjf‘flin M;F,l;‘ilcltn
(—1,1,1) 170 TeV 870 TeV
(=1,2,1) 170 TeV 870 TeV
(—3,2,1) X 870 TeV
(0,3,1) X 1400 TeV

( ) 56 TeV 420 TeV
( ) 13 TeV 420 TeV
(—1,3,3) 29TeV 29 TeV
( ) 30TeV 30 TeV
( ) 19 TeV 480 TeV

H =T ™Hga >

Table 4.4: Lower VLF mass bounds in models A-M from Tab. 4.1 with N =1 from the interplay of
strict and soft Planck safety as well as phenomenological FCNC bounds for flavor-universal Yukawa
couplings k; = (k, k, k). While the first in the absence of a gauge portal necessitates large Yukawa
couplings v, [, 2 O(107% —107") the latter restrict a'?) /M2 to tiny values, which in combination can
require quite large M of up to a few hundred TeV. The strongest FCNC bounds in VLL and VLQ
models typically stem from LFV decays and meson mixing or decays, respectively. For models A, K, M
(D, F) no mass bound for (soft) PS can be derived as they feature a gauge portal for strict (soft) PS also
for vanishing a,,. Model E does not induce charged LFV, thus no such mass bounds can be derived.

arise from FCNC processes. In particular, AF = 1 decays are induced at tree-level via fermionic mixing in
all models A-M. In addition, AF = 2 contributions to neutral meson mixing arise at 1-loop order from
Higgs-VLF box diagrams, e.g. Fig. 4.10b, without CKM or mass suppression in VLQ models G-M. In both
cases, the bounds are typically orders of magnitude stronger than the single Yukawa ones.

In model L, the strongest constraint on the flavor-universal scenario arises from D-mixing [179] via
Fig. 4.10b and reads a, /My < 1.3-107* TeV 2. From Fig. 4.9d we infer the combined mass bounds

480TeV < Mp <107 TeV,  (19TeV < My < 1016 TeV) (4.22)

for strict (soft) PS. In both cases the lower limits are significantly higher than (4.21) and existing collider
bounds, impressively demonstrating the predictive power of PS and phenomenological bounds.

The parameter space in the Mg-a, |5, -plane is qualitatively similar in all models A-M. The only exception
is the low M and «, | M, region, where only some models exhibit a gauge portals. These models allow for
arbitrarily small o, and are tested in diboson resonance and long lived charged particle searches [174]. In
addition, VLQs models are tested in R-hadron and dijet resonance searches [42]. In all other models without
low scale gauge portal, similar bounds as (4.21) and (4.22) arise from the interplay of PS and experiments
and are summarized in Tab. 4.4. The strongest bounds arise in VLL models from LFV processes such as
p-e-conversion experiments [179] and are of 9(10%) TeV. However, flavor constraints can always be evaded
by keeping just one Yukawa coupling to a single SM fermion generation sizeable and making the other ones
feebly small. In this case, the models fall back to those in Subsec. 4.2.2.
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4 Stabilizing the Higgs with Vector-like Fermions

4.3 Summary

In this chapter we systematically explored the possibility to cure the Higgs metastability in the SM by
extending it with VLFs. We identified the gauge portal mechanism as a minimally invasive way to render
the SM Planck-safe. It relies solely on the presence of SM-charged VLFs which enhance the running of
gauge couplings. This induces an uplift (4.9) and squeezing (Fig. 4.4) of the RG trajectory of the Higgs
quartic that is potentially able to stabilize the Higgs all the way up to the Planck scale. Demanding
PS thereby results in constraints on VLF masses and multiplicities. While adding "too few, too late” is
insufficient to cure the metastability, adding "too many, too soon” results in the breakdown of the model
due to subplanckian Landau poles. Notably, for all three gauge interactions and combinations thereof there
exists a gauge portal window in between where the model is rendered Planck-safe, see Fig. 4.1, 4.2, 4.3 and
4.5. In particular, the electroweak gauge portals constitute a main novelty of this work. The effects of the
gauge portal mechanism are more pronounced for lower VLF masses, as there is more RG time left up to
the Planck scale for the mechanism to be operative. Vice versa, for heavier VLFs also higher multiplicities
are required for PS before the gauge portal windows finally close for larger masses.

We also studied all 13 VLF representations with renormalizable Yukawa coupling to the Higgs and a SM
fermion. For feeble Yukawas some models exhibit a gauge portal window in the TeV range, while others
suffer from subplanckian Landau poles or Planck scale metastability, cf. Tab. 4.2. While intermediate
values of «,. tend to destabilize the Higgs [164-169], we find that for N = 1 and large o, = O(1071) strict
PS can be realized in all models, cf. Tab. 4.3, due to the occurrence of strongly coupled walking regimes,
illustrated in Fig. 4.6. This phenomenon is qualitatively similar in all models and for all flavor structures
of the Yukawa coupling, yielding similar BSM critical surfaces in all models, see Fig. 4.8 and 4.9.

The VLF models can be experimentally searched for at colliders. Models without or with extremely
feeble Yukawas are tested in searches for diboson resonances and long lived charged particles [174] as well
as R-hadrons and dijet resonances in case of VLQs [42]. Models with non-feeble Yukawas are constrained
by SMEFT fits [178] and if flavorful by severe FCNC bounds. In consequence, in models without a TeV-ish
gauge portal the interplay of complementary experimental and PS constraints results in strong lower mass
bounds in the flavor-universal case of up to a few hundred TeV, see Tab. 4.4.

Starting from our findings, several interesting directions for future works open up. While the gauge portal
mechanism operates at weak coupling, the Yukawa portal mechanism hand appears in the strongly coupled
regime with a, \ = 107! close to the perturbativity limit a, y =~ 1. A crucial future task is therefore to
check the persistence of the Yukawa portal at higher orders, i.e. full 3-loop orders as soon as general
template scalar 3-loop p-functions are available.

It also appears promising to exploit the identified portal mechanisms for other purposes. In the gauge
portal mechanism, the mild enhancement of gauge coupling RG trajectories which is controlled by the VLF
representation might allow for coupling unification at or below Mp,, motivating a connection to GUTs with
a stable ground state (cf. [147] for an example with AS). Moreover, the possibility to achieve (approximate)
Higgs criticality at or slightly below the Planck scale renders the gauge portal an interesting tool to connect
the SM to quantum gravity in the transplanckian regime [158].

Eventually, Majorana fermions & la model F might enable leptogenesis and generate neutrino masses via
the seesaw mechanism while simultaneously stabilizing the electroweak (EW) vacuum [182]. Moreover, it is
appealing to investigate the reach of singlet VLFs as dark matter candidates.
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In this chapter, we investigate the possibility to induce PS in minimal SM extensions relying solely on BSM
singlet scalars, closely following [4]. Such models imply an extended scalar potential featuring additional
quartic interactions. It is well know that in this setup Higgs stability can arise due to a renormalizable portal
coupling ~ 6(HH)(S'S) of BSM scalars S and the Higgs [183-191], with minor influence on the gauge and
Yukawa sector. At the same time, additional BSM stability conditions constrain the allowed values of BSM
quartics. We extend previous studies by investigating this Higgs portal mechanism at full 2-loop accuracy
including all quartics and systematically scrutinizing the complete allowed parameter space in minimal
scalar extensions with and without flavor. If there is SSB in the BSM sector the Higgs portal induces scalar
mixing with crucial consequences for Higgs phenomenology. We investigate the complementarity between
PS and phenomenological constraints in this scenario which results in an enhanced predictivity. We also
work out prospects for present and future colliders with a focus on Higgs self-couplings which determine
the shape of the Higgs potential.

This chapter is structured as follows: We start with unveiling the RG dynamics of the Higgs portal
mechanism, in particular focusing on models with a O(Ng) or SU(Ny) x SU(Ny) flavor symmetry and
also explicitly exploring potentially negative BSM quartics in Sec. 5.1. Afterwards, we analyze the
phenomenology of Planck-safe models based on scalar mixing in Sec. 5.2 with special emphasis on induced
deviations in the couplings of the physical Higgs boson and the corresponding collider reach. In Sec. 5.3 we
conclude.

5.1 The Higgs Portal Mechanism

SM extensions with real singlet scalars S; allow for a renormalizable Higgs portal interaction

£ 6, (HUH)(S]'S,) (5.1)

via the dimensionless portal couplings d,. It is well known that the Higgs portal directly affects the RG
evolution of the Higgs quartic via the 1-loop contribution to its S-function

By =BM+ Z2ni oz%i . (5.2)

Here n; denotes the number of real scalar fields in the component S;, such that (5.1) is compatible with
an O(n;) symmetry for each S,. Integrating 8, (5.2) from the NP scale p, to a scale A > p yields an
enhancement of the Higgs quartic

ay (A) — aSM(A) Z2nia§i . (5.3)

This constitutes the (direct) Higgs portal mechanism. Note that the portal couplings contribute positively
to By independent of their signs.

For the sake of simplicity, we now focus on a minimal scenario with a single Higgs portal coupling a.
Its RG evolution is then technically natural and given by

Bs=Xa;  with X =Y X" (a(n)) (5.4)

being a polynomial receiving contributions from both SM and BSM couplings «, cf. (3.12). Hence, oy
cannot be induced radiatively and the Higgs portal mechanism therefore requires as(uy) # 0 at the
matching scale. The scalar potential in addition contains quartic couplings «, between the BSM scalars
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5 Scalar Portals into Higgs Stability

whose structure is determined by the underlying symmetries. However, they have little direct influence on
the running of SM couplings as contributions of o, to SM S-functions only arise beyond 2-loop order and
always involve the portal coupling a5 [114]. Thus, the leading impact of these pure BSM quartics on «
arises indirectly from their 1-loop contributions to the running of the Higgs portal coupling that reads

5(21) = XWay; D Z —I—ngaqa(g, (5.5)
q

cf. (3.12). As Zquqaq

Higgs portal mechanism. Also the SM 1-loop contribution XM (agy; (1)) is positive for py < 1010 GeV,
rendering the full X* > 0. Hence, for small oy < 1 and slowly varying X, (5.4) induces an approximately
exponential RG growth of |a;| obeying o (p) oc ais(pg)(11/ 1) . Sizeable BSM quartic values then imply a
sizeable X via (5.5) and thereby a fast growth of the portal coupling. Notably, for sufficiently large «, this
still allows to induce sizeable (1) in the RG flow which can stabilize the Higgs even when starting with
very feeble as5(p) at the matching scale. This indirect Higgs portal mechanism constitutes one of the main
novelties of this work. It demonstrates that vacuum stability from singlet scalars can unexpectedly also be
achieved for almost arbitrarily feeble portal couplings.

The maximum values of scalar quartic couplings are however constrained by demanding tree-level
perturbative unitarity in scalar 2 — 2 scattering. For the physical SM h and BSM s Higgs modes with a
potential

is typically positive, this enhances the running of || and thereby fuels the

A A 0
(4) _2pa . = 4y P 3202
VW(h,s) 4h —I—N25 —|—2Nh 5%, (5.6)
cf. App. C, these constraints in the limit of vanishing mixing read [192]
1 N2 N
il A< < .
W~ o ~ 247’ 5N67r’ (5.7)

constraining quartics to rather perturbative values. However, the conditions (5.7) are relaxed when taking
into account loop corrections. If there is SSB in the BSM sector additional limits on quartics arise from
scalar mixing as discussed in Subsec. 5.2.1.

5.1.1 O(Ng) Scalars
We now focus on the simplest global symmetry group for a SM extension with Ng real BSM scalars, that is

O(Ng). The scalar potential reads

2
Vong (H,S) = —u4HTH — %STS + NHTH)? +0(STS)? + 6 (HH)(STS), (5.8)

where the implicit summation over scalar flavor indices is understood. It features the Higgs portal coupling
§ as well as a single BSM scalar self-coupling v and a mass parameter p2. It is stable at tree-level if

A >0, v >0, 0> =2V, (5.9)

interestingly also allowing for negative values of the portal coupling. Note that the potential (5.8) also
describes the case of %N s complex scalars with a global U(Ng/2) symmetry for ST — St and an additional
factor 2 in the p% term, cf. App. C. Additional quartic interactions may arise in the case of more
sophisticated global symmetries. Nevertheless, the O(Ng) symmetry can always be restored by setting
these additional couplings to zero.
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Figure 5.1: Planck-safe 2-loop RG flow in the O(Ng) model (solid) and in the SM (dashed). Exemplarily
shown are the RG trajectories of couplings for Ng = 1 real BSM scalar singlet of mass M, = 1 TeV
with ag(M,) = 1072, a,(M,) = 1072 (a) and az(M,) = 1073, a, (M,) = 10~* (b), respectively. In (a)
the quartic couplings «, 5, enter a walking regime before the Planck scale, whereas in (b) the running
to Mp, occurs within a weakly coupled regime without walking. Plots taken from [4].

The Higgs portal mechanism arises at 1-loop in the S-function of the Higgs quartic
BY = g 4 2Ng a2, (5.10)

which is enhanced by an inhomogeneous a2 term in accord with (5.2) for n; = Ng. Apart from that, RGEs
of SM couplings are widely independent of the BSM sector with the leading contributions of a5 («,,) to
Yukawa and gauge S-functions arising at 2-loop (3-loop) and 3-loop (4-loop), respectively. Recall that the
RG evolution of the Higgs portal is technically natural and governed by both SM and BSM couplings, cf.
(5.4). Most importantly,

B 5 +[(16 + 8Ng)a, + 8az]ag (5.11)

receives a positive 1-loop contribution from the pure BSM quartic «,, cf. (5.5)*. Hence, sizeable «,, can
indirectly fuel the Higgs portal mechanism by accelerating the RG growth of as. The 1-loop S-function of
the pure BSM quartic «,,

B = (64 + 8Ng)a2 + 202 (5.12)

depends only on the BSM quartics «; ,,. Importantly, it is not technically natural as it can be radiatively
switched on by as5. SM coupling contributions on the other hand just arise starting from 2-loop order and
are always mediated by the portal coupling, i.e. x ag.

The vacuum stabilization via the Higgs portal mechanism can proceed either in a weakly coupled or a
walking regime, see Fig. 5.1, which is determined by the choice of parameters. The occurrence of walking
regimes is generically promoted by larger values of o, o, and Ng. Also the onset of walking occurs at
lower energies for larger multiplicities and quartics. Typically the walking regimes capture all quartics at
sizeable positive values o 5, =~ ©(1072 — 10 !) which stabilizes the Higgs, prevents possible subplanckian
Landau poles in az and thereby significantly enhances the Planck-safe parameter space.

We now examine the influence of the four free model parameters on vacuum stability, namely the physical

'We omitted all SM coupling contributions in (5.11) as they are not relevant for demonstrating the portal dynamics.
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(a) Ng = 1. (b) Ng = 10. (c) Ng = 100.

Figure 5.2: The Higgs portal mechanism in the O(Ng) model. Exemplarily shown are the BSM
critical surfaces in the ags(M,)-a, (M) plane for Ng =1 (a), Ng =10 (b) and Ng = 100 (c) real BSM
scalar singlets of mass M, = 1TeV, respectively. PS can be achieved for sufficiently sizeable o or c,.
The minimally required values decrease with increasing Ng. We also indicate bounds from tree-level
perturbative unitarity (5.7) (black hatched) and scalar mixing (5.27) (grey hatched). Instabilities of
the Higgs potential with o, < —107% are indicated in brown, apart from that same color coding as
Fig. 4.1a. Plots taken from [4].

BSM scalar mass M, = 1 TeV, cf. App. C, as well as Ng, a5(M,) and v, (M,). Starting with the quartics,
the BSM critical surface in the ag(M,)-a,,(M,) plane is shown in Fig. 5.2 for Ng = 1, 10, 100 BSM scalars
of mass M, = 1TeV. Note that for Ng = 1 the scalar symmetry falls back to a Z,. The metastability of
the Higgs potential can be cured if either a5 or «,, is sufficiently sizeable. However, too large values of oy
eventually give rise to subplanckian Landau poles in a4 or instabilities of the potential?. For too low Ay 5
on the other hand the effect is too small and the metastability persists. When increasing Ng, the minimal
required value of a; , decrease. More precisely, we find the conditions

1073/\/Ng < a5 < few x 1072

or NS a, > 1072 and g > 1070.16N5~76.6 (a5 > 1070.93N576.1) (513)
for strict (soft) PS. While the first condition is for direct stabilization and only depends on «j, the latter
corresponds to indirect stabilization sourced by the pure BSM quartic a,, see Fig. 5.3. The scaling of the
minimal values of a5 and «,, can be understood from 3, (5.10) and S5 (5.11). The stabilizing contribution
to B, is ox Nga? which explains the scaling of'™ oc 1/,/Ng for direct stabilization. In case of indirect
stabilization on the other hand the enhancement of 35 by «,, is in good approximation o< Ngasc,, implying a
scaling ™™ oc 1/Ng. Moreover, indirect stabilization requires a minimal value of a5(M,) > 0 as otherwise
the mechanism is spoiled by the technical naturalness of as. However, this minimally required value of
as(M,) exponentially decreases with Ng down to extremely feeble values, see Fig. 5.3a. The reason is that
a large Ngar, = 1072 due to (5.11) induces an exponential growth of a5 over several orders of magnitude as
depicted in Fig. 5.3b. There, for Ng = 10 a feeble value of as(M,) = 10715 is still sufficient to induce soft
PS. The PS conditions (5.13) become more strict for larger BSM masses M,, see Fig. 5.4, as there is less

2For large Ng and a4 negative 2-loop contributions oc N Sozg to s become relevant and tame the pole. However,
simultaneously negative 2-loop contributions to 8, also scaling with N Sa‘g spoil the stabilization of the Higgs.
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(a) BSM critical surface in the agz(M,) —
Ng-plane for fixed «,(M,) = % and M, =
1TeV. For larger Ny the minimally required
value of ag(M,) for the indirect portal mecha-
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feeble values. Same color coding as Fig. 5.2.
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(b) Exemplary softly Planck-safe RG flow due to the indirect
Higgs portal mechanism. We show the RG evolution of couplings
at full 2-loop order for Ng = 10 BSM scalars (solid lines) with
mass M, = 1TeV and ag(M,) = 1071 o, (M,) = 1073 with
SM running (dashed lines) for reference. The portal coupling a
exponentially grows over several orders of magnitude, eventually
getting sufficiently sizeable to render a, (Mp;) > 0.

Figure 5.3: The indirect Higgs portal mechanism in the O(Ng) model for feeble portal couplings a.
The mechanism is induced by the sizeable Nga, (M,) but still requires a; > 0.
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Figure 5.4: Impact of the BSM mass scale M, on the Higgs portal mechanism in the O(Ng) model.
Exemplarily shown are the BSM critical surfaces in the M -a5(M,) plane for Ng = 1 real BSM scalar
singlet of mass M, = 1 TeV for fixed a,(M,) = 10~ (a) and a,(M,) = 1072 (b), respectively. While in
the first case there is little influence of M, on the allowed range of agz(M,), in the latter the sizeable
a, (M) opens up large amounts of parameter space for small a;(M,) at low M, due to the indirect
Higgs portal mechanism. Same color coding and exclusion regions as Fig. 5.2. Plots taken from [4].
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RG time In uﬂ left to stabilize the Higgs. This effect has little impact on the direct Higgs portal mechanism

0
but it is quite important for the indirect stabilization via sizeable a,, = 3 - 1073, see Fig. 5.4b. There, the

strong increase of the minimal required az(M,) with M, nicely illustrates the decreasing effectivity of the
indirect stabilization mechanism due to the reduced RG time for which it is active. For TeV-ish M, and
sizeable o, (M) = 10~2 however strict (soft) PS can already arise for a; = 1075 (1077).

5.1.2 Flavorful Scalar Matrix Field

We now study a more sophisticated SM extension by a BSM scalar sector as in the Litim-Sannino model [40].
It features a flavorful, complex BSM scalar matrix singlet field S;; with flavor indices i, j = 1,..., Np which
obeys a SU(Ny), x SU(Ng)p flavor symmetry under which S — VISU and V,U C SU(Ng) ., SU(Ng) g,
respectively. The scalar potential of the model reads

Vsuv,2(H,S) = —p4HTH — p2Te [STS] + N(HTH)? + uTr [STSSTS] + 0 [Tr 578])* + 6 (HTH) Tr [ST5]

(5.14)
where traces are in flavor space. It features the portal coupling 0 as well as two pure BSM quartics u, v.
The large flavor symmetry severely reduces the number of BSM parameters by preventing the occurrence
of a plethora of a priori independent quartics. For u = 0 the global flavor symmetry falls back to the
O(2N%) case according to the 2N% real d.o.f.. Therefore, a, is technically natural and cannot be switched
on radiatively.

The model is interesting for several reasons. First of all, the presented scalar sector has proven to be key
for AS in GY theories [40, 42, 45, 46] and also strongly facilitates PS in BSM model building [1, 45, 46].
Moreover, it is possible to connect scalar to SM fermion flavor for N = 3 [1, 45, 46, 181]. This can give
rise to unique, flavorful collider signatures while still evading FCNC limits [181]. In addition, the potential
(5.14) exhibits two distinct ground states V*

N
v+ {)\>O, u>0, u+ Npv>0, and V- {)\>O, u<0, wu-+uv>0,

5> —2/N(w/Np+0) 5> —2/Nu+0) (5.15)

depending on the sign of u. Notably, the ground state V* (V) allows for negative quartics §,v < 0
(6,u < 0). V~ in addition spontaneously breaks flavor universality offering a novel opportunity to address
flavor anomalies [45].

We now work out the dynamics of the Higgs portal in this model. The Higgs quartic S-function reads

B = M 4 N2az (5.16)

giving rise to a strong, N2 enhanced Higgs portal. The influence of the BSM quartic self-interactions Qy
on «, is as in the O(Ng) case channeled through their contribution to

B S [8Npay, + (ANZ + 4)ay, + daglag (5.17)
enabling the indirect portal mechanism. Their own RG evolution is controlled by
BY = (8Npay, + 24ar,)ov,, | (5.18)

BY =[1202 + 16 Npar, v, + (ANZ + 16)02 + 202 (5.19)

and largely decoupled from the SM. «,, can be switched on radiatively by both s ,,, whereas «, is technically
natural. This prevents any RG-induced sign changes of «,, giving rise to vacuum transitions between V*.
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Figure 5.5: The Higgs portal mechanism in the SU(Ny) x SU(Ny) model. Exemplarily shown are the
BSM critical surfaces in the ag(M,)-a,(M,) (a), as(M,)-a,(M,) (b) and v, (M,)-c,(M,) (c) plane,
respectively, for N = 3 flavors of complex BSM scalars with a mass M, = 1TeV and the remaining
quartic fixed as a, , 5(M;) = 1076, The indirect stabilization mechanism is less efficient for a,,, which
develops subplanckian Landau poles for too sizeable initial values «,, (M,). Dark (light) blue corresponds
to strict (soft) PS in the vacuum configuration V*. Apart from that, same color coding and exclusion
regions as Fig. 5.2. Plots taken from [4].

For the parameter space analysis we mostly focus on Np = 3 flavors of complex BSM scalars with a
mass of M, = 1TeV. The corresponding BSM critical surfaces are shown in Fig. 5.5 in the different planes
spanned by the quartic couplings. Qualitatively, the parameter space looks similar to the O(Ng) model
Fig. 5.2. Stabilization is possible directly via sizeable a5(M;) or indirectly via large o, ,. However, too
sizeable o, ,, (M) give rise to subplanckian Landau poles due to their technical naturalness. If in contrast
all quartics are small their impact does not suffice to stabilize the Higgs.

Stability is achieved more easily for larger Np. This is not surprising, as the contributions to both the
direct and indirect mechanisms increase with Ny. The BSM critical surface in the a5(M,) — N plane is
exemplarily depicted for tiny «,, , in Fig. 5.6a. The minimally required value of a5(M) decreases as NLF as
expected from (5.16). For lower Np, an upper limit on a4 arises due to the occurrence of subplanckian
Landau poles. This changes however at larger N where the pole is tamed by a negative 2-loop contribution
to ﬂ((;z) D —(Ni+ IO)ag. However, in that case also the Higgs quartic receives a negative 2-loop contribution

,8&2) D —4N%a? which for o = 0.25 dominates over the 1-loop uplift (5.17) and causes an instability in the
Higgs potential. In combination we obtain the condition

1 0.05...0.08) N, N <10

—14-1073 < ay(M,) <

Np s(M,) 0.25, Np= 10

for PS via the direct portal mechanism, widely independent of «,, ,(M;) and Mg, unless a,, (M) ~ O(1)
or My ~ Mp;. As a novelty w.r.t. the O(Ng) model, we find that indirect stabilization can be achieved
via both «,, and «,,. The indirect mechanism via «,, is however less efficient as its contribution to 85 only
scales with N whereas the «,, one scales with Nz, see (5.17). Accordingly we find the conditions

(6..8)-107% < Nia,(M,), 3-103< Npa,(M,) < (6...8)-1072 (5.21)
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(b) Impact of the BSM scalar mass M, on the Higgs por-
tal. For lighter M, soft PS can still be realized also for
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which induces a fast RG growth of a. For larger M,
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Figure 5.6: Influence of the number of scalar flavors Ny (a) and the scalar mass M, (b) on the
Higgs portal in the SU(Np) x SU(Np) model. Exemplarily shown are the BSM critical surfaces in the
as(M,)-Np (a) and M -a5(M,) (b) plane, respectively, with the fixed values of all other parameters
indicated in the plots. Same color coding and exclusion regions as Fig. 5.5.
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Figure 5.7: Illustration of the Higgs portal mechanism in the SU(Ny) x SU(Ny) model. Shown is the
2-loop running of couplings for N = 3 and M, = 1 TeV (solid lines) compared to SM running (dashed
line). The quartic couplings a, ;, enter a walking regime at sizeable values around p =~ 10'° GeV
whereas «,, asymptotically approaches zero, restoring the O(2N2) symmetry. Plot taken from [4].
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Figure 5.8: Exemplary RG flow for a negative portal coupling as(M,) = —1077 in the O(Ng) model.
Shown is the 2-loop running of couplings for Ng = 1 and M, = 1 TeV compared to SM running (dashed
line). The value of |ag| is just sufficient to render «, (Mp;) > 0, but already violates the BSM stability
condition a5 > —2,/a,a, at Mp, spoiling PS.

for small, but not too small a5(M,) > 0 and TeV-ish M,. The upper bound on «,, arises from demanding
the absence of subplanckian Landau poles.

The impact of M, on stability is shown in Fig. 5.6b. As in the O(Ng) model, for TeV-ish M, and sizeable
@, ,(M,) PS can also be achieved for tiny a;(M) due to the indirect portal mechanism. It is fueled by the
pure BSM quartics which induce a fast RG growth of as. For larger M there is less RG time left until
Mp, for the mechanism to set-in. Hence, also larger ais(M,) are required to still induce sufficient impact to
stabilize the potential.

Larger values of quartics ay ,, ,, and flavors N favor the occurrence of walking regimes, see Fig. 5.7,
enlarging the PS window. interestingly, the walking regime corresponds to the same pseudo FP as in the
O(2N%) case3. In accordance, o, rapidly goes to zero as soon as the other quartics enter the walking
regime.

5.1.3 Negative Quartics

Interestingly, the vacuum stability conditions both in the O(Ng) (5.9) and the SU(Ny) x SU(Ny) (5.15)
model explicitly allow for negative values of the portal coupling ag. In the SU(Ny) x SU(Np) model in
addition, negative values of the pure BSM quartics «,, , are compatible with tree-level stability.

A negative portal coupling ay < 0 stays negative throughout the RG evolution due to its technical
naturalness, cf. (5.5). Notably, this does not spoil the Higgs portal mechanics as the portal contribution to
By (5.10), (5.16) scales with a?. However, we find that PS cannot be realized at all for a negative o in
either of the models. This is related to a conflict between the portal stability conditions in (5.9), (5.15)
and Higgs stability. While the portal conditions in (5.9), (5.15) are trivially fulfilled for positive quartics,
they restrict a negative a5 not to be excessive compared to the remaining quartics. PS via the Higgs portal
mechanism on the other hand requires a sufficiently sizeable ag contribution to 3, at some intermediate
scale, which for aiy < 0 then turns out to generically be in conflict with BSM stability, see Fig. 5.8.

3Note that the normalization of &, v differs between SU(Ny) x SU(Ny) and O(2N2) and therefore they asymptote to
different values in Fig. 5.1a and Fig. 5.7.
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Figure 5.9: BSM critical surfaces in the SU(Ny) x SU(N) model for negative «,,. Surfaces are given
in the (o5(M,), —a,, (M,) (a,b) and (—a, (M), a,(M,)) (c,d) plane for Np =3 and M, = 1TeV with
the remaining quartic fixed as a;,, (M) = 10 (a,c) and oy, (M,) = 1072 (b,d), respectively. Dark
(light) green corresponds to strict (soft) PS in the vacuum configuration V'~ while gray indicates a
violation of the BSM stability conditions in (5.15). Apart from that same color coding and exclusion
regions as Fig. 5.2. The stability condition «,, + Npa, > 0 dictates the most negative allowed value of
a,| u, for PS giving rise to the border between regions of PS and vacuum instabilities. Plots taken
from [4].

A too large —a5(M,) > 0 violates the portal stability condition already at the matching scale. Hence,
vacuum stability at p, ~ M, implies an upper limit on —ags(M,) which depends on the value of the pure
BSM quartic(s) «, (o, ,). For weakly coupled or tiny o, (M) (o, ,(M;)) also —as(M,) has to be small.
We find that in this scenario the effect on «, is generically to small to induce Higgs stability all the way up
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Figure 5.10: BSM critical surfaces in the SU(Ny) x SU(Ny) model for negative «,. Surfaces are
given in the (a5(M,), —a, (M) (a,b) and (e, (M), —a,(M,)) (c,d) plane for Np = 3 and M, = 1TeV
with the remaining quartic fixed as a;,,(M,) = 10~* (a,c) and g, (M,) = 1072 (b,d), respectively.
Same color coding and exclusion regions as Fig. 5.9 with dark (light) blue indicating strict (soft) PS in
the vacuum configuration V*. The stability condition «,, + «,, > 0 dictates the most negative allowed
value of o, (M) for PS giving rise to the border between regions of PS and vacuum instabilities. Plots
taken from [4].

to Mp, via the direct or indirect Higgs portal mechanism. Strongly coupled «,,(M,) (or a,(M,)) in contrast
induce a quasi-exponential RG growth of —a; via (5.4)%. For very feeble —az(M,) the indirect portal
mechanism is still to weak to render «, positive. If in contrast —as(M,) is sufficiently large to prevent the
sign change of ary, this growth invariably results in a RG-induced violation of the portal stability condition

4The pure BSM quartic terms(s) quickly dominates the RG evolution of the portal coupling independent of Q) (M), as
sizeable v, ,,) > 0 is also always inhomogeneously induced by « itself, cf. (5.12), (5.18), (5.19).
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below the Planck scale and potentially even a negative a5 pole. The deeper reason is the the large separation
between the scale of the o, sign change in the SM, u ~ 10*! GeV, and Mp,. Therefore, the above problems
cannot be circumvented by increasing the matching scale up to the scale of sign change M, < 10! GeV,
either. Hence, we find that strict PS cannot be realized for negative portal couplings, which we explicitly
verified numerically in extensive parameter scans. In addition, also soft PS with intermediately negative o,
is inevitably excluded for negative portal couplings as a, < 0 always violates the portal stability condition®.
Moreover, we find that restoring Higgs stability at Mp; comes at the price of a simultaneous portal stability
violation preventing full Planck scale stability, see Fig. 5.8. Putting it all together, PS is excluded for a5 < 0.

Vacuum stability in the SU(Ny) x SU(Ny) model (5.15) also allows for negative values of the pure
BSM quartic «,, (V1) or «,, (V7). The BSM critical surfaces for negative «,, (M) < 0 and «, (M) <0
are depicted in Fig. 5.9 and Fig. 5.10, respectively. In both cases, PS can be realized for a vast range of
couplings and in the ground state V'~ (V) for negative o, (cv,), but without transitions due to the technical
naturalness of «,,. Vacuum stability (5.15) at the matching scale in V* (V™) requires a, (M) > |a,, (M,)]
(o, (M) > Npla,(M,)|). These conditions explain several of the borders between regions of PS or Higgs
metastability and vacuum instabilities, respectively.

Outside these regions of vacuum instabilities, the BSM critical surfaces exhibit similar patterns as for
positive quartics. Stabilization can be achieved directly via a sizeable portal coupling as(M,) widely
independent of the pure BSM quartics «, ,(M,). Additionally for sizeable «, , (M) indirect stabilization
is operative also for smaller ags(M,). The BSM critical surfaces are qualitatively similar for negative a,
and «,,, respectively, only differing in their vacuum configuration. However, indirect stabilization via a,,
is again a bit less effective than via «, due to smaller contributions to S5 (5.17) and the occurrence of
subplanckian Landau poles for |a,, (M,)| = 1072 ...10~!. The identification of sizeable PS parameter space
regions for negative «,, , constitutes one of the main novelties in this work and is only possible due to the
richer flavor symmetry.

5.2 Higgs Phenomenology

We now work out some crucial implications of our models for Higgs phenomenology at LO. They arise from
scalar mass mixing between the SM Higgs and the BSM scalar after SSB via the portal coupling ¢, affecting
the width and couplings of the physical Higgs. For a more detailed discussion including higher-order effects
in the O(Ng) and SU(Ny) x SU(Np) model, see e.g. [192, 193] and [46], respectively.

5.2.1 Higgs-BSM Mixing

We start by briefly discussing mixing while relegating the details to App. C. If there occurs SSB in the
BSM sector, the BSM scalar S acquires a VEV v, via

0. 518
O(Ng): S;=(s+v)0+..., V'8 =—2—(s4v+if)+.., V: 8, =L (stv+is)+.., (5.22)

\/2NF * \/5

where s denotes the BSM Higgs mode, while the pseudoreal singlet § and the remaining scalar components
indicated by the dots are irrelevant for the following discussion. Goldstone bosons are assumed to acquire

SFor A < 0 the portal stability conditions in (5.9), (5.15) are not well defined. We therefore recall our definition of soft PS
in Subsec. 3.2.3: For intermediate, moderate —10~% < ) < 0, we conservatively deploy the portal stability condition in
the limit acy, — 0, i.e. § > 0 in both models, when checking for soft PS.
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small masses from additional, symmetry breaking mass terms to meet phenomenological constraints [46] but
have not been further considered here. From the breaking patterns (5.22) and the unbroken potentials (5.8)
and (5.14) we obtain the broken scalar potential of the SM and BSM Higgs modes. It can be expressed as

O (htop)(s+v,)? (5.23)

M%{ o 15 2 A 4 A 4
V(h,s):—T(h—i—vh) —§M5(5+Us) +Z(h+vh) + —(s+wv,) +ﬁ

N2
in a model-independent fashion where it holds

ONg): N=1, A=v, V*: N:Q,A:Niﬂ, Vo N=2 A=utu (5.24)
F

in the different models and vacuum configurations. After EWSB, the portal coupling as induces mixing
between the gauge eigenstates h, s into the mass eigenstates h’, s’ with a mixing angle 3 given as

d  mym
s 5.25
VAAmM2Z —m3’ (5.25)

where my, ¢ o< v, ; are the unrotated masses in the gauge basis. In contrast, we denote the masses of
the physical fields as M; = m;, = 125 GeV and M, = m, > M,;. The scalar mixing and implied
phenomenology are very similar in all our models and independent of the multiplicities Ng, N as there is
always just a single BSM Higgs mode.

tan 28 =

There are five (six) additional model parameters p2;, p%, A, 8, v (and u) in the O(Ng) (SU(Ng)x SU(Ny))
model which are constrained by two independent observables, namely the physical Higgs mass M), = 125 GeV
and VEV v, = 246 GeV obtained from G via (2.30). Hence, the models are controlled by (three) four free
BSM parameters in addition to the scalar multiplicity Ng, N, which we take to be M, as(M,), o, (M)
(and o, (M,)) as a pleasant choice for the RG analysis. Crucially, this fixes the Higgs quartic A(M,) to a
value deviating from the SM one Agy = M7 /(2v}) depending on the BSM couplings and mass, see (C.25)
for the tree-level expression. While this effect has only minor influence on the RG evolution (cf. also
Subsec. 3.1.3), it has observable impact on the following phenomenological analysis.

The scalar mixing opens many decay channels of the mass eigenstate s* to SM fermions or gauge bosons.
Vice versa, the decay width of the physical Higgs h’ to SM final states {f} is reduced as

(W — {f}) =cos? B I'™M(h — {f}). (5.26)
This implies a model-independent bound on the mixing angle at 95% c.1l. [192]
|sin 8] < 0.2 (5.27)

due to combined Higgs signal strength measurements from ATLAS [194] and CMS [195]. In the limit of
small 8, we can now approximate (5.25) as

L0 my
VA M,

which is controlled by the size of the portal coupling § and the scalar mass hierarchy m, /M,. We see
that the mixing bound (5.27) can be be conveniently fulfilled by choosing the phenomenologically hardly
constrained pure BSM quartic « 4 sufficiently large w.r.t. the portal coupling a5 or large M, > my,.

B (5.28)
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5.2.2 Modified Higgs Couplings

The scalar mixing alters the values of the physical Higgs couplings w.r.t. the SM. In particular, we find for
the coupling g;y of a single Higgs to a pair of electroweak gauge bosons V =W, Z

B«1 B2

gy
(SghVV: %/ — 1= COSﬁ —1 ~ —? , (529)
Invv

which in the small mixing angle approximation is suppressed by 32. The present and future experimental
individual sensitivity is generically larger for the Z-coupling [155, 196]. The best individual bounds on
095,77 are currently at the level of 6% by ATLAS [197] and 7% by CMS [198] while W-bounds are weaker.
The currently most stringent combined bound stems from ATLAS [197] assuming 0g;,yw = 09,2, and
reads 0gyy v < 0.031 which still is a slightly weaker constraint than (5.27) from Higgs signal strength. The
bound on dg,,,, will be superseded in the near future by HL-LHC with a projected sensitivity of 1.5%
[199] and increased by another order of magnitude to 0.16% at FCC-ee [196] and 0.17% at ILC [200] with 1
TeV center of mass energy, respectively. This will also increase the bound on the mixing angle (5.27) to
|sin 5| < 0.17 (HL-LHC) and |sin 8| < 0.06 (ILC, FCC-ee), respectively. Notably, this reasoning can also
be turned around. It was argued in [201] that measuring any dg;y # 0 at the mentioned present or future
colliders invariably implies the existence of new bosons within experimental reach, in agreement with our
findings.

We now turn to mixing induced deviations in the self-couplings of the physical Higgs boson defined in
(2.14). Rotating the cubic terms

§ 5 4A
VO (h, s) = v, h® + Wz}sh% + thhsz + ﬁvs& (5.30)

in the broken scalar potential (5.23) to the mass basis we obtain

4A
VOI(R',s") D ()\vh cos® B — 9vs cos? Bsin B + dup cos Bsin’ B — Y

¥ N N; sin® 5) h'3, (5.31)

which fixes the ratio of the trilinear Higgs self-coupling r5h'® w.r.t. its SM value k3™ = Ag\ v, as

Kg A 3 v, 9 o 1) . 9 4Av, . 3
— = ——c0s° f — ——>— cos® Bsin B + cos fBsin® f — ———sin’ 3
et 1—p? §L _ L .
B 2 s Mism/ -

Note that in the small angle approximation the O(/3) term precisely cancels against the shift in A (C.25),
hence the leading deviation to the SM arises at ((3?). Currently k5 is only poorly constrained by ATLAS
—1.5 < kg /k3M < 6.7 [202] and CMS —1.24 < k3 /k3M < 6.49 [198]. However, experimental constraints are
expected to improve by one order of magnitude to 50% at HL-LHC and another one to 5% at FCC-hh
[196]. The projected sensitivity at ILC with 1 TeV center of mass energy is 10% [200].

Proceeding analogously as for k5, we obtain for the quartic self-interaction x,

Ky A 4 9 o .o A, B 52
_ N + <1y . 5.33
S S cos* 3 N cos® Bsin” 3 e sin® 3 T, ( )

Notably, the quartic receives a potentially sizeable enhancement which is not suppressed by the mixing
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Figure 5.11: Modified Higgs couplings g,z (5.29) and rs/k5M (5.32) in the O(Ng) model for
Ng=1and M, =0.3 TeV (a), and M, =1 TeV (b) and M, =3 TeV (c). Scattered dots correspond
to different choices of o ,(M,) from Fig. 5.2 with corresponding color coding indicating the Planck
fate. Gray-shaded regions are excluded by direct measurements, whereas black lines indicate projected
future sensitivities at current and future colliders. Plots taken from [4].

angle § or scalar mass hierarchy. Hence, for Planck-safe regions with § ~ 2,/Algy (cf. Fig. 5.2 and
Fig. 5.5) it can be of order unity and also amount to a factor of a few, even for large BSM masses and
smaller . So far, no constraints on r, are available [155]. However, FCC-hh is expected to constrain the
quartic self-interaction for the first time as —4 < i, /KM < 10 for 0 < k3/k3M < 1 [196]. For now, there
exists only the theoretical limit from tree-level perturbative unitarity (5.7) implying x,/s3™ < 65.

5.2.3 Collider Signatures

We now analyze in detail collider signatures and constraints on our model parameters from the modification
of Higgs couplings. While we retain the exact analytical expressions for dg;,,, (5.29), k5 (5.32) and
(5.33) the indicated expressions in the small angle approximation allow to qualitatively understand some
characteristic features of our analysis results.

We show the modifications of Higgs couplings in the O(Ng) model induced by different values of a5(M,)
and a,,(M,) in the k3-dg,, 4, plane and the r4-dg;,,, plane in Fig. 5.11 and Fig. 5.12, respectively, for
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Figure 5.12: Modified Higgs couplings 6g;, ,, (5.29) and k4 /k3™M (5.33) in the O(Ng) model for Ng = 1
and M, =0.3 TeV (a), M, =1 TeV (b), M, =3 TeV (c) and M, = 10 TeV (d). Note the slightly lower
|091, 7| plot range in (d). Same color coding and exclusion regions as Fig. 5.11. Plots taken from [4].

different scalar masses M, and Ng = 1% where the color indicates the Planck fate as in Fig. 5.2. We see
that some Planck-safe parameter configurations are already ruled out by the existing LHC bounds on
095,77 and kg (grey area). Generically, experimental bounds on dg;,,, are more stringent than the ones on
k3. While for lower masses such as M, = 0.3 TeV in Fig. 5.11a the modification of x5 could be detectable
already at HL-LHC, for TeV-ish or heavier BSM scalars the current (HL-LHC) dg;,,, bound constrains
the deviation in the trilinear to less than 20% (10%), see Fig. 5.11a, which is still in reach of FCC-hh.
Eventually, the limit on dg;,,, will increase by another order of magnitude at FCC-ee implying deviations
in k4 to be below the sensitivity of FCC-hh even for low masses. When increasing the BSM mass to more
than a few TeV, deviations in both the Z and the trilinear coupling slip out of reach, due to their quadratic
suppression with the mixing angle, cf. (5.29), (5.32), and hence the scalar mass ratio due to (5.28).
Turning to the quartic Higgs self-coupling «, in Fig. 5.12 we observe that a large enhancement of a factor
larger than ten which is in reach of FCC-hh is implied for some Planck-safe parameters points, independent

6Recall that fixed o s,» and M map exactly onto the same point in Higgs coupling space for all Ng. Changing the
multiplicity for fixed quartics and mass might only change the Planck-fate of this configuration. In particular, increasing
Ng can render RG trajectories Planck-safe for smaller values of a5 ,, as the Higgs portal mechanism is enhanced with Ng.
However, the corresponding parameter space points imply only tiny variations in the Higgs couplings and are therefore
not visible in Fig. 5.11.
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Figure 5.13: Modified Higgs couplings dg), 7, (5.29), r5/k5M (5.32) (a,b) and ry/k3M (5.33) (c,d)
in the SU(Ng) x SU(Ny) model for Np = 3 and M, = 1 TeV in the vacuum configuration V* (a,c)
and V7~ (b,d). Scattered dots correspond to different choices of oy, ,(M;) from Fig. 5.5, Fig. 5.9 and
Fig. 5.10 with corresponding color coding indicating the Planck fate. Gray-shaded regions are excluded
by direct measurements, whereas black lines indicate projected future sensitivities at current and future
colliders.

of M. This reflects the fact that x,/s5™ (5.33) is not suppressed by the BSM scalar mass. Hence, for
large M, = 10 TeV the enhancement of the Higgs quartic is the only signature of the model in reach of
FCC, as the sensitivity to dg,,,, and k4 is lost, see Fig. 5.12d.

The modifications of Higgs couplings gy, ,, 3 and &, in the SU(Np) x SU(Ny) model are shown in
Fig. 5.13 for both vacuum configurations V* and V~. As expected from Subsec. 5.2.2, in both vacuum
configurations we find the same characteristic patterns as in the O(Ng) model. In particular, effects in
0977 and Ks/ /—ng are rather small as they are suppressed by 32 while the deviation from the SM in &,
can be sizeable. We also find a similar dependence on the BSM scalar mass M, as in the O(Ng) case. We
conclude that from the Higgs coupling analysis only it is hardly possible to distinguish the O(Ng) model as
well as the different vacuum configurations V* in the SU(Ny) x SU(Np) model from each other.
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5.3 Summary

In this chapter we studied the possibility to achieve vacuum stability via the Higgs portal mechanism.
Therefore, we extended the SM by an additional BSM scalar singlet field S. The core of the stabilization
mechanism is the new Higgs portal coupling §( HTH)(STS), which contributes positively to 3, potentially
enabling stability, see Fig. 5.2 and Fig. 5.5. The uplift increases with the number of scalars, allowing for
PS also for smaller values of the portal coupling, Fig. 5.3a and Fig. 5.6a.

In addition, the potential features quartic BSM scalar self-interactions depending on the scalar symmetry.
We studied two models with real and complex BSM scalars featuring an O(Ng) (Subsec. 5.1.1) and a
SU(Ng) x SU(Np) (Subsec. 5.1.2) flavor symmetry, respectively. In the first case (5.8), there is only one
pure BSM quartic v, while in the latter (5.14) there are two, v and v. A main novelty of this work was
the finding that independent of the symmetry Higgs stability can also be indirectly achieved for extremely
feeble portal couplings via sizeable pure BSM quartics Q) (Fig. 5.3). In this case, Qy(y) Induces a strong
RG growth of a5 (Fig. 5.3b) which enhances the value of the Higgs quartic ary. Whether vacuum stability
can be achieved also depends on the BSM mass scale M., as for larger masses there is less RG time until
Mp, left to cause sufficient uplift in the Higgs quartic, see Fig. 5.4 and Fig. 5.6b. The PS parameter space
is enhanced by the occurrence of walking regimes (Fig. 5.1a and Fig. 5.7) which capture quartic couplings
at sizeable, positive values and thereby enforce stability.

Interestingly, the vacuum stability conditions (5.9), (5.15) also allow for negative values of the portal
coupling 4, which equally well fuel the Higgs portal mechanism due to the uplift in 5, being a%. However,
we find that negative as < 0 are generically excluded due to vacuum instabilities which are invariably
induced by the RG dynamics as discussed in Subsec. 5.1.3. In contrast, in the SU(Np) x SU(Ny) model
stability can be also achieved for negative BSM scalar quartic self-couplings «a,, or «, in the vacuum
configuration V= and V', respectively, see Fig. 5.9 and Fig. 5.10.

The main phenomenological signatures of the models in case of a non-trivial BSM ground state arise from
scalar mixing between the SM and BSM Higgs modes where the mixing angle is constrained to be small by
Higgs signal strength measurements (5.27). The mixing alters the couplings of the physical Higgs bosons
and is probed at LHC through measurements of the hZZ and trilinear Higgs self-coupling. The BSM
effects are however suppressed by the mixing angle and scalar mass hierarchy, see Fig. 5.11. Existing limits
are expected to improve significantly at HL-LHC, ILC and FCC, probing large new parts of Planck-safe
parameter space for TeV-ish BSM scalar masses or below. Crucially, the partially significant enhancement
of the quartic Higgs self-interaction Fig. 5.12 is unsuppressed by the BSM mass, potentially providing the
only detectable signature of our models with multi-TeV scalars at FCC-hh.

There are still several open questions for the future. As soon as scalar template 3-loop S-functions are
available it will be crucial to check the perturbative stability of the walking regimes. Furthermore, to
ultimately distinguish meta- and instability a full BSM effective potential analysis is desirable. It would
also be interesting to explore if a connection can be made to cosmology and in particular to baryogenesis as
attempted in [203, 204]. Finally, a possible next step is to analyze the interplay of portals. Naturally, charged
scalars allow for the gauge, Higgs and potentially Yukawa portal mechanisms to operate simultaneously.
Alternatively, more elaborate models featuring both scalar singlets and VLFs entail the gauge and Higgs
portal along with a pure BSM Yukawa interaction. We investigate this possibility in the next chapter.
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In the previous two chapters we have analyzed mechanisms to render the SM Planck-safe in a minimally
invasive manner by adding VLFs or singlet scalars. As a natural next step, in this chapter based on work
in progress [7] we investigate whether and how new PS mechanisms can arise in more complex models
from the interplay of both presented BSM sectors. The choice of the BSM field content is guided by the
template model [40] for AS in GY theories as well as in SM extensions [41, 42], cf. Subsec. 3.2.1. Previous
works [44-46, 181] already studied extensions of the SM by VLLs and a flavorful complex singlet scalar
matrix field as in Subsec. 5.1.2. Interestingly, it was found that these models did not only allow for PS but
also for an explanation of the apparent anomalies in the muon and electron anomalous magnetic moments
(g—2) Le [155, 205]. Inspired by this success, we choose a similar setup and study models featuring VLQs
and matrix scalars. The RG analysis of these models is much more involved than in minimal VLF and
scalar models due to the larger number of parameters but also implies a richer phenomenology.

This chapter is structured as follows: We present our model setup in Sec. 6.1 before turning to the RG
analysis in Sec. 6.2. We then discuss SMEFT constraints and collider phenomenology of our models in
Sec. 6.3, respectively, before concluding in Sec. 6.4.

6.1 Models

We extend the SM by Ny generations of VLQs as well as a Ny x N complex singlet scalar matrix field
S, cf. Subsec. 5.1.2. In order to make contact with SM flavor we set Np = 3. We focus on the VLQ

representations (Yg, dy, d3) = (%, 2, 3) (model L) and (Yp, dy, d3) = (—3,2, 3) (model M), cf. Tab. 4.1,

which allow for a mixed SM-BSM Yukawa portal coupling r;; between the VLQs, the SM Higgs and SM
fermions. This choice complements similar studies with VLLs [44-46, 181].

The models a priori exhibit a large BSM flavor symmetry
Gpsm = U(3)y, xU(3)y,, X U(3)§R X U(3)§L , (6.1)
which due to the pure BSM Yukawa interaction
— L8sn = 010y, Sij ¥m, +hc. (6.2)

is broken down via U(3)§L L U@3)y, , to UNp)y, X U(Np),,.- Ipsu is also intertwined with the SM

flavor symmetry (2.20) via the portal interactions

portal —

k0. H°D.+hc. (model M

Rij¥, HU;+h.c.  (model L)

as U(3)y, ~ U(3)y(p) in model L (M). Recall that Ggy is explicitly broken by SM Yukawas, cf. (2.21). In
particular, the sizeable top (bottom) Yukawa couplings y, (y,) single out third generation quarks and breaks
down U(3)y(p) to the approximate U(2)yp) symmetry of first and second generation up-type (down-type)
quarks. In compliance with these findings, the ansatz

R;; = diag(k, k, k) (6.4)

suggests that also the BSM flavor symmetry is broken down to U(2),, ~ U(2)y(p in model L (M). This
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constitutes a crucial difference to VLL models [44-46, 181] and leads to a modification

oy {wLiH Ui+ Ry, Htp+he  (model L) ©5)

portal — HEL HeD, + g@L H¢p +h.c. (model M)
i 3

of the Yukawa portal couplings in (6.3) with ¢ = 1,2. Moreover, the 3 x 3 matrix scalar S effectively
splinters into four independent scalar fields S (2 x 2), ¢, (2 x 1), ¢ (1 x2) and ¢ (1 x 1) as

(6.6)

In order to reduce the number of free parameters while retaining the distinction of third generation couplings,
we will from now on neglect the scalars ¢, g, i.e. set all their potential couplings to zero. Note that this
ansatz is radiatively stable and fully compliant with the flavor structure (6.4). The pure BSM Yukawa
Lagrangian is then given by

The scalar potential for the fields H,.S and ¢

V@ =\ (HTH)? + 5 (HTH) Te(StS) + 5 (HTH) (1)

6.8
+uTr(STSSTS) +vTr(STS)Tr(STS) + 5 (pTp)? + w (¢fp) Tr(STS) (68)
features pure BSM quartics u, v, s as well as portal couplings 9, 5, w. It is stable if [137, 160, 161]
A>0, A>0, s>0, &=6+2VAA>0, & =6+2VAs>0,
B - (6.9)
W =w+2VsA >0, 2VAAs+ 65+ VA +wV A+ 1\ 86w >0,
where the parameter
u £ +
A 5 +v>0 foru>0 (Vj (6.10)
u+v>0 foru<0 (V7)

depends on the vacuum configuration V* of S, cf. Subsec. 5.1.2. For the sake of simplicity, we also define
the abbreviated notation ~ _
X=X, XX). (6.11)

for all fields and parameters that are subject to splitting between the third X and first two generation X
components.

6.2 RG Analysis

In order to study the RG flow of our models we restrict ourselves to scenarios with a NP scale around
po =~ 1TeV which is set by the VLF My and scalar Mg masses. A characteristic feature of our models
is a sizeable enhancement of all gauge S-functions due to the large multiplicity and charges of the BSM
fermions as in Sec. 4.1. As a crucial consequence, the parameter space in both models is dominated by the
occurrence of a subplanckian «; Landau pole, which for feeble or vanishing BSM couplings appears around
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10° GeV (10 GeV) in model L (M). The only possibility to push the pole beyond Mp, while keeping
1o = 1 TeV are sufficiently sizeable Yukawa couplings. This a priori excludes PS only via the gauge and
Higgs portal mechanisms, cf. also Tab. 4.2, and promotes the Yukawa portal mechanism to the key player
for PS. Accordingly, Planck-safe RG flows typically exhibit strongly coupled walking regimes, as already
seen in Sec. 4.2. In particular, PS generically requires strongly coupled values of o, 2 ©O(1071), whose
contribution to 3; is enhanced by a factor of (Np— 1)? = 4. Large values of aj % only on the other hand
are typically not sufficient for PS. Moreover, sizeable Yukawa couplings tend to destabilize the Higgs, which
implies upper bounds for the Yukawa portal couplings a,, .

The RGEs in our models are much more interconnected than in the minimal models from Chap. 4 and 5
due to the larger number of couplings. In consequence, the BSM couplings « 5.5 uvw,s A€ not technically
natural (anymore) and thus can be radiatively induced or change their sign. Crucially, as,, (a&s) are
induced by the typically sizeable BSM Yukawas «, (ag). This has two important consequences: Firstly, RG
induced sign changes of «,, enable transitions between the vacuum configurations V* but also instabilities.
Secondly, inducing the Higgs portal couplings « 5.6 Via large a, ; potentially strengthens the Higgs portal
mechanism and benefits PS. In spite of this finding, the values of scalar quartics are typically only loosely
constrained by PS. An exception are strongly coupled = O(1) values of quartics which tend to induce
Landau poles in the scalar sector and therefore disfavor PS, cf. Sec. 5.1. Intermediate values of the Higgs
portal couplings a; 5 as well as the pure BSM quartics «, ,, ,, ; in contrast promote Higgs stability via the
direct and indirect Higgs portal mechanism and therefore favor PS. However, this effect is only relevant in
the small pole-free subset of the parameter space and therefore of minor importance.

Our models contain in total ten free BSM couplings. Therefore, the complexity of the RG analysis in
comparison to the minimal models increases exponentially which prohibits a similarly rigorous scrutinization
of the full parameter space. While still scanning the whole parameter space as closely meshed as possible!,
we apply our knowledge from the previous chapter to identify parameter space regions that are particularly
promising for PS. Due to their special role in taming the «; pole, we especially focus on the BSM Yukawas
and the parameter space regions where they are sizeable. In contrast, we scan only coarsely meshed over
values of the pure BSM quartic couplings whose impact on the RG evolution of SM couplings at 2-loop
order is only indirect and channeled through the Higgs portals. We thereby typically assume feeble, positive
values for all pure BSM quartics.

6.2.1 Model M

We find that in model M strict PS can be realized in both vacuum configurations V* and V— at Mp,,
whereas the model parameter space hardly exhibits any regions of soft PS or metastable Higgs. The BSM
critical surface in the o, [, and azg[, plane is displayed in Fig. 6.1. We see that aj|, is crucial to
determine which vacuum configuration V* is realized at Mp,. The V™ region in Fig. 6.1 thereby originates
from a dynamical, RG induced vacuum transition V't — V~ between the TeV and Planck scale. In total

we find that PS requires

1 1
ay|H0210 , azl, =107,

~| <3.1073 - > +
ol <3105, {aﬂhows 1073V agl, =1 for vV 612)

Ho ™ 3-107" S azl,, =1 for V=’

!The limiting factors are a comparably long CPU time to integrate the large, interconnected system of RGEs for a
single configuration of coupling values (~ 3 s on a processor with six cores and a frequency of 2.9 GHz) and the high
dimensionality of the coupling space. Due to the ’curse of dimensionality’ only scanning three different values per
parameter already yields 3'© =~ 60.000 mesh points and requires a CPU time of roughly two days. Analogously, slightly
increasing the number of values per parameter from three to five would require a factor 3—13 =~ 165 larger CPU time of
almost a year.
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aﬂlﬂo

O‘n|uo O‘ﬁluo
(a) a,-a,-plane for {ag, ag}], = {107%,10707}. (b) ag-ag-plane for {a,,a,}|, ={107°,1}.

Figure 6.1: BSM critical surface for model M with Ny =3 and pq = 1 TeV scanning over o, .|, (a)
and ag |, (b). BSM quartics are fixed as {ay; 5, @, a0y, 0}, = {107°%,107%,107°, 1077,107°}.

Same color coding as Fig. 5.9. The black cross indicates the benchmark point for which the RG running
is plotted in Fig. 6.2.

10—5 ' J’}\:T(-Y;;R-_—__I _____ o) 1 1 1
10> 10° 107 10° 10" 10 10 107 1017
n/GeV

Figure 6.2: Planck-safe RG flow in model M for N = 3 and p = 1 TeV. RG trajectories for couplings
are indicated by different colors and annotations. Dashed lines with the same color as solid ones
correspond to the (tilded) third generation couplings, e.g. agy and a,. Initial values of BSM couplings
are fixed as {o, z, 0 5, 05 5, 0y @y @y o}, o= {1073,1079%,107%-5,107°,107%,1077,107°}. Note
that «,, ,, stay feeble during the whole RG evolution and are therefore not visible.

which we deduced from extensive parameter scans. Interestingly, this excludes PS for the scenario where

the scalar ¢ is decoupled in a radiatively stable manner by setting Xz ws = 0.

An exemplary Planck-safe RG flow is shown in Fig. 6.2. The sizeable values of « induce a walking

yvﬂ|y’0
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g g
5 ¥
1072
1071
10 1072 1 10 1072 1
aﬂlll«o aE'l/«o
(a) a,-a,-plane for {az, ag}|, = {10795/1070-5}. (b) ag-az-plane for {a,, a,}|, ={107%1}.
Figure 6.3: BSM critical surface in model L for Np = 3 and iy = 1 TeV scanning over o .|, -~ (a)
and ag 7|, (b). BSM quartics are fixed as {5, a,, @y, ay, oy}, ={107°°,107°,107%,1077,107°}.

Same color coding as Fig. 5.9. The black cross indicates the benchmark point for which the RG running
is plotted in Fig. 6.4.

regime directly above the matching scale that lasts until the transplanckian regime. It quickly captures
the quartics «a, , , at values of @(107> — 107"), whereas the Yukawas o, ; are interlocked at O(1). The
portal couplings Qx5 5w do not participate in the walking but decrease such that the scalar portals « 55w
even change sign. The gauge couplings on the other hand although tamed by the Yukawas are enhanced
w.r.t. the SM and feed the gauge portal mechanism, cf. Sec. 4.1. In consequence, the Higgs is stabilized at
weak coupling all the way up to Mp,. Note also that the initial symmetry between third and the first two
generations couplings {az, ay, agtl,, = {a,, a,, astl,, is explicitly broken in the RG evolution as there
are sizeable deviations between the running of tilded and the corresponding untilded couplings.

6.2.2 Model L

Planck safety can also be realized in model L. Due to the larger VLQ hypercharge Y compared to model
M, it is harder to avoid a subplanckian «; pole. This results in stricter constraints on the BSM parameters.
Accordingly, a smaller BSM critical surface was obtained in the parameter scans, see the corresponding
surface plot Fig. 6.3. Moreover and in contrast to model M PS can only be realized in the vacuum
configuration V* at Mp,. The relevant conditions for a Planck-safe RG flow are

a,l, =1071, (o

—1
ylﬂo ~ y|Ho = 10 )’

<1072,

aﬁ|uo ~

a%b0215-104, (6.13)
where the § condition in brackets is not strictly necessary but strongly promotes PS. Large values of all
Yukawa couplings (except for ;) are required at the matching scale to realize PS.

An exemplary Planck-safe RG trajectory is shown in Fig. 6.4. As in model M, the RG flow features a
walking regime with onset closely above the matching scale including the pure BSM quartics o, , ; and

Yukawas «, ;. Interestingly, also a, participates in the walking, resulting in a stabilization of the Higgs at
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Figure 6.4: Planck-safe RG flow in model L for N = 3 and p, = 1 TeV. Same labeling as
in Fig. 6.2. Initial values of BSM couplings are fixed as {a,,«

{1073,10795,1079-5,10755,107%,1076,10-7,10°}.

Al %?77045,57 Qyyy Qs Qg as}|uo =

strong coupling in contrast to Fig. 6.2. We conclude that here the stabilization is mostly due to the Yukawa
rather than the gauge portal mechanism. Around g ~ 10'® GeV a transition to a second walking regime
occurs in the RG flow. This walking regime attracts not only the former mentioned couplings but also all
other quartics and Yukawas as well as most importantly the hypercharge coupling «;, which prevents a
subplanckian pole. Note that in this second walking regime most couplings are locked at sizeable values of
00.1—-1).

6.3 Phenomenology

We now work out phenomenological bounds on our model parameters and compare them to PS constraints.
The isolated phenomenology of BSM models featuring only VLFs or scalars have already been discussed
in Chap. 4 and Chap. 5, respectively. Thus, in the following we mainly focus on effects arising from the
interplay of the different BSM sectors.

6.3.1 SMEFT Bounds

Matching our models to SMEFT, cf. Subsec. 2.5.1 allows us to derive constraints on our model parameters
by comparing induced WCs to results from global fits. Integrating out the BSM fields at tree-level induces
the four dimension-6 operators

e =1((H'D,H)—(D,H) H) (¢fy"¢f"), Q= (H'H)(QH k),

Qun = (H'H)9"9,(H'H), Q, = (HTHY, (6.14)

with flavor indices 7,j and qu = D, ;[U; ;] in model M [L]. The scalar WCs Cy gy only depend on
parameters of the scalar sector which are hardly constrained by PS and are therefore not considered here.
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Model WC C/(A?[TeV?)) cl.  Flavor Symmetry  Fit  Constraint on Numerical Value Ref.

M  Cy, —28+19 lo - full o, /MZTeV?] ( 3.5+£24)-1072 [177]
M 0%, —06+14 lo - full  «,/M3TeV?] ( 0.74+1.8)-1072 [177]
M C¥, —0.66+0.22 lo - full  az/METeV?] ( 84+£28)-1073 [177]
M c3 0.018+£0.049 1o - full  az/M3TeV?] ( 1.6+4.5)-1072 [177]
L O —0.0075:97 95% SU(2)? x SU(3)® single a,/MZTeV?] (—0.0792)-107*  [178]
L C% 0.114+0.17 lo - full o, /METeV?] ( 1.44£21)-1073 [177]
L c3, 5347.1 95% SU(2)2x SU(3)®  full  az/MZTeV?] ( 6.7+£9.0)-1072 [178]
L ce, 0.6+£3.5 95% SU(2)? x SU(3)® single az/MZTeV?] ( 0.8+£4.4)-1072 [178]
L c3, —0.10+0.91 95% SU(2)? x SU(3)® single axz/MZTeV?] (—0.1+£1.4)-1072 [178]
L c3, —0.28 £ 2.7 lo - full  az/MHTeV?] (—0.4+£4.0)-1072 [177]
Table 6.1: Most stringent limits on fermionic Wilson coefficients Crg 4z gy oz collected from [177,
178] and corresponding bounds on our model parameters in model L and M. The entries 'full’ and
’single’ in the column 'Fit’ indicate whether the WCs for a whole set of operators or just one single
operator are fitted.
The fermionic WCs read? 0.
/- R4 i g 2y Jix T
City = &, 87 M2 i Cqm = 8m°Y4 7 (6.15)

cf. also (4.19), with §, = —1[+1] in model M [L]. We see that Cy, and C,p are induced by the Yukawa
portal a; where C7; in comparison to C7, is suppressed by the SM Yukawa matrix element Y™, Hence,
we find that C2%; is the only non-negligible component of Cﬁq. Imposing the residual U(2)? flavor symmetry

for the light quarks we also find Cf, = C77. We stress that all induced WCs are insensitive to the pure
BSM Yukawa «, ;. Hence, the PS requlrement of having sizable «, ; in both models is not in conflict
with SMEFT bounds We recall that more dimension six operators than (6.14) are switched on due to
RG running [101, 103, 104] between the NP and EW scale, see Sec. 2.5. However, these contributions are
neglected due to the loop suppression and the proximity of the NP scale p, =~ 1 TeV to the electroweak
scale.

The most constraining numerical fit results for C}}q, gH along with the resulting constraints on our model
parameters /M are given in Tab. 6.1. In [177] 31 WCs where fitted simultaneously without assuming
any BSM flavor symmetry. Thus, the limits are quite robust and can be applied in both models. For model
L, in accordance with (6.4) we also take into account the top-specific fit [178] with SU(2)? x SU(3)? flavor
symmetry including 34 WCs.

For model M, comparing limits from [177] with (6.15) yields

(&7 o~
—f - <37-1072, — P <13.1072 6.16
MZ[TeV?] ™~ M3[TeV?] (6.16)

at 90% c.l.. For the scenario My =~ u, ~ 1 TeV the constraints presented above are weaker than but in
agreement with those from PS (6.12) in large parts of the BSM critical surface. In particular, SMEFT and
PS bounds for the vacuum configuration V* can always be conveniently fulfilled by imposing sufficiently

*We computed the WCs using [102]. We also explicitly checked that the expressions (6.15) for Cy, ,r coincide with the
ones from [206] in the basis [100], as well as the generalization of the expressions in [178, 207] for one generation of .
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small values of a, z(p5). On the other hand, for My ~ py >~ 1 TeV the fit clearly excludes values of
a(f1y) = 0.3 which are necessary to realize the vacuum configuration V'~ at the Planck scale. However, the
bounds (6.16) can still be fulfilled along with the V™~ condition in (6.12) by assuming heavier new physics.
Combining the PS conditions with the fit bounds yields

My = 4.8 TeV (6.17)

at 90% c.l. which is well beyond current experimental limits, see Subsec. 6.3.4. Hence, we do not analyze
this possibility in more detail.

We now briefly repeat the SMEFT analysis for model L. We obtain the bounds

M 216.103(7.8-1074), — 2% <62.102 (1.0 102

ST S 1.6-1073 (7.8 -1074), ST S 6.2-1072 (1.0 - 1072) (6.18)
at 90 % c.l., which are extracted from the full [177] (single WC [178]) fit via (6.15). The (1) condition
in (6.18) can always be conveniently fulfilled in accord with the PS bound (6.13) by choosing «, (1)
sufficiently small. However, for Mp =~ u, ~ 1 TeV, the full (single WC) () bound (6.18) is clearly
(slightly) excluded by the PS constraint (6.13) requiring axz(1y) = 0.15. When allowing for heavier VLQs,
the full (single WC) bounds can be fulfilled if

My = 1.6 TeV (3.9 TeV). (6.19)

The full fit mass bound is of the order of current experimental limits which are in the range of 0.9 — 1.5 TeV
(see e.g. [208-210] for details) and motivates dedicated searches. However, it constitutes a very optimistic
estimate of the minimal VLQ mass scale, as in our model just three out of the 34 WCs included in the fit
are induced, so that the single WC fit bound in (6.19) seems actually more realistic. As this is well beyond
current limits, we do not consider model L in the following analysis of collider phenomenology.

6.3.2 Fermionic Mixing

After EWSB, the two SU(2); components of each VLQ 1, in model M are rearranged into two Dirac
fermions with different electric charges via 1, = (¢p~%/3,4~%/3),. The Yukawa portal & then induces mass
mixing between ¢ 1/3 and SM down-type quarks d;. Defining

Dy = (d 3y B g3, (6.20)
the relevant mass terms read?
B ” _ ) %lid 0 0
L, =D M;D; +he, with Mij =1 Kk Mg 0 : (6.21)
0 0 M,

]
We assume the CKM rotation to be entirely in the up-sector, hence Y} is diagonal. This choice natu-
rally avoids inter-generational mixing which is severely constrained by hadronic FCNC processes. After

3The exotically charged 1¢~%/3 does not take part in the mixing but is included in D for later convenience.
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diagonalizing M? we obtain the rotated mass eigenstates

cosf; . —sinf; 0
D;=0, D, with O; = sin§; cos b, 01, (6.22)
L.R L,R L,R L,R
0 0 1

which is governed by the six mixing angles

2 4 3
v v 1 v v
tanf. = Ly, & h o tanf, = —p. | V) L 6.23
all i deil‘{/z (MF) + (MF ) an iR \/iffz MF + 1 rF ) ( )

where we assumed universal Mp. The RH mixing angles 6; = are much more sizable than the LH ones as
the latter are suppressed by an additional tiny factor mg, /M p. Rotating the weak interaction Lagrangians
£ 5 and Ly, to the mass basis gives rise to mixing terms between the VLQs and SM quarks. In particular,
one obtains

g _ 7/4/3 . . , g _ ([ 7/1/3 . ,
Ly D s W, ¥, /3 ym (sm 0; Pr, +sin GiRPR) d; + 7§Vi-WM (wi /3y sin QLZ»PLuj) , (6.24)
g 13 (s sin 202»R ,
’CZ D —mzu’l/}i Y Sin QGiLPL + 5 PR di . (625)

6.3.3 BSM Sector Decay

We now work out the decay modes of the VLQs. The exotically charged 1/1;4/ % can cascade down through

the weak interaction via ¢~%/3 — w;l/ 3W— and subsequent W~ decays. The decay is driven by the
tiny mass splitting AM = 0.57 GeV due to EW gauge boson loops, which is obtained from [211]. The
corresponding decay width is heavily suppressed and reads

G}
1573

F(T[J74/3 N ¢;1/3W7* N w;l/?)gfﬂ) ~ (AM>5, (626)

where we expanded in AM. If no other decay modes are available, the ¢/~%/3 is long lived with a lifetime

T = % of 37 ps corresponding to c¢7 ~ 1.1 cm which gives rise to displaced vertex signatures at the LHC.

However, for k # 0, fermionic mixing also enables the decay 1/){4/ 5 d,W~ with a width of

2\ 2 mzA
r;*? = d,w-) = %MF (sin?6,, +sin®0; ) ( - "A}—V%V) (2 + jf—é) +0 <M‘12> : (6.27)
F

For TeV-ish VLQs this decay mode is completely dominating and results in a prompt decay unless the
Yukawa portal coupling is extremely feeble with oz < 10714

The ¢)~'/3 can decay via the &-Yukawas as 1/1;1/ 3 d;h. Moreover, there are decay modes induced from

1/3

fermionic mixing as w;l/ 3 u;W~ and ¢, " — d,Z. If kinematically open also w;l/ 3 djSAij is possible.

The respective decay widths are

~ 2 2
FW);UB — d;h) = 7TZ””F( - ) . (6.28)
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(a) Mp < M. (b) Mp> Mg for Mg = 0.5 TeV and «, = 0.3.

Figure 6.5: Tree-level branching ratios of the different VLQ w;l/ 3 decay modes as a function of the
BSM fermion mass My where the decay 1/);1/ % 5 by is either kinematically forbidden (a) or open (b).
Note that Z?(zb;l/ 3 tW ™) is rescaled by an additional factor 10%.

2\ 2 2
- M
(17Z)'L u] ) 4 Fl ’L]‘ Sin 11 MI27 + m%/v ’ ( )
in2 2\ 2 2
~1/3 _ Ty .2 sin” 20; myz M
PO = d) = 5o g, Mr (Sm Yot )\tag) Brg) e 690
w F z
2 2
—~1/3 ~ T, X M=
(¢, /3 d;S;) = TyMFCOSQ 0;, sin’ 0., (1 — M;) , (6.31)

where in (6.31) there is no summation over j and we made use of (6.24), (6.25). Interestingly, the
weak interaction decay rates are kinematically enhanced with M%/m%,‘,’ 4. DBranching ratios for the

different ¢~%/? decay modes are plotted in Fig. 6.5 as a function of M. In the small angle ap-
proximation (6.23) the branching ratios are independent of a;. Moreover, to good accuracy it holds

B(@b{l/?’ — d, 7)) ~ B(@b;l/g — d;h) ~ 50%. The decay w;l/s — u;W™ in comparison is strongly sup-
pressed with |V;;|?sin®6; /sin®6; o< [Vi;|*(mg /Mp)* < O(107*) and therefore negligible. Lower- and
inter-generational decays of w;l/ R u;W~ are even further CKM- and down-quark mass suppressed.
Note that the first two generations can decay as ¢;1/3 — d;S;; with 4,5 = 1,2, i.e. to two different final

states involving SM scalars. Hence, the corresponding branching ratio is a factor two larger than 1/1;1/ R be.

If kinematically allowed, the BSM scalars gij decay via the sizeable BSM Yukawa a; to VLQ pairs
¥, and to ¥;d;, d;a;, dyd; via fermionic mixing. Rewriting the BSM Yukawa term (6.7) in terms of the
(pseudo-)scalar component §f j(p )

S ~ A o i A .
S5 =5 (S,;+8;) and S = -3 (S~ 53). (6.32)

] Je

N =
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Figure 6.6: Branching ratios for dominant decay modes of off-diagonal (a) and diagonal (b) components
of the BSM scalar S;;. Solid (dashed) lines correspond to (pseudo-)scalar components S7; (S7;). We fixed
a,, = 0.02 and My = 1.5 TeV close to recent bounds. The dependence on «;; completely cancels in the

branching ratios. It holds B(gfj/p — J,iz/);l/?’) ~ B(S‘fj/p — 1/;3/3dj) as well as B(SA’;/I’ — 1/33/3@/;;1/3) ~
23(5';/1’ — 1/7?/31&;4/3). Note that in the regime Mg < M for diagonal components S;;” the 1-loop
decay to gluons is dominant over the fermionic decay.

as well as the fermions 2 (6.20) and rotating to the fermion mass basis via (6.22) yields

BSM _ 59/ (& T ; GP T ’ % Sl
—Ly :yDi(Sisj<XijPR+XijPL)+ZSij(XijPR_XijPL))Dj7 Xij =1 %.%nx CiLOCjR 2 , (6.33)
where s; =sinf, ¢ = cos®; . The scalar decay width then in agreement with [46] reads
L,R L.,R L,R L,R

F(Sij/p N 2’);&@?) =t Ngoy; Mg [(X§B+X2a)(1 — 12y =12 5) — 4, X s X T 0T, 5]

i,

(6.34)

. \/1 + 7+ rjf’ﬁ —2r7, — 2rj27ﬂ — 27’?’&7’]2,75 Ol =70 =755,

where 1, ;5 i = M08/ Mg, a, 8 =1,2,3 are field component indices of D and {;,) = +1[—1]. Depending
T i/j

on the BSM mass hierarchy not all decay channels may be kinematically open. The branching ratios for

the different fermionic decay modes are plotted in Fig. 6.6. As soon as kinematically allowed, the decays to

1)’ rather than d’ final state fermions become almost instantly dominant. This is due to the suppression of

decays to SM quarks by small mixing angles.

For large a,, = 107! as required for PS and M § > 2Mp the BSM scalars decay promptly. The same holds
true for My < Mg < 2M - unless & is very feeble with a,, < O(107'?). In the scenario where Mg < M. the
scalar decay to down-type quarks is doubly mixing suppressed which for weak a, < ©@(107%) can lead to
displaced vertex signatures of off-diagonal components that can be searched for at the LHC.

The diagonal components 5’” on the other hand can also decay to pairs of SM gauge bosons via BSM
fermion triangle loops. The corresponding decay widths to two electroweak bosons GG’ and to gluons gg
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read [42, 46]
as ’ NCagO“ M?l M2 2 ~ 2
F(S“/p_>GG ) = W G’As/p (4M2> , F(S /p—>gg) - 7TO£3 yM2 2\/>As/p <4M2>
(6.35)
The non-vanishing coefficients C/ in the limit Mg > my, , are given as
17 1 25
c,, =5 Cyy= 5taun 200+ — 13 tan? Oy,
1 tan~1 6y, 25 (6.36)
Cyyy=—r———, Cp=V2[——Y—"tand
YW Vacos? by, D f( 2 18 W)
and it holds
9 ) arcsin(y/7), T7<1
As/p<7—) = ﬁ(gs/plr + (T - gs/p)f(T)) with f(T) = . (1 14v1—71 717_‘_)2 > 1 : (637)
[ Y — ’

We find that the decay to gluons dominates over decays to EW bosons due to the relative enhancement
factor (4mag)?/(N,02) ~ 41 for Mp =~ Mg = 1 TeV. For the full diboson decay hierarchy we then find
Loy > TI'yy 2 I, > I'yy > 'y, Interestingly, in the regime Mg < Mp, the 1-loop decay to gluons is

dominant over the fermionic decay (cf. Fig. 6.6). Furthermore, the diagonal components of SA”- acquiring a
VEV can decay via scalar mixing described in App. C, to all kinematically open final states of a Higgs
boson decay. For Mg > 2My, also a decay to two Higgs bosons is possible.

6.3.4 Collider Bounds

Our model implies characteristic signatures at colliders which result in bounds on our model parameters.
The presence of the SU(2),, and U(1)y charged VLQs modifies the running of o , which impacts the EW
precision parameters Y, W defined in (4.14). At 1-loop, using LEP data [172] results in the relatively weak
mass bound

Mp = 365 GeV. (6.38)

In contrast to VLL models [46], bounds can be also derived from the running of a5. It has been found to
be consistent with the SM in various measurements by CMS [212, 213] and ATLAS [171, 214, 215] exploring
scales of up to p =4 TeV [171, 215]. A fit of the SM running against the latter is found in Fig. 6.7. All
data are well contained within the uncertainty, and the central value lies very close to the world average
fit [216]. We also show a3 running in our BSM model with feeble or weak BSM Yukawas for comparison,
where the matching was performed such that deviations from the fit band occur at 1.5 TeV or 4 TeV. From
the latter we can estimate the minimal NP scale pij ~ M yielding a lower bound

My = 650 GeV (6.39)

on the VLQ mass, which is still sub-TeV but stronger than (6.38) from «; 5 running.

If not too heavy, VLQs and BSM scalars can also be singly and pair produced in various processes at
colliders. A selection of corresponding tree-level Feynman diagrams is given in Fig. 6.8. We now briefly
summarize the most relevant direct detection bounds on our model from VLQ searches by ATLAS [217-220]
and CMS [221-225].
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Figure 6.7: Running of the strong coupling constant «;(Q). Dots correspond to experimental
determinations by CMS [212] (black) and [213] (gray) as well as ATLAS [214] (light and dark brown)
and [171, 215] (orange and purple). The blue curve and its shaded error region correspond to the SM
fitted against the latest ATLAS data [171, 215]. The result is in very good agreement with SM running
using the world average [216] (red curve). Green and pink curves represent the running of g in our
model for feeble BSM couplings of 10719 (dashed lines) or a;(Q) = 10~* and a;(Q) = 0.2 (solid lines).
The curves are matched to the upper end of the fit uncertainty band at the scale @ = 4 TeV (green)
and the lower one at @ = 1.5 TeV (pink), respectively.

Most analyses [218-221, 223-225] assume only one VLQ generation that mixes exclusively with third
generation SM quarks and hence search for final states involving t or b quarks. In these works the VLQ
doublet (13, 4p=%/3) is denoted by (B, Y). As in our models inter-generational mixing is extremely
suppressed (cf. Subsec. 6.3.2), the experimental results are only applicable for w;l/ % and 1/)§4/ 3, while
the properties of 9, 5 are hardly constrained at all. Furthermore, in searches for B it was assumed that

B(B — tW) + B(B — bh) + B(B — bZ) = 100%. Hence, the limits on My only apply to 1/):;1/3 if
Br(qul/3 — b:;’) =0, ie. if Mg> Mw71/34, and are lowered otherwise. The best limits are My > 1350 GeV
3

[218] and My > 1450 GeV [225]5. Recall that in our model the mass splitting within a VLQ doublet is
negligible, thus mass bounds for 1~*/3 also apply for ¢~/ independent of the BSM VLQ to scalar mass
hierarchy.

In [220] constraints on the dominant mixing angle 65 were derived from single B VLQ production. In
our model, these yield upper limits on oy as a function of the VLQ mass, cf. (6.23). For M5 = 800 GeV,
the upper limit az < 4-1072 is of order of the V™ PS bound (6.12). On the other hand, the V'~ condition
in (6.12) is excluded in the whole analyzed mass range of 800 < My < 1800 GeV, in agreement with the
SMEFT results in Subsec. 6.3.1.

In contrast to the mentioned works, the searches [217, 222] focus on a single VLQ generation that couples
only to light quarks. In particular, in [217] a VLQ @ with electric charge —4/3 decaying exclusively into
a W boson and a light down-type quark d, s was assumed. A lower mass bound Mg > 690 GeV was

4Note that B(wgl/g’ — bg) = 0 can also be achieved by oy = 0. This scenario is however excluded from PS.
5 According to the branching ratio predictions in our model Fig. 6.5 we always quote the bounds on Mg for B(B — bh) =

B(B — bZ) = 50% assuming Br(i3"/® = bS) = 0.
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Figure 6.8: Tree-level diagrams for BSM sector production at hadron colliders. For the VLQs v, pair
production via gluon fusion (diagrams a)-c)) as well as quark anti-quark fusion to an s-channel gluon
(diagram d)) are the dominant production mechanisms at hadron machines. Moreover, single and pair
production of ¢~ 1/3 via t-channel Higgs (diagrams e)-f)) are possible via the BSM Yukawa coupling &.
Pair production via s-channel W (diagram g)) is also possible at hadron colliders. At hadronic and
leptonic machines, VLQs can finally be pair produced in fermion-antifermion fusion to s-channel v, Z
or Higgs (diagrams h)-i)). The BSM scalars gij can be singly and pair produced in fermion-antifermion
fusion to s-channel Higgs via the portal coupling 5 (diagram j)). Moreover, BSM scalars are produced
via scalar mixing with the Higgs and in ¢~*/3 decays (not shown).

derived which also applies for w;é/ ®. Note however that in our model we have two generations of VLQs
coupling (mainly) to the first and second- generation quarks. Hence, for M Y = M ¢74/3 the resulting
mass bound is stronger, as the total VLQ production cross section at parton level is enhanced by a
factor of two. In [222] a search for a VLQ D was presented with electric charge —1/3 decaying into light
quarks. Assuming pair production and Br(D — ¢Z) = Br(D — gh) = 50% with q = d, s yields a mass
bound My > 570 GeV which is applicable to 1?1_12/ s, Again, the real M [y bound is lowered if the decay

1/ — ¢S is kinematically allowed but might also be stronger due to the factor two enhanced parton
level production cross section.
Putting everything together we finally obtain the combined VL(Q mass bounds

M, <690 GeV,
1,2

< ~
M, { 1450 GeV, M, < Mg (6.40)

1350 GeV, M, > Mg °

which are dominated by the direct searches.
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6.4 Summary

In this chapter we demonstrated that PS can be realized in complex BSM models featuring VLQs and
flavorful singlet matrix scalars. We focused on N, = 3 generations of TeV-ish VLQs in the representations
(3,2,—2) (model M) and (3,2, %) (model L). To consistently account for sizeable SM Yukawas y, ; in
the RG flow, also third generation BSM couplings have to be treated separately from first and second
generations ones. This implies a high-dimensional parameter space featuring ten a priori free BSM couplings
and gives rise to rather interconnected RG dynamics. We found that large values of the new, pure BSM
Yukawa coupling oy = O(1071) are key to PS by preventing a subplanckian hypercharge Landau pole. In
the pole-free parts of the parameter space, the known gauge and Yukawa portal mechanisms as well as the
direct and indirect Higgs portal mechanism can then all together push the Higgs towards stability, where
the dominant mechanism is determined by the BSM coupling values. Interestingly, Model M allows for PS
in both vacuum configurations V*, whereas in model L the BSM critical surface is generically tighter and
only V' is realized at Mp,.

Matching our models to SMEFT implies upper limits on a;/M2% While PS in V* in model M is
compatible with SMEFT bounds, for My ~ 1TeV PS is completely excluded in model L as well as for
V= in model M. This demonstrates how PS can guide model building. We then analyzed the collider
phenomenology of model M in V*. Firstly, by comparing BSM running of gauge couplings with LHC
measurements we derived VLQ mass bounds of a few 100 GeV. If not too heavy, VLQs are also directly
singly and pair produced at hadron machines and decay via the Yukawa portal coupling or fermionic mixing
to SM down-type quarks and bosons. Corresponding experimental searches yield lower VLQ mass bounds
of up to 1450 GeV. If My > Mg, also the decay 1~/ — dS is possible providing novel signatures that can
be searched for at LHC. In particular, the subsequent BSM scalar decay via the sizeable BSM Yukawa a;
to dd or gluons provide characteristic triple-jet final states, which are not included in present experimental
analyses and invite dedicated study.

Several interesting aspects are still to be analyzed in the future. First of all, it would be desirable to
scrutinize the complete high-dimensional model parameter space more rigorously. Moreover, it would
be interesting to quantify the impact of our findings from Chap. 4 and Chap. 5 e.g. regarding varying
BSM masses and multiplicities on PS. Finally, a full phenomenological analysis based on the scalar mixing
between all three scalar fields would be desirable to explore the complex phenomenology of the scalar sector.
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So far, we have restricted our PS analyses to minimal SM extensions by VLFs and flavorful scalars. In the
remainder of this theis we want to apply the gained knowledge in the context of a more complex class of
BSM models, namely flavorful U(1)” models. In doing so, the main challenge from the RG point of view is
the generic Landau pole of the abelian BSM gauge coupling which has to be assured to appear sufficiently far
in the UV, c.f. (3.6). Phenomenologically on the other hand flavorful U(1)” models are natural candidates
to explain several experimentally observed anomalies in the flavor sector! and therefore subject to very
active research, e.g. [58-61]. In such models we enlarge the SM gauge group with an additional U(1)’
gauge symmetry with generation-dependent charges Fy for the SM fermions X = Q,U, D, L, E as well as
potentially three BSM RH neutrinos X = v. The U(1)” interaction is then mediated by a massive Z’ boson
which acquires its mass from a U(1)" breaking SM-singlet scalar ¢ with U(1)" charge F,, # 0.

In this chapter we review some generic features of flavorful U(1)” models. We start with discussing the
cancellation of gauge anomalies in Sec. 7.1 as well as gauge kinetic mixing in Sec. 7.2. Afterwards, we
focus on the generation of tree-level FCNC couplings from gauge to mass basis rotations in Sec. 7.3 before
turning to meson mixing and Z’ decays in Sec. 7.4 and Sec. 7.5, respectively.

7.1 Anomaly Cancellation

Fermionic U(1)" charge assignments are constrained by gauge anomaly cancellation conditions (ACCs),
see [170] for a comprehensive review. The ACCs assure that triangle diagrams with three external gauge
bosons and an internal chiral fermion loop exactly vanish. This is necessary as divergences originating from
such diagrams cannot be absorbed in counter-terms in the process of renormalization and hence spoil the
consistency of the underlying QFT. In the SM all gauge anomalies cancel generation-wise. In the absence
of SM-charged BSM fermions this still holds for all triangle diagrams involving only SM gauge bosons.
Demanding anomaly cancellation also in diagrams involving at least one external U(1)” gauge boson on the
other hand implies six conditions on the U(1)" charges of SM fermions and RH neutrinos, namely [59]

SU3)2 x U(1)' - 2Fg,—Fy,—Fp,] =0,

-

s
Il
—

SU(2)2 x U(1) [3Fg,+Fp ] =0,

U(1)2 x U(1) [FQi+3FLi—8FUi—2FDi—6FEi] =0,
gauge-gravity : [6FQZ_+2FLi_3FUi_3FDi_FEi_FVi] =0,

U(1)y x U(1)72 [F§,—F7 —2Fg +Fp +F2 ] =0,

g g g g P g

s
Il
_

U1y : [6F3 +2F} —3F3 —3F) —F3 —F3] =0.

'We focus on two specific flavor anomalies in the next two chapters. In particular we discuss the b — su* ™ anomalies and
the U-Spin-C P anomaly in charm in Subsec. 8.1.1 and Sec. 9.1, respectively.
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7.2 Kinetic Mixing

Here we assumed that the RH neutrinos whose U(1)" charges appear in the gauge-gravity and U(1)"3 ACCs
are the only chiral BSM fermions in the theory. Potential vector-like BSM fermions in contrast do not
contribute to gauge anomalies. In total, (7.1) imposes six linearly independent conditions on 18 (15) a
priori unconstrained fermion charges in models with (without) RH neutrinos, with implications for the RG
evolution, cf. Subsec. 8.1.3, and phenomenology [58-60].

Let us briefly comment on some features of the anomaly-free charge assignments studied within this
thesis. First of all, we assume all U(1)" charges F'y of fermions and scalars in the model to be rational
numbers. Secondly, we stress that U(1)” contributions to physical observables always involve same powers
of U(1)’ charges F'y and the gauge coupling g,. Hence all theories that are related via a transformation
Fy — cFy VX, 9, — gf for any real constant ¢ # 0 are equivalent. We make use of this rescaling
invariance to fix the largest U(1)’" charge as max y |F'x| = 1 without loss of generality. This choice comes
with the advantage that the naive perturbativity limit for the U(1)" coupling Fyg, < 4w, VX simplifies
to ay < 1 in analogy to the other couplings in the theory. Moreover, we observe that the ACCs (7.1) are
invariant under any arbitrary permutation of charge assignments within each individual fermion species.
The phenomenology of models in contrast typically changes significantly under such permutations. Hence,
in this work we assign the U(1)" charges explicitly for each generation fixed.

7.2 Kinetic Mixing

U(1)" models feature two abelian gauge bosons: the heavy Z’ as well as the hypercharge gauge boson.
Gauge invariance in this case explicitly allows for the presence of a mixed abelian gauge kinetic term

—1  (B™\' /1 —n) (BW)
£ D — | A 7.2

w2 = (o) (1) (& &

where B’*¥ corresponds to the U(1)" field strength tensor, cf. (2.8). The size of the mixed kinetic term is

controlled by the kinetic mixing parameter 7, with |n| < 1, which after EWSB induces Z-Z’ mass mixing.

If the Higgs was also involved in the U(1)” breaking, additional mixing terms would be generated. However,

in this thesis we decouple the electroweak and U(1)" symmetry breaking mechanisms by choosing the Higgs
to be uncharged under the U(1)’, i.e.

Fuy=0, (7.3)

which evades the presence of further mixing terms.
Kinetic mixing induces corrections to electroweak precision observables such as the p parameter

My,

= —— 7.4
M cosOy,’ (7.4)

p

which in the SM at tree-level takes the value pM = 1 due to custodial symmetry. Electroweak precision
data on the other hand indicate [155]

p— pSM

= (3.842.0)-10°4, (7.5)

constraining the size of a potential NP contribution. In the presence of kinetic mixing in contrast the
modification of the p-parameter reads

2sin” 0 M
p71=1+% with ZZ(MZZN - (7.6)
/ n=
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7 Interlude: Anomaly-free U(1)" Models for Flavor Anomalies

suggesting a deviation from the SM value of opposite sign than the experimental value (7.5). Thus, in
absence of cancellations of different origin, kinetic mixing is expected to be subleading at the EW scale
tew Which roughly translates to the condition

n(uew)| < O(1072). (7.7)

Additional constraints arise from corrections of SM fermion X; couplings to the Z and photon o< nFx g,.
Again, EW precision data [155] suggest that these corrections are small indicating a small 7(ugw) in
agreement with (7.7).

The RG evolution of the kinetic mixing parameter is not technically natural. Hence, it is radiatively
induced even if set to zero at the NP scale. Nonetheless, its RG growth is diminished in case the 1-loop
contribution to its S-function vanishes. This translates to a condition on fermionic U(1)" charges that reads
[226]

3 3
Yo (dgx,dox,Yx,Fx,) = (Fo,— Fp, +2F; — Fp, — Fg ) =0. (7.8)
i=1 X=Q,U,D,L,E i1

7.3 Flavor Rotations

Let us now derive how the Z’ couplings to physical fermions are related to the generation-dependent U(1)’

charge assignments and the fermionic gauge to mass basis rotations VL{ R (2.23), see Sec. 2.3 for details. To
start, we define the SM fermion U(1)" charge matrices in the gauge basis

Fx, 0 0
0 0 Fy

where X = Q,U, D, L, E. After EWSB and going to the chiral mass basis we obtain the rotated charge
matrices

’ d / d
‘?dL :VLfodev ?dR = VRT‘?DVI%

7, =Vitrove, 7L = VTV, (7.10)
F, =V FLVE T =V FRVE,
for quarks and charged leptons. Fermion couplings gﬁg in the mass basis with f = u,d, ¢(,v) are then
given by
fifj _ /
9JL.r = a( fL‘R)ij' (7.11)

For flavor-universal charge assignments the gauge to mass basis rotations in (7.10) always cancel due to
unitarity. Hence, in the SM the rotation matrices VLf r are solely constrained by V! TVLd = Vogm whereas
all other rotations are unphysical and therefore arl’oitrary. However, for generation-dependent charge
assignments non-vanishing flavor rotations become observable and induce deviations between the charge
matrices in the gauge and mass basis. In particular, the latter can feature tree-level FCNC couplings due
to (7.11), which are typically strongly experimentally constrained. In the lepton sector we therefore fix
Vﬁ r = 1 which forbids all LF'V couplings. In the quark sector in contrast we choose the rotations such
that the desired FCNC couplings are induced.
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7.4 Meson Mixing

b s,d
Z/
5.d b
(a) B, 4-mixing in the SM. The contribution is small (b) Tree-level contribution to B, ;-mixing in our Z’

due to loop- and CKM suppression. model.

Figure 7.1: Leading contributions to B, ;-mixing in the SM (a) and Z" models (b). For both diagrams
there is also a 90° rotated version contributing which is not shown explicitly. The topology of LO
diagrams contributing to D°- and K°-mixing is the same as for B, 4

7.4 Meson Mixing

Z'-quark FCNC couplings g%‘f/R =+ 0 (7.11) with ¢q¢’ = bs, bd, sd, cu invariably generate tree-level contri-
butions to the mixing of neutral pseudoscalar mesons P = B, B;, K°, D°, respectively. In the SM in
contrast neutral meson mixing is loop-, CKM and in case of the D also GIM-suppressed promoting it to an
excellent test ground for NP. The topology of LO SM and BSM Feynman diagrams contributing to neutral
meson mixing is exemplarily depicted for B ; mesons in Fig. 7.1. Due to the strong SM suppression severe

bounds on the FCNC couplings quq/R arise from the experimental determination of neutral meson mass
differences AMp, see [155]. Theory predictions on the other hand are typically less precise due to sizeable
hadronic uncertainties. For B mesons it has to hold [1, 227]

AMENH_NP AMEM-FNP
TB 56, - Pa <1154 (7.12)
AV AN

at 2.50 c.l., which leaves room for a NP contribution of up to 15% compared to the SM. The theory
prediction for the Z’ contribution is given by [1, 227]

AMpT 5TeV' 2
s = {1200 ( i ) (9% + (93)% — X597 97] (7.13)
Bq z’

for ¢ = s,d and with X B, ™ 10 for M, =~ 5TeV, see [1, 227] for details. Interestingly, the NP contribution

to AM B, cancels for ggq = Xgl) gII’D?. If only one non-vanishing coupling is present the condition (7.12)
q
combined with (7.13) for the B,-meson simplifies to [228]

bs
ILE 194105 TeV 2 = |

2 max
Z/

(7.14)

at 99% c.l.. This constitutes a quite powerful constraint on viable Z’ models coupling to b- or s-quarks.

Conversely, for D-mixing no sufficiently controlled SM prediction is available [229]. Conservatively
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demanding the Z’ contribution not to exceed experimental bounds implies the limit [3, 230]

1(95) + (95) + X pog§“ g5
M,?

<5107 TeV 2 (7.15)

at 95% c.l. where we took into account the recent Heavy Flavor Averaging Group (HFLAV) update
[231]. Note that RG effects on the right-hand side (RHS) of (7.15) only amount to a few percent for
My, € [10,10%] GeV and it holds Xp, = 20 for M, ~ 1TeV, see [3, 230] for details.

Last but not least, the Z’ can contribute to neutral kaon oscillations. In order to evade the corresponding
strong experimental bounds [155] by construction here and in the following we always assure gi‘fR =0 (cf.
(7.11)) via

(Fg, =Fg,) and (Fp =Fp or Vi=1). (7.16)

7.5 Branching Ratios

The Z’ decays to pairs of U(1)" charged fermions f or scalars s with mass m, ; < My /2, respectively. The
corresponding tree-level decay widths read [232]

, 7 27”"({” 2 2 m?” 2 2 m?
N 2 ’
/ TN g ms
(2 = s5) =", My 2\ [1 =475 0 (Mg —2m,),
Z/

(7.17)
where Né =3 (Ng = 1) for quarks (leptons), N, is the number of real components of the scalar s and
kinetic mixing has been neglected due to its smallness. Note that for vanishing kinetic mixing the Z’ cannot
decay to SM gauge bosons at LO. Along with (7.3) we deduce that the Z’ typically decays dominantly to
fermions.
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In the Chap. 4-6 we have learned that PS can be achieved via a variety of mechanisms in BSM models
featuring VLFs, flavorful scalars or both. We now examine whether and how PS can be realized in a similar
way in BSM models explaining a set of anomalies in rare b — syt~ FCNC transitions coined the B
anomalies. Popular tree-level mediators to resolve these anomalies are flavorful Z’ bosons or leptoquarks.
In this chapter which is based on [1, 233] we explore the reach of heavy, flavorful Z’ models introduced in
Chap. 7 as candidates for a Planck-safe explanation of the B anomalies.

We start with a brief motivation based on a discussion of the B anomalies and the implied subplanckian
Landau poles in generic Z’” explanations in Sec. 8.1. We then introduce our model in Sec. 8.2 and analyze
various theoretical and experimental constraints. In Sec. 8.3 we explore how the model resolves the B
anomalies by matching it to WET before turning to a Planck safety analysis in Sec. 8.4. Afterwards, we
work out phenomenological constraints and signatures in Sec. 8.5 before summarizing in Sec. 8.6. Finally,
in Sec. 8.7 we briefly comment on attempts to adapt the model to the latest R data [234, 235] which were
published well after the completion of this project [1, 233].

8.1 Motivation

In this section, we briefly review the B anomalies as well as EFT fits pinning down the structure and size
of possible NP contributions. Afterwards we show that Z’ explanations of the anomalies generically imply
a subplanckian Landau pole.

8.1.1 The B Anomalies

In the past decade, deviations from SM predictions emerged in several observables related to rare b — spu™ ™
transitions. They are collectively referred to as (neutral current) B anomalies', see [236] for a recent
review. These FCNC processes are severely loop- and CKM-suppressed in the SM and therefore especially
sensitive to possible NP contributions. However, such observables are also subject to sizeable theoretical
and experimental uncertainties. Therefore, deviations in single observables do typically not exceed 2-3 o.
But interestingly, deviations in related observables exhibit characteristic patterns which invites for a joint
interpretation as hints for BSM physics.

In particular, measured branching ratios of various decays with underlying b — su™p~ transitions
such as B — K®pu*tp~ [51], B, — ¢u*p~ [52] as well as the branching ratio of B, — pu*pu~ [53, 237]
are systematically lower than their SM prediction. Moreover, some optimized angular observables in
B — K*u*p~ decays, most prominently P?, exhibit a tension between experimental measurements [54, 55]
and their SM prediction [238]. Furthermore, several LFU ratios [239]

fqmax B—>Hu I8 d 2

qmm
Ry = fqm BHHM 'da . (8.1)

qmln

with the dilepton invariant mass squared ¢ and H = K" Kg, ¢, ..., were measured below their SM
expectation of unity [47-49]. A similar muon-to-electron suppression was seen in the baryonic decay

!Data also show some anomalies related to charged current b — c7v transitions, see e.g. [236]. These are however not
considered in this work as they cannot be explained in flavorful Z’ models and are less sensitive to NP.
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8 A Planck-Safe U(1)" Explanation for the B Anomalies

AY — pK= ¢4~ [50]. Most prominently,

b _ 0.042 +0.013
R 22| 101,6.0) =0-846 75055 (stat) " 5 (syst),

RO 045,1.1) =0.66 75 07 (stat) = 0.03(syst), (8.2)
RV 6.0) =0.6970 g7 (stat) & 0.05(syst),

where the subscript specifies the g2 bin in units of GeV?, individually used to deviate from the SM prediction
at the level of 30 [47, 48]. The Ry are both theoretically and experimantaly very clean observables, as
hadronic uncertainties as well as many experimental systematics widely cancel in the ratio. Thus, in
particular the deviations (8.2) in Ry were often interpreted as promising hints for lepton flavor universality
violating (LFUV) BSM physics, indicating a different treatment of electrons and muons.

Disclaimer: The Ry, data (8.2) are not the most recent, but rather reflect the situation at the time
this project [1, 233] was carried out. Afterwards, in December 2022 the LHCb collaboration released a new
measurement of Ry [234, 235] which is compatible with unity and thus in agreement with the SM. We
discuss the implications of the new Ry data and our attempts to adjust the model accordingly in detail
in Sec. 8.7. Until then, we stick with the former data (8.2) from [47, 48] used within [1, 233].

8.1.2 EFT Interpretation and Fits

The correct tool to analyze possible NP indicated by the B anomalies in a model-independent way is WET,
introduced in detail in Subsec. 2.5.2. The most general WET Lagrangian inducing tree-level b — su™p™
transitions is given in (2.34). A plethora of global WET fits for NP WCs? to the B anomalies have been
performed by various groups, see e.g. [240] and references therein. The individual fits often differ by the
considered WCs, their flavor assumptions as well as the included observables. Nevertheless, fit results
are widely consistent. In this chapter, we use the results of a fit to b — s data from [240]. The fit was
performed with the tool flavio [241] and includes LFU ratios Ry (8.1), (binned) branching ratios as well
angular observables such as App, Fyy and P/, see [240] for details.

We focus on the fit scenarios summarized in Tab. 8.1 which assume NP only in the semimuonic NP WCs
Cgt %, from now on dropping the superscript NP for brevity. In contrast, the (pseudo-)scalar Og)P, tensor

Or 5 and electromagnetic dipole operators O<7/) are not relevant in Z’ models and therefore neglected.

Note that Cé/)ll;) for py < 1 < pgpw do not suffer from sizeable RG effects as they are invariant under QCD
[240]. In addition, for o = 1 = prw the running of corresponding SMEFT operators is rather slow and
amounts only to < 5% from a scale as high as py = 10 TeV down to ppyw [240]. Hence, we neglect these
small RG effects.

The fit results Tab. 8.1 strongly favor NP contributions to semimuonic WCs C{';, with a pull of ~ 6o
from the SM throughout all fit scenarios. Interestingly, the one and two-dimensional fits jointly indicate a
pattern

—Cl>Cly >0, (8.3)

with —1.3 < C§' — C4; < —0.8 mostly fueled by a sizeable negative contribution to C§'. In particular,
already the 1d fit scenarios C and C§ = —CY|, are sufficient to achieve a 60 pull from the SM. Cg;’f 10 in
contrast are compatible with zero and their inclusion does not significantly increase the pull.

2Recall that some WCs in WET also receive a non-vanishing SM contribution, see (2.37).
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Dim.  Fit for cY cty Cy Cry Pullgy,
1d ch —0.83 +0.14 - - - 6.00
1d Cl=-Cl —041+007  —C, - - 6.00
2d Chy  —0.714£017 0.20+0.13 - - 590
4d Cy e ~1.0740.17 0.18+0.15 027+032 —028+0.19 650

Table 8.1: Best fit values for the semimuonic NP WCs Cg()/,)fé in different NP scenarios and their
respective pull from the SM hypothesis. Table adapted from [1], entries taken from [240].

8.1.3 Landau Poles in Flavorful Z’ Explanations

A tremendous effort in model building in the past decade has resulted in a vast number of different BSM
explanations for the B anomalies, see e.g. [236] for an overview. A simple and popular ansatz to resolve
the anomalies are flavorful Z’ models as introduced in Chap. 7. However, these models are typically not
Planck-safe due to a generic, subplanckian Landau pole in the U(1)" gauge coupling entailing a loss of
predictivity much below Mp,. We carefully derive this finding in the following.

Minimal U(1)" charge assignments to induce the favored C§ contribution in Tab. 8.1 to b — su™u~
transitions are to LH muons (£, ) and LH b- (F,,) or s-quarks (Fy ). Moreover, inducing the bs-coupling
of the Z’ requires quark flavor mixing. Assuming the mixing to be CKM induced from Vi V,, ~ —0.04 by a
rotation in the down sector with Vi &~ Ve and Vi = 1 (cf. Sec. 2.3) the Z’ contribution to b — sp*p~

transitions is
b ’ 2 2(M,, 1
Z * g1 (My/) -~
— + ’

see Sec. 8.3 for details. Here, g, and M,, denote the U(1)" gauge coupling and the Z’ mass, respectively.
Inducing sufficiently sizeable NP contributions to explain the B anomalies as in Tab. 8.1 points to a NP

scale of A ~ 40TeV [242]. Generic mass bounds for a flavorful Z’ in comparison are in the ballpark of
2

5TeV [243]. As the Z’ contribution scales as ]Vg[é the Z’ mass suppression has to be compensated by larger
Z/

values of g,. More precisely, M, ~ 5 TeV together with (8.4) yields

1 (5TeV/40TeV)? 1 1

— 5TaV) ~ ~
(o eV) @n)? V,ViFy By d0m® Fy Fq

(8.5)

2

as required value of the U(1)" coupling oy = 12%5. The leading order RG evolution of the U(1)" coupling is
then given by (3.5) and governed by the 1-loop coefficient B, defined in (3.7), see Subsec. 3.1.1 for details.
It implies a Landau pole at

Hrp 1
In = , (8.6)
Ho Byay(pg)

cf. (3.6). Assigning the required non-zero U(1)” charges Fy, and Fy, to LH muons and b quarks, respectively,
as well as the minimal amount of extra charges to avoid gauge anomalies (see Sec. 7.1) we find

16
B, > g(Fi +3F3). (8.7)
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Plugging this and (8.5) into (8.6) we obtain

2 B, F 2
L 1 _ Lom L2” Qs 157 7 (8.8)
o Byoy(p) 2 F7 + 3Fc223 4v/3

irrespective of the charge assignments Fy, . Hence, for piy ~ M,/ ~ 5TeV the Landau pole appears at

prp < 1010 TeV <« Mp, (8.9)

well below the Planck scale. We stress that in realistic models B, is typically larger than (8.7) due to
contributions from additional U(1)" charges. This translates to an exponentially lower scale for the Landau
pole, see Fig. 8.2 for an example. Note that demanding anomaly cancellation was crucial for this derivation
and that our findings are not altered when including kinetic mixing below the experimental limit (7.7).

We briefly comment on exceptions to the generic bound (8.9). One possibility is to impose sizeable
flavor rotations V;' 4 in the up- and down-sector that largely cancel as 125 1 VI = Vogw, see e.g. [244, 245).
Thereby, the required Z’bs-coupling can be generated by «a, lower than (8.5) which pushes the Landau
pole to higher energies. However, in these scenario potentially sizeable contributions to several FCNCs
transitions are induced in the down- and up-sector but severely constrained experimentally. Hence, they
prevent the rotations V' 4 t0 become arbitrarily large which limits the reach of this mechanism to lower
the required value of «,.

Secondly, one could choose all first- and second-generation quarks to be uncharged under the U(1)’
gauge symmetry as e.g. in third generation hypercharge or By — L, models, see [237, 246]. In that case Z’
production in pp collisions is severely suppressed and the corresponding LHC mass bounds are lowered. As

the Z’ contribution to b — syt p~ (8.4) scales with J\jé this also allows for lower values of a,. However,
z/

even in this scenario contributions to Z’ production from bb fusion typically still result in mass bounds
well above a TeV and thus might not allow for a sufficiently low a, to avoid a subplanckian Landau pole.
Moreover, in order to achieve PS in both scenarios the Higgs metastability still needs to be cured. As they
are also rather fine tuned we do not consider them in this work. Instead, our goal in this chapter is to
develop a Planck-safe Z’ model explaining the B anomalies with the help of an enlarged BSM sector via
the mechanisms discussed in Chap. 4, Chap. 5 and in particular Chap. 6.

8.2 Z' Model Set-Up

We extend the SM with a heavy flavorful Z’, a U(1)” breaking SM singlet scalar ¢ as well as three BSM
RH neutrinos v. Moreover, we include N generations of universally charged BSM fermions ¢, p as well as
a Np x Np SM singlet scalar matrix field .5, ;.

For the sake of simplicity and in order to reduce the number of free parameters we promote the BSM
fermions ¢}, p to vector-like SM singlets coming in three generations and assume the matrix scalar to be
uncharged also under the U(1)" gauge interaction. Hence, we fix

NF - 3, YwL/R,i - 0, dszL/R‘i - 1, d37wL/R,i - 1, FwL/R,i - Fw, FS - 0 . (8.10)
8.2.1 Yukawa Sector
The Yukawa sector of our model
— Lyurawa = YA QHD; + Y4 Q HU, + Y L,HE; + Y LiHv; + y¢, . S;;p; + h.c. (8.11)
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contains the SM Yukawa matrices Y%¢  a similar BSM Yukawa Y for neutrinos as well as the single pure
BSM Yukawa coupling y as in Chap. 6. It is protected by the only softly broken SU(Ng),,, x SU(Ng),,,
flavor symmetry. It also forbids any additional Yukawa interactions involving 1,  or S;; and in particular
a Yukawa portal coupling x a la Model E in Tab. 4.1. We restrict ourselves to charge assignments with
F, # £2F,, which by construction forbid a potential Majorana-like Yukawa interactions of the RH neutrinos
and the scalar ¢.

While gauge invariance of the BSM Yukawa y is already ensured by (8.10), for the SM and neutrino
Yukawa matrices it requires

Y 0=Fgo, +Fg—Fy, Vi 0=Fo —Fy—Fp,

Y 0=F —F,—F Y¥ 0=F, +F;—F (8.12)
ij =t H E;» ij =1t H )

’

for i,j = 1,2,3. Fulfilling all conditions (8.12) invariably implies flavor-universal U(1)" charges for all
quarks and leptons. This forbids non-universal F, # F, which is however required to induce a tree-level
LH Z’bs coupling in order to explain the B anomalies, see (8.4).

In the following we therefore pursue a different path that allows us to explain the B anomalies in a
radiatively stable and Planck-safe manner. We mitigate the conditions (8.12) by only demanding invariance
of diagonal quark Yukawa couplings via

Y 0="Fy + Fy—Fy,, Yd: 0=Fy —Fyg—Fp_, (8.13)

which allows for the corresponding mass terms. Thereby, we explicitly assure gauge invariance of the most
sizeable top (and bottom) Yukawa coupling(s) while only neglecting Yukawa couplings that are numerically
small and of negligible impact for the RG analysis. This includes the lepton and neutrino Yukawas Yé’”.
We stress that solving the flavor puzzle, i.e. explaining the observed patterns in fermion masses as well as
CKM and PMNS mixing is beyond the scope of this work.

8.2.2 Scalar Sector

The scalar potential

VW =X (HYH)? + s (¢T¢)? + uTr(STSSTS) + v Tr(STS)Tr(STS)

+ 6 (HYH) Te(STS) + & (HTH)(¢T¢) + w (¢T¢) Tr(STS) (8.14)

is structurally equivalent to (6.8). It contains Higgs (A) and BSM (u, v, s) quartic self interactions as well

as portal couplings (9,0, w) among the different scalar fields. The potential (8.14) exhibits the two distinct
ground states V* with stability criteria

A>0, A>0, $>0,0 =6+2VAA>0, & =6+2Vs >0,

y - (8.15)
W =w+2VsA>0, 2VAAs+0vs+ VA +wVA+ 85w >0,
cf. (6.9) and (6.10), which are distinguished by the parameter
u f +
A +v>0 foru>0 (Vﬁ). (8.16)
u+v>0 foru<0 (V)
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8 A Planck-Safe U(1)" Explanation for the B Anomalies

After spontaneous breaking of the U(1)" symmetry, the scalar ¢ acquires a VEV (¢) = v,/ V2 > 0 which
generates a mass term for the Z’ boson
where additional contributions from the Higgs are prevented by (7.3). Moreover, after EWSB

H= \}i (vh(j— h> , o= \}5(% + ), (8.18)

the surviving real scalar modes h and ¢ mix, see Subsec. 5.2.1 and App. C for details. The scalar mixing
angle f3 is constrained to be small by Higgs signal strength measurements (5.27). Applying (8.17) in the
limit 8 <« 1 results in a bound

~

5
[Fylga, < 0.81 My [TeV], (8.19)

which can be easily fulfilled by & < s as typically |F »194 < O(1) in our models as outlined in Subsec. 8.3.3.
For a more detailed phenomenological discussion of the U(1)" breaking scalar ¢ we refer to [247]. If in
addition the scalar S acquires a VEV it also participates in the mixing. However, this effect can be regulated
by the size of the portal couplings |d| and |w|, and is therefore not further analyzed in this work.

8.3 Viable Z Models Explaining the B Anomalies

We now match the minimal Z’ model for b — su™ ™ transitions to the low energy description in WET,
briefly discuss important phenomenological constraints and derive viable benchmark models (BMs).

8.3.1 EFT Matching

In order to generate the required contributions to the semileptonic b — su™ = transitions via (8.4) the
Z’ has to couple to b- and s-quarks as well as muons with g’f/ r and gﬁ’/” > respectively, cf. (7.11). The
requisite minimal Lagrangian in the mass basis reads

Lz D (99 5,701 2], + g Spy*brZ), +hee.) + gr iy Z), + 97 ip 12, - (8.20)

Integrating out the Z’ at tree level yields the effective Lagrangian

2
L5 D { (97°(5.9%br) + 95 (Sr1*br) +hec. ) + g7" (" pr) + Q%MQ_LR’VHNR)} (8:21)

202,

and comparing to the WET Lagrangian (2.34) we can read off the Z’ contributions to semimuonic WCs

-1 s L L
o _ [ V2Gpa, L\ 9 9R +ar”)
CQ -\ T Vvtb ‘/ts M§/ ’

(8.22)

—1 s
oo _ (_V2Gracy, L\ 9t (9R —9i")
0 = T th Vits M%, .

Here, we have neglected the numerically small running of C’éf)ﬁ) enabling us to directly match our Z’ model
to WET at the NP scale pg ~ M, .
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The requisite couplings gzs’f{“ are determined by (7.11). In order to induce the required FCNC coupling

g% # 0 we choose the CKM rotation to be entirely in the down-sector, i.e. V& = Vi which yields

g%S =94 (72114)23 = 94‘/;5b V?; (FQs o FQQ) + Vub VJS (FQI - FQ2> = 94‘/"‘17 V';; <FQ3 o FQZ) ’ (823)

where we made use of CKM unitarity and hierarchy. This choice also implies V;* = 1 which along with
Vi = 1 evades any potential FCNC couplings in the up-sector. Also in the RH down sector unless stated
otherwise we choose Vg = 1 resulting in g'l’:f = 0 and hence Cé{lo = 0 in accord with the fit results Tab. 8.1.

In the lepton sector we fix Vf,R = 1 which forbids all LFV couplings and with ¢ = 1,2,3 < £ = e, u, 7
simply gives
9 = 9. Fr, 9% = 9Fp, (8.24)

8.3.2 Phenomenological Constraints

To avoid severe experimental constraints from LEP-II [248, 249] and other EW precision measurements [58]
we demand electrons to be uncharged under the U(1)’, i.e.

1 1

such that they do not couple to the Z’. Moreover, to avoid contributions to kaon mixing we choose
FQl :FQ27 FD1 :FDZ’ (826)

which yields gz[fR =0, c.f. (7.16). The required Z’ coupling gb* # 0 in contrast invariably generates tree-level
contributions to B,-mixing, c.f. Fig. 7.1, which is strongly bounded by (7.14). Using I, = 1.24-107° TeV 2

from (7.14) we define the ratio

ax

L lgpP
= 8.27
TBS Imax M%/ ( )
for future reference which has to be rg_ <1 in viable models. This bound implies
bs -3
g7 8-10 (
S ) 8.28)
g% + 9" lety

which means that the Z’ couples much more strongly to muons than bs and results in a charge hierarchy

Fg, + Fp,

=510, (8.29)
Fo, —Fg,

Constraints on |g4¢|? /M2, from B;-mixing analogous to (7.14) are of the same order but less stringent due
to the stronger CKM suppression of g%d, cf. (8.23). In order to realize the favored pattern for the values of
WCs (8.3) the involved U(1)" charges have to obey

(Fo, > Fgp, and F, >Fg >0) or (Fy <F, and F, <Fg <0). (8.30)

From (8.22) we can moreover deduce that the scenario Cy = —C'|, requires F’ B, = 0, whereas Cly=0
necessitates vector-like muon charges Fy, = Fp, .
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2.0 7 I -
angular B — K* upu
1.5 R+
S —— global fit 2d
104 | 4| P
‘\\ \\\\ ‘ BM.
\ - BM
o \ \ = £
T 054 ) >
\
N\
N\
0.0
—0.5
-1.0 " T | ’ ]
—-2.0 —-1.5 -1.0 —0.5 0.0 0.5 1.0
cy
9

Figure 8.1: 2d fit to the B anomalies in the C§-C}j-plane from [240], cf. Tab. 8.1. Indicated are the
overall 1-3 0 best fit regions (red) along with 1o contours for fits to subsets of observables, namely only
Ry (green), only Ry. (yellow) and B — K*u™pu~ angular observables (blue). Our four benchmark
models in Tab. 8.2 are indicated by diamond-shaped symbols, the dashed black line corresponds to
Cy = —C1y. Note that BM1 and BM4 generate the same values for Cf ;. Plot taken from [1].

Model  Fp. Fy, Fp, Fr, Fy, F,  |Fy|F,|Fs|F,
BML| 5 3515 20 20 10| 20 201 10 1) 0716 1) O 0 00 1)0}5
BM2 |4 & §)—d ~f §|-i - 5|0 L 000 0 1| &g 1o lfo)
BMB|—f —f 0|-§ —3 0|=f —% 0/ 0 & 0 i 40 i 3olilo]}
BM4| 0 0 | 0 0 % 0 0 ifl0 & -2|0 L -2/ 0 L-20|1|0|%

Table 8.2: U(1)’ charge assignments F'y with X = Q,,U;,D;, L;, E;,v;,v,H, S, ¢ in our four bench-
mark models. Table adapted from [1].

8.3.3 Benchmark Models

We now work out viable Z” BMs charge assignments fulfilling all relevant constraints from Chap. 7. The
number of a priori free U(1)” charges is reduced by choosing the scalar S to be a complete gauge singlet
(8.10), cancellation of gauge anomalies (7.1), decoupling EW from U(1)" symmetry breaking (7.3), gauge
invariance of quark mass terms (8.13) as well as electron (8.25) and kaon bounds (8.26). Moreover, to
evade the B,-mixing bound (7.14) U(1)" charges have to fulfill (8.29). In order to match the patterns of
WCs in (8.3) favored in the fits, cf. Tab. 8.1 and Fig. 8.1, U(1)" charges in addition have to fulfill (8.30).

We identified four different BMs fulfilling all these requirements, with the corresponding charge assignments
given in Tab. 8.2. The BMs induce different NP scenarios in the WCs Cy -

BM1,4: Cf <0 and C}, =0, BM2: C§ = —C4, <0, BM3: —C¥§ > Cy, >0, (8.31)
see also Fig. 8.1 where the corresponding values of WCs are indicated in the CY-C}-plane. For BM1-BM3

we assume the Z’ mass to be M, ~ 5TeV. In BM4 in contrast a lower value M, ~ 3TeV is considered.
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We now discuss the characteristics of each BM in more detail. BM1 belongs to a class of models with

F, =-2F,=-2F,, F, =0, F,=-F, F,=0 F, =-F,, (8.32)
where ¢ = Q,U, D and ¢ = L, E, controlled by only three free parameters F q37Fl37Fl/37 for chiral fermions.
Interestingly, we can choose F, =0 and obtain a model without RH neutrinos. This is not possible
in models with C{, # 0 as in this case anomaly cancellation in combination with the other constraints
invariably requires some non-vanishing F, # 0. Moreover, in BM1 diagonal lepton Yukawas Y/ and
corresponding mass terms are allowed by gauge invariance. BM1 also fulfills (7.8) so that the kinetic mixing
parameter 7 is not induced at 1-loop. In order to obtain the best fit value C}y = —0.83 we fix the U(1)’
gauge coupling as o, () = 1.87 - 1072,

For BM2, in order to obtain Cf, = —Cg = —0.41 we set Fj = 0 and fix ay(p49) = 5.97-107°. Note that
the model is rather close to the B -mixing bound (7.14) with rp = 0.86, cf. (8.27).

In BM3, the charge assignment along with oy () = 4.60- 1072 generates hierarchical C} = —0.71, C1, =
+0.24 in excellent agreement with the 2d scenario in Tab. 8.1. This is highly nontrivial, as only the value of
the gauge coupling could be adjusted in order to generate the required values for both WCs. Interestingly,
in this BM third-generation quarks are uncharged and the coupling g?f is generated only from Fo, after
the gauge to mass basis rotation.

Finally, in BM4 first- and second-generation quarks are uncharged under the U(1)’. Hence, a lighter
7' of M, = 3TeV is still compatible with collider bounds, due to the double b-quark parton distribution
function (PDF) suppression in Z’ production. Fixing ay(pg) = 2.45- 1072 we obtain Cy = —0.83, Cf, =0
as in BM1. BM4 can be considered more minimal as fewer fields are U(1)” charged than in the other BM
models.

8.4 Planck Safety Analysis

The RG analysis of our BM models is rather complex due to the large number of different couplings and
their interplay. Whereas ay(p) for pg ~ My, 4, ¢ is fixed by explaining the B anomalies, the set of mostly
a priori free BSM couplings

{n, oy s s g, a5, a5, a0, (8.33)

is only loosely constrained by kinetic (7.7) as well as scalar mixing (8.19) and spans an eight dimensional
parameter space to be scrutinized. Luckily, we can make use of our findings from the previous chapters to
identify subsets of this parameter space which are likely to give rise to a Planck-safe RG flow.

The required value of U(1)" gauge coupling to explain the B anomalies with a heavy Z’ is typically
rather large with ay(uy) ~ O(1072), cf. (8.4). In addition, many particles are charged under the U(1)’
which accelerates the RG growth of a,. This growth if not tamed results in a Landau pole much below the
estimate (8.9) and only a few orders of magnitude above the TeV scale?, see for instance Fig. 8.2. Hence,
large parts of the BSM parameter space exhibit subplanckian poles. However, the BSM Yukawa «,, slows
down the growth of a, via

By D =4 Nt dyydy, Flaja,, (8.34)

which is enhanced by NI%. This allows to prevent subplanckian Landau poles in our BMs for

Fla, () 2 0(1071). (8.35)

3In fact, we also analyzed many more phenomenologically viable charge assignments than our BMs. However, for the
majority of them the U(1)” Landau pole could not be pushed beyond Mp, preventing us from achieving PS.
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Figure 8.2: 2-loop running of couplings in a realistic heavy Z’ model explaining the B anomalies. The
RG flow exhibits an «, Landau pole already a few order of magnitude above the TeV scale. The U(1)’
charges and coupling in this plot are the same as in BM 3 of Tab. 8.2, but without any of the BSM
fields v, S and ¢, see Sec. 8.3 for details. Plot taken from [1].

Exploiting this mechanism implies an upper limit on the mass of the BSM fields %, S interacting via the
Yukawa coupling y. If their mass is close to or above the naive Landau pole estimate (8.6), the fields do not
become dynamical before the pole is reached and the theory falls apart before the slow-down by «,, sets in.
In (8.35) we moreover heavily profit from the absence of stringent phenomenological bounds on «,, as well as
some patterns in our BM charge assignments. All U(1)" charged fields X contribute to B, Do< dy xd3 x F 2
which drives the RG growth of «, with their color and isospin multiplicity, cf. (3.7). Hence, we benefit
from small quark charges |F, |/|F,| < 1 with ¢ = Q,U, D which for FQZ’3 is incidentally in accord with
requirements from B,-mixing bounds (7.14). Moreover, opposite-signed FQz,s in combination with large
muon charges F g allow to account for the B anomalies with still comparably low values of ay(fi).

Unluckily, large Yukawa coupling values also tend to destabilize the Higgs potential, cf. Sec. 4.2.
Nonetheless, if one of the portal couplings ¢, d is sufficiently sizeable with roughly

1073 < a;5(to) < 1071, (8.36)

stability can still be achieved via the Higgs portal mechanism, see Sec. 5.1 for details. As previously,
strongly coupled walking regimes which are induced by the rather large @, s 5(Ho) are key to achieve PS as
they mutually tame the U(1)” Landau pole and stabilize the Higgs. Interestingly, quartic couplings are not
technically natural and can thus change signs, cf. Sec. 6.2, in particular allowing for transitions between
the vacua V* by sign changes of «,,.

Notably, we also find some fine-tuned Planck-safe trajectories with both Higgs portal couplings tiny
at the matching scale. The reason is a sizeable, inhomogeneous 2-loop contribution o a3a, to Bs. This
constitutes a qualitatively new mechanism w.r.t. Chap. 6 as it is based on the non-vanishing scalar U (1)’
charge F, # 0. Tt allows to induce sizeable oz promoting Higgs stability, similarly to the indirect Higgs
portal mechanism in Chap. 5. However, this effect can easily be spoiled by the contributions of other
couplings in the interconnected RG flow.
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Figure 8.3: BSM critical surface of BM1 in the ay(1)-az(pg)- (a) and ag(pg)-c5(pg)-plane (b)
for g = 5 TeV. The remaining BSM couplings are fixed as {ay,n, oy, @, ay,, a,}],, = {1.87-
1072 0, 1074 1075 1075, 1072}. Same color coding as Fig. 4.1a. Plots taken from [1].
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Figure 8.4: Exemplary Planck-safe RG trajectories in BM1 (a) and BM2 (b) for the parameter
configurations indicated by the black crosses in Fig. 8.3 and Fig. 8.5, respectively. Plots taken from [1].
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Model  pg g (o) fiLp oy (fo) a5 (to) )

BM1 5TeV 187-1072 110TeV 210712 107* < as(py) S 10707 1075 < ag(pg) < 10707
BM2 5TeV 597-107° 2-10°TeV 21077 1070 S as(uy) 1071 107° < ag(pg) < 10700
BM3 5TeV 4.60-1072  25TeV =107t 107* S as(pg) 1070 1072° < agpg) S 1071
BM4 3TeV 246-1072  60TeV = 10752 107* < ay(py) < 1071 1074 < az(py) <1077

Table 8.3: RG characteristics of our BMs. Indicated are the NP scale i, >~ M/, the required value of
o (f1g) to obtain the best fit WCs Tab. 8.1 and the scale of the naive Landau pole i p when setting all
BSM couplings to zero that dictates an upper mass limit for the BSM fields ¢ and S of Mg, < pip.
Moreover, we give the preferred parameter ranges in @, 55 which give rise to a Planck-safe RG evolution.

8.4.1 Individual Benchmarks

The discussed RG characteristics are qualitatively rather similar in the individual BMs. Some quantitative
features are therefore jointly collected in Tab. 8.3, indicating also the naive Landau pole estimate, and
precise Planck-safe ranges for the BSM Yukawa and Higgs portal couplings.

An exemplary Planck-safe RG flow in BM1 is illustrated in Fig. 8.4a. We observe that a, , and some
quartic couplings enter a walking regime around p ~ 107 GeV. The Higgs portal couplings o 5.5 and the

Higgs quartic ar, join the walking around 10% GeV and 10° GeV, respectively. Within the walking regime,
most couplings take sizeable values of @(1071), except for the portal couplings @, which are locked at
negative values of lower magnitude. The SM gauge couplings do not participate in the walking but run
moderately, similar as in the SM. The top Yukawa ¢, and kinetic mixing parameter 1 grow more strongly,
but stay well perturbative all the way up to Mp;. The BSM parameter space Fig. 8.3 in BM1 is widely
dominated by poles. PS can however be realized if poles are prevented by a large BSM Yukawa in accord
with the estimate (8.35) as well as at least one sizeable Higgs portal coupling « 55 promoting vacuum
stability, cf (8.36) and Tab. 8.3. The remaining BSM couplings stay widely unconstrained. However, we
observe a slight tendency for larger o, ,, .(i1o) to enlarge the viable ranges for a . 5(o) due to the indirect
Higgs portal mechanism as long as they are still small enough to evade interference with the walking regime
and Landau poles in quartic couplings. Stability at the Planck scale is always realized in the vacuum
configuration V1 although some RG trajectories feature intermediate transitions to V. We also examined
the possibility to include RH neutrinos with F,, = —F, # 0 in the model. The impact on the RG evolution
is however small and of minor relevance. We conclude that including U(1)’-charged RH neutrinos in the
model is possible from the view of PS. We now discuss the RG evolution of BM2-BM4 more briefly, focusing
mostly on individual characteristics and differences w.r.t. the other BMs.

For BM2, the BSM critical surfaces are depicted in Fig. 8.5. Interestingly, due to the low value of a4 (1)
compared to the other BMs already lower values of o, = 10717 allow to tame the U(1)" Landau pole and
induce PS. This is also reflected in the higher scale of the naive Landau pole in Tab. 8.3. Accordingly,
also the allowed ranges of the Higgs portal couplings « 55 are wider. The reason is the lower value of
the destabilizing «,, contribution to ), enabling Higgs stability already for smaller values of the portal
couplings « 55 Turning to an exemplary Planck-safe RG flow in Fig. 8.4b, we notice that stabilization
entails a crossover between two different walking regimes. The first walking regime appears already around
105 GeV capturing most quartics including the Higgs at values of < 107! while gauge and Yukawa couplings
except for a,, keep running at weakly coupled values. Around 10'2 GeV the situation however changes. In
particular, ay, and 7 start to participate in the walking, the portal coupling o 55w change sign and several
couplings are now locked at borderline perturbative values of O(1).
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Figure 8.5: BSM critical surface of BM2 in the a,(ug)-a5(p1g)- (a) and a;(pg)-az(pg)-plane (b)

for pg = 5 TeV. The remaining BSM couplings are fixed as {ay,n, oy, oy, o,

= {5.97 -

st ko

10730, 1074 1075, 1075, 10~2}. Same color coding as Fig. 4.1a. Plots taken from [1].
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Figure 8.6: BSM critical surface of BM3 in the a,(19)-az(pg)- (a) and ag(pg)-az(pg)-plane (b)
at py = 5 TeV. The remaining BSM couplings are fixed as {ay,n, o, a,, a,, o}, = {4.60 -

1072 0, 1074 1075 1075 1073-5}. Same color coding as Fig. 4.1a. Plot taken from [1].
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Figure 8.7: Exemplary Planck-safe RG trajectories in BM3 (a) and BM4 (b) from the NP scale
to =5 TeV (a) and py = 3 TeV (b) up to the Planck scale, for the parameter configurations indicated
by the black crosses in Fig. 8.6 (a) and Fig. 8.8 (b), respectively. Plots taken from [1].
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Figure 8.8: BSM critical surface of BM4 in the ay(19)-az(pg)- (a) and ag(pg)-c5(pg)-plane (b)
for g = 5 TeV. The remaining BSM couplings are fixed as {ay,n, oy, @,, a,, a}],, = {2.45-
1072 0, 1074 1075 1075, 1072}. Same color coding as Fig. 4.1a. Plots taken from [1].

PS is comparably harder to achieve in BM3 due to the lowest scale of the naive Landau pole resulting
in the strictest constraints on @, 55 cf. Tab. 8.3. This can also be seen from the BSM critical surface in
Fig. 8.6. Notably, in contrast to the other BMs it consists of two isolated pieces which are separated by the
occurrence of Landau poles. While the first features sizeable @(107!) values of both Higgs portal couplings
g 5, the latter requires one portal to be comparably small and both not to exceed values of ~ 1072. A
Planck-safe RG flow in the latter piece is depicted in Fig. 8.7a. We find that it is overall more perturbative
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8.5 Phenomenological Implications

than in the other BMs with values of most couplings at the Planck scale < 10~! and the majority even
< 1072. The reason is that only « and hence much less couplings than in the other BMs enter a
walking regime.

We show the BSM critical surface and an exemplary Planck-safe RG flow of BM4 in Fig. 8.8 and Fig. 8.7b,
respectively. Recall, that BM4 features a lower NP scale than the other BMs of y, = 3 TeV. As expected,
also here we find a parameter space region giving rise to Planck-safe trajectories characterized by large a,
and moderate « 5.5 cf. Tab. 8.3. PS is thereby enforced by a characteristic walking regime capturing «, 4
and the BSM quartics at strongly coupled values until beyond the Planck scale.

y,4,u,v

8.5 Phenomenological Implications

We now derive predictions for Z’-induced dineutrino branching ratios, work out collider signatures and
discuss consequences of potential Z’-mediatedRH quark currents.

8.5.1 Predictions for B — K®vp

The Z’ couples to neutrinos due to the charges Fy , and hence contributes to decays B — Hww,
H = K,K*, ... at tree-level. In absence of RH quark currents the effect on the corresponding branching
ratios is unlversal and given by [240]4

—V2n(Fo, — Fo,)di
Gra, M%/ Xom ’

B(B — Hvv 1
(B = Hvp) _ 3 (Z 1+ Fpal” + |Fl,ia|2> where  a = (8.37)

B(B — Hvv)g,,

with Xq\; = —12.64 [250] encoding the SM contribution. From the BM charge assignments Tab. 8.2 and
employing (8.37) we obtain the ratios 1.003, 1.05, 1.08 and 0.97 in BM1, BM2, BM3 and BM4, respectively.
Since |a| <« 1, the leading BSM effect stems from the interference of the LH Z’ contribution with the SM.
For RH neutrinos there is no such interference [251] and their contribution is only at the permille level.
This explains the smallness of the BSM contribution in BM1, where the interference terms cancel due to
>, Fr, = 0. As expected, the B anomalies generically point towards enhanced B (B — Hvv) [240]. An
exceptlon is BM4, where a > 0 along with Z F L, <0 results in a mild suppression due to a negative
sum of interference terms. However, in all BMs the BSM effect on b — s dineutrino branching ratios
only amounts to < 10% which is too small to be distinguished from the SM within present precision. In
particular, it is not sufficient to explain the excess in B(B™ — K Tvr) hinted by the Belle 1T experiment
[81, 82]. Moreover, while Belle II is expected to observe B(B — K vi) at the SM level [252] and thus in
all BMs, the projected sensitivity is insufficient to distinguish between our BMs and the SM.

8.5.2 Collider Signatures

From the partial Z’ decay widths (7.17) and assuming negligible kinematic suppression of the decays
7' — ), ¢ we compute the total Z’ widths in our models. They are in the ballpark of ot = fewx 0.1 M,
in all BMs, indicating a broad Z’ due to large a,. The precise values for the Z’ widths and (tree-level)
branching ratios in our BMs are summarized in Tab. 8.4.

If kinematically allowed, in all models the dominant Z’ decay mode is Z’ — v,1; with flavor-summed BM
specific branching ratios of ~ 50% — 80%. If the dominant decay Z’ — 1) is kinematically forbidden, the
total Z’ width is reduced by a factor 2 (4-5) in BM1 and BM2 (BM3 and BM4) while all other branching

4Neutrinos are experimentally only indirectly detected as missing energy. Thus, we give the branching ratio prediction
summing over neutrino flavors.
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Model jets b t BT Ver
BM1 05 05 0.5 15 15 15

€ ¢1,2,3 ¢ Fgf)t
0
BM 2 14 15 15 0 9 9 18
0
0

54 0.2 0.43My,
46 01 0.14My,
79 01 0.73My,
72 02 043M,

BM 3 ) 0 0 4 4 8
BM 4 0 09 09 3 11 14

o O o oS

Table 8.4: Total Z’ widths and branching ratios of different fermionic and scalar Z’ — ff, ss decays
at tree-level in %. Numerical values are given neglecting fermionic, scalar as well as kinetic mixing
and assuming Z’ — wilﬁi, ¢¢ to be kinematically open with negligible phase space suppression. If the
dominant decay to 11 is forbidden (kinematically significantly suppressed), the other branching ratios
increase by a factor of (up to) 2, 4 and 5 in BM1 and BM2, BM3 as well as BM4, respectively. Table
adapted from [1].

ratios are correspondingly enhanced. Keeping in mind that ¢ is a SM singlet and in combination with
sizeable branching ratios of = 10% to (LH and RH) neutrinos 7;v;, we learn that the Z” decays dominantly
to invisibles with a total branching ratio of 65%-85%. This provides a smoking-gun signature of our model
class. Moreover, all benchmarks feature sizeable branching ratios in muons and taus which differ among
the individual benchmarks and range between 3% and 15%. BM2 and BM3 also exhibit sizeable branching
ratios of 15% and 5% to jets, respectively, whereas this decay mode is negligible in BM1 and BM4. In
combination, measuring Z’ branching ratios at the level of 10% would allow to distinguish between the
different benchmarks. Decays Z’ — tt,bb, et e, hh, ¢¢ have negligible branching ratios of < 1% in all BMs.

The Z’ can be produced at a hadron machine in gg-fusion. A clean signal are high-energy Drell-Yan
processes. The corresponding cross section reads [155, 253]

™

olpp = Z'X — ffX) s > cqw,(s, M), (8.38)
q

where ¢ = u, d, s, c,b and interference with the SM has been neglected. The model-independent functions
w,(s, M %) encode all necessary information on proton PDFs and QCD corrections. The coefficients

cj = 16720, (F2 + F2 )B(Z' — ff) (8.39)

on the other hand are BM specific and depend on quark U(1)" charges as well as the Z’ branching ratios.
We now deploy the results of a CMS search [243] for high p; dileptons which gives Z’ mass limits as a
function of cf;’ 4 With ¢ = e, p and obtain

MEML > 5.0 TeV(5.4 TeV), MEM? =59 TeV(6.3 TeV), MEM3 = 5.8 TeV(6.8 TeV) (8.40)

at 95% c.l. for 2M,, < My (2M,, > My/). The results however have to be taken with a grain of salt as
the muon and electron channels were combined, whereas in our BMs the Z’ does not decay to electrons.
Moreover, s, c and b contributions to the production cross sections were not taken into account. For this
reason we cannot derive a mass limit for BM4 where first-generation quarks are uncharged under the U(1)".
However, mass bounds as low as M, = 1.2 TeV have been obtained in similar models without couplings to
light quarks [244, 254, 255], which serves as a ballpark estimate.

All our BMs can also be searched for at a future muon collider, where the large muon coupling F g,
strongly enhances s-channel Z’ production. We find for the corresponding LLO BSM cross section with
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subsequent invisible Z’ decay

167° o} (FZ, +Fp)s
3 (M2, —s)? + M2, T2,

o(urp~ — Z' — Yip,vw) = ONRF2+ Y (FE +F2)| . (8.41)

For /s = 3TeV [256], it is enhanced w.r.t. the LO SM cross section

35 (97)" [(g5")" + (957)7]

optn =2 —-w)=
487 (M2 — s)°

(8.42)

by a factor of 880, 72, 560 and 4800 in BM1-BM4°, respectively, where the SM Z couplings gZL FPLR can
be read off from (2.18). The large enhancement in BM4 is due to resonant Z’ production with M, = /s.
For a detailed muon collider study of Z" models for the B anomalies see [257].

8.5.3 Right-handed Quark Currents

Thus far, we focused on models with only LH FCNC quark couplings ¢%* inducing C& 10 Which suffices to
explain the B anomalies, c.f. Tab. 8.1, but always implies R. =~ R [258]. However, LHCDb data [47, 48]
given in (8.2) indicate Ry > Ry.o at the 1o level. If confirmed, Ry. # Ry hints at a non-vanishing RH
coupling g% # 0 as at LO [258]

Ry / ,

JTI; ~1—041(C" —Ch), (8.43)
c.f. also (8.22). Gy — C1 # 0 can be induced by assuming RH bs mixing in V& by a small angle 6,
resulting in g% ~ (Fp, — Fp,)sinf,g,, see (7.11). We then obtain

'@ P bs
C% ~ G _gi_, (8.44)
& Clo 97

with the fit in Tab. 8.1 suggesting » < 0. r < 0 (r > 0) then implies Rg. < Ry (Rg. > Ry ) where the
B,-mixing bound (7.12) currently allows for a deviation of the order ~ 10% (~ 20%) at the 20 level in all
BMs. Note that a potential cancellation between LH and RH contributions to B,-mixing (7.13) requires
positive r = Xp orr = Xgi which is disfavored by the data.

8.6 Summary

In this chapter we studied flavorful Z’ models which can explain the B anomalies in a Planck-safe manner.
We identified four viable BM models which fulfill all relevant theoretical and phenomenological constraints,
most prominently from anomaly cancellation, Yukawa gauge invariance, EW precision data and neutral
meson mixing. The main features of the individual BM models are summarized in Tab. 8.5. The BMs
correspond to different global fit scenarios to experimental data (Tab. 8.1 and Fig. 8.1) and all induce NP
in b — sutu~ transitions with C§' — Cl; ~ —1 as favored by data. Potential subleading contributions to
RH WCs Cé’fw could also be realized in all BMs, see Subsec. 8.5.3.

Z’ models explaining the B anomalies are generically plagued by the occurrence of subplanckian Landau
poles, see Subsec. 8.1.3. While the U(1)” gauge interaction is responsible for accommodating b — spu™ ™

5In this estimate we neglected subleading SM-BSM interference terms as well as SM contributions to the v, v, final state
from t-channel W-exchange.
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Model —py  aylme)  C§  Chy Y YL VY rp B(Z —inv) v
BM1 5TeV 187-102 —0.83 0 v v X 0.35 73% X
BM2 5TeV 597-107% —0.41 —C(; v X X 0.86 64% v
BM3 5TeV 460-1072 —0.71 +0.24 v X X 0.60 87% v
BM4 3TeV 246-1072 —0.83 0 v v v 0.70 86% v

Table 8.5: Overview of the characteristics of Planck-safeBM models from Tab. 8.2. We show the values
of the NP scale p, = M, induced semimuonic WCs Cg" 10 as well as the U(1)" gauge coupling ay ()
and indicate which diagonal fermion Yukawa couplings (Y;*“") are allowed by gauge invariance as
well as whether RH neutrinos v are included in the model. Furthermore, we give the branching ratio of
invisible Z’ decays Z’ — v, 41 and the room left by the B,-mixing constraint r B, < 1. Table adapted

from [1].

data, a large value of the BSM Yukawa «, is key to push the notorious U (1) Landau pole beyond
the Planck scale by inducing strongly coupled walking regimes as discussed in Sec. 8.4. Simultaneously,
sizeable BSM quartics are able to stabilize the scalar potential via the (indirect) Higgs portal mechanism.
Hence, the enlarged BSM sector with VLFs and matrix scalars S;; is indispensable to achieve PS in our
models. Moreover, the combination of phenomenological and theoretical constraints from B data and PS,
respectively, greatly enhances the predictivity of the models and guides further model building.

The Z’ is quite broad and decays dominantly to invisibles, which provides a smoking-gun signature of
our model. Model specific branching ratios to dimuons, ditaus and jet of ~ 0 — 20% allow to distinguish
between different BMs. Effects of the Z” on dineutrino branching ratios B — K™ v on the other hand
do not exceed a few % in all BMs which is still within present theoretical uncertainties. Our models can
be probed at hadron machines in Drell-Yan production of dimuons and ditaus as well as at future muon
colliders. As of now, corresponding LHC searches generically imply mass bounds of M, = 5 TeV for a Z’
explaining the B anomalies and coupling to light quarks.

8.7 Addendum: Implications of the Latest LHCb Measurement
RK<*> ~ 1

At the time this project [1, 233] was carried out data pointed to Ry« < 1 at the 30 level. However, the
most recent LHCb data for Ry [234, 235] of December 2022

0.029 0.022
RK|[O.1,1.1] :0994t8ggg(Sta‘t)io()Q?(SySt)? RK|[1.1,6.0] = 0949t8gif(Stat)tOOQQ(SySt% (8 45)
_ 0.036 . 0.027 :
Riceljo.1,1.1] :0.927f8_82§(Stat)to'o%(syst), Ry lpae0 = 1.027f8_8g§(stat)to.o%(syst)

are in agreement with the SM within 1o. Hence, Ry, now support LFU in rare B decays and the former
experimental hints for p-e universality violation disappeared. The origin of the deviation w.r.t. the previous
result (8.2) was an intricate experimental problem related to electron misidentification in the former
measurements [47, 48] that was just resolved in the latest update [234, 235]. Purely muonic observables
such as angular observables and branching ratios discussed in Subsec. 8.1.1 were however not affected by
electron misidentification and the tension of b — sy~ data with the SM still persists. We now briefly
discuss consequences of (8.45) for EFT fits to rare B decay data in Subsec. 8.7.1 and possible attempts to
accommodate them in Z’ in Subsec. 8.7.2, respectively.
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Fit for value Pullgy,
cl —0.42751% 320
Cl=—-Cly —0171308 270
ch —0.787021 370

Ct=-0fy —040"0H 3504

Table 8.6: Results of the WET fit [259] to rare B decay data, including the new R;? data [234, 235] of

December 2022 (8.45). Given are the values of semileptonic WCs Cg% in different LFU (muon-specific)
1d NP fit scenarios and their respective pull from the SM hypothesis. Table entries taken from [259].

8.7.1 Updated Fit Results

The new Ry measurement (8.45) changes the overall picture of the b — su™p~ anomalies. This is
seen in recent EFT fits to rare B decays [238, 259-261] including the new LHCb data, see [262] for a
comprehensive overview. In particular, the overall pull from the SM is reduced, as Ry ceased to be a key
driver of the B anomalies. While the preferred patterns in the Dirac structure of semileptonic operators
remain unchanged, i.e. NP scenarios with Cy < —C < 0, the fits now unsurprisingly favor p-e-universal
rather than muon-specific NP. However, also muon-specific scenarios still increase the compatibility with
data compared to the SM. The best fit is achieved for a sizeable p-e-universal contribution and a small,
muon-specific correction. These patterns are observed in all fits [238, 259, 261]. Despite using different
statistical methods, hadronic parametrizations and software tools, the fit results are numerically in good
agreement demonstrating the robustness of the results.

We exemplarily discuss the results from [259] in detail. Best fit values for the most favored 1d NP
scenarios from [259] together with their pull from the SM are given in Tab. 8.6. The SM-pulls of 2.7-3.7¢
are still significant but roughly halved compared to the old fit in Tab. 8.1 with ~ 60. The best fit result
is obtained for a p-e-universal C§ ~ —0.8 very close to the former, muon-specific best-fit value of CJ'.
Analogously, C§ = —C%, ~ —0.4 is basically identical to the old best fit value of C} = —C;, in Tab. 8.1.
This can be understood as electronic b — se™e™ branching ratios and angular observables generically are
experimentally less constrained than muonic ones. NP effects in semielectronic operators of the same
magnitude as favored for semimuonic ones are typically allowed within experimental uncertainties. Hence,
p-e-universal scenarios are favored as simultaneously compatible with both Ry =1 and b — syt u~ data.
Muon-specific scenarios in comparison are slightly less favored with pulls of ~ 30. Moreover, the best fit
values of C ~ —0.4, Cy = —C, >~ —0.2 are only roughly half as large as in the old fit Tab. 8.1 due to the
generically induced tension with Ry . Hence, a LFU contribution is preferred by the data.

However, fit results for LFU NP in C§ have to be taken with a grain of salt. The reason are potentially
sizeable LFU contributions to b — s¢T¢~ transitions from electroweak penguins with non-local charm
loops. Those contributions can mimic a NP contribution to C; 4 as they are coupled identically to the
leptonic vector current [236, 262] which introduces an intrinsic bias in the fit. The magnitude and therefore
relevance of such non-local charm contributions is theoretically hard to predict and therefore subject of an
ongoing debate. One group even claims that b — su*u~ data can be entirely explained in the SM that way
[260], in contrast to [238, 259, 261]. This disagreement arises due to the very general parametrization of the
charm contributions in [260], which by construction allows to absorb any potential NP in C§ in hadronic
free parameters. Deploying a more sophisticated parametrization based on the analyticity of the amplitude
and deriving dispersive bounds from unitarity constraints in contrast allows to control the uncertainty
of the non-local charm contribution [109, 263]. The theory predictions of [109, 263] for B — Ku*pu~,
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B — K*utp~ and B — ¢u™u still exhibit sizeable tensions between data and the SM hinting that charm
contributions are too small to explain the anomaly. This result is in agreement with the finding of [238]
that there is now evidence for an explicit dependence of the best fit value for C§ on the dilepton invariant
mass squared ¢2, as it would be caused by a loop contribution.

In conclusion, the new LHCb measurements of Ry [234, 235] (8.45) in contrast to before now point
towards p-e universality. However, the b — su™p~ anomalies in several angular observables and branching
ratios still persist, hinting the presence of NP. This is reflected in updated EFT fits such as [259]. While
the overall pull from the SM is reduced, one-parameter fits for LFU NP in C§ or C§ = —C still exhibit a
sizeable pull of = 3.5¢0 from the SM hypothesis. While these findings are still subject to uncertainties due
to non-local charm loops there is increasing evidence that these contributions are too small to explain the
anomalies in the SM. We conclude that strong hints for LFU NP in rare B decays remain to be present.

8.7.2 Attempts to Accommodate the New Data in Z’ Models

In spite of the new LHCb LFU data [234, 235], our BMs presented in this chapter are still valid BSM
models as they reduce the overall tension between theory predictions and data w.r.t. the SM. The reason is
that they still resolve the b — su®u~ anomalies while being in tension with the latest Ry data (8.45)
only at the 20 level, cf. [237]. Consequently, the pull of our BMs from the SM in recent fits is reduced
from ~ 60 to ~ 30 [259]. In order to improve compatibility with data, we explored several different an-
sitze to modify our Z’ models such that we obtain Ry, = 1 while still explaining the b — su™p~ anomalies.

The most natural strategy is to assume LFU Z’ couplings ¢5°; = g/" to electrons and muons resulting
in Ry =~ 1 due to C§ 1y = Cg 1 as favored by fits [259]. In this case the Z’ contributes to e*e™ — e*e”
scattering at tree level. The induced SMEFT WCs O} of the corresponding four-electron operators

ll,le,ee
¥ = (Lv,L)(Ly*L), iH = (Ly, L) (B4 B), 2 = (BEvy,E)(EN*E), (8.46)

with 4,7, k,1 = 1,2,3 <> e, u, T are however severely constrained by LEP-IT data [248, 249, 264]. While

2 72 2 2 2
CcLt = _g4FL1 cun = _94FL1FE1 o111 _ _g4FE1 (8.47)
7 2 ce 2 :
M2, ‘ M2, M2,
induced in viable Z’ models are always negative®, LEP-II data [248] indicate positive Cjj"i!. .. Generating

C§ ~ —0.8 + 0.2 [259] while accommodating the charge hierarchy (8.29) dictated by the B ,-mixing bound
(7.14) implies a lower limit on the absolute values of Cji'L!  resulting in a pull of at least 4.00,2.50 and
2.70 from LEP-II data, respectively. Hence LFU Z’ couplings are evidently disfavored. The tension with
electron data can be slightly reduced in Z’ models with moderate lepton flavor universality violation
(LFUV), e.g. from a gauged 3B; — 2L, — L, symmetry [245]. However, this in turn causes increasing
tension with Ry (8.45) again, preventing a relevant overall increase of compatibility with data.

Another possibility to accommodate the new data on an EFT level is to assume complex WCs C& 10
Neglecting C’gf 10, in this case we obtain [258]
C§—Ciy IG5 —CRo? +1C8 + Ci”

R, =1+ 2Re—2
S = G = ORI

) ). (8.48)

5Demanding p — e universality with Fp g, = Fp, g, in combination with the previous constraints always yields models
with F;, = Fp_and thus also C/*! <0.
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Figure 8.9: Dominant -loop induced BSM contribution to C4*%(¢2) in a U (1)’ model (left) and WET
(right), respectively.

where the interference term with the SM vanishes for purely imaginary C{i 10+ approximately yielding
Ry ~ 1. Such a scenario with complex Cgi 10 Was analyzed in detail in [265]. Inducing complex C’g’ 10 in a
Z’ model requires a complex g4, which can be induced by phases in the gauge to mass basis rotation V.
However, complex values of g’}f are experimentally strongly constrained from CP violation. In particular,
the Z’-contribution to B,-mixing also induces a BSM contribution to the C'P asymmetry AR (B, — J /¢¢)
via the interference of mixing and decay”’, see [227, 266] for details. Additional C'P asymmetries arise in
angular observables in b — su™p~ transitions [227, 266]. Whereas ABX (B, — J/¢¢) allows for either
mostly real or mostly imaginary g%, semimuonic observables indicate a sizeable Re(gb*) [227, 266]. Hence,
fits show that all complex values of gb* with sizeable imaginary part are in strong tension with at least one
of the experimental constraints from AR (B, — J/1¢), angular b — sutp~ observables or B,-mixing, c.f.
[266] Fig. 4 and [227] Fig. 6. This rules out a mostly imaginary g% to avoid large BSM effects in Ry...

A more sophisticated ansatz is to assume that NP in b — sy~ p™ is not induced at tree-level but rather
from 7-loops, see Fig. 8.9. In this scenario, the light leptons are uncharged under the U(1)” such that
p-e-universality is conserved while simultaneously tree-level contributions to WCs of four-electron operators
(8.46) constrained by LEP-II [248] are evaded. The 7-loop contribution in Fig. 8.9 to b — spu™ ™ processes
can be encoded in the effective WC [83, 267, 268|

CHM(q?) = CF + Yo (d®) + Yoz (d?) (8.49)

which exhibits a dependence on the dilepton invariant mass squared ¢? and contains well-known SM loop
contributions YSM(¢?) [83, 267, 268]° as well as the BSM Z’ contribution Y,.(¢?) o< —52C{ from the
7-loop, see [269] for details and a definition of Y,-(¢?). Due to the loop and «, suppression this scenario
requires huge CJ in order to generate the necessary C§ ~ —0.8. However, CJ is constrained by rare B
decays [240, 269] and Drell-Yan processes [240]. In particular, we obtain CJ < 510 (910) for C§ = C7,
(CTy = 0) [269] from the BaBar bound B(B™ — KTr777) < 2.25-1073 at 90% c.l. [270]. Saturating
this bound for C7, = 0 we find that the allowed average contribution to C% is —C4*%(¢%) < 0.18 for
¢% € [1.1 GeV?, 6 GeV?] which is only < 20% of the required value to account for the b — su™ ™ anomalies.
Moreover, assuring perturbativity of the Z’-m-coupling, i.e. ¢g]” < 4w, and simultaneously evading the
B,-mixing bound (7.14) in this case requires g4 /¢g7" < 107% and M, < 60 GeV which clearly rules out a
heavy Z’ of a few TeV as required by muon Drell-Yan searches [243, 244, 254, 255].

"Note that bounds from ABX(B, — J/¢¢) and dMp_have not been considered in [265] where only the effects of
semileptonic WCs C§ ;, were investigated. In Z’ models on the other hand, contributions to these observables are

invariably generated by a complex g%°.
8The SM contribution Ygy;(q?) is typically already taken into account in fits such as [259].
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8 A Planck-Safe U(1)" Explanation for the B Anomalies

Integrating out the Z’ also generates the WCs Cj 5 of the four-quark operators

O3 = (EL%bL> Z(CILVMQL% O5 = <§L%bL) Z(@RV“QR) (8.50)

q q

at tree level which can contribute to Cé’eﬁ(qQ) via quark loops with the same topology as Fig. 8.9. However,
g% /g7 < 107° from perturbativity together with B,-mixing generically implies |Cs 5(my)| < O(1073)
which is of the same order as a -corrections to the WET matching [83] and has negligible impact on
Cg’eff(q2) at the b mass scale p,. Hence, loop-induced p-e-universal Z’ contributions to C’é’eﬁ are also
disfavored as an explanation for the b — su®p~ anomalies, in agreement with the analysis in [238].%

The last ansatz we discuss are LFU 3-3-1 models, see [272, 273] for a detailed introduction. The models
feature a SU(3)- x SU(3);, x U(1) x gauge group which is broken to SU(3), x SU(2),, x U(1)y, where
the Z’ corresponds to the gauge boson of U(1)y. In this models, the hypercharge is given by [273]

Y =pT% + X, (8.51)

where 7% and X denote the corresponding generator of SU(3); and the U(1) y charge, respectively. 3 is a
free parameter, but only integer multiples of v/3,1/v/3 yield integer charges for the gauge bosons. The
models are very predictive and completely controlled by the free parameters 5 and M,,. The relevant Z’
couplings read [273]

cos Oy

V31— (14 32 sin? by

glis = 9xVipVis

_ Bsin® Oyy 3 (8.52)
gM =gy —1+ sin” HW + \/35 sin” 9W ga _ Ix cos GW\/lf(lJrBQ)sinz HW’ B # f
L — ’ R — - R
2\/§COSQW\/1—(1+62)Sin2 Ow QXW . B=13
Cos Uy,

with U(1)x gauge coupling gy and [3| < \/(1 —sin? 0y;,)/ sin” Oy, ~ 1.82 to avoid diverging or imagi-
nary couplings. Moreover, for fixed 8 the B,-mixing bound (7.14) implies a lower limit on M,,, which
translates to an upper limit —Cg < —0.01, —0.18,—0.03, —0.34, —0.09 at 99% c.l. for the allowed values
B =1/v3,-1/V3,v/3,—/3,0, respectively'?. Hence, even if saturating the 99% c.l. B, -mixing bound
and in the best scenario 8 = —/3 only ~ 40% of the value C§ ~ —0.8 indicated by fits to B data can be
accommodated. Thus, also 3-3-1 models do not offer a satisfactory explanation for the b — syt p~ anomalies.

In conclusion it seems rather hard to simultaneously accommodate all relevant experimental data from
rare B decays, B,-mixing and electroweak precision observables in models with a single Z’ as new mediator.
A possible loop-hole are models containing several Z’s, e.g. [274, 275]. Clearly, future measurements are
needed to further constrain NP effects in b — s£7¢~ and direct model building. In particular, the expected
LHCb angular analysis of the B — K*ete™ decay will hopefully shed new light on the B anomalies.

9Beyond Z’ models, BSM charm-loop contributions to Cé’eﬂ via the charged-current four-quark operators 032 (2.38) can
potentially account for the B anomalies, see [271] for details.
10Note that 3 fixes the ratios g% /(g% + g%) and C§/C¥%,.
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In the previous chapter we have established Planck-safe Z’ models as an explanation for the anomalies
observed in rare b — sy~ transitions. In this chapter, which is based on [3, 6], we explore in a similar
manner the reach of flavorful U(1)” models to address another flavor anomaly, namely the U-Spin-C' P
anomaly in charm. Interestingly, in this case data point to a subelectroweak, leptophobic Z’ with a different
phenomenology and RG behavior than the heavy Z” models for the B anomalies.

We introduce the U-Spin-C P-anomaly in charm in Sec. 9.1. Afterwards, in Sec. 9.2 we present our models,
discuss constraints from charm data and work out the implied Z’ mass scale. We then analyze the light Z’
phenomenology in Sec. 9.3, before turning to the RG evolution in Sec. 9.4. In Sec. 9.5 we conclude.

9.1 The U-Spin-CP Anomaly in Charm
In 2019, the LHCb determination of [56]

AAcp=Acp(KTK™) — Agp(rtn™) = (=154 £2.9) - 1074 (9.1)
in DY - K*K—,ntn~ decays with the C'P asymmetries

L(D°— f)=I@D° —f)

Acrlf) = I(D° — f)+ I'(D° — f) 0:2)
provided the first observation of C'P violation in charm. Recently, LHCD also directly measured [57]
Aop(Dy — KTK™) = (6.8 + 5.4(stat) & 1.6(syst)) - 1074 . (9.3)
This allowed for the first time to fit the direct C'P asymmetries in D° — K*K~, 777~ decays to
agSP = (17T £57)-107, a2 = (23.2+£6.1)-107, (9.4)

providing a 3.8 ¢ evidence of C'P violation in DY — 7*7~. These results are puzzling for two reasons:
Firstly, aﬁ,ﬂ+ is quite large, while in the SM C'P violation is CKM suppressed, cf. (2.27). Applying CKM
unitarity to parametrize the SM amplitude as

A :ASM(DO — 7T+7T_> = )\dt + )\bheié,

_ _ , 9.5
A =AMD® — 7t77) = Xit + A\jhe® (6:5)
in terms of CKM factors A\, =V V,,, and the relative strong phase ¢ yields
A2 — | A|? A\ R h
ai’jj\f = M ~2.Im (b) —sind $1.2-1073 — | (9.6)
|A|? + | A2 Aa) t ¢

where we neglected contributions of higher powers in the CKM ratio A,/A; ~ 1072. A SM explanation of
aif:f’ in (9.4) would thus require higher-order contributions h to be enhanced over the tree-level one by a
factor of % = 2 to compensate the CKM suppression. This required enhancement is significantly larger
than theoretical estimations [276, 277] which however suffer from sizeable uncertainties due to hadronic
final-state interactions. Notably, in the same manner the theoretical upper limit |[AAL | < 2.4 1074
[278] on direct C'P violation in AA.p is a factor six lower than the measured value (9.1). Secondly, (9.4)

implies a 2.7¢0 violation of the approximate SM SU(2) U-spin symmetry rotating d and s quarks [279],
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=== U-spin limit

""" U-spin|modi.
4 m—— BM III, IV

2 [ U-spin|+30%

LHCb 2019
Adgp

LHCD 2022

Acp (KTK™) - 10°

Acp (7T+7T_) - 10°

Figure 9.1: The U-spin-C'P anomaly in charm. Shown are LHCb bounds on AA-p (9.1) (green) and
Acp(KTK™) (9.3) (grey), as well as Agp(n™n™) = (12 + 14) - 107* from HFLAV [231] (grey). The
best fit values a%. .~ . (9.4) are shown including their correlation at 1o and 20 c.l. (orange). The
U-spin limit (red dashed line) including < 30% SM-like U-spin breaking (red cones) and the modified
U-spin relation (9.7) (red dotted line) are also indicated. In addition we show the predictions in our BM
models BM III (for G = 0) and BM IV (both thick brown line), see Tab. 9.1. Figure adapted from [3].

which predicts a?_. = —a%_ .. SM U-spin breaking is only of O (%) ~ 30% and thereby insufficient
to explain the data by a factor ~ 4. This constitutes the U-Spin-C' P anomaly in charm which is further
illustrated in Fig. 9.1. Note that a SM-like 30% U-spin breaking contribution of opposite signs is more
than enough to explain the enhancement of B(D — KTK~)/B(D — ntn~) ~ 2.8 [155]. This suggests a

modified U-spin relation
L B(D — wtn)
KK ~ —0.60, (9.7)

ad B(D—K'K")

Tt

also shown in Fig. 9.1 but only slightly alleviates the tension with data. Hence, the anomaly still remains.

9.2 Models

We now aim at explaining the U-Spin-C' P anomaly in charm with flavorful Z’ models. The Z’ contributes
to the decays D' — 7fn, KT K~ at tree-level via the diagram shown in Fig. 9.2. The corresponding
contribution to the direct C' P asymmetries arises from interference with the SM and reads [280]

2

g ~
00 = 715 AP [enicFa, , + de P, | (98)
Z/

where we assumed maximal relative strong and weak phases. The hadronic parameters ¢, f, d, x include
the LO RG running of WET WCs from the Z’ to the charm mass scale as well as the hadronic matrix
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9.2 Models

Do z'

U < U

Figure 9.2: Leading Z’ contributions to D° — w+7~, K* K~ decay amplitudes. Figure adapted from

[3).
MOdell FQ«; | FUi | FDi | FL«; | FE«; | FVz‘
BMIII | 0 0 0 G -F 0 F -G 010 0 0 0 -G F 0 G -F
BMIV|0o o0 o|-F, F, O|F, 0 -F,lo o o|lF o -F|F -F 0

Table 9.1: Flavorful Z” BM charge assignments for the U-spin-C' P anomaly in charm. Interestingly,
swapping charges in the RH up sector of BM 111, i.e. Fy; = —F,Fy = G, yields an equally viable
model to which we refer as BM III-s. In BM III(-s), (9.11) and (9.25) imply |G/F| <« 1 also allowing
for G=0. In BM 1V, F,, F,, F,; are related by anomaly cancellation while RH neutrinos can also
be decoupled by setting F,, = 0. Unless stated otherwise we use the specific charge assignment (9.12).
Table adapted from [3].

elements, see [3, 280] for details. Note that the latter suffer from sizeable uncertainties. The quantity

AFy = e9n(F), ), =sinf, cost, (Fy, — Fy,) (9.9)
relates to the RH ¢ — u FCNC coupling g%° and is obtained following Sec. 7.3. Here, we assumed RH c-u
mixing by
cosf, —ersing, 0
Vi = (e‘i‘z’R sinf,, cosf, O) , (9.10)
0 0 1

with a mixing angle ¢, # 0 and phase ¢ # 0 as well as Fy; # Fy . In contrast, we set VE =1 and
Fg,, =0, in order to avoid kaon constraints according to (7.16). Moreover, applying (9.8) and (9.4) we

demand
d,exp

F d.ap”
2ol =04 (o11)
FDl dK aTI'LTI'F ‘

i.e. explicit U-Spin breaking with a hierarchy |Fp | < [Fp | to accommodate the data. In addition, we
demand the cancellation of gauge anomalies according to (7.1) as well as gauge invariance of the top Yukawa
coupling (cf. (8.12)) and prefer the absence 1-loop induced kinetic mixing via (7.8). The first typically
requires the addition of RH neutrinos vp.

Applying this selection criteria results in the BM charge assignments BM III and BM IV in Tab. 9.1
with their characteristic patterns!. BM III features two independent charges F and G, where (9.11) implies
|G/F| < 1 and we fix F' = 1 without loss of generality. BM Ill-s, a variant of BM III with Fy,; <> Fy; is
equally viable and exhibits a different phenomenology due to the suppressed charm coupling. In BM IV, the

!Note that we do not include BM I, II from [3] in this chapter, as they are clearly ruled out by the lepton bounds in
Subsec. 9.3.2, see [3] for details.
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9 A U(1)" Explanation to the U-Spin-CP Anomaly in Charm
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Figure 9.3: D-mixing constraints on our Z’ models BM III (with G = 0) and BM IV from Tab. 9.1.
Shown are the parameter regions for g, Ff, /My, as a function of A.ﬁ'R/FD1 with d. ~ 0.1 TeV?, that
allow to explain AAqp (9.1) and a _, (9.4) at 1o including additional 30% of hadronic uncertainty
(brown). The regions are identical in both BMs and can be expressed semi-analytically as g, F D, /My =
C(AZE'R/FDI)*U2 with factor ¢ = 0.133 £ 0.003TeV ™!, see (9.15). Parameter regions excluded by
D-mixing (9.14) are indicated in red. Moreover, curves corresponding to different values of ad .
(dashed lines) are shown for comparison. Figure adapted from [3].

charges F,, F,, F; are not independent but related by anomaly cancellation (7.1). Rational, anomaly free
charges assignments obeying the hierarchy |F,| < |F,|,|F;| that will turn out to be required from lepton
bounds (9.25) can be systematically derived by a Diophantine construction, see [3] for details. Neutrino
charges F), on the other hand can be freely adjusted, allowing also to decouple them completely. Unless
stated otherwise, in this work we set

985 . F,=0. (9.12)

Fy=1, v Ta0a’ e ) v
1393 1393

9.2.1 Charm Phenomenology and Constraints

7’ models contributing to AA,p also invariably induce C' P asymmetries in D% — 707%+ decays [280],
where D¥ — w07 explicitly requires isospin violation. In our BMs where |Fp, | < |Fpp | all C'Pasymmetries
involving pions are correlated as [280]

dﬂ/ dﬂ-/ FUI

Acp(rtn?) =

™

As the hadronic parameters d.., d., do are all of similar size and |Fy; | < [Fp | in our models Ax p(n%t70)
are both of opposite sign and similar magnitude as AA,p ~ 1073, hence sizeable. More precisely, we find
that the relative factor 1 — [y, /Fp equals 1 in BM III (with G' = 0) whereas in BM Ill-s (with G = 0)
and BM IV with the charge assignment (9.12) it generates an enhancement of 2 and 1.7 w.r.t. |[AAqp|,
respectively, due to the opposite signs of Fy, and F D,
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9.2 Models

Lepton Observable Ref. Charge Constraint
e Drell-Yan 282 \/Ffl +F2 <23|Fp,|
B(D° — ptp~) 283 |Fp, — Fp | <0.8|Fp, |

[282]

i [283]
B(D® — nutpm)  [284] JF7 +Fp <08[Fp |

[282]

[285]

T Drell-Yan 282] \/F7 +FR <S4T7[Fp |
v B(D® — 7° +inv.) [285 |F,| < 110|Fp |

Table 9.2: Most stringent bounds on lepton charges from charming dilepton processes. Indicated is
the most constraining experimental observable, the corresponding reference as well as the resulting
constraint on the U(1)” charges for charged leptons and neutrinos using (9.15). Note that the bound
for neutrinos gets more strict if more than one neutrino generation is charged. Moreover, the same
bound applies for the charge F, of a potential singlet VLFs 1 if D% — 70y is kinematically allowed.

We now discuss constraints on model parameters from D-mixing, Drell-Yan data as well as branching
ratios of (semi-)leptonic or invisible D-decays?. The Z’ contributes to D-mixing at tree-level, cf. Sec. 7.4.
The experimental limit (7.15) for ¢g}¢ = 0 yields the bound

g4 AFpR

7.1-104Tev! 9.14
M, < e (9.14)

at 95 % c.l. in our P:Ms. The bound severely constrains the available parameter space, which is illustrated
in g, Fp /My — AFg/Fp space in Fig. 9.3 (red). Curves explaining al . (9.4) at 1o and including

additional 30% hadronic uncertainty are also shown for BM IIT and IV (brown). They are roughly given by

94 FD1 AFR

~(0.13TeV ! . (9.15)

We see that D-mixing constrains AFy, /F b, < 3-107°. Hence large hierarchies |AFg| < |F p, | are necessary
to generate a sizeable a%r while simultaneously evading constraints from D-mixing (9.14), which can be
achieved by adjusting the mixing angle to small values sinf,, <« 1. D-mixing also implies a lower limit of
30 TeV~ ! on Fp g4/My, cf. Fig. 9.3, suggesting a low NP scale. More precisely, combining (9.4), (9.8)
and (9.14) we find
g4FD1 ~ 1 % |a§lr+7r*|
M, 0.025 TeV = 0.002 ’

(9.16)

indicating a light, subelectroweak Z’, with significantly lower mass than in Chap. 8. This constitutes a
central finding of our analysis with consequences for phenomenology.

The main constraints from dilepton processes in charm are summarized in Tab. 9.2. U(1)" charges of
electrons and muons are constrained by branching ratio measurements of rare (semi-)leptonic D — (7)¢*¢~
decays with £ = p, e, see [283, 284]. These turn out to give the strongest available constraints for muons.
For ¢ = e, 7 in cotrast Drell-Yan constraints [282] are most stringent. From these bounds and applying
(9.15) we learn that U(1)" charges of charged leptons should not be excessive compared to the quark ones,

2The Z’ contribution to four-quark operators cugq with g = d, s is roughly 2-3 orders of magnitude smaller than the SM
tree-level one from W exchange [3, 281]. Hence, the Z’ contribution to D — w7~ , K™ K~ branching ratios is negligible.
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T JJj (05

S
ol

(a) T — jj. (b) ¢; = mtr~. Figure adapted from [3].

Figure 9.4: Tree-level Z’' contribution to hadronic quarkonia decay amplitudes.

ie. Fy p < (1.2)- Fp .

The Z’ couplings to RH neutrinos are probed in (semi-)invisible decays. Following [286] and again applying
(9.15) the most stringent bound is obtained from the BESIII upper limit B(D® — 7% +inv.) < 2.1-10% at
90% c.l. [285]. We find that RH neutrino charges are only poorly constrained with [F, | < 110[Fp, |. This
bound also constrains U(1)" charges of potential light singlet VLFs ¢ with M,, <m Z) /2. Note that the
constraint gets stricter if several flavors contribute to the decay.

Overall, we find that both BM III(-s) and BM IV from Tab. 9.1 pass all relevant charm constraints. All
models exhibit explicit U-spin breaking |Fp | < |Fp | and fulfill the bounds in Tab. 9.2 on lepton charges.
Most importantly, explaining afr+ _ while evading D-mixing constraints implies a subelectroweak Z’ mass
scale (9.16).

s

9.3 A Hadrophilic Z' of 9(10 GeV)?

Constraints on couplings of a light Z’ to quarks arise from low mass dijets. For 10 GeV < M, < 50 GeV
the strongest constraint stems from CMS [287] and their search for dijets in association with initial state
radiation (ISR) [288], which approximately results in the limit g,F, < 0.5. In combination with the
constraints from charm (9.4) and (9.16) this yields the allowed mass range

10 GeV < M, <20 GeV. (9.17)

Around and below 10 GeV constraints become model dependent due to quarkonia constraints.

9.3.1 Quarkonium Constraints

Around 10 GeV, severe constraints arise from 1" — jj decays [289], cf. Fig. 9.4a, which apply to models
with non-vanishing b-quark U(1)" charges, i.e. our BM IV. Using [290] as well as the charge assignment
(9.12) we find that explaining C'P data (9.4) via (9.16) while accommodating bounds from 7°(1s) decays
implies the mass limits

M, <7GeV  or M, =15GeV  (BMIV). (9.18)

In BM III(-s) in contrast no constraints arise as the b quark is uncharged under the U(1)".

Charm couplings of a GeV-ish Z’ are probed in charmonium decays, cf. Fig. 9.4b, which provide
additional constraints in BM III and IV. BM III-s in contrast evades all charmonium constraints as the
charm quark is uncharged under the U(1)" (for G = 0). The model can however be probed in hadronic
processes involving first-generation quarks and invisibles. Potential Z’ masses below a GeV would then due
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(a) BM III with G = 0. (b) BM IV with charge assignment (9.12).

Figure 9.5: Z’ mass constraints from charmonium decays in BM III (a) and BM IV (b). Horizontal
red (blue) bands correspond to the experimental determination of the LHS of (9.19), using 1o ranges
of J/¢ (¢") data [155] and values of the pion form factor |F (m /)| = 0.056 (|F(my )| = 0.04) from
ee” — mtr~ data [293]. Colored curves represent the corresponding predictions of the RHS of (9.19)
in our BM models using (9.16) including experimental uncertainties from (9.4). The SM prediction for
photon-exchange is also shown (grey). Figures taken from [3].

to (9.16) imply a feebly interacting Z’, which could be searched for at forward facilities [291].
In BM IIT and IV, following [292] we find for the ¢, = J /1,1’ pion-to-electron ratio of branching ratios

Ay, _ my, 391 Fy(Fy, —Fp,) (9.19)
COA, mi M +iMy Iy 8o, ' '

B, = whm) 4
By — etem) [Fr(my )

AZ/
A

Y

Here, Ay and A, correspond to the Z’-induced and SM photon amplitude contributing to the pionic
decay, respectively, and we neglected the numerically small SM Z contribution. F. denotes the pion form
factor which is extracted from e"e™ — 777~ and pion-electron scattering data to |F.(m )| = 0.056 and
|F(my )] = 0.04 [293]. As the Z’ is (quasi-)electrophobic in our BMs its effect in this F). determination
method is negligible. The total Z’ width I',, is obtained from (7.17) and selected numerical values are
given in Tab. 9.3. The normalization of the left-hand side (LHS) of (9.19) is chosen such that it equals one
in the SM.

The constraints from (9.19) on BM III and IV as a function of M, are shown in Fig. 9.5. The
experimental determination of the pion-to-electron ratio via the LHS of (9.19) from J/¥(¢) data [155]
including 1o uncertainties and using F from [293] is illustrated as red (blue) horizontal band. Crucially, the
experimentally determined values are enhanced w.r.t. the SM (grey) roughly by a factor ~ 3, corresponding
to a deviation of 7o and 1.8 ¢ from the SM, respectively. The theoretical prediction of the pion-to-electron-
ratio via the RHS of (9.19) is indicated by red (blue) curves for J /1 (¢)") and assumes (9.16) to accommodate
CP data (9.4) within their experimental uncertainty. The curves exhibit the expected resonance structure
with peaks around m ;,,, ,» and only slowly decoupling NP contributions due to (9.16). The main difference
between the two BM models originates from the Z’ — +y interference term in (9.19), which is of similar size
but opposite sign. As a consequence, favored Z’ mass regions in BM III are in the resonant region, whereas

109



9 A U(1)" Explanation to the U-Spin-CP Anomaly in Charm

in BM IV they occur in the tails. More precisely,

BMIII: 2.3 GeV S My, <$28GeV or 3.2GeVS My <3.3GeV,

(9.20)
BMIV: 4.6 GeV < M, < 7GeV

allow to simultaneously accommodate J /1,1, T and charm CP data. In this scenario, our models also
offer an explanation for the longstanding discrepancy between F, extractions from J/¢ — 777w~ decays
and QCD estimates, see e.g. [294]. Hence, our Z’ models can resolve two anomalies at once.

However, recall that our results are subject to sizeable uncertainties from several sources. That is first of
all the uncertainty from the evaluation of hadronic matrix elements, cf. [3]. Moreover, if the Z’ is light
with a mass close to the charm scale sizeable corrections arise to tree-level WET matching, i.e. simply
integrating out the Z’. The proper framework for charm physics in this case would rather be a "'WET+2"’
EFT including the Z’ as dynamical d.o.f., cf. Sec. 2.5. We also neglect G-parity violating SM contributions
to quarkonia decays, see [295] for details, noting that the tension of 7o tension for J /1 data is significant.
Therefore in our analysis we also consider Z” masses in wider ranges than (9.20).

BM III also features sizeable Z’ couplings to taus and RH neutrinos, which contribute to charmonium
decays. In particular, the measurement of B()’ — 7777) = (3.1 £ 0.4) - 10~ implies the allowed Z’ mass
ranges M, < 2.2 GeV and 4.0 GeV < M, < 4.8 GeV, very close to the mass window (9.20) from the
pion form factor. B(J /¢ — inv.) < 7-107% [155] on the other hand requires either a very light Z’ with
M, < 0.7 GeV or the BSM neutrino coupling to the Z’ to be heavier than % to kinematically forbid
the corresponding decay. This might be achieved via the Dirac inverse see-saw mechanism, see [296], but is
not investigated here.

9.3.2 Leptonic Constraints

We now work out constraints from light Z’ decays in dileptons. In particular, we focus on dark photon
searches via kinetic mixing (cf. Sec. 7.2), which provide severe constraints on electron and muon couplings
[297] in the mass range of 1-100 GeV. A subelectroweak Z’ mixes with the photon via

T
—1 (Fm 1 o\ (F

L — nv 21

gauge 2 4 (B/“V> (n/ 1) (B;w> ) (9 )

where the photon kinetic mixing parameter n’ can be related to the hypercharge one 7 in (7.2) via
1" = ncos Oy It induces a coupling of the Z’ to the electromagnetic current J* which reads

/

L, =—ceJbZ,  with e=——r . (9.22)

€ - 1_ 17/2
Experimental search limits on € in (9.22) read
le(My)] <1073 (9.23)
in both electrons and muons [298, 299]. This can be translated to a bound on Z’ lepton couplings via

94Fr, g, = /8mae<4-107% (9.24)
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9.3 A Hadrophilic Z’ of O(10 GeV)?

Along with the required Z’ coupling strength to d-quarks from (9.16) this implies a severe suppression of
electron and muon charges
FLl 27E1 2 1
e o

< _— 9.25
Fp, 750 (9:25)
for M, =~ 10 GeV, significantly stronger than the D-decay and Drell-Yan constraints in Tab. 9.2.
Moreover, the kinetic mixing induced correction to the p parameter (7.4) in terms of € reads
SM 24,2 2
— tan Oy, M2, M,
PP R Ws (2. (9.26)
p 2(1+€2) Mz M,
It has the opposite sign than the experimental determination (7.5) but is within the 20 region if
le(M,)] <4-1071 (7-1072) (9.27)

for M, = 3GeV (M, = 15GeV). As the kinetic mixing parameter € is not technically natural, simulta-
neously evading the dark photon bound (9.23) at M, and the p-parameter bound (9.27) at M, yields
additional constraints on model parameters. In BM IV, the kinetic mixing fulfills (7.8) and becomes
effectively natural as the leading naturalness breaking term arises only at 2-loop order and is suppressed
by small o,®. Hence, for tiny or vanishing € both constraints are fulfilled. In BM III in contrast the RG
evolution [3]

F
e(p) = €(pg) — 0, In <M> + 2-loop, with 0, = ¢ g24 + O(e) (9.28)
Ho 31
along with % = 30TeV ™! from (9.16) implies a running
10e My, M, 3
le(My) —e(My)| = 7 TV In (MZ’> ~ 10 (9.29)

between M, and M, , where in the last step we used M, ~ 3 GeV. Hence, dilepton and p-parameter
bounds can be avoided if |e(M,)| ~ @(1072), i.e. by tuning the contribution at the matching scale (9.27)
at the level of 10%, see [3] for details.

In summary, dark photon bounds on light lepton U(1)" charges (9.25) as well as dark photon and
p-parameter bounds on kinetic mixing itself can be simultaneously avoided in both BMs. The key is a
large charge hierarchy |G/F| < 1072 and |F,/F,| < 1073, retrospectively motivating the charge assignment
(9.12), in BM III and IV, respectively, and small e(M /).

9.3.3 Z’ Decay

Z' branching ratios and total widths obtained from (7.17) are summarized in Tab. 9.3. We learn that the
7’ decays promptly in all BMs with the largest branching ratio to light quarks. For low M, the results
are however not accurate, as rather hadronic than partonic final states have to be considered. Decays
to pairs of electroweak gauge or Higgs bosons are kinematically forbidden. In the same manner, also
B(Z' — bb, éc, 77 ) are kinematically suppressed or forbidden for a GeV-ish Z’, while they can be sizeable
for My > 2m, with f = ¢,b,7. Moreover, all models are muon- and electrophobic. In BM III(-s) the
invisible decay to neutrinos can have a branching ratio in the ballpark of 10%-20%. Z’ decays to pairs of
charged particles receive contributions from kinetic mixing. Generically, the corresponding decay width are

3Recall that the top-quark is uncharged under the U(1)” in BM IV.
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9 A U(1)" Explanation to the U-Spin-CP Anomaly in Charm

& 7!
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Figure 9.6: Production of hadrons in association with missing energy at eTe™ machines in our BM
models. A gg-pair is produced via a s-channel photon and radiates off a Z’ which decays invisibly
to ¢np or pv. This process constitutes a smoking-gun signature for the scenario |Fy/l Z [Fx| with
X=Q,U, D, L, E. Figure adapted from [3].

Model light quarks b e w1 v TIy[GeV]
BM 1|55 5 cev 75 0 0 0 o0 25  2.10°
BM Iy, 15 cov 38 0 37 0 0 12 13 0.8
BM IILsy, 55 ey 86 0 0 0 0 0 14 3.10°
BM 1115|315 oy 75 0 0 0 0 12 13 0.8
BM IV]y, s cev 79 0 21 0 0 0 0 2102
BM IV],, 15 cov 54 26 18 0 0 0 0 0.8

Table 9.3: Fermionic Z’ — ff branching ratios and total widths I’ ', at tree-level for heavier and
lighter Z” masses according to (9.17) and (9.20), respectively. Results for BM III(-s) and BM 1V are
given for G « F and the charge assignment (9.12), respectively. Branching ratios differ between the
indicated Z’ masses, as the decays Z’ — bb, c¢, 7H 7~ are kinematically forbidden or suppressed for a
GeV-ish Z’. Kinetic mixing induced corrections to branching ratios via (9.30) are generically < 1077.
Table adapted from [3].

suppressed w.r.t. unmixed ones by a tiny factor x that reads

Zf(ZN(J,:q}%)GQeQ e2e?
" S NL(F2 +F2)2O< 9
se\Wr, T )91 4

, (9.30)

where ¢; denotes the fermion electric charge. In combination with (9.27) and for g, = O(1) we obtain
k ~ 1077, This provides an order of magnitude estimate for kinetic mixing corrections to Z’ branching
ratios, which are negligible for our purposes.

Branching ratios to quarks and leptons can be suppressed by large |F,| > |Fu7d,e\ in BM IV, cf. Tab. 9.2,
yielding a mainly invisibly decaying Z’. The same can be achieved in all models by adding a SM singlet
VLF ¢ with M, < My, /2 and |F;| 3 |Fx| where X = Q,U, D, L, E promoting Z’' — ¢ to the main
decay mode, in analogy to our approach in Chap. 8 for a heavy Z’. This scenario implies characteristic
signals involving quarks and invisibles. More precisely, the production of hadrons in association with
missing energy from an invisibly decaying Z’ radiated off final-state hadrons constitutes a smoking-gun
signature of this scenario at ete™ machines, see Fig. 9.6. Unluckily, to our knowledge no experimental
search for this process is available to date. Existing searches for e*e™ — ygr + (2" — ¥) [300-302] are
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9.4 RG Evolution

3 10 102 103 10%
]\/IZI/GGV

Figure 9.7: Scale u;p of the U(1)" Landau pole as a function of M, in BM III (blue line) following
(9.32) and including 30% uncertainty in a2, _ in (9.16) (blue band). The preferred Z’ mass range is
shaded in green. In the presence of a dark VLF, the pole is systematically shifted towards lower scales
(green line). The red shaded area is excluded, as pp < M, . The Planckian regime is indicated in
yellow. Figure taken from [3].

significantly less constraining as the corresponding cross sections are strongly suppressed by €2 or F]% even

for B(Z' — ) =~ 100%. Note however that F, , cannot be arbitrarily large due to the occurrence of
Landau Poles close to the electroweak scale, Wthh is detailed in the next subsection.

9.4 RG Evolution

We now examine the consequences of the required size of the NP contribution in (9.16) on the RG evolution
of our models. Perturbativity of all U(1)’ fermion couplings, i.e. Faa, <1< Fyg, < 4, results in an
upper bound

My < 400 GeV (9.31)

on the Z’ mass. However, much stricter constraints arise from demanding the scale p;p of the notorious
U(1)’ to be above a certain minimal scale p,;,. The location of the pole is approximately given by

(47)2 A2 >
prp =~ My exp ( ) (9.32)
M2,
cf. (3.6), with the NP scale puy ~ M, and a characteristic scale A. (9.32) implies pu;p ~ M, for
M, =z 4w A. Hence, avoiding Landau poles close to M, requires M, < 4rA. With (3.6), we find for A
1 _ 94(My/) ~ 1
/By My, 30 GeV’

(9.33)
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9 A U(1)" Explanation to the U-Spin-CP Anomaly in Charm

where B, is the U(1)" 1-loop coefficient (3.7) and we applied (9.16) in the last step. Note again that
in this case the characteristic scale is three orders of magnitude lower than for the B anomalies, where
\/B>4/1 =~ 40 TeV, cf. Subsec. 8.1.3 for details. Ideally, in the spirit of PS we would now like to demand
the Landau pole (9.32) to only occur beyond p,,;,, = Mp,. Due to the low characteristic scale dictated by
(9.33) we find that this option implies quite stringent bounds on the Z’ mass. The location of the Landau
pole as a function of M, is illustrated in more detail in Fig. 9.7 for BM III, where from B, = %Fz and
(9.33) we obtain A ~ 10 GeV. Here, avoiding Landau poles below p,;, = Mp; (fpin = 1 TeV) requires
light, subelectroweak

M, <20GeV (81 GeV), (9.34)

in agreement with mass constraints from dijets (9.17) and quarkonium data (9.20). The Landau pole
appears significantly lower in the presence of a dark VLF ¢, which is shown exemplarily for F,, = 4F.

It is not clear whether PS might still be achievable for a very light, GeV-ish Z’ that pushes the Landau
pole beyond Mp,. The reason are sizeable uncertainties in our analysis presented above from several sources.
Firstly, we only use the naive 1-loop Landau pole estimate (9.32) in (9.34), which generically gets more
strict when taking into account higher loop orders. Moreover, we so far completely neglected the U(1)’
breaking scalar ¢ which is necessary to generate the Z’ mass. While sizeable phenomenological effects at
low energies can be avoided by choosing a large BSM scalar mass, its quartic couplings might be crucial to
cure the notorious Higgs metastability via the direct or indirect Higgs portal mechanism, cf. Sec. 5.1. At
the same time, its U(1)" charge F,, # 0 enhances the running of o, and thereby aggravates the Landau
pole problem. This effect can however be kept under control by choosing a small |F, ¢| <« 1. Eventually, a
sizeable uncertainty arises when deploying the running in the full UV model all the way from the EW scale
down to GeV-ish energies as it is potentially subject to large logarithmic corrections, cf. Sec. 2.5. Deriving
a reliable RG flow for a GeV-ish Z’ would therefore rather require to compute the RG flow between the Z’
and EW scale in a "WET+Z"’ EFT, match it to the full BSM model at the EW scale and then deploy the
full BSM RGEs up to Mp,.

9.5 Summary

Recent LHCb charm data (9.3) along with AAsp (9.1) hint at a sizeable violation of two approximate
symmetries of the SM: C'P and U-spin, see Fig. 9.1. While hadronic uncertainties in the corresponding
D° — KTK—, ntm~ decays are still large, the direct C'P asymmetries (9.4) taken at face value can be
interpreted as a hint for NP.

In this chapter we explored the reach of flavorful U(1)" models as a BSM explanation for charm C'P
data. The shape of viable models is severely narrowed down by various experimental and theoretical
constraints. Nevertheless, we identified three BMs Tab. 9.1 which fulfill all relevant constraints, most
importantly from D-mixing, rare D decays, dijets and dark photon searches. In consequence, the BMs
exhibit very characteristic patterns: they feature a light, subelectroweak Z” of < 20 GeV, which is muon-
and electrophobic and couples only to SU(2); singlet fermions. Moreover, they imply specific signals
such as sizeable A, p(7H7%) and enhanced 77—, DD (, 757, bv) production. The models might also
be able to address the large isospin breaking in ¢(3770) — D*D~, DD decays [155] and in case of BM
IV potentially the U-spin puzzle in hadronic B decays [303]. This has however to be clarified by future
investigations.

BM IIT and IV can be further probed in charmonium decays. Interestingly, a very light Z’ of M, ~ 3 GeV
in BM IIL or M, ~ 4—7 GeV in BM IV also allows to explain the measured enhancement of J /¢, ¢’ — 7tn~
branching ratios and to thereby resolve the longstanding pion formfactor discrepancy between extraction
from ete” data and J /1,1’ decays, see Fig. 9.5. Models may also feature large couplings to neutrinos or
dark VLFs. This scenario can be tested at ete™ machines in final states involving hadrons and missing
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9.5 Summary

energy, cf. Fig. 9.6, but is also constrained by demanding a controlled RG evolution.

The presented U(1)" BM models are generically plagued by a low energy U(1)” Landau pole close above
the matching scale, which prevents us from establishing PS in our BMs. The reason for this is the in
comparison to the B anomalies discussed in Chap. 8 very low characteristic scale (9.33) implied by data.
Nearby poles can therefore only be avoided if the Z” is quite light with M,, < few x 10 GeV, see Fig. 9.7.

It remains as a future task to rigorously check whether PS might be achievable for a very light Z’ in the
GeV range. Recall that the accuracy of our our RG analysis in Sec. 9.4 for this scenario was quite limited.
A robust PS analysis would in contrast be rather complex and require to compute the RG flow up to full
2-loop order, explicitly including the full scalar sector and in a "'WET+Z"" EFT. It would then have to be
matched onto the full UV model at the EW scale and evolved further to the Planck scale using full BSM
RGEs.
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In this thesis we demonstrated the power of the RG based concept of Planck safety as a guideline for
BSM model building. In particular, we worked out several fundamental RG mechanisms towards PS in
minimal models at full 2-loop accuracy and systematically scrutinized their complete BSM parameter spaces.
We also investigated the interplay and complementarity between Planck safety and BSM phenomenology.
Thereby, we pointed out corresponding synergies in both minimal and more sophisticated models, such as
U(1)" extensions addressing flavor anomalies in the beauty and charm sector.

After revisiting the full 2-loop RGEs of gauge-Yukawa theories and especially the SM we introduced the
notion of PS as bottom-up counterpart to AS in Chap. 3. Planck-safe models by definition exhibit a well
behaved RG evolution of couplings without any Landau poles or vacuum instabilities all the way up to
the Planck scale Mp, ~ 10*° GeV where quantum gravity effects are expected to set in. In particular, PS
requires to cure the notorious SM Higgs metastability. Demanding PS then results in bounds on BSM model
parameters which are widely independent of and complementary to experimental constraints. Thereby, PS
greatly enhances the predictivity of BSM models which also motivates its application in phenomenologically
driven model building.

To start with, we investigated PS in SM extensions featuring BSM vector-like fermions, singlet scalars or
both in Chap. 4, Chap. 5 and Chap. 6, respectively. In particular, we worked out the basic, underlying RG
mechanisms for PS in these models taking into account higher loop effects and systematically scanned the
complete available parameter spaces spanned by BSM masses, multiplicities, charges and couplings.

In VLF models (Chap. 4) we identified the strong and novel electroweak gauge portal mechanisms as
minimal pathways to PS. They are based on the presence of SM charged BSM matter that enhances
the running of gauge couplings. This results in an uplift of the Higgs quartic, which in wide ranges of
masses and multiplicities allows to achieve vacuum stability without inducing subplanckian Landau poles.
Moreover, for thirteen suitable VLF representations 1 renormalizable mixed SM-BSM Yukawa portals a la
ko H fq\p are available. If sizeable, they offer a unique way to tame potential poles in the gauge sector and
induce PS in strongly coupled walking via the newly established Yukawa portal mechanism. While VLF
models without Yukawa portal are hardly experimentally constrained, the portal coupling induces fermionic
mixing, VLF decays and if flavorful FCNCs, which can result in mass bounds of up to a few 100 TeV.

In Chap. 5 we then turned to SM extensions based on singlet scalars S. Generically, the models feature
a more complex scalar potential, exhibiting a Higgs portal coupling §(HTH)(STS) as well as pure BSM
quartics. The portal coupling enhances the running of the Higgs quartic a;, and promotes Higgs stability
via the direct Higgs portal mechanism. Notably, we demonstrated that stability can also be achieved for
tiny values of the portal coupling via the indirect Higgs portal mechanism. In this case, sizeable pure BSM
quartics induce a fast RG growth of the portal coupling and thereby eventually also of a;,. BSM vacuum
stability conditions interestingly also allow for negative values of BSM quartics. While negative portal
couplings although allowed by stability are found to be entirely excluded by PS, pure BSM couplings of
flavorful SU(Np) x SU(Ny) matrix scalars are compatible with PS, enabling also the flavor-asymmetric
vacuum configuration V~. After SSB, the Higgs portal induces mass mixing between the SM and BSM
Higgs mode. This generically results in a reduction of most Higgs couplings, such as the triple Higgs or
hZ Z coupling, which is however controlled by the small mixing angle. Crucially, the mixing also induces an
unsuppressed enhancement of the Higgs quartic self-interaction of a factor a few or even larger, providing a
novel smoking gun signatures of our models with experimental prospects at future hadron machines even
for very heavy BSM scalars.

Combining the presented minimal BSM sectors in Chap. 6 we afterwards focused on a more complex
model featuring VLQs and matrix scalars. Here, key to PS is a large value of the new BSM Yukawa
coupling yi/;iSi ;¥; which induces walking regimes and allows to push the notorious hypercharge pole beyond
the Planck scale. In the pole free parts of the parameter space, vacuum stability can then arise through
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the interplay of the gauge, Yukawa and Higgs portal mechanisms. Phenomenologically, the models are
probed in direct and indirect searches. Crucially, SMEFT fits for some models and vacuum configurations
allow to completely exclude PS from TeV-ish NP. In particular, combined mass bounds can exceed those
from measuring the running of gauge couplings and from direct searches. If not too heavy, BSM parti-
cles are singly and pair produced at colliders. This implies novel characteristic signals such as resonant
¥ — dS — ddd, dgg decays to three-jet final states.

In the remainder of this thesis we aimed at achieving PS in flavorful Z” models addressing flavor anomalies
which we introduced in Chap. 7. The Z’ can induce FCNC couplings via generation dependent charges but
is subject to various experimental and theoretical constraints from anomaly cancellation, EW precision
observables and meson mixing. Moreover, Z’ models for flavor anomalies generically feature subplanckian,
low energy Landau poles, that have to be tamed by an extended BSM Yukawa sector.

In Chap. 8 we constructed four Planck-safe Z’ models explaining the ongoing anomalies observed in
b — sutu~ transitions. While the heavy Z’ is key to explain the flavor data by inducing WET WCs
CH — Cy ~ —1, PS is achieved via the inclusion of singlet VLFs and a matrix scalar featuring a large
BSM Yukawa coupling «,,. Strong bounds on model parameters arise in particular from B,-mixing and
dimuon Drell-Yan searches which typically imply a heavy Z’ of M,, = 5TeV. Interestingly, Planck-safe Z’
explanations predict a dominantly invisibly decaying Z’, providing a characteristic signature at colliders.
We also tried to modify our models in order to accommodate the latest LHCb measurement of Ry =~ 1
[234, 235] which now to good accuracy suggest p-e-universality in rare B decays. In particular, we analyzed
scenarios with p-e-universal charge assignments, imaginary semileptonic WCs, 7-loop induced b — sf*£~
transitions as well as 3-3-1 models. However, it turned out that each ansatz was excluded by different
constraints, respectively, showing that simultaneously accommodating all relevant experimental data in
BSM models based on a single Z’ is a rather involved task.

Moving to charm physics, in Chap. 9 we exploited the possibility to explain the sizeable violations of
U-spin and CPin D° — K"K~ n"7~ decays indicated by LHCb [56, 57] in a Z’ model. Surprisingly,
charm CP asymmetries in combination with D-mixing bounds suggest a subelectroweak Z’ while the
large required coupling generically excludes PS due to low-energy Landau poles. The models are severely
constrained by rare D-decays, dijets and dark photon searches which imply a light, leptophobic Z’ of
< 20 GeV. A GeV-ish Z’ is further probed in 7" and charmonium decays. Notably, it also allows to resolve
the longstanding pion formfactor discrepancy between extraction from ete™ — 77~ and J /¢ — 77~ data.

By and large, in this thesis we demonstrated that Planck safety is a powerful and well-motivated tool for
BSM model building. To date, the overall number of anomalies in particle physics is small and decreasing.
Hence, the possibility of a great desert without NP up to energies possibly as high as the Planck scale
has to be taken for real. This calls for novel directions in model building. The core focus on a safe RG
evolution up to highest energies therefore promotes Planck safety to a prime candidate to cross the desert.
The implied characteristic links between the UV fate and the low-energy phenomenology of BSM models
thereby further augment the rich future prospects of Planck safety.

In order to fully exploit the potential of Planck safety, several open questions remain to be addressed in
future works. Most importantly, the generically large coupling values in walking regimes sourced by the
Yukawa or Higgs portal mechanism call for a dedicated analysis at higher loop orders in order to infer their
perturbative persistence and stability. Moreover, minimal BSM models featuring charged scalars such as
leptoquarks provide ideal natural laboratories to further investigate the interplay of the gauge, Yukawa and
Higgs portal mechanisms and invite future studies. Finally, the successful projects presented in this thesis
motivate the application of Planck safety also in other areas of phenomenologically driven model building
such as cosmology, dark matter or neutrino physics. We are looking forward to further pursue this exciting
endeavor in the future.
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Within this thesis we work in natural units, i.e. we set A = ¢ = 1, where A denotes the reduced Planck
constant and ¢ is the speed of light. Hence, all physical observables have dimensions of (inverse) powers of
energy, typically given in powers of electron volt (eV).

A.1 Chiral Fermion Fields

Chiral fermion fields

V=19 + g, =19+ (A1)
consist of a LH ¢; = Py and RH ¢ = Pr1 component with the chirality projectors
1—+° 1+49°
where the fifth Dirac matrix is defined as
3 1 vpo
7% =iylyly?y = 1€ Ve (A.3)

and e*?? denotes the totally anti-symmetric tensor of rank four obeying €;,53 = 1. Furthermore, it holds

m = 1/’2,3’)’0 = '@ER,L (A4)

A detailed overview of the Dirac algebra as well as explicit expressions for Dirac matrices and fermion
spinors can be found in [64, 65].

A.2 Experimental Input Parameters

In this section we give all relevant experimental input parameters that have been used in this thesis, which
were mostly taken from the PDG [155].
The SM gauge, Yukawa and quartic couplings

2 2
9; Yib A
YT Tem M T aer T der2 (4.5)
were extracted with great accuracy at ji,.; = 200 GeV in the MS-scheme in [162] and read
(o) = 815474 - 1074 iy (ptyep) = 2.64950 - 1073, vy (1,0p) = 8.41148 - 1073, (A.6)

Ay (o) = 540400 - 1073, (f1,ep) = 1.48916 - 1076, vy (pupep) = 7.82285- 1074,

where we neglected all other fermion Yukawa couplings due to their numerical smallness.
The Fermi constant G - (2.30) and weak mixing angle in the MS-scheme at the Z-boson mass are given
as [155]
Gr=1.1663788(6) x 107° GeV 2, sin? Oy (M) = 0.23121(4), (A7)

respectively.
We now turn to the masses of SM particles. The electroweak and Higgs boson masses read [155]

My, =80.377 £ 0.012 GeV, M, =91.1876 4+ 0.0021 GeV, M, =125.254+0.17GeV . (A.8)
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A.2 Experimental Input Parameters

The SM lepton masses are determined to

m, = 511.0keV, m, =105.66 MeV, m, = 1.777 GeV, (A.9)

with negligible errors [155]. Furthermore, the quark masses in the MS-scheme are given as

m,(2GeV) = 2.167552 MeV, m,(2GeV) = 4.671315 MeV, m (2GeV) = 93.475% MeV,

m,(m,) = 1.27 + 0.02 GeV, my(my) = 4.181003 GeV m,(m,),= 162.5771 GeV . (A-10)
The absolute values of CKM matrix elements numerically are [155]
0.97435 + 0.00016  0.22500 4 0.00067 0.00369 + 0.00011
[Vernm| = [ 0.22486 +0.00067 0.97349 + 0.00016  0.0418270-000%3 (A.11)
0.00857°098930  0.04110°5:99658  0.999118§ 00005

Equivalently, they can be obtained in the Wolfenstein parametrization (2.27) from the parameters [155]
A = 0.22500 + 0.00067, A =0.82670518 p = 0.159 £+ 0.010, n=0.348 £0.010. (A.12)
Furthermore we make use of the following meson and quarkonium masses [155]

mpo = 5.27965(12) GeV,  mp. = 5.27934(12) GeV,  mp = 5.36688(14) GeV
Mmpo = 1.86484(5)GeV,  mp. = 1.86966(5) GeV,
Mo = 497.611(13) MeV,  my. = 493.677(16) MeV , M. = 845(17) MeV (A.13)
Mo = 134.9768(5) MeV, m,.. = 139.57039(18) MeV
My = 3.006900(6) GV,  my, = 3.68610(6) GeV, 1y, = 9.46040(10) GeV .
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B Details on Planck Safety in Minimal VLF Models

In this appendix we give some additional surface plots illustrating Planck safety in minimal VLF models.

B.1 Gauge Portal

B.1.1 Higher Loop Orders

1 10° 105 10°  10*%  10%
Mp/TeV

(a) The strong gauge portal at 222
loop order, same as Fig. 4.1a.

1 100 10 10 102 10"
MF/TCV

(b) The strong gauge portal at 432
loop order.

1 100 10° 10 10 10"
Mp/TeV

(c) The weak gauge portal at 222
loop order, same as Fig. 4.2a.
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40
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MF/TCV

(d) The weak gauge portal at 432
loop order.

1 100 10° 10 10 10"
Mp/TeV

(e) The hypercharge portal at 222
loop order, same as Fig. 4.3a.

60

50

1 10° 10 10 102 10"
MF/TCV

(f) The hypercharge portal at 432
loop order.

Figure B.1: Gauge portals at different loop orders. Shown are the BSM critical surfaces in the
(Np, Mp) plane for the strong (a, b), weak (c, d) and hypercharge (e, f) portal with indicated VLF
representations at loop order 222 and 432 in the gauge, Yukawa and scalar sector, respectively. While
the first ansatz takes into account the same loop order for all couplings, the latter applies the highest
available loop order in each sector. The BSM critical surfaces are for all portals basically identical in
both scenarios. Same color coding as Fig. 4.1a.
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B.1 Gauge Portal

B.1.2 Higher Representations

1 100 105 10 102 10Y 1 10° 10 10° 102 10% 1 102 10  10° 102 10%
Mg/ TeV Mg/ TeV Mg/ TeV
(a) dg = 3, same as Fig. 4.1a. (b) ds = 6. (c) d3 = 8.

Figure B.2: The strong gauge portal at full 2-loop order for VLFs charged as (0,1, ds) for d; = 3 (a)
and higher representations d; = 6, 8 (b, ¢) under SU(3). Shown is the BSM critical surface in the
(Np, Mp) plane. Same color coding as Fig. 4.1. For higher dg the Planck safety window is systematically
shifted towards lower N and shrinks (Note the different scaling of the Ny-axes).

1 10°  10° 10° 10" 10 1 10°  10° 10° 10" 10
Mp/TeV Mp/TeV
(a) dy = 2, same as Fig. 4.2a. (b) dy, = 3.

Figure B.3: Weak portal at full 2-loop order for a SM extensions with VLLs charged as (0,d5, 1)
under the SM. Shown is the BSM critical surface of the in the (Np, My) plane for dy, = 2 (a) and
dy, = 3 (b). The stability window shrinks for higher representations (Note the different scaling of the
Np-axes). Same color coding as Fig. 4.1.

121



B Details on Planck Safety in Minimal VLF Models

1 10°  10° 10° 10'? 10" 1 10° 10 10° 102 10% 1 102 10°  10° 102 10%
Mp/TeV Mp[TeV Mp/TeV
(a) Yp = 3, same as Fig. 4.3a. (b) Yp=2. (c) Yp=13.

Figure B.4: Hypercharge portal at full 2-loop order for a SM extensions with VLLs charged as
(Yp, 1,1) under the SM. Shown is the BSM critical surface of the in the (Np, M) plane for Yn = 1 (a),

Yp=2 (b) and Y = 3 (c). The stability window in Ny, is significantly reduced for higher Y}, (note the

different scaling of the N-axes). Same color coding as Fig. 4.1.

B.2 Yukawa Portal
B.2.1 Higher Loop Orders
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(a) The Yukawa portal at 222 loop order, as Fig. 4.8a. (b) The Yukawa portal at 432 loop order.

Figure B.5: The Yukawa portal at different loop orders. Exemplarily shown are the BSM critical
surfaces in the (Np, Mp) plane in model M featuring N = 1 VLF charged as (2,2, 3) under the SM at
loop order 222 (a) and 432 (b) in the gauge, Yukawa and scalar sector, respectively. While the first
ansatz takes into account the same loop order for all couplings, the latter applies the highest available
loop order in each sector. At order 432 the Yukawa portal disappears due to Landau poles in the
Yukawa sector. However, walking regimes sourcing the Yukawa portal mechanism at 222 typically also
attract the Higgs quartic at similarly sizeable values as the Yukawas a ~ (9(1071). Therefore the 432
approximation seems inconsistent. Same color coding as Fig. 4.1a.
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In this appendix we discuss in detail scalar mass mixing in BSM models with additional singlet scalars.
The canonically normalized kinetic and mass terms for a single, free scalar field S read

N N
L5 =5 (0,8)f0rs — Zmists (C.1)

where NV =2 (I = 1) for a complex (real) scalar field. If there is SSB in the BSM sector, a VEV v, and a
real BSM Higgs mode s emerge as

1
S=—=(s+v,)+ .. C.2
et (€2
together with additional components indicated by (...) depending on the details of the scalar sector. In the
O(Ng) model, SSB yields an additional scalar field ¢ in the fundamental representation of the remaining
O(Ng — 1) symmetry:

O(Ng): S =(vy+s, ¢!, ..., pNs )T, (C.3)
In the SU(Np); x SU(Np)r model in contrast after SSB we always additionally obtain a pseudo-real
singlet § as the scalar field is complex valued. In the vacuum configuration V'~ the scalar symmetry is
broken as SU(Ng);, x SU(Np)g — SU(Np—1), x SU(Np—1)g, which gives rise to additional fields ¢,

and @ in the decomposition

Llv,+s+i5)  oh .. Nel
1 @1,1 @1,NF71
S= oL S | (C.4)
N.Ffl @NI.:—LI Q;NF—i,NF—l

L

Here, ¢, p are in the fundamental and singlet representation under SU(Np— 1), p and SU(Np— 1) 1,
respectively, whereas @ is bifundamental. In V™ on the other hand, the breaking proceeds as SU(Ny), x
SU(Ngp)p — SU(Np)y. This yields the pseudoreal adjoints R and I, respectively, and implies the
decomposition

5.
= —2— (v, + s +1i5) + (R* +4I%) t, (C.5)

S. . ,
ij \/m ij

where ¢{; denote the (traceless) generators of SU(Ng)y. Expressing the unbroken scalar potentials

1
Vo (H,S) =— pgH H — §M§STS + AHTH)? +v(STS)2 + 6 (HTH)(STS), (C.6)

Vw2 (H,S) = —piH H — pg T [STS] + AN(HTH)? + uTr [STSSTS] + v [Tr StS|)* + 6 (HYH) T [STS],
(C.7)

cf. (5.8) and (5.14), through the scalar field components after SSB yields very long expressions. However,
mixing with the SM Higgs boson solely arises from the part of the potential depending on the SM h and
BSM s Higgs modes. It can be model-independently parametrized as (5.23)

h+v,)%(s+vg)? (C.8)

2 1 A A 1)
V(h,s) = —%H(h +vy,)? — il%(S +vg)? + Z(h +o)t = (s +v)t + ﬁ(

N2
which falls back to the model-specific expressions for

ONg): N=1, A=v, V*: N:z,A:NlH, Vo: N=2 A=utv.  (C9)
F
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C Scalar Mixing

Minimizing the potential (C.8) via dV'(h,s)/dh = dV(h, s)/ds = 0 implies the conditions

u2 = i + %v?, pE = %v? + %U}% . (C.10)
The quadratic terms in the broken potential (C.8) then correspond to mass terms for the real scalars h and
s according to
V(h,s) C +%m%h2 + %m,zwhs + %mfsQ . (C.11)
Reading off the explicit expressions for the mass terms

d*V (h, s) d*V (h, s) 4 d*V (h, s) 8
2 _ ’ 9\ a2 2 _ ’ _ 2 _ ’ 2
mh—T —2)\Uh, mhs—2m —N(S'Uhvs, mS—T _WA’US
h,s=0 h,s=0 h,s=0
(C.12)
additionally yields
m3 N2m? )
vE = 2—)}\‘, v? = SA mi, = mmhms. (C.13)

Moreover, we define the mass matrix

2 2 8 A2 2
M2 — 7277’5 Tn’hs2/2 _ 72\f2 AUS Névh;)s (014)
mr./2  m; ~ouv,  2Xwj

such that
1 1 1 1 4 2
5(8, h)M? <Z> = 5mng + §m%shs + imilﬂ = ﬁAvgﬁ + Wévhvssh + \vih?. (C.15)

The scalars h and s now mix into mass eigenstates h’ and s’ via

(Z) =0 (Z) (C.16)

O— ( cos 3 sinﬁ) . (C.17)

—sinfB cosf

with the orthogonal mixing matrix

Demanding the (1,2) element of the diagonalized mass matrix
M'? = OM?0T (C.18)
to vanish, we obtain the relation

tan 28 = Ths __ 20Uy _ 0 _mm (C.19)
Com2-mi (A2 —-203)  VAAmMZ—mi '

for the mixing angle 8. From the other components of (C.18) we obtain the additional relations

2
m
m? = cos? fm?, + sin? pm3,, mi = cos® fm3, + sin? Bm?,, sin 23 = % , (C.20)
m2, —ms3,
s h
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where in the main part of this thesis we denote the physical scalar masses as

my, = M, =125 GeV my = M,. (C.21)
We see that for my > m;, as well as § > 0 (and thus m?, > 0) as required by PS we always obtain a
positive mixing angle 8 > 0. Moreover, for my > my, it holds mi, < m?,m% < mi,, where m/, ~ m,
mj, = m,, in the small angle approximation 0 < § « 1. Note that this approximation works well for m/
but breaks down for mj, as soon as fm, = mj,.

Alternatively, from explicitly diagonalizing M? we obtain for the masses of the physical scalars h’, s’

2 2 2 _ 2 4 2 2 2 52 62 202
m2, ,, = et M o M = \/1 i Ths = M X1 £ T mh\/ TS (C.22)

1 P
> > T ml)? 2 > T XA —ml)e

where mg, > m? and mi, < m% Vice versa, we can express

2 2 2 2 2 2
/ / /2 ’ 452 my,m,
m?, = Do My My Z My g S (C.23)
: 2 2 4NA — 0% (m2, —m;,)?
Note that demanding m?2, m3 > 0* with (C.20) implies the condition
m2/ - m2/
0] < 4VAA 55— (C.24)

m, +my,

Note also that equating the unrotated m? in (C.12) and (C.23) fixes \ as

A=\ 1 2 2 82 2 2 232 _9(m2 2 52 2 62 2 ’
= SM-}-@ ms,—mh/—kﬁvh— (m2, —mg,)? — (ms,—l—mh,)ﬂvh—l— Ak 29)

52 m?, m},
:)‘SM+E (1+ m?, +0 <m4/)>

S

m?,
207 °

We briefly comment on a possible contribution —ju,,(det(S) + det(ST)) to the scalar potential (C.7) in
the SU(Np) x SU(Ny) model, which is explicitly allowed by the global symmetries. For Np = 3 4., is
dimensionful and therefore negligible in the RG flow. Nevertheless, in V't it gives rise to an additional term

—lger (S + vs)?’/(\@\/NFS) in the broken potential V(h,s) (C.8) that contributes to the trilinear Higgs

coupling k3 as ., sin® 8/(v/2/N F3). Due to the strong suppression by the small mixing angle (and the
multiplicity Ny) this contribution is negligible for the phenomenological analysis. However, the presence
of fi4.,; changes the BSM minimization condition in (C.10) to u% = Av? + gv% — Zsbdet  This alters the

V2Ng'

relation (C.12) between the BSM scalar mass and VEV to m?2 = 2Av% — %/%, introducing a dependence
F

where gy =

of v, on pg,, for a fixed BSM mass. This does not change the sign of the mixing angle but complicates the
parameter space analysis by adding another d.o.f.. Hence, we neglect p,,, for the purpose of this work. We
also stress that no such contribution to the broken potential arises in V™.

!By this choice we avoid spontaneous C P violation from complex VEVs.
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