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ABSTRACT

In this thesis we study asymptotically safe models with implications for flavor physics. We
show that the Yukawa couplings necessary to generate ultraviolet fixed points could link a
new sector to the Standard Model, generating a rich phenomenology. Most prominently,
we find that for theories with heavy vector-like leptons and singlet scalars the discrepancies
in the anomalous magnetic moments of the electron and the muon can be simultaneously
explained without explicitly breaking lepton flavor universality. We study implications for
the models at colliders, and propose targeted observables and null tests which exploit the
flavor structure of the new sector. We finally show that, in asymptotically safe theories
where the Standard Model is extended with an additional U(1) gauge symmetry, large hi-
erarchies in the Yukawa sector can be generated through renormalization group running.
Employing non-universal charge assignments, we find that the observed fermion masses and
quark mixing patterns can be reproduced to the order of magnitude.

ZUSAMMENFASSUNG

In dieser Arbeit untersuchen wir asymptotisch sichere Modelle mit Implikationen fiir Fla-
vorphysik. Wir zeigen, dass die Yukawa-Kopplungen, die zur Erzeugung ultravioletter Fix-
punkte notwendig sind, einen neuen Sektor mit dem Standardmodell verkniipfen kénnen,
wodurch eine reichhaltige Phénomenologie entsteht. Vor allem finden wir heraus, dass fiir
Theorien mit schweren vector-like Leptonen und Singulett-Skalaren die Diskrepanzen in
den anomalen magnetischen Momenten des Elektrons und des Myons gleichzeitig erklért
werden koénnen, ohne die Leptonflavoruniversalitat explizit zu brechen. Wir untersuchen
Implikationen fiir die Modelle an Collidern und schlagen gezielte Observablen und Null-
tests vor, die die Flavorstruktur des neuen Sektors ausnutzen. Schliellich zeigen wir, dass
in asymptotisch sicheren Theorien, in denen das Standardmodell um eine zusétzliche U(1)-
Eichsymmetrie erweitert wird, durch Renormierungsgruppenlaufen grofte Hierarchien im
Yukawa-Sektor erzeugt werden konnen. Unter Verwendung von nicht-universellen Ladun-
gen finden wir, dass die beobachteten Fermionenmassen und Quark-Mischungsmuster in der

Grofsenordnung reproduziert werden kénnen.
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1 INTRODUCTION

In 2020, the Nobel Prize in physics was awarded to groundbreaking theoretical and exper-
imental findings which instituted black holes as physical phenomena occurring in nature.
In particular, Roger Penrose was awarded the prize for establishing that black holes are a
solid prediction of Einstein’s theory of general relativity, while Andrea Ghez and Reinhard
Genzel were recognized for leading the discovery that a supermassive black hole resides at
the center of our galaxy. Therefore, this year’s prize exemplifies how both theoretical and
experimental developments are crucial and necessary to advance our knowledge of nature,
and showcases the importance of addressing fundamental questions about our universe.

Within the realm of particle physics, the Standard Model (SM) has been well established as
the current paradigm after exhibiting great success, manifest through accurate predictions
in agreement with numerous experimental measurements. In particular, the discovery of
the Higgs boson at the LHC in the beginning of the last decade [1, 2] corroborated the
existence of the last missing piece of the SM. However, theoretical shortcomings as well
as unexplained observations remain which make the need for physics beyond the Standard
Model (BSM) seem imperative. This holds especially true for the flavor sector of the SM:
the existence of three generations of quarks and leptons with order-of-magnitude dispari-
ties between their masses and the hierarchical structure of the quark-mixing matrix remain
unexplained features of the SM. Even though these phenomena are allowed from a theo-
retical point of view, the lack of a fundamental explanation as to why the flavor structure
is such as we observe is striking, and often referred to as the Standard Model flavor puzzle
[3]. Moreover, measurements of neutrino oscillations |4, 5| confirming that neutrinos carry
a mass have deepened the SM flavor puzzle even further. Indeed, a mechanism giving rise
to neutrino masses and their mixing, which appears to display an anarchical pattern rather
than a marked hierarchy, is still absent within the SM.

Theoretical efforts towards elucidating the origin of flavor include models with extra dimen-
sions [6-8], RG-induced hierarchies [9-11] and global symmetries, such as in the Froggatt-
Nielsen mechanism [12]. If one insists that flavorful new physics arise at the TeV scale, as
is motivated by the hierarchy problem or certain dark matter scenarios, further questions
arise regarding the flavor structure of theories beyond the SM. These should present some
mechanism to suppress contributions to flavor-changing observables, which are mostly seen
to be in great agreement with the SM. The question of how TeV-scale new physics is not
appearing in such observables constitutes the New Physics flavor problem. As an example,
one option to circumvent the issue of sizable flavor-changing interactions is to parametrize
all new physics using the criteria of Minimal Flavor Violation (MFV), which assumes that
the only source of flavor violation beyond the SM resides in the SM Yukawas themselves [13].



Furthermore, from the experimental side certain observables within the flavor sector have
reported discrepancies with respect to their SM predictions, in what could be signals of
the presence of new physics. This is the case for the anomalous magnetic moments of the
electron and the muon, which presently deviate from their SM values by —2.40 and 3.50,
respectively [14-16]. Additionally, several b physics observables present as well deviations
from theory values. For instance, b — séf processes show hints of u — e non-universality
[17-19], as well as anomalies in angular observables |20, 21]. Therefore, both from a theo-
retical and experimental point of view the flavor sector constitutes a natural area to expect
physics beyond the Standard Model.

Going beyond flavor physics, further theoretical issues of the SM include the presence of a
transplanckian Landau pole in the case of the hypercharge coupling, which destabilizes the
renormalization group evolution of the SM. The U(1)y divergence signals a loss of predic-
tivity at high scales, which entails that the SM is not ultraviolet (UV) complete in the sense
of perturbation theory. The influence of new physics in the running of a, either through
quantum gravity effects kicking in at the Planck scale [22, 23| or lighter new physics [24—26]
may help resolve this issue. Additional shortcomings of the SM comprise the strong CP
problem, which questions why the CP-violating parameter 0qgcp of the QCD Lagrangian
should be so small, the strong evidence for the existence of dark matter and dark energy and
the observed matter-antimatter asymmetry of the universe, all of which find no explanation
within the SM. Lastly, the SM does not provide a framework to describe gravity. Even
though at the scales currently probed by the SM gravity effects are negligible, these could
become important at planckian energies. Altogether, both from the theoretical and exper-
imental side it is clear that the SM cannot be the ultimate theory of nature, and therefore
physics beyond it must be present at some scale.

In this thesis, we explore the possibility that flavorful new physics exists which has a certain
impact on a fundamental property of the SM as a renormalizable quantum field theory: the
evolution of couplings with the energy scale. In particular, we focus on UV completions of
the SM which have the ability to render it scale invariant at high energies. A key ingre-
dient is the presence of fixed points of the renormalization group equations, which drive
the couplings towards constant, non-zero values. Such asymptotically safe models not only
avoid Landau poles throughout the running of couplings and maintain predictivity at all
scales, but also allow to constrain the parameter space of new physics by demanding that
renormalization group (RG) trajectories be matched onto the SM. Here, we employ model
building tools from asymptotically safe SM extensions [27-29] to address both fundamen-
tal and data-driven problems of the flavor sector. In order to study the testability of the
proposed models at current experiments, we explore in detail their phenomenology and im-
plications at colliders. This allows us to ascertain whether new physics necessary to render
the SM asymptotically safe could reside at the TeV scale, and potentially be probed with
present or near-future data.

The thesis is structured as follows: in the remainder of this chapter we review the building



blocks of the SM, with a special focus on its flavor and renormalization group properties.
In Chapter 2 we present general formulae for asymptotically safe SM extensions and the
different new physics models discussed in this thesis. The subsequent chapters contain the
following work:

e Chapter 3 explores models where a new sector is connected to the SM both through
mixed Yukawa terms, which mediate interactions between leptons and new vector-
like fermions, and through a scalar portal coupling linking the Higgs to heavy singlet
scalars. We exploit flavor symmetries to parametrize new physics couplings, and then
show that the models can constitute asymptotically safe extensions of the SM. We
provide a thorough discussion of their phenomenology, and detail how the subset
corresponding to models of vector-like leptons is able to simultaneously explain the
discrepancies in the anomalous magnetic moment (AMM) of the electron and the
muon without requiring an explicit breaking of lepton flavor universality.

e In Chapter 4 we analyze implications of vector-like lepton models at the LHC, focusing
on the parameter space of Yukawa couplings which can accommodate both AMM
anomalies. We identify lepton-flavor-violating-like signatures which arise from the
flavor structure of the scalar sector, and use these to build new observables which can
serve as null tests of the SM and help discern the mass hierarchy of the BSM states.

e Chapter 5 deals with asymptotically safe SM extensions featuring an additional local
U(1) symmetry, with an associated massive and electrically neutral Z’ boson. We
show how assigning non-universal new charges to SM fermions allows the renormal-
ization group flow to generate large hierarchies between Yukawa couplings, which
in certain scenarios can approximately reproduce the mass patterns of the SM. Phe-
nomenological consequences such as Z’-mediated flavor-changing neutral currents and

implications for B anomalies are discussed.

At the end of each chapter we briefly outline our findings, while a general summary and
conclusions are provided in Chapter 6.



1.1 Flavor and the Standard Model

The Standard Model of particle physics employs quantum fields and their symmetries to
describe matter and its interactions at the most fundamental level. In this section we present
the building blocks of the SM, starting from the full gauge theory and then examining the
consequences of electroweak symmetry breaking (EWSB) and its implications for the flavor
sector.

1.1.1 Fields and Symmetries
In the SM, matter fields are diversely charged under the gauge group

Gsm = SU3)o x SU(2)L x U(1)y , (1L.L1)

which determines their interactions. The electric charge Q. of a particle is given by the
Gell-Mann—Nishijima relation

Qe=T3+Y, (1.1.2)

where T3 is the weak isospin component of a given particle and Y its hypercharge. In
Tab. 1.1 we summarize the full particle content of the SM together with its charges. The
fermionic fields consist of quark SU(2)r, doublets @ and singlets U and D, as well as lepton
doublets L and singlets E. For each fermion three different flavors exist, which in the SM
are distinguished only by their masses, and additionally their charged weak interactions in
the case of the quarks. Furthermore, the gauge eigenstates Q, U, D, L, E present a definite
chirality: while SU(2)y, doublets are left-handed, singlets are right-handed. It is a salient
feature of the SM that right- and left-handed fermions carry different charges under Gsy,
yielding it a chiral theory where only left-handed fields are charged under SU(2)r. There
is, however, no given reason why right-handed fields beyond those in the SM could not be
charged under SU(2)r. For any Dirac fermion f, we define its left-handed (right-handed)
part as fr, = Prf (fr = Prf) in terms of the projectors

Py = (1++°), (1.1.3)

1
(1_75)a PRzi

N | =

5 =

where ~ i°y1y2~3 corresponds to the fifth Dirac gamma matrix [30, 31]. The gauge

interactions of the SM fermions are described by the Lagrangian
Lyin = QilPQ + UilpU + DilpD + LiDL + EiPE, (1.1.4)
with ) = v#D,,. The covariant derivative D, can be expressed as
Dy = 0y +ig'Y By +igT" W} + igsA’GY, (1.1.5)

where all flavor and gauge indices are implicitly contracted. In any SU(N) group the
number of generators equals N2 — 1, which yields 3 generators T% for SU(2)r, with a =
1,2,3, and 8 generators A’ for SU(3)c, with b = 1,2,...,8. The fields B,, Wy and GZ
correspond to the gauge bosons of U(1)y, SU(2)r and SU(3)c¢ respectively, with ¢’, g and
g3 their respective couplings. All terms in the kinetic Lagrangian (1.1.4) are diagonal in



Field Flavors SUB)exSUR2)LxU(l)y Qe

Q ur) fer) [t (3,2,1/6) 2/3
dy, ’ Sy, ’ by, -1/3

U UR,CRstR (3,1,2/3) 2/3
D dr, SR, bR (3,1,-1/3) -1/3
L (VE) <VZ> (VE) (1,2,-1/2) 0
er 159 T -1
E €Ry MR, TR (1717_1) -1
H ot (1,2,1/2) !
©° 0

Table 1.1. Fields and charges in the Standard Model. The second column shows the different
flavors in terms of their SU(2)r components.

flavor space, since any hermitian matrix mixing the generations could be reduced to one
parameter after performing unitary transformations.! Thus, Ly, presents a global U(3)5
flavor symmetry, where each of the five fermion fields accept an independent U (3) rotation
[13, 32]. This symmetry can be further decomposed as

Ghav = SU(3)2 x SUB); x U(1)p x U(L)p x U(L)y x U(L)pq x U(1)g, (1.1.6)
where
SU(3)3 = SU(3)g x SU3)y x SUB)p, SUB); =SUB)L x SUB3)g. (1.1.7)

We identify the U(1) rotations in Eq. (1.1.6) with baryon number (B), lepton number (L),
global hypercharge (Y'), Peccei-Quinn symmetry, [33], and finally a rotation of the E field
only.

In addition, the SM contains the Higgs doublet field H. It will prove useful to define as

well its charge conjugate
B s00*
H =iooH" = B (1.1.8)

—¥
where o is the second Pauli matrix and ¢~ = (¢1)*. Note that H is an SU(2)r, doublet
with hypercharge —1/2. The Higgs couples to fermions through renormalizable Yukawa

'More explicitly, such an an hermitian matrix would break the U(3) symmetry of a given fermion kinetic
term to a U(1), yielding 8 broken symmetries. Then, from the 9 general parameters of the hermitian matrix,
only 9 — 8 =1 is physical, see Eq. (1.1.11).



interactions, which can be written as
— Lyuk = QYyHD + QY HU + LY, HE + h.c.. (1.1.9)
Therefore, the Yukawa sector partially breaks the flavor symmetry (1.1.6), yielding
Gaw = U x U(1)e x U(1),, x U(1),, (1.1.10)

where the U(1), correspond to the individual lepton numbers?. In order to count the
number of physical parameters, we must subtract the number of broken generators from
the total number of parameters in the Lagrangian [32], following

Nphys = Ntot — Nbroken - (1.1.11)

In the lepton sector, Nyt corresponds to the 18 independent entries of the Yukawa matrix
Yy, while from the 2 x 9 = 18 symmetries of U(3); x U(3)g only 3 are conserved (the
individual lepton numbers), while 15 are broken. Thus, we obtain Nphys = 18 — 15 = 3
physical parameters, which correspond to the three charged lepton masses. In the quark
sector, we start out with the 2 x 18 = 36 parameters of the Y, and Y; matrices, and
from the 3 x 9 = 27 symmetries of the three U(3) quark rotations only one is conserved,
corresponding to baryon number. Thus, we are left with 26 broken symmetries. Using
again Eq. (1.1.11), this yields Nppys = 36 — 26 = 10 physical parameters, which correspond
to the six quark masses and a unitary rotation matrix with three angles and one phase.

1.1.2 Electroweak Symmetry Breaking

Through spontaneous symmetry breaking in the Higgs sector, the electroweak SU(2)r x
U(1)y symmetry of the SM is broken to the electromagnetic U(1)en symmetry, yielding
a breaking pattern Gsyy — SU(3)¢c X U(1)em. Additionally, the Higgs mechanism allows
fermions and weak gauge bosons to acquire masses without the need of adding them by
hand, which would break gauge invariance and endanger the renormalizability of the the-
ory. Thus, the full SM gauge symmetry is preserved at high energies, and the full theory
remains renormalizable. In what follows, we describe electroweak symmetry breaking and
the generation of the fermion and Z, W masses in the SM.

The Higgs potential

Let us start by studying the gauge and self-interactions of the Higgs, which can be expressed
as the Lagrangian
Lriiges = (D, H)(D*H') = V(H), (1.1.12)

where the Higgs potential at tree level reads

V(H)=—u’H'H + %(HTH)Q. (1.1.13)

2The global U(1)y is also a conserved symmetry of the Yukawa sector. However, it is only preserved due
to the presence of the Higgs, which has non-vanishing hypercharge, and thus we must not count it among
the symmetries strictly preserved by fermionic flavor rotations.



If the parameters of the potential fulfill both x? > 0 and A > 0, V presents a local maximum
at |[H| =0 and a global minimum at
oW

|H|* = = (1.1.14)
where v, = 246 GeV is the vacuum expectation value (VEV) of the Higgs field. The
extrema structure of V' is modified when including further terms of the effective potential.
Then, renormalization group running of the Higgs quartic can lead to the vacuum becoming
metastable or unstable [34-36], as we shall discuss further in Sec. 1.2. Here we focus on the
tree level relations arising from spontaneous symmetry breaking. To this end, the Higgs
field can be written in terms of its SU(2); components as

1 (901(16) + m(:c))

H(z) = = 1.1.15
o p3(x) + ipa(x) )

V2

which contains four degrees of freedom corresponding to real scalar fields ;. Using Eq. (1.1.15)
one obtains |H|? = (¢? + ¢3 + ©3 + ¢3)/2, so that we may choose the minimum Hy to be
at

\/ivh

see for instance [31]. In the unitary gauge, expanding H around Hj yields

1 0
H(z) = NG (Uh A h(:;;)) : (1.1.17)

where h is the Higgs boson with mass my ~ 125 GeV [37], fulfilling m), = vuV/A with
A(mp) =~ 0.26. The reason why H can be expressed as in Eq. (1.1.17) is rooted in the

2 1 (0

SU(2)r, invariance of Lyiggs, and the fact that we can use an SU(2)r, rotation to remove
three of the field perturbations around the ground state. In order to see this more explicitly,
we apply such an SU(2)r, transformation to (1.1.17), with finite parameters wq(z)/vp,. This
yields

where ¢ are the Pauli matrices, see Appendix A.1. Hence, three of the degrees of freedom
of a perturbation around the minimum can be adjusted at will by fixing the parameters w,
of the SU(2), transformations; in other words, they can be removed by fixing the gauge?
Eq. (1.1.17) corresponds to the unitary gauge, where the Higgs scalar h(z) constitutes the
only perturbation around the ground state. Note as well that Hy is invariant under a gauge
transformation with generator Q. = T3 + Y, yielding

Hy — €9 gy = Hy, (1.1.19)

®In our notation, the SU(2). gauge bosons transform as W5 (z) — Wi (z) + ﬁ@uwa(x). In choosing
the ground state in Eq. (1.1.17), the unitary gauge corresponds to setting wq(x) = 0.



which entails that the ground state preserves electric charge. Hence, out of the four gen-
erators of SU(2)r, x U(1)y only one particular combination is preserved after EWSB, the
electric charge of U(1)em. According to Goldstone’s theorem, there exists one massless
Goldstone boson for each broken generator; in this case, the perturbations w, represent
the Goldstone bosons of the Higgs mechanism. In any arbitrary gauge these appear in the
Lagrangian as unphysical massless modes, while they are completely absent in the unitary
gauge, which we shall use throughout this work.

Masses and mixing

Having reviewed EWSB in the Higgs potential, we are ready to discuss its effects in other
sectors of the SM: the Higgs boson kinetic term yields the masses of the Z and W bosons,
while the Yukawa sector generates mass terms for the fermions. Let us start with the
SU(2)r x U(1)y interactions of the Higgs, which after EWSB yield

2
, , 0 Cop (W —iW2)g
|D, Ho|* = |(ig'Y B, + igT°W?) — i p .
g (¥ B RN v 2v2 \ Wig + B,y

2 2 2 ) WSM
= Phgrytwes 4 s gy (9 T ,
4 8 ~99' g% ) \ B

2
1

(1.1.20)

according to the covariant derivative in Eq. (1.1.5), and we used W/f = (W, FiW;)/ V2
as well as the generators T% = 0%/2 in the doublet representation. Then, the mass of the
W bosons can be automatically read off Eq. (1.1.20), and obeys

1
My = SVRY - (1.1.21)

Furthermore, the matrix mixing the neutral bosons B and W3 can be diagonalized yielding
two eigenstates

A, = cos by, B, + sin GwWS , Z,, = cos GwWE —sin6,B,,, (1.1.22)

corresponding to the photon and the Z boson respectively, with 8,, the weak mixing angle

defined by g

VEE

The masses of the A, and Z,, bosons can be then computed from Eq. (1.1.20), which gives

1 1
Ms=0, My=-vn/@?+g2=-—19 (1.1.24)
2 2 cos By,

cos b, = (1.1.23)

We are now in position to define the p-parameter, which involves the ratio of the Z and
W boson masses, and provides an important test of the SM. In the Weinberg-Salam model
with the Higgs mechanism, one obtains at tree level
2
My,

- W g, 1.1.25
P M%cos2 Ow ( )



and measurements require p = 1 within a small error. Indeed, global fits currently yield
[16]
po = 1.00038 +£ 0.00020 . (1.1.26)

The result p = 1 at tree level in the SM reflects the remnant custodial symmetry of the Higgs
Lagrangian after EWSB. Before spontaneous symmetry breaking, Lpiges presents an SO(4)
(or analogously an SU(2) x SU(2)g) global symmetry, which corresponds to rotations of
the four real components of H. After the electrically neutral component acquires a VEV,
the symmetry is broken to SO(3), and can also be described as the vectorial part SU(2)y
of SU(2)r, x SU(2)g, known as custodial isospin or custodial SU(2) [38]. This pattern of
global symmetries can be altered in extensions of the SM with additional scalar content,
leading to modifications of the p-parameter.

Focusing now on the fermion sector, after EWSB the interactions of any chiral (either right-
or left-handed) fermion ¢ with the neutral gauge bosons become

9

O (—gT°W2 — gYB,)yp = = (Z#COSQ(TS —sin? 0,Q.) + e QEAH> yHap, (1.1.27)

where we have used Egs. (1.1.22), (1.1.28) and (1.1.2), and the couplings obey

2
e=gsinf, = ¢ cosb,, %: 92 :ﬁ,
202 8MZ, 2

with e the electromagnetic coupling and G the Fermi constant. The fine structure constant

(1.1.28)

is then given by
Ax’

with ae =~ 1/137 when measured at the electron mass scale.

Qe (1.1.29)

From Eq. (1.1.27) we can now see that the electromagnetic interaction affects right- and
left-handed fields in the same way, since in the SM they carry the same electric charge.
Thus, for any Dirac fermion f its QED interactions can be written as

LqEp = —€ fY"QefA, . (1.1.30)

However, as T3 components are different for fermions of opposite chirality, the Z current is
intrinsically chiral. For a Dirac fermion f it can be expressed in a general way as

fA*(cLPr+ crPr)f Z,.  (1.1.31)

_ 9 I AN _ 5 —
Ly = ZCOSwa'V (gv — 9a7°) [ Z,

"~ 2cos O
Using s2, = sin? f,,, the coefficients of the Z couplings obey

gV:Tg+TIZ§2_2QeS12m gA:Tg_TI%U (1 132)
L = Q(Tg - Qesfu)v CR = Q(TIP% - Qesqgu) >

where T3 (T3) denotes the third isospin component of the left- (right-) handed chirality
of each fermion, with all SM fields fulfilling TI% = 0. The gy, ga couplings in the SM can

~10 -



Fermion gA (gz’ eXp) qv (g‘l/’ eXp)

u,c,t 1/2 (0.51919.93%) 1/2 — 4/3sin? 0, ~ 0.19 (0.266 + 0.034)

d,s,b 1/2 (—0.52715:540) ~1/2 +2/3sin 0, ~ —0.35 (—0.381063)

€,y T —1/2 (=0.50111 + 0.00035)  —1/2+2sin?6,, =~ —0.038 (—0.03817 & 0.00047)
Ve, Vyiy Vr 1/2 1/2 (0.5008 £ 0.0008)"

Table 1.2. Couplings of the Z boson to SM fermions, see Egs. (1.1.31) and (1.1.32). Numerical
values are computed using the MS scheme value sin®6,,(Mz) ~ 0.231. Between parentheses we
show experimental values for the couplings of the first generation [16]. TThe neutrino measurement
corresponds to the average over neutrino species of the purely left-handed coupling ¢" = g% = gy-

be found in Tab. 1.2 together with their measured values, which provide stringent tests on
BSM models modifying Z interactions.

In the case of charged currents, for any SU(2)r doublet 1) = (1, 12)7, where 1 is again a
chiral spinor, these can be written as

—p(gTIW,, + gToW )y = —% (1" b W,F + oy W) (1.1.33)

In the SM, only left-handed fields present charged-current interactions, so that the couplings
of a Dirac fermion f to the W boson become

- \%fﬂﬂpm W, +hee.. (1.1.34)

However, before explicitly writing down charged weak interactions after EWSB, it is paramount
that we inspect first the Yukawa sector, as rotations to the mass basis affect W interactions
of the quarks. The Yukawa interactions of Eq. (1.1.9) after EWSB become

1 _
— Lyuk, EWSB = \ﬁ(vh + h) WL Yadr +Ur Yy, ur + 4, ygER} + h.c., (1.1.35)

where £ = e,u, 7, d = d,s,b and u = u,c,t and the y; are diagonal matrices. In order to
arrive at (1.1.35), one must first diagonalize the general complex matrices Yy appearing
in Eq. (1.1.9). To this end, we employ a singular value decomposition, where two different
unitary matrices Ly, Ry allow to write

Yy = LyysR}. (1.1.36)
Then, by performing the field redefinitions

fo—=L¢fr,  fr— Rsfr, (1.1.37)

the Yukawa sector is successfully diagonalized, yielding the result (1.1.35). The terms
proportional to vy, generate masses for the quarks and charged leptons, which fulfill
Uhp

me= -y, 1.1.38
F= B ( )

— 11 —
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Figure 1.1. Left: values of the diagonal Yukawa couplings in the SM, as computed from the
fermion masses in (1.1.39). Right: experimental measurements of the diagonal Yukawa couplings
[39], with k5 = 1 in the SM. Third-generation Yukawas present the greater experimental accuracy.

within the SM. Measurements of the fermion masses indicate values? [16]

my ~ 2.2 MeV | me ~ 1.27 GeV, my ~ 172.8 GeV
mg ~ 4.7 MeV , ms ~ 93 MeV , my ~ 4.18 GeV , (1.1.39)
me ~ 0.511 MeV, m, ~ 105 MeV, my; ~ 1.78 GeV .

Then, in the SM the values of the diagonal Yukawa couplings y; can be computed from the
masses (1.1.39) and the relation (1.1.38), given by spontaneous symmetry breaking through
the Higgs mechanism. The resulting values of the Yukawas in the SM are shown schemat-
ically in Fig. 1.1 (left). The fact that the y; differ by several orders of magnitude, from
y; ~ 1 to y. ~ 107, remains an unexplained feature of the SM. Performing precise, in-
dependent measurements of Yukawa couplings represents an important, yet experimentally
challenging, test of the theory. Indeed, the Higgs decay rates to fermions are proportional
to the Yukawa couplings squared (or, equivalently, proportional to mfc /v,%), and therefore
generally very small. Third-generation Yukawas present the best opportunities to be deter-
mined experimentally, and are measured to a far greater accuracy than any other generation
[39], as seen in Fig. 1.1 (right). In the case of the lighter flavors, measurements still allow
for considerable room for new physics [40].

Regarding the kinetic terms, the unitary rotations (1.1.37) cancel everywhere in Eq. (1.1.4)
except for the charged weak currents. Mixing matrices do not appear in Higgs-fermion
interactions, as a consequence of each fermion species acquiring mass from the vacuum
expectation value of a single scalar. This result is also known as the Paschos-Weinberg

4The light quark masses m.,, mq4, ms are computed in the MS scheme at the scale u = 2 GeV. The charm
and bottom mass correspond to m.(u = m.) and my(u = my) as well in the MS scheme. The value m; in
Eqg. (1.1.39) stems from direct measurements, and can be interpreted as the pole mass [16].
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theorem [41, 42|, and entails that in the SM there are no scalar-mediated flavor-changing
currents. As already mentioned, rotations to the mass basis do have an effect on W-
mediated currents. Indeed, using Eq. (1.1.34) and performing the rotations (1.1.37) one
obtains

Ly = 7% (@ Vexm 7 Prd + 79*PL) W, + hec.. (1.1.40)

where v = v, vy, v, and Vg is the Cabibbo-Kobayashi-Maskawa (CKM) quark-mixing
matrix, which corresponds to the combination of left-handed quark rotations

Vud Vus Vub
Vexm = LiLg= | Vig Vs Vi | - (1.1.41)

Via Vis Vi
In the SM, the CKM matrix is strictly unitary, and contains three angles and one phase,
which is responsible for C'P violation in the quark sector. The Wolfenstein parametrization

allows to write the CKM matrix as an expansion in a small parameter A, which can be
approximately identified with the Cabbibo angle. The CKM matrix then takes the form

1— A2 A AN (p— W)
Vekm = -2 1-1x2 AN + O\, (1.1.42)
AN(1 —p—im) —AN? 1

Fits indicate A\ = 0.22453+0.00044, A = 0.836+0.015, 5 = 0.1227001% and 7 = 0.355 7001
[37]. At order A3, the CP-violating phase only enters the CKM elements V;4 and V3, and is
absent elsewhere. Furthermore, the CKM matrix presents a highly hierarchical nature, with
diagonal entries close to 1. Together with the unknown origin of the order-of-magnitude
disparity of the Yukawa couplings, the lack of an established explanation for the observed
pattern of quark mixing is often referred to as the SM flavor puzzle. Simply put, it consists
in the question of why all fermions exist in three generations which only differ in their
masses, while exhibiting a very specific mixing pattern in the quark sector.

After studying mixing in the quark sector, it is worth reflecting on why rotations to the
mass basis do not affect leptons. This is due to the fact that in the SM neutrinos are strictly
massless and left-handed, which permits us to freely perform any rotations on the vy. More
explicitly, the rotation of the ¢, field in the W currents can be canceled by an analogous
rotation of the vy. This entails that, in the SM, lepton flavor is strictly conserved. Nev-
ertheless, it is now established that neutrinos are not massless [4, 5|, and therefore lepton
flavor must be violated at some scale.

Finally, putting together all the pieces of the SM leads us to the full Lagrangian
ESM = Egauge + »Ckin + »CYuk + EHiggs ) (1~1~43)

as written in Egs. (1.1.4), (1.1.9) and (1.1.12) before EWSB, and where Lgauge contains
the kinetic terms of the gauge bosons. After EWSB, it can prove useful to use Lqrp, £z

~13 -



~ g*/(4m)? ~y?/(4m)? ~ A/ (4m)?

Figure 1.2. Schematic scaling of 1-loop diagrams of gauge (left), Yukawa (center) and scalar
quartic (right) couplings.

and Ly (Egs. (1.1.30), (1.1.31) and (1.1.40), respectively) for electroweak interactions, and
Eq. (1.1.35) for the Yukawa interactions. At this point, we are equipped to count the
parameters of the SM. These consist of 6 quark masses, 3 charged-lepton masses, 4 CKM
parameters, 3 gauge couplings, the Higgs quartic coupling and the Higgs mass, which add
up to 18 independent parameters. There is, however, an additional interaction which we
have not considered so far. This corresponds to the strong CP phase 6qcp, which enters
the SM Lagrangian in the form
Lo =0 i urafca  a

¢ = 0qop 327r26 wGas (1.1.44)
and stems from anomalous chiral rotations [38]. Neutron electric dipole moment (EDM)
measurements indicate the strong CP phase to be very suppressed, at order fgcp S 10713
[43]. The absence of an established explanation for the smallness of this parameter leads to a
fine-tuning problem, referred to as the strong CP problem, which remains an open question
in the SM. Terms analogous to Eq. (1.1.44) but for the SU(2)z and U(1)y tensors are also
allowed. Such interactions, however, can be removed by performing chiral rotations, which
is not the case for Oqcp [38]. This completes our parameter counting of the SM, yielding
a theory with 19 free parameters. Although at first glance this might seem a theory with
low predictivity, the astounding success of the SM relies exactly on the fact that hundreds
of measured observables can be explained with the same values of the parameters.

1.2 Running of Couplings in the Standard Model

An important feature of quantum field theories such as the Standard Model consists in the
energy dependence of the physical couplings of the theory, a behavior known as running,
which arises due to quantum fluctuations. In this work, the running of couplings will play
a crucial role, serving as a guiding tool to look for new physics. In this section we review
the main features of the evolution of gauge, Yukawa and scalar quartic couplings, with a
focus on the interactions of the SM.

The evolution of couplings with the energy scale is encoded in their S-functions or renor-

malization group equations (RGEs), which in turn depend on the interactions and particle
content of a model. RGEs can be computed in perturbation theory, with each successive
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term being proportional to higher powers of the coupling constants and additional loop
factors 1/(4m)2. In order simplify expressions, it will prove useful to normalize couplings
so that factors 1/(47)? no longer appear in the S-functions. Here we shall use

(1.2.1)

where g,y, A are gauge, Yukawa and scalar quartic couplings appearing in the Lagrangian,
respectively. The different normalization for each type of interaction can be understood by
looking at its 1-loop contribution to the propagator of a scalar particle: as seen in Fig. 1.2,
to close a loop one requires either two gauge or two Yukawa vertices, but only one scalar
quartic. Throughout this work, we employ S-functions computed in the modified minimal
subtraction (MS) scheme [44]. Using the definitions (1.2.1), we define the S-function 3; of

any coupling «; as
dai

57: = dlnluv

(1.2.2)
where 4 is the renormalization scale. A useful way to make sense of the orders in pertur-
bation theory at which one should study S-functions are the Weyl consistency conditions,
which relate different S-functions through partial derivatives [27]. Following Weyl consis-
tency, the lowest ordering that is non-trivial in Yukawa couplings includes their S-functions
at 1-loop, while the RGEs of gauge couplings should be taken at 2-loop. The scalar sector,
which does not enter neither 1-loop Yukawa nor 2-loop gauge S-functions, is not considered.
In this approximation, known as 210, the S-functions of a simple system of one gauge and

one Yukawa coupling can be written in a general way as

doyg

By = dIn /s = ag (-B+Cay—Day) ,
o, (1.2.3)
By = dln =ay (Eay — Fay) ,

for gauge and Yukawa couplings respectively, following the notation of [27, 28] and subse-
quent works. The coefficients B,C, D, E and F are functions of the particle content and
charges of the theory, and their signs play an important role in the analysis of S-functions.
In any quantum field theory, the 1-loop coefficients E, F' of the Yukawa S-functions as well
as the two-loop coefficient D in a gauge S-function are always positive, while B and C' can
take either sign [28, 29]|. From inspection of Eq. (1.2.3) one can already expect the signs of
the S-function coefficients to play an important role in the evolution of couplings.

1.2.1 Gauge Couplings

Let us first examine the S-functions of gauge couplings at 1-loop. In an SU(N) gauge theory
with N Weyl fermions transforming in a representation Rrp and Ng complex scalars with
representation Rg, the 1-loop coefficient B is given by [46]

22 4 2
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Figure 1.3. Running of the SM couplings at 3-loop. Dotted lines denote gauge couplings, while
the top and bottom Yukawas together with the Higgs quartic A = \/2 (see Eq. (1.1.13)) are shown
in full lines. The gray band indicates the Planck scale, while the onset of the U(1)y Landau pole
can be seen towards the deep UV. RGEs are computed in the MS scheme using ARGES [45], and
initial conditions extracted from [34].

where S5 is the Dynkin index, see Appendix B for details. Hence, gauge fields contribute
positively to B while charged matter yields negative contributions, so that the 1-loop coef-
ficient can take either sign. For instance, for SU(3) with 12 Weyl fermions transforming as
triplets (with S2(3) =1/2 in SU(3)) and no charged scalars, one obtains B = 22 — 6 = 14,
as is the case for SU(3)¢ in the SM. On the other hand, for a U(1) symmetry the 1-loop
coefficient is obtained by setting N = 0 in Eq. (1.2.4), so that one invariably finds B < 0.
With this in mind, we can understand the form of the g-functions of the SM gauge couplings
at 1-loop, which read
yo Al 19 ,

1 1
5§7SM 31 ﬁé,S)M =50, B§S)M = 1403, (1.2.5)

Here, we have used normalized the couplings according to Eq. (1.2.1) and employed

q9 =g, g9=92, (1.2.6)

for the U(1)y and SU(2)[, interactions, in order to align with literature conventions in RGE
studies [24-26, 29]. From (1.2.5) we observe that 52 gum, B3.sm < 0 and 51 gm > 0 at leading
order. The 1-loop RGEs can be solved analytically, yielding
_ Q0

1 +O£i,OBl'lnﬁ ’

(i) (1.2.7)
where a0 = a;(po), and B; are the 1-loop coefficients of the 3;. Assuming that including
higher loop orders does not lead to large deviations from the running of Eq. (1.2.7), we
can now infer the fate of the SM gauge couplings at high energies: as and a3 will decrease
towards zero, following the behavior called asymptotic freedom, while a; will grow with
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Figure 1.4. Experimental measurements of the electromagnetic coupling [48] with a,. = €?/(4)
(left), and the strong coupling [49], with ag = g3 /(47) (right).

energy and eventually diverge, presenting a Landau pole. This is indeed the case, as can
be seen in Fig. 1.3, where the full 3-loop running of the SM couplings is depicted. For
the computation of 3-loop RGEs we have used ARGES [45]; results are in agreement with
the literature [34, 47]. In Fig. 1.3 the onset of the U(1)y divergence can be seen at trans-
planckian energies of about ~ 10%° GeV. Gravitational interactions kicking in at Mp; could
potentially modify the running of a; so that the Landau pole is avoided, a possibility that
has been explored in the literature [22, 23|. In the absence of such interactions, demanding
that the U(1)y coupling vanish in the UV within the SM running would require setting
a; = 0 at all scales, which poses a triviality problem. Nonetheless, it must be noted that
the issues in the running of the hypercharge hinge on the fact that the theory becomes
non-perturbative, and therefore we loose our ability to make predictions. In a sense, it may
not be very different from the divergence of the strong coupling at low scales: it is not
unphysical, but our understanding of physics is hindered past a certain scale. Regardless,
if solutions to this problem exist which involve new physics below Mp; (and ideally not far
from the TeV scale), these are worth exploring.

Finally, for this work it will prove necessary to study S-functions beyond 1-loop, most
importantly in the case of gauge couplings. In a general case of an SU(N) interaction, the
2-loop coefficient C' associated to ag terms reads [46]

68 20 4
C= —?NQ + NpSa(RF) <4CQ(RF) + 3N> + NgSa(Rs) <802(R5) + 3N> , (1.2.8)
where Rp, Rg and Np, Ng are the representations and multiplicities of Weyl fermions and
scalars in the theory, respectively. Similarly to the 1-loop coefficients, C' can be either

negative or positive, depending on the balance between gauge and matter fields. In the
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SM, the 2-loop SB-functions of the gauge sector read

2 41 199 88 17
Prsm = <3 +Ta1+9az+§a3—?at ,
19 35
/6523)M = o2 ( ? + gaz + 31 + 243 — 30&7&) , (129)

5:('328)1\/1 =03 (=14 —52a3 + 1lay + 9 — 4y ) ,

where we have included effects of the top Yukawa, which enter, as expected, with a negative
sign. Note that only in the case of SU(3)¢c one obtains C < 0.

1.2.2 Yukawa Couplings

For Yukawa couplings, S-functions depend both on Yukawa and gauge couplings already at
1-loop. For instance, in the SM the top and bottom Yukawas present 1-loop RGEs

17 9
Bt(lS)M = oy (90% + 3ap — gal — 5042 — 16 a3> ,
(1.2.10)

BIE,IS)M = (9ab + 3o — %al — gaz — 16 a3> ,
in the approximation where all other Yukawas are negligible, which holds for the S-functions
of the SM. Hence, it is not so straightforward to guess the RGE behavior of Yukawa cou-
plings without explicitly evaluating their S-functions at a given scale. In the case of the
top, contributions from gauge couplings in Eq. (1.2.10) are always subleading with respect
to the a? term, so that one obtains 3; > 0 throughout the running. As a consequence, the
top Yukawa decreases towards high energies, as seen in Fig. 1.3. There we also show the
evolution of the bottom Yukawa, which follows the same behavior, while all other Yukawas
are smaller in size and not shown. It is noteworthy that, neglecting the contribution from
other Yukawas and the electroweak gauge couplings, the top S-function presents an approx-
imate zero which acts as an infrared (IR) attractor, driving the top Yukawa to a constant
value at low energies [28, 50-52]. This allows to parametrize the evolution of y; in terms
of the strong coupling. Then, demanding that the couplings remain perturbative at the
Planck scale yields the bound m; 2 210 GeV [53], obtained before any measurement of
the top mass was available. Remarkably, the result stands after experiments have shown
my ~ 173 GeV.

1.2.3 Higgs Quartic

The RG behavior of scalar quartics can differ substantially from that of gauge or Yukawa
couplings. This is due to the fact that, opposed to the latter, the S-functions of a scalar
quartic can contain terms which are not proportional to the coupling itself. Thus, their
behavior can never be expected to be tamed by small values of the coupling. In the SM,
the p-function of the Higgs quartic at 1-loop obeys

3
Sonag — 1207 — ax(3a; + 9ag — 120y) (1.2.11)

9
fa§+2

3
Bigu = 1203 + Jai + 7

4
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Figure 1.5. Right: phase diagrams depicting the stability of the SM electroweak vacuum in terms
of the Higgs and the top pole mass, from [34]. The SM lies in the metastability region, close to
the absolute stability limit. Left: zoom in around the experimentally favored region of the top and
Higgs mass.

where we have neglected all Yukawas except for the top. As expected, several terms are not
proportional to o, and can greatly influence the running. For instance, in the vicinity of
the electroweak scale (3 is dominated by the top Yukawa contribution, which yields 5y < 0.
Assuming a constant a; one can approximate

2 (1.2.12)

A=) — —=
’ 47T2y Ho

Indeed, as seen in Fig. 1.3, A first decreases with energy, switching sign around p ~
10'% GeV, and then grows to become positive again beyond Mp;. Due to the strong depen-
dence of ) on the top Yukawa, the determination of the top mass has crucial implications
for the stability of the electroweak vacuum [34-36] at the Planck scale. As as seen in
Fig. 1.5, absolute stability (A > 0) does not hold at all energies. Instead, the Standard
Model electroweak vacuum remains metastable up to the Planck scale, in a region of near-
criticality close to the absolute stability boundary.

This concludes our description of the RG behavior of different types of couplings, and their
evolution in the case of the SM. We have seen that the SM running is well behaved up to
the Planck scale, with the U(1)y coupling diverging at higher energies and destabilizing the
flow. Moreover, the Higgs potential looses absolute stability below Mpi, placing the SM in
a region of metastability. These issues can potentially be addressed by new physics, which
should present some portal interaction to the SM in order to enter the S-functions of the
problematic couplings. In Chapters 3 and 5, we discuss such possibilities in the context of
asymptotically safe extensions of the SM.
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2 UV-SAFE MODEL BUILDING

In Sec. 1.2 we studied the running of SM couplings and in particular their UV behavior.
In the case of gauge interactions, we saw that go and g3 are asymptotically free, evolving
towards zero at high energies, while g; runs into a transplanckian Landau pole. However,
an alternative UV fate of RG flows, termed asymptotic safety, is also possible. First conjec-
tured in the context of quantum gravity [54|, asymptotic safety proposes that the couplings
of a theory run into an interacting fixed point of the renormalization group equations in the
UV. The importance of fixed points of the RGEs has been long well established [55, 56]. In
fact, asymptotically free couplings tend to zero at high energies driven by the presence of
a UV fixed point where they vanish. In this sense, asymptotic safety is a generalization of
asymptotic freedom: in the UV couplings run towards constant values, which need not be
zero, and enter a nearly-conformal regime.

The discovery that quantum field theories can display asymptotic safety under rigorous
perturbative control thanks to the presence of interacting UV fixed points is, however, a
recent one |27, 28, 57-60], and it has drawn attention for several reasons. In the first place,
if one ensures that the fixed points be perturbative, and if an RG trajectory connecting
low-energy physics with a UV fixed point exists, theories are well behaved and predictive at
all scales. In an extension of the SM presenting such features, the U(1)y triviality problem
could be resolved, removing UV divergences. Moreover, the limited number of RG trajecto-
ries connecting a fixed point with consistent IR physics often leads to a significant reduction
of the parameter space of a theory. In model building beyond the SM this results in an
enhancement of predictivity, since the requirement that an RG flow from a UV fixed point
match measured values of the SM couplings around the electroweak scale constrains BSM
parameters. Because of these features, asymptotic safety has begun to be used both as a
template to look for extensions of the SM [25, 29, 61] and as a tool reduce the parameter
space of known BSM models [62]. Progress in asymptotically safe theories has also been
made in the context of supersymmetric models [63, 64|, conformal windows of parameters
[65], and theories with large particle multiplicities [27, 66-72].

Recently, proposals have been put forward which connect asymptotically safety with flavor
physics within and beyond the SM. Indeed, it has been shown that asymptotically safe
models may be able to explain measurements in the flavor sector in discrepancy with the
SM |24, 25, 73|. Such a scenario is explored in Chapter 3, where we connect asymptotically
safe models with data on anomalous magnetic moments. Moreover, asymptotically safe SM
extensions may lead to RG-driven flavor structures which can explain or at least alleviate
the striking flavor pattern of the SM, both with and without taking into account quantum
gravity effects [11, 23, 73, 74]. This is the focus of Chapter 5, which is devoted to asymp-
totically safe U(1) extensions where flavor hierarchies arise from RG running. Altogether,
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asymptotically safe UV completions of the SM can present strong implications for flavor
physics.

In the remainder of this chapter we outline the main concepts behind asymptotically safe
model building, and provide general formulae. In Sec. 2.1 we review the mechanisms leading
to UV fixed points in gauge-Yukawa theories, and in Sec. 2.2 we discuss models where such
fixed points arise under perturbative control. In Sec. 2.3, we work out expressions for
models containing vector-like fermions, which represent key ingredients in asymptotically
safe theories |27, 28]. Finally, Sec. 2.4 is devoted to studying the extended scalar sector
typically present in asymptotically safe extensions of the SM.

2.1 Asymptotic Safety in Gauge-Yukawa Theories

As a starting point, asymptotic safety requires that the S-functions of a theory present
a fixed point, i.e. some set of coupling values a* for which all S-functions vanish. This
condition can be expressed as

do;
Bi(a)’a:a* = -

= =0. 2.1.1
dlnp|,_,- ( )

In general, when looking for fixed points we shall demand the following:
i) The coordinates must be physical, fulfilling o > 0
i1) Couplings must be perturbative, which requires o <1

with the couplings «; normalized according to Eq. (1.2.1). Condition ii) allows to choose
weakly interacting fixed points, which can potentially render the theory predictive at all
scales. In order to illustrate the instances in which a model can present such fixed points
we now study a simple gauge theory containing one gauge coupling g and one Yukawa
coupling y. Following [27-29| and related works, in the 210 approximation we can express
the S-functions of such a theory as

Byq :ag(—B—i—Cag - Day) ,

(2.1.2)
By = ay (Eay — Fay) ,

as already discussed in Sec. 1.2. Several types of fixed points exist for the system (2.1.2).
Firstly, the gaussian fixed point is given by

a, =a, =0, (2.1.3)

and may present itself in different energy regimes depending on the specific particle content
and symmetries of a theory. The sign of the 1-loop coefficient is in this case key: for B > 0
the gaussian fixed point is reached in the IR in the direction of the gauge coupling, while
for B < 0 it is reached in the UV. In the SM, the gaussian fixed point is responsible for the
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asymptotically free behavior of ap and a. Next, Eq. (2.1.2) admits a fixed point where a
is asymptotically free but oy is interacting, given by

a; = — ay, =0. (2.1.4)

The above solution is known as the Caswell-Banks-Zaks fized point [75, 76|, and it requires
B/C > 0 in order to be physical and B/C < 1 to ensure perturbativity. As we shall detail
shortly, the Caswell-Banks-Zaks fixed point (2.1.4) can only be reached in the infrared
along the direction of the gauge coupling. Therefore, it is not a suitable solution if we are
attempting to find gauge-Yukawa theories with asymptotic safety in the UV. Finally, the
system in study permits another type of fixed point, where both couplings are non-vanishing.
This is the case of the gauge- Yukawa fized point, which presents coordinates

. B . BF
O[g = 5, Oéy = CﬂiE’ (215)
with
DF
'=C - —/— 2.1.
c=c-"7, (2.1.6)

where the coefficient C’ can take either sign, so that the fixed point can be physical for both
B < 0 and B > 0. Gauge-Yukawa fixed points have the particularity that, unlike Caswell-
Banks-Zaks fixed points, they can be reached the UV [28] and, opposed to the gaussian, the
gauge coupling is interacting at the fixed point. Thus, they can potentially describe a UV
behavior which differs from asymptotic freedom and at the same time provide a controlled
RG evolution at all energies. These are, in fact, the fixed points of asymptotic safety, which
we focus on in this work.

2.1.1 Stability Analysis

A crucial question when studying fixed points of the RGEs is whether they can be reached
in the UV or the IR, and in which particular directions in coupling space this is possible.
Here we aim to address this question in more detail by studying the RG flow around the
fixed points of the simplified system described in the previous section. In what follows, we
designate directions in coupling space as relevant if they allow to reach the fixed point in
the UV, and as irrelevant if they draw couplings away from it. Thus, the notion of relevant
or irrelevant we employ refers to the orientation of a direction with respect to a particular
fixed point. In some cases a direction in coupling space might correspond to a good ap-
proximation to variations of a single coupling. In these cases, we shall speak of relevant or
irrelevant couplings for simplicity.

In order to see how the couplings flow around a given fixed point, we begin by expanding
the S-functions in its vicinity, which results in the linearized flow

Bi = M;é; +0(6%), (2.1.7)

J

— 22 —



where 0; = o; — af. The stability matriz M;; is given by the first derivatives of the -
function, and obeys

0B
Oaj

An analytical first order solution for the evolution of the couplings around the fixed point

Mij =

(2.1.8)

a=a*

can be obtained by solving the linearized set of S-functions, which must first be decoupled.
To that end, we first rewrite Eq. (2.1.7) as

do; _
dln'u ~ ZMZ](SJ == Z(V@V l)ijéj 5 (219)
J

J

where we decomposed M in terms of a matrix V' containing its eigenvectors as columns
and the diagonal matrix 6 composed of its eigenvalues. Using the redefinition of couplings
o; = (V71);;6; the system of RGEs decouples, yielding

do;
dln p

~ 0,01, (2.1.10)

where there is no implicit sum over 7. Solving the above readily gives

0;
o; — o) ~¢;iln <:0> , (2.1.11)

with ¢; the integration coefficients associated to each eigenvector, and O'ZQ = 0i(po). Then,
after undoing both variable changes one obtains

0
a; ~ ol + ch‘/},; (:()) , (2.1.12)
J

where 1o is a scale sufficiently close to the fixed point so that 6 ~ 0. Eq. (2.1.12) en-
capsulates the features of the flow around a fixed point. Firstly, the eigenvalues 6; act
as critical exponents of the RG flow, and their sign determines whether the corresponding
eigendirection drives a; away from or closer to the fixed point. More explicitly, if pg is a
high scale the fixed point can only be reached in the UV if at least one of the eigenvalues
is negative. Thus, the eigenvectors associated to negative (positive) eigenvalues correspond
to relevant (irrelevant) directions. Lastly, one might encounter eigenvalues which exactly
vanish. Their associated directions are called marginal, and do not alter the flow from the
fixed point at first order. At higher orders, however, they might drive couplings towards
the UV fixed point, in which case they are marginally relevant, or away from it when they
are marginally irrelevant.

We now take the Caswell-Banks-Zaks fixed point of the system in Eq. (2.1.2), given by
the coordinates (2.1.4). The critical exponents that follow from diagonalizing the stability
matrix obey

b= -, b= — (2.1.13)
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with 1 < 0 < #3. The sign of the scaling exponents can be deduced from the fact that,
for a gauge theory with B < 0 one immediately obtains C' > 0. This entails that Caswell-
Banks-Zaks points, which require B - C' > 0 to be physical, only appear in theories with
B,C > 0 [28]. Then, from Eq. (2.1.13) one obtains 2 > 0 and the general result F' > 0
gives 61 > 0. The corresponding eigenvectors in the (ay, ay) basis obey

vy = <C(§ljF),1) . vy =(1,0). (2.1.14)

Then, and according to Eq. (2.1.12), vg is an irrelevant direction which at first order is
strictly in the direction of gauge coupling, while v is UV-attractive and runs mostly along
the direction of the Yukawa coupling. Therefore, in the absence of Yukawa interactions,
Caswell-Banks-Zaks fixed points are invariably IR. In the case of gauge-Yukawa fixed points,
the scaling exponents are given by

(2.1.15)

at leading order in B/C’" < 1. With B/C’ > 0, and since F is always positive, one always
finds 03 > 0. However, for a negative shifted coefficient C’ (see Eq. (2.1.6)) one obtains
01 < 0. This is only possible for theories with B < 0. Then, the eigenvector of the relevant
direction again in the B/C’ < 1 limit reads

vy = (? (1 - ?) ,1) : (2.1.16)

for which both components fulfill v{ > 0. Thus, the theory presents an asymptotically safe
fixed point which can be reached in the UV along a direction involving the gauge and the
Yukawa couplings. This relevant direction corresponds to the 1-dimensional UV-critical
surface of the flow, known as the separatriz [28]. The significance of this trajectory relies
on the fact that all UV theories which lie close to the gauge-Yukawa fixed point will flow
into the IR approximating the separatrix, and therefore will present the same IR physics.
A useful way to study the evolution of the gauge coupling along the separatrix is to fix the
Yukawa coupling by the nullcline condition (8, = 0, which yields o, = (F//E)ay. Then, the
gauge coupling runs according to

By = aj(=B+C'ay). (2.1.17)

Solutions of the above yield good approximations of the separatrix, coinciding both in the
vicinity of the gaussian and close to the UV fixed point [29].

To summarize, we have now studied the linearized flow (2.1.12) of the gauge-Yukawa system,
and explicitly given its coefficients around the Caswell-Banks-Zaks and gauge-Yukawa fixed
points. The former can only be reached in the IR if Yukawa couplings are absent, whereas
the gauge-Yukawa fixed point can present relevant directions which allow to reach it in the
UV. Therefore, we can now ascertain that Yukawa couplings are essential for a theory to
present asymptotic safety, an idea which will guide model-building efforts throughout this
work.

— 24 —



2.1.2 Asymptotically Free Couplings

We would now like to study in more detail how asymptotically free couplings behave around
fixed points. The linearized flow (2.1.12) constitutes a good approximation when at least
one of the first order derivatives M;; does not vanish at the fixed point, which is sometimes
not the case when some couplings are asymptotically free. For instance, at the gaussian
fixed point (2.1.3) the S-function of a gauge coupling «; fulfills 05;/0a;j|qa=a = 0, so that
M;; = 0. In such cases, we must resort to the second order expansion of the S-functions,
which can be written down as

Bi = M;é; +%Zpijkaj5k+o<53), (2.1.18)
J Jk
where we used again §; = o; — o, and the Pj; encode the second derivatives evaluated at
the fixed point, obeying
OB
ik = E)ajf)ak

Let us now focus on the cause where a gauge coupling «; is asymptotically free. As one

P, (2.1.19)

a=a*

always finds 8; o «F, the only non-vanishing coefficient of the second-order expansion
reads Py; = 0°8;/ 8a?|a:a*. In the case of the simple system of Eq. (2.1.2), one finds
P, =2(-B+ C’a;‘). In order to obtain expressions for the second derivatives in a general
case, we first write the 2-loop B-function of a gauge coupling in any model as

8; = —Oz? B; — Z Cijaj + Z Dinan | +0 (054) ) (2.1.20)

j=gauge n=Yukawa

where the indices now include all possible gauge and Yukawa interactions in the theory.
Then, at a fixed point where o = 0 one finds

P =—2|B; =Y Cijo} + Y Dinaij, | = 2B (2.1.21)
i n

where BT acts as an effective 1-loop coefficient, which allows to write Eq. (2.1.18) as
Bi~ —a?BSt . (2.1.22)

At the gaussian fixed point, with all gauge and Yukawa couplings vanishing, one finds
Bfﬁ = B, and recovers the 1-loop S-function. In the case where the gauge coupling «;
is asymptotically free, but other couplings can take any value at the fixed point, solving
Eq. (2.1.22) describes the flow of «; to a good approximation. The result is equivalent to
solutions of the 1-loop running (given in Eq. (1.2.7)) after substituting B; for BST. Thus, a
gauge coupling vanishing at a fixed point follows a logarithmic evolution where the UV fate
of the coupling is determined by the sign of the effective 1-loop coefficient: for Bfﬁ > 0,
the gauge coupling grows as it flows to the IR, while for Bfﬁ < 0 the coupling must remain
zero at all scales if one insists that the fixed point be UV. Therefore, when looking at
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asymptotically safe trajectories of a model, if a gauge coupling fulfills of = 0 it will only
display non-trivial IR physics if Bfﬁ > 0.

Conversely, asymptotically free Yukawa couplings present a rather different behavior. Let
us also write their general S-function, which can be expressed as

Bo=0n| Y Bumam— Y Fuoi|+0(a%), (2.1.23)
m=Yukawa i=gauge
for a Yukawa coupling «,. In this case, M, = 08,/00n|a=a* does not vanish if at least
some gauge or Yukawa coupling in the theory is interacting at the fixed point. For o}, = 0,
the only non-vanishing first derivative obeys

M= Y Eumaj,— > Fnof. (2.1.24)
m=Yukawa i=gauge
Therefore, the running of a,, can be approximated at first order, and it takes the form of

the exponential evolution in Eq. (2.1.12). To obtain a more explicit result for the running,
we rewrite [3,, as

Bn ~ oy Mpy, s (2125)
which leads to the solution o
(1) = Qg (“) , (2.1.26)
Ko

where oy, 0 = ap(po) and we assume g is a high scale. In Eq. (2.1.26) M, acts as the
critical exponent of the flow, and only if M,, < 0 the coupling corresponds to a relevant
direction of the UV fixed point. In that case, the Yukawa coupling «,, presents an exponen-
tial growth towards the IR, a behavior which is radically different to that of asymptotically
free gauge couplings, which run out of the fixed point only logarithmically. A case of special
interest arises when some of the gauge couplings present o # 0, while all the terms cor-
responding to Yukawa interactions in the right-hand side of Eq. (2.1.24) vanish. Note that
this does not require that all Yukawa couplings v, vanish at the fixed point; it suffices that
for the nonzero o, the respective coefficients E,,, in the S-function of a,, vanish. Then,
given that the F),; are always positive, one invariably obtains M,, < 0 and the asymptoti-
cally free Yukawa is relevant. In Chapter 5 we explore this possibility within an extension
of the SM with non-universal interactions. The non-trivial flavor structure of the studied
model allows the coeflicients M, to be substantially different for each asymptotically free
Yukawa coupling, leading to significant RG-induced deviations in their numerical values.

In conclusion, in this section we studied how asymptotically free couplings behave near
the fixed point. We found that, for gauge couplings, one needs to resort to second-order
derivatives to approximate their flow, which turns out to be logarithmic and governed by
the effective coefficient Bfﬂ in Eq. (2.1.21). For Bfff > 0, the gauge coupling corresponds
to a relevant direction of the UV fixed point. In the case of asymptotically free Yukawa
couplings, we found that they present an exponential evolution around the fixed point, and
grow towards the IR if the relevant first derivative fulfills M, < 0.
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2.2 A Template Model towards Asymptotic Safety

In [27] and subsequent works, asymptotic safety in gauge-Yukawa theories was shown to
be realized under rigorous perturbative control in models of vector-like fermions, singlet
scalars and non-abelian gauge fields. In this section we describe this setup and its features,
and go on to motivate its role as an extension of the SM. As the starting point, we con-
sider a theory with an SU(N) gauge symmetry and Np generations of vector-like fermions
1;, transforming in the fundamental representation under SU(N). Given that vector-like
fermions do not introduce triangle anomalies, their representations under the gauge group
can be chosen freely. We also include Nr x N complex scalars S;;, which are assumed to
be singlets under the gauge symmetry. The scalars are meson-like, in the sense that they
carry two flavor indices. This model presents renormalizable interactions [27, 28, 60]

Las = Tr [/Dy] + Tr[(9,8)1(0"9)] — y Tr[ ¢ Svr + h.c] — V(S), (2.2.1)

where the traces run over gauge and flavor indices, and the scalar potential is given by
2
V(S) = —p2Te[stS] + uTr |STssts] + v (Tr [sts]) . (2.2.2)

A mass term Mp v g for the vector-like fermions is also allowed, as well as trilinear terms
in V(S) in the case Np = 3. The key feature of the Lagrangian (2.2.1) in the context of
asymptotic safety relies on the presence of the Yukawa coupling y, essential to negotiate
interacting UV fixed points. It must be noted, however, that the Yukawa y in Eq. (2.2.1)
does not describe the most general form of the interaction. Indeed, the flavor structure of

the model allows to write
Yijkl Y 1iSik VR (2.2.3)

where the indices of the tensor coupling can each take values i, j,k,l = 1,.., Nr. However,
the number of parameters can be drastically reduced by the use of flavor symmetries. In
the absence of the Yukawa interaction (2.2.3), the Lagrangian Lag presents global flavor
Symmetry
U(Np);, = U(Np)y, @ U(Np)yy ,
U(NF)% = U(NF)SL ® U(NF)SR )

where the ¢, g transform as triplets under U(NF)y, 5, and the scalars transform in the
representation (Ng, Np) under U(Np)s, ® U(Nr)s,. Identifying U(Np)g with U(Ng)7,
in Eq. (2.2.4) and imposing that the flavor symmetry be conserved by the full Lagrangian

(2.2.4)

only allows for the single-parameter Yukawa interaction y Tr WLS%/JR + h.c.], as written in
Eq. (2.2.1).

In terms of RGESs, the model is described by the gauge and Yukawa S-functions in the 210
approximation given in Eq. (2.1.2), in this case with coefficients

22 8 10 68
B="-N--N = 4N 2 —N|—-—N?

3 3 rS2(R), C rS2(R) < Co(R) + 3 > 7N, (2.25)
D = 4N2S5(R), E =2 (Np+d(R)), F =12Cy(R),
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in terms of the representation R of the vector-like fermions under SU(N). An important
feature of the coefficients (2.2.5) is the N2 dependence of the D coefficient, which enters the
B-function of the gauge coupling as 8, < —Day,. For large Ng the coefficient is enhanced
with respect to B and C, and can therefore be sizable enough to compensate their effects
and deliver 8, = 0 solutions. The NZ% dependence in D stems directly from the flavor struc-
ture of the model, in particular from the fact that the scalars S;; carry two flavor indices.

The crucial feature of the model (2.2.1) is that its S-functions present a gauge-Yukawa
fixed point the perturbativity of which can be controlled in the Veneziano limit [77], which
consists in simultaneously taking Ny — oo, N — oo while maintaining the ratio Np/N
fixed. To see the effect of this limit on the S-functions, one rewrites them in terms of the
infinitesimal parameter N 0
F

=55 (2.2.6)
Assuming the v belong to the fundamental representation of SU(N), an expansion in pow-
ers of € shows that the gauge-Yukawa fixed point and its critical exponents are perturbative
as long as € remains small, see [27] for details. A more detailed analysis of the Veneziano
limit is beyond the scope of this work. Here it is sufficient to note that, in theories con-
taining non-abelian gauge interactions together with fermionic and scalar matter, large-N
techniques corroborate the viability of UV gauge-Yukawa fixed points. One may also won-
der about the dependence of the fixed point on the renormalization scheme, as S-functions
at any arbitrary order are generally scheme-dependent. However, the 1-loop coefficients of
a gauge (-function 3, are scheme-independent, and the 2-loop gauge contributions to f,
are universal in mass-independent schemes such as MS. These features can be used to show
that, in the Veneziano limit, the gauge-Yukawa fixed point is invariant under reparameter-
izations of the gauge coupling at order ¢, indicating independence of the renormalization
scheme [27]. Away from the Veneziano limit, or in systems of S-functions at general loop
orders, this invariance cannot be a priori guaranteed. However, we may argue that, if a
fixed point is physical, it will lead to measurable effects in observable quantities. Therefore,
even though the coordinates a® may differ in different schemes, the presence of the fixed
point may be regarded as a scheme-independent statement.

Next, one might note that the SM itself shares many features with the models of Eq. (2.2.1):
it is a gauge theory, with some of the gauge groups being non-abelian, and it contains
fermionic and scalar fields with abundant Yukawa interactions. Therefore, it is natural to
wonder whether the SM contains UV fixed points which can render it asymptotically safe.
Large-N studies, however, are not directly applicable in the SM, for which the number of
flavors is fixed to Np = 3 and the gauge groups determined. 1/N expansions may in this
case prove useful; these are nevertheless beyond this work.

Despite its promising structure, the SM does not, however, display asymptotic safety in the

UV. As we already saw in Sec. 1.2, the U(1)y coupling suffers from a Landau pole, and the
Higgs quartic faces stability issues. Thus, in the SM the Yukawas are not capable of driving
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the gauge couplings into a fixed point. This can also be understood by inspection of the 2-
loop gauge RGEs shown in Eq. (1.2.9). Take for instance the U(1)y S-function: in order to
obtain 81 gm = 0 the top Yukawa should acquire non-perturbative values, since the 1-loop
coefficient B is negative and quite sizable. Furthermore, even if one allowed for aj > 1
solutions, these are not accessible in the SM: although the top Yukawa is considerably large
at the electroweak scale, it only decreases towards the UV. Hence, we are left with the
conclusion that the SM alone cannot display asymptotic safety. Nonetheless, it is possible
that in extending the SM it can be rendered asymptotically safe. To this end, one must
attempt to include new Yukawa interactions which can deliver UV fixed points for the
SM gauge couplings, at least in the case of 1. For ag and ag it is in principle sufficient
that they remain asymptotically free, but they may also acquire non-vanishing fixed point
values. At 2-loop, BSM physics will modify the RGEs of the gauge couplings only if the
new states are coupled to the SM through either gauge or Yukawa interactions. Thus, a
minimal possibility consists in extending the SM by the model discussed in this section
and assume that the vector-like fermions are charged under the symmetries of the SM, as
explored in [29] and subsequent works [24, 25, 61|. The Lagrangian of the full theory then
reads

L:SM,AS =Lsm+ Las+ Ly —V(H,S), (2.2.7)

where the scalar potential fulfills
V(H,S) = V(H)+V(S)+6Tr [s*s} HiH, (2.2.8)

and Ly contains further BSM Yukawa interactions which may or may not arise depending
on the charges of the vector-like fermions. The full theory (2.2.7) includes at least one
additional Yukawa coupling, y, which enters the S-functions of the gauge couplings of the
symmetries under which the v are charged. Hence, it can potentially lead to asymptotically
safe solutions involving the SM. Furthermore, the vector-like nature of the new fermionic
matter avoids any constraints on its charges arising from triangle anomalies.

2.3 Colorless Vector-like Fermions

As argued in Sec. 2.2, vector-like fermions play an important role in asymptotically safe ex-
tensions of the SM. Here, we provide general formulae for color-singlet vector-like fermions,
which will prove useful in Chapters 3 and 4. In particular, we focus on vector-like fermions
¥ in the singlet, doublet and triplet representation of SU(2)r, and describe their weak
interactions including effects from mixing with SM leptons. Let us start by writing the
kinetic terms of the v in the interaction basis, which read

Ly xin = YilPYr + Y pilPyr = il (2.3.1)

Since the left- and right-handed components of the i carry the same charges, in the gauge
basis they present vanishing axial couplings. The coefficients of the interactions of the Z
boson with the ¢ then fulfill

gv =cr =cr=2(T° — Qess,), ga=0, (2.3.2)
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in the conventions of Eq. (1.1.32), where T is the third isospin component of the vector-
like fermion. Furthermore, for SU(2)p-charged vector-like fermions both the right- and
left-handed components acquire W boson interactions, with numerical factors depending
on the particular representation through Clebsch-Gordon coefficients. In the case of SU(2)y,
doublets and triplets, the T eigenstates can be expressed as

¢+1/2 1/}—4-1
Ya = <¢1/2> : ve=| 40 |, (2.3.3)
w—l

respectively, where the superscript indicates the 72 value of each component. Then, their
W interactions in the gauge basis obey

- o! o? g —+1/2
- W, + W2> Hipg = ——= mp= 2 WE 4 hee.
Va <9 5 Wu +95 Wi | 7" ﬂw v u (234)
A —+1 -0 _
~ (gt Wi+ gtaW2) by = —g (671900 = @ ™) W 4 he

where % and t* correspond to the SU(2) generators in the doublet and triplet represen-
tation, respectively, as shown in Appendix A.1. For the triplets, as well as for higher
representations, it can be advantageous to employ tensor notation, especially when index
contractions are non-trivial. An SU(2) triplet can be written in terms of vectors u’ in the
2 and vj in the 2 representation as the traceless tensor

. ) 1 .
T} = u'v; — iéjukvk, (2.3.5)

see for instance [78, 79]. Then, equating tensor and SU(2);, components one obtains
0

vy =yt Y=yl Yl =—yh = N (2.3.6)

so that the triplet can be written in matrix form as

; wO/\/ﬁ w1+
Pl = < - —@Z)O/\@) . (2.3.7)

The above is a familiar result, used in the SM to express the W boson triplet as a matrix,
allowing us to describe its interactions with doublets in a straightforward way.

Furthermore, vector-like fermions with electric charge Q. = +1 or Q. = 0 can acquire mix-
ing with SM charged leptons or neutrinos, provided they present mixed Yukawa interactions
with scalars undergoing spontaneous symmetry breaking. Let us assume that rotations to
the mass basis are described through mixing angles 0% and 0 g as

—1 —l,m _17m
¢X - CHXwX - 59)(67)? , Ix = c9x£7)? + Sox wX )

2.3.8)
0, 07 (
V) = couy " —sgovf',  wr = coufl + sy
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1,
fo ! gv ga

0,0 —1/2+ 252 + Agl —-1/2+ Agh
RS 2 (T?’,l + Sﬁ,) — Agl, —~Ag4
——1
G0 e (T3 +1/2) F T3] —d [s20, (T3 +1/2) = 520, TS
Table 2.1. Coefficients of the Z boson interactions with Q. = —1 fermions in the mass basis (see

Eq. (2.3.8) and Eq. (2.3.9)), with Ag% =55, (Ti,1 +1/2) £ ngTi,l.

700 gv gA

U, v 1/2+ Ag” 1/2 4+ Ag”
3, 0 273, — Ag” AV
" — 35000 (T35 — 1/2) — 35000 (T3, — 1/2)

Table 2.2. Coefficients of the Z boson interactions with Q. = 0 fermions in the mass basis (see
Eq. (2.3.8) and Eq. (2.3.9)), with Ag” = 52, [Tgo - 1/2]
L

where X = L, R.! The superscripts in Eq. (2.3.8) indicate the electric charge of the vector-
like fermions, and m denotes the mass basis. Due to these rotations, chiral interactions are
affected, while QED vertices are left invariant. The modified Z couplings to two fermions
f and f’ in the mass basis are collected in Tabs. 2.1 and 2.2 for the case where both
fermions carry electric charge Q. = —1 and Q. = 0, respectively. The couplings are entirely
determined by the rotation angles and the 7° component of the vector-like fermions, and
normalized following

9

_ FQe pr, 5\ 1/Qe
QCOSwa Y (gv — 9a7°) [ Z,, . (2.3.9)

Lz =

Note that the charged-lepton couplings are modified by the quantities Ag‘a 4 (see Tab. 2.1).
However, measurements of the Z couplings agree with the SM at permille accuracy, as
shown in Tab. 1.2, strongly constraining the rotation angles of a BSM model. Moreover,
mixing gives rise to Z couplings to an SM lepton and a vector-like fermion. Therefore, it
enables electroweak decays of vector-like fermions to Z plus lepton, which can be extremely

relevant phenomenologically.

Next, we consider implications of mixing for charged-current interactions, which affect Q. =
+1,0,—1, —2 states. Without specifying the particular U(1)y x SU(2)r, representation of
the vector-like fermions, their W interactions can be written as

Ly = —%CQﬁQefy“wQe—l W +he.. (2.3.10)

! These rotations correspond to the limit of no flavor mixing, in which each lepton mixes exclusively with

one generation of vector-like fermions.
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-Q _ —Q _
Feo et cr CR foo, peet cr CR
_ —+1 0
v, l Co1,CoY + CQS@LSG% 0 (V) ClC@% Ch
—0 —11
(LA so, 590 + Cocg co  Cocop (LR % —C1sgo 0
—0 —1 —9
(/4 cor 590 — Cosgr e —Cosop (R C_1co,  C_icop
— 1 Z
v, ¢ SQLCH% — COC@LSHOL 0 f, ’QD 2 —0718911 —071891{

Table 2.3. Coefficients of the W boson interactions with fermions of electric charge Q. =
—1,0,—1,—2 in the mass basis (see Eq. (2.3.8) and Eq. (2.3.11)).

where Cg, are Clebsch-Gordan coefficients depending on the SU(2)y, representation of the
1. After rotations to the mass basis, interactions of vector-like fermions and leptons take

the form

g
L mix — — T =
" V2

where the coefficients ¢y, cg are given in Tab. 2.3. There, one observes two effects arising

?QEVM(CLPL + CRPR)JHQS_1 le_ + h.c., (2.3.11)

from mixing: on the one hand, vector-like fermions acquire axial couplings at order S%L .
and, on the other hand, charged leptons pick up sg, ,-suppressed right-handed couplings
to the W boson and a vector-like fermion. Again, this opens up new decay channels of the 1.

Lastly, let us comment on the representations known as wvector-like leptons, which carry
SU3)c x SU(2)r, x U(1)y charges

(1,1,-1), or  (1,2,-1/2), (2.3.12)

coinciding with those of the SM lepton singlet and doublet, respectively. The charged
components of the vector-like leptons fulfill Tg,l =0(T 12*1 = —1/2) in the singlet (doublet)
case, while the neutral component of the doublet representation presents Tio = 1/2. This
leads to certain cancellations in the expressions of Z couplings after mixing, as can be seen
from inspection of Tabs. 2.1 and 2.2. In particular, the quantity Ag’ depends only on the
rotation angle 87, (6g) for the singlet (doublet) representation, while Ag” vanishes.

2.4 Singlet Scalars with a Higgs Portal

In this section we study the vacuum stability and mass spectrum of the scalar sector in-
volving the SM Higgs doublet together with the scalars S;;, with 4,5 = 1,..., N, of the
model described in Sec. 2.2. The results describe the scalar sector of general asymptotically
safe extensions of the SM based on this model, as studied for instance in [24, 25]. In what
follows, we keep Np as a free parameter while providing in some cases explicit results for
N = 3, as they will prove useful for the models studied in Chapter 3.
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The full potential of the scalar sector of study can be written as

V(H,S) =~ j2H'H — 2 Te[S1S] + A H)? + o H T [ 519
\ (2.4.1)
FuTr [STSSTS] to (Tr [STSD :

which follows the notation of the Higgs and S potentials of Egs. (1.1.13) and (2.2.2), re-
spectively,? with the addition of a portal coupling §. This potential exhibits the BSM flavor
symmetry (2.2.4), as well as the SM gauge and flavor symmetries. In particular, for Np = 3
the potential is invariant under U(3)y, x U(3)y,, rotations of the S. Furthermore, the case

Np = 3 allows for the trilinear term
et (det S + det ST) , (2.4.2)

which presents SU(3)y, x SU(3)y, symmetry. Therefore, U(3) rotations will yield a phase
in (2.4.2) which must not necessarily vanish. However, one can then perform an additional
U(1) rotation of the S fields in order to cancel such a phase while keeping the potential
invariant (see for instance [80] for the study of a scalar model involving trilinear terms).

2.4.1 Vacuum Stability

In order to study the stability of the vacuum, we want to look for directions along which
the potential (2.4.1) presents infinite degenerate minima. This set of directions can be
studied in terms of classical fields, and is then termed the classical moduli space |60, 81].
The idea behind this analysis is to diagonalize the classical field S, in order to obtain a
potential which depends only on its real eigenvalues s;. Thanks to the flavor symmetry of
the potential, all dependence on rotation matrices after diagonalization vanishes and it can
be written entirely in terms of the s;. Then, directions with constant moduli can be defined
as those fulfilling ), s? = R?, where R is a constant. This condition can be enforced by
use of a Lagrange multiplier 7, which we take to enter the potential as —2n(}_, s? — R?).
This will allow us to search for flat directions. The potential to be minimized then becomes

V(H,s)=—p*H® — p2> s; + \H* + 6H* Y s
(2.4.3)

2
+ud s+ <Zs$> —2n <Zs?—R2> ,

where we have substituted HTH = H? for simplicity. The first derivatives of the potential

now obey 5V
Si
ov o 2 2 2
5 = 2 (—p® +2\H? + 6R?) | (2.4.4)

=2 2 _ .
oy =2 (L)

2Up to a factor 2 in the Higgs quartic .
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To find the minima of V' we require that all the derivatives in (2.4.4) vanish, with the values
|H|,|s;| of the fields at the minimum constituting their VEVs. From 0V/ds; in Eq. (2.4.4)
one can see that if either one or several of the s; acquire nonzero VEVs these must all take
the same value, which we define as

v R?
|si| = 752 = (2.4.5)

where n is the number of fields s; which do acquire a VEV, with possible values n =
1,..., Np. Then, the potential at the minimum is given by
u
Vinin = — p2 |H? = j2R?> + N|H|* + 6 |H|* R + —R* + vR" . (2.4.6)
n
This result allows to identify two vacuum configurations in terms of the sign of the quartic
coupling u. Firstly, for u < 0 the potential is minimized for the lowest value of n, which
corresponds to n = 1. Hence, only one of the diagonal components of the S acquires a VEV.
We shall refer to this configuration as V~. On the other hand, if u > 0 the lowest value of
Vinin is given by taking the maximum value of n. This corresponds to n = Np, which entails

that all the s; acquire a VEV. We denote this ground state as V. Furthermore, imposing
that the potential be bounded from below in the limit R — oo leads to the constraint

u+nv >0, (2.4.7)

which holds for both vacuum structures. In addition, in the limit of large Higgs field one
obtains
A>0. (2.4.8)

Let us study now another flat direction, in which the VEVs of the Higgs and the S fulfill
|H|*> = Rcos @, Z|Si|2 = Rsind, (2.4.9)
i

where the angle 6 must belong to the first quadrant so that both vacuum expectation values
as well as R remain positive definite. In this direction the potential takes the form

V(0) = — R*(u?cos? 0 + p?sin? ) + R* cos® 0 [)\ + (B + v) tan® 6 4 ¢ tan 9] . (2.4.10)
n

Thus, in the large-R limit V is unbounded from below as soon as the second term in the
right-hand side of (2.4.10) becomes negative. Taking into account the conditions (2.4.7)
and (2.4.8), one finds that this is only possible for § < 0. If that is the case, one can show
that the minimum value of the potential (2.4.10) is obtained for tan Oy, = —0/2(u/n+v).
Imposing that V() be positive at the minimum for large R we find

0> =2/ ANu/n+wv). (2.4.11)

This result completes the conditions for absolute stability of the potential (2.4.1). Collecting
them for each type of vacua we obtain

v A>0, u>0, u+ Npv>0,
0> —2/AW/Np ),
A >0, <0, + v >0,
V_: { u u v

> =2 /A(u+v).

(2.4.12)
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Hence, we have encountered two vacuum structures with distinct stability conditions as
well as different implications for flavor. In V', where only one of the components s ac-
quires a VEV, the flavor k is singled out and after spontaneous symmetry breaking the
U(3)y, x U(3)y, flavor symmetry is broken into U(2)y, % U(2)y, x U(1). According to
the parameter counting in Eq. (1.1.11), this yields 2-9 — 2 -4 — 1 = 9 massless modes in
S. Conversely, the VT vacuum is flavor-symmetric, with the universal VEVs breaking the
flavor symmetry into a U(3)giqg, Which yields 9 Goldstone modes as well. The presence
of massless modes can be avoided by adding to the potential terms of the type Ml%-sijsfj,
which provide masses for the would-be Goldstone bosons at the cost of breaking the global
U(3)y, X U(3)y, symmetry. The symmetries involving the Higgs are the same as in the
SM, rendering 3 massless states which in the unitary gauge are absorbed by the W and Z
bosons, as described in Sec. 1.1.

Analytical expressions for the vacuum expectation values of the S and the Higgs can be
obtained by imposing that the first derivatives in Eq. (2.4.4) vanish at the minimum. Using
|H| = v, /v/2, we obtain

2 [ 2
’U2: /’Ls_ﬁu

52
u+nv—ngy
9 5 9 (2.4.13)
o M T sranhs 1 w2
vy = — = — —nd—= |.
h A—n 2 A 2
4(u+nv)

Note that only for VT including the determinant term (2.4.2) in the Lagrangian affects
the expressions of the VEVs. These can be obtained by replacing pu2 — u2 + pgetvs/V/2 in
Eq. (2.4.13) and solving accordingly for vs.

2.4.2 Scalar Mass Spectrum

Let us now study the scalar mass spectrum for both vacuum structures V=~ and V*. To that
end, we express the diagonal components of the S after spontaneous symmetry breaking as

1
Sii = —=(s; +is7 +vs), (2.4.14)

V2

where s; now denotes the CP-even part of the quantum field S;;, with s{ its CP-odd com-
ponent. Then, in the vacuum V ~ aligned along the flavor k& the mass terms in the poten-
tial (2.4.1) are obtained from

*V 2 2 9y 4 L 2(u + v)p? — o
= _ — )\ 7(5 2 = S
RO |g gy T R IA O = T
0*V 9 9 9 1 20 2 — S
=mg=—u;+3 +0) + =6vi = 2 ,
D510 g 0 1T (o) + 300 = S5 Au+0) oa1s)
OV = Mmgp = 0 VsV, = 5 msm B
OhOsy | g =g o T Auto) "
vV 2 2 2 Lo u 2 o
=ms = — —+ + —0 = — fi ) k?
a(SZZJ) S$,H=0 ms Hs T VsV 2 Up, 2(U + 1)) myg or,j 7é
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while all other second derivatives vanish at the minimum. Hence, the scalars with i,j # k
acquire a mass m>. Note that m> is a positive quantity, since for V= one requires u < 0
and u + v = 0. Moreover, Eq. (2.4.15) shows that mixing terms arise between the Higgs
scalar and the CP-even part s; of the component of S which acquires a VEV. Then, h and
s mix according to the mass potential

mass 1 mg Msp Sk
VImasS (s h) = i(sk, h) (mSh mi) (h) : (2.4.16)

which yields the eigenvalues

1 2
my = 3 [m2 +md £ (m2 =)+ am2, | (2.4.17)

The mass eigenstates hi, heo can be expressed as

<h1> _ < cos 3 sin,B) (sk> ’ (2.4.18)
ha —sin 3 cos 3 h

in terms of the rotation angle 8 given by

2msh . 2(5vhvs

2 2 2 2
ms —my  mi —my

tan 28 = (2.4.19)

see Appendix A.2 for details. For BSM models where the S scalars are much heavier than
the Higgs, one can approximate

0 m
VA(u+v) ms

In VT, where all diagonal components of S acquire a VEV, the Ny = 3 case yields

tan283 = <1 + (’)(m%/m?)) . (2.4.20)

82V 12 2 2 3 2
= == -_— A p—
Ohoh | s g s AT 25% ’
o0*V 2 1
D505 | oo Ml = =g + v (3u + 5v) + 5 0vj,
92V )
= mgs = 2002 (i # j), A
95055 |50 vog (i # j) (2.4.21)
2
ad = Mgy = 0 VsV,
9%V

= 2uv? fori#j,

OSijGS;i S,H=0

where there are no implicit sums®. Thus, in this case the CP-even part s; of each diagonal
component of the S presents mixing with the Higgs scalar. The normalized mass eigenstates

3Including the determinant term (2.4.2) yields an extra term —Mdetvj% in the right-hand side of
0*V/3s;9s; in Eq. (2.4.21).
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in the basis (s1, s2, s3, h) read

1 1
hy = 7 (cosﬁ’, cos 3, cos 3, \/§sinﬁ/> : hy = ﬁ(_laou 1,0),
) 1 (2.4.22)
W = —— (sin ', sin @', sin g, —V/3 cos /> , hy=—2(-1,1,0,0),
where the corresponding eigenvalues obey
m/1 = 1 |:m/52 + m;LZ +2mgs * \/(7712;2 - m?LQ + 2mss)2 +12my, |,
579 (2.4.23)

72

/ !/
m3:m4:ms — Mg -

Note that, due to the degeneracy in the eigenvalues m4 and m/, any linear combination of
the states hfg’4 is an eigenvector as well. In the limit v — 0, pget — O the angle 8’ can be
expressed as

2v/3 mygp, B 2v/3 vup,vs

2

tan 283’ = =
m2 — mf m2 —mj;

(2.4.24)

Inspection of the eigenvectors (2.4.22) shows that the eigenstates hg74 are purely linear
combinations of the gauge eigenstates of the S, while mixing with the Higgs occurs only for
the states h) o, and is universal. This entails that terms in the interaction basis Lagrangian
containing the S fields will acquire sin ’-suppressed couplings with the Higgs for all flavors
involved, in contrast to the case of V'~ where only one of the flavors acquires additional
Higgs couplings. Both in VT and VT, all mixing-induced interactions are flavor-conserving,
since they stem only from diagonal components of the S or the Higgs.

Furthermore, in V' the S;; with ¢ # j present mixed mass terms, as seen from Eq. (2.4.21).
These yield six eigenstates h;-tj obeying

1
V2

where the hi_j are massless while h;.; display masses

hi; = —=(Sij £ Sji), (2.4.25)

mi; = 2vs\/u. (2.4.26)

Let us summarize the scalar mass spectrum. In V7, the neutral, CP-even component
h of the Higgs and the CP-even part si of the flavor-aligned scalar Sgp mix, and the
corresponding eigenstates hi 2 acquire masses my 2. The two diagonal components of the
S which do not acquire a VEV as well as the off-diagonal components S;; with 7,5 # k
acquire a mass m-. The masses obey

1

h1, ha — mézi[mg%—mi:l:\/(mg—m%)z—l—élm?h},
. _ u

Sij(z7]7ék) - mi:_Q(u—f—U)mg’

(2.4.27)

with mg p, sn, defined in Eq. (2.4.15). The four remaining S;; (with ¢ = k or j = k, and i # j)
and the CP-odd part of Sk, which do not acquire masses, constitute the 9 Goldstone modes.
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In V', the CP-even parts s; of the diagonal components of the S mix with h, yielding two
eigenstates h} o which contain s and h, plus two eigenstates hj , mixing the s; amongst
themselves. The off-diagonal components of the S;; mix among themselves, yielding 3
massless eigenstates and 3 eigenstates h;; with masses m;;. The masses obey

1
Ly = my= g m;2+m§12+2mssi\/(m;2—m22+2m55)2+12msh ,

2
g,hﬁl — mé:mﬁl:m/

s

h;.; — mi; = 2vsv/u,

— Mygs

(2.4.28)
with my , and mss given in Eq. (2.4.21). The three massless eigenstates h;; of Eq. (2.4.25),
which are complex scalars, together with the three CP-odd components si of the S;;, con-
stitute the 9 Goldstone modes of V.
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3 VECTOR-LIKE FERMIONS
AS FLAVOR PORTALS

Vector-like fermions play a crucial role in models featuring asymptotic safety [27, 28|. In
Sec. 2.2, we saw explicitly that the model (2.2.1) containing Np generations of vector-
like fermions and Nr x N complex scalars S;; can present asymptotic safety under strict
perturbative control. The key ingredient is the Yukawa interaction

Ly, =—yTr[YS¢r+he], (3.0.1)

which provides a contribution of the correct sign in the S-functions of the gauge couplings
so that UV gauge-Yukawa fixed points can potentially arise. Moreover, this BSM parti-
cle content can be used as a UV completion of the SM which can successfully render it
asymptotically safe [29]. In this chapter, we study whether the Yukawa interactions needed
to deliver an asymptotically safe SM may go beyond (3.0.1). In particular, we will be
interested in interactions which act as portals between the SM and the sector beyond, in
contrast to purely BSM couplings like (3.0.1). The motivation for this is twofold: firstly,
Yukawa interactions involving SM fields present a potentially rich phenomenology, testable
at current experiments. Secondly, the Yukawa sector constitutes the source of flavor in the
SM, and any interplay between SM and BSM fields through Yukawa interactions will have
an impact on flavor observables, masses and mixing patterns. Therefore, such interactions
might shed light on possible connections between flavor and UV completions of the SM.

In this chapter, based on the findings of [24-26|, we study a set of models with Yukawa
portals to the lepton sector of the SM and their implications for flavor physics and asymp-
totic safety. In Sec. 3.1 we describe the models and their flavor symmetries, and in Sec. 3.2
we discuss their fixed point structure and matching both in the 210 and 222 schemes. Phe-
nomenological implications for the different models are worked out in Sec. 3.3, with a special
emphasis on lepton anomalous magnetic moments. Finally, we summarize our results in

Sec. 3.4.

3.1 The Models

We begin by extending the SM with additional vector-like fermions and scalars. In order
to interface with the flavor structure of the SM, we choose Ny = 3 generations of vector-
like fermions ¢ and 3 x 3 generations of scalars S;;. The BSM fermions are colorless but
charged under the SU(2)r x U(1)y symmetries of the SM, while the scalars remain gauge
singlets. Note that introducing a U(1)y-charged BSM sector will lead to a modifications in
the B-function of the hypercharge coupling, and thus allow us to address the Landau pole
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problem in its running.

Model (R3, R2,Y) Yukawa interactions in Lix Qr
A (1,1,-1) k LHYR + k' EStyp -1
B (1,3,-1) k LHyR 0,—1,-2
C (1,2,-3) k EH Y + k' LSYR 0,—1
D (1,2,-2) < EH v “1,-2
E (1,1,0) k LHYR 0
F (1,3,0) k LHR +1,0, -1

Table 3.1. Gauge representations R3, Re and hypercharges Y of the BSM fermions ¢ with respect
to the SM gauge group SU(3)c X SU(2)r, x U(1)y for the different models A-F. We also indicate
the mixed Yukawa terms involving SM leptons, BSM fermions and either singlet BSM scalars .S or
the SM Higgs. Yukawa couplings with SM scalars (BSM scalars) are denoted by x ('), respectively.
The last column denotes the electric charge Qr = T3 + Y of the v states.

Imposing that at least one Yukawa interaction between the lepton fields L, ' and the vector-
like fermions be present yields only a few options for the representations the ¢ can take.
We find that 6 different models, named A — F, allow for such new Yukawa terms. The
representations of the ¢ in each model together with their portal interactions Ly are
collected in Tab. 3.1. The new Yukawa couplings in Ljx can involve either the SM Higgs
or the S, and are denoted x and ' in each case, respectively. The models are distinguished
solely by the electroweak charges of the vector-like fermions. These are either singlets,
doublets or triplets of SU(2)r, and their components carry non-fractional electric charges
ranging from —2 to 4+1. For each model, the BSM Yukawa sector Ly is then given by

£Y = Ey + Emix y (311)

according to Eq. (3.0.1) and the interactions in Tab. 3.1. A study of portal couplings
with the quark sector, however interesting, lies beyond the scope of this work. The full
Lagrangian of the models studied here obeys £ = Lgm + Lasm, with

Lesm = Tr iy + Tr[(0,5)1(0"S)] + Ly — V(H, S), (3.1.2)
where the scalar potential reads

V(H,S) = —MZHTH—MgTr[STS} CNHTH? + 6HH T [STS]
ol [STSSTS] v (Tr [STS} )2  Hidet (det S + det ST) . (315)

Note that V' contains a quartic coupling §, which connects the BSM scalars with the Higgs,
acting as a portal to the SM. The potential is invariant under U(3)y, % U(3)y,, rotations of
the S, which allows to write the BSM quartics u and v, as well as § and the dimensionful
parameters s and figet, in scalar rather than tensor form (see Sec. 2.4 for further details
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and properties of the potential (3.1.3)). Furthermore, the extended Yukawa sector of our
models also contains a priori a large number of parameters, which can be reduced employing
symmetry arguments. We start by noting that, in the absence of Yukawa interactions, the
flavor symmetry of the Lagrangian is that of the SM plus the symmetries (2.2.4) for Np = 3.
More explicitly, for £y = 0 the BSM Lagrangian (3.1.2) is invariant under global rotations

Gr=UB)SoUR);aUB);,oU®B)s, (3.1.4)
with
UR);=UB)qeoUBroU®B)D, UB);=U@B)LeU@B)e, (5.15)
UB), =UB)y, @U(3)yy UB)s=U(3)s, ®U(3)sy- -

As we already saw in Sec. 2.2, identifying U(3)% with U(?’)?b allows to write the Yukawa
coupling y in its scalar form (3.0.1), an approach we embrace here. Furthermore, in models
A and C the mixed Yukawas in L« contain interactions with the S;;. In principle, the
associated coupling x/ in its most general form is a tensor carrying four flavor indices, as
we argued in the case of y. However, identifying U(3)g with U(3)y, (model A) or U(3),
with U(3)y, (model C) naturally leads to a scalar form of x/, so that these interactions can
be written as

K Tr [E STy, + h.c.] (model A), & Tr[LSt¢r+he] (model C).  (3.1.6)

On the other hand, the couplings in Ly« involving the Higgs can take a general form r;;.
Such terms are present in all models (see Tab. 3.1). For models A, B, E and F we identify
U(3)r with U(3)y,, while in models C and D we identify U(3)g with U(3)y,, yielding
diagonal and universal Yukawa couplings

kij = k0;; (models A—F). (3.1.7)

For models A and C this entails U(3)r ~U(3)g ~ U(3)y, and U(3)L ~ U3)g ~ U(3)y,,
respectively, which leads to k ~ Y, ~ 1, implying that the SM lepton Yukawas are universal.
Nonetheless, since in the SM the size of the latter is significantly small compared to the rest
of parameters, including the observed values of the lepton Yukawas only breaks the flavor
symmetry (very) softly.

Alternatively, we could identify U(3)g ~ U(3)y,, (models B, E, and F), and U(3)1, ~ U(3)y,
(model D). This in turn would yield hierarchical Yukawas fulfilling

k~Y, (models B,D, E F), (3.1.8)

instead of (3.1.7). Here, we shall adhere to the setup where & takes its diagonal form (3.1.7),
and neglect SM lepton Yukawas unless stated otherwise. To conclude with our analysis of
flavor symmetries, note that the mass term v; Mpir of the vector-like fermions only re-
spects the symmetry for U(3)y, ~ U(3)yy, which in turn yields universal and diagonal Mg
in all models. We will stick to this very assumption throughout this work. Note that all
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symmetries and couplings assumed here are in line with the criterion of Minimal Flavor
Violation, since the flavor structure of higher-dimensional operators of SM fields can be
expressed as in terms of products of SM Yukawa matrices.

Under the discussed assumptions on the structure of couplings, the BSM Yukawa La-
grangian Ly of the models containing ' interactions can be written as

—L8 =k LHYR + & ESTWr +yv¥,;Svr +hee.,

R - - (3.1.9)
—£$ =k EHYW, + K TSYr +y¥,Str +hec.,

where flavor and gauge indices are implicitly contracted. Note that in models A and C
the representations of the vector-like fermions exactly coincide with the representations
of the SM lepton singlet and doublet respectively (and are therefore models of vector-like
leptons), which precisely allows for Yukawa interactions with a singlet scalar. The BSM
Yukawa Lagrangians of the remaining models only contain the couplings y and x, and obey

— LB — KLHYR +y b S +he., —L2=kEH ¢, +y ¥, S0r+ hee.,

. = _ _ (3.1.10)
— LY =k LHYR+yv;SYr +he., — L% =rkLHipr+y1v;SPr+he.,

where again index contractions are implicit.

3.2 RGE Analysis

Having specified our set of models, we now set out to investigate their potential to UV-
complete the SM by rendering it asymptotically safe. In order to do so, we look for fixed
points of the S-functions and explore whether matching to the SM is possible. Our analysis
involves the SU(3)c x SU(2)r, x U(1)y couplings of the SM,

2 2 2
91 93 93

as well as the top and bottom Yukawas and the Higgs quartic, normalized as

v Y%A
(4m)2” AT an)?

oy = (3.2.2)
The set of BSM couplings in our RGE analysis involves the new Yukawa interactions y, x, x’
together with the scalar quartics d, u, v of the potential (3.1.3). Altogether, the considered
BSM couplings normalized according to Eq. (1.2.1) read

_ y2 _ K2 _ (HI)Z
WTamz T @2 T
5 . (3.2.3)
u
V@2 T amz T

When fixed points are found, we check for RG trajectories which can be matched onto
the SM at low energies. We assume that effects of the BSM fields kick in at Mr and are
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completely decoupled for y < Mg, while SM couplings are taken to coincide with their SM
values at Mp. Therefore, we identify Mg with the matching scale, which we refer to as

p=Mp. (3.2.4)

The SM running, shown in Fig. (1.3), completely determines the values of the SM couplings
at the matching scale, while BSM couplings can a priori take any real value at Mp. De-
manding that the RG evolution of the full system reach a weakly interacting fixed point in
the UV reduces this freedom, which is then determined by the dimensionality of the critical
surface, or equivalently by the number of relevant directions of a given fixed point.

In the remainder of this section, we study the S-functions of models A — F, collected
in Appendix. B.1, and their fixed points in the 210 and 222 approximations, providing
examples of viable matching scenarios. We perform the matching at tree-level only, and
do not implement decoupling relations at the new physics threshold. Note that, when
using 2-loop running for couplings above the matching scale in the MS scheme, decoupling
effects should be considered at 1-loop, see for instance [82]. This lies, however, beyond
the scope of this work, given the complexity of our BSM setup. Nonetheless, we expect
decoupling effects to leave the fixed-point structure and qualitative RG behavior of our
models unchanged, since matching turns out to be possible for sizable regions of BSM
parameters and matching scales, as we shall see shortly. Moreover, the phenomenological
implications discussed in Sec. 3.3, based on leading-order processes, should also be largely
unaffected. Our insistence in employing the BSM running up to 2-loop stems from the wish
to capture the leading effects of the Yukawa and scalar sectors in the S-functions. Indeed,
in the 210 scheme, 2-loop contributions in the g-functions of gauge couplings encode the
leading effects of Yukawa interactions, which are crucial for the existence of UV fixed
points. In the 222 approximation, where all S-functions are computed at 2-loop, the RGEs
of Yukawa couplings contain the leading contributions from scalar quartic interactions, and
the scalar quartic S-functions pick up contributions from all the possible Yukawas in our
models.

3.2.1 Benchmark Models and Fixed Points

We now turn to the analysis of the S-functions in the 210 or leading order approxima-
tion, where RGEs of gauge and Yukawa couplings are considered at 2-loop and 1-loop,
respectively. This scheme does not involve the scalar sector; hence, the BSM couplings
we consider consist of the Yukawas «, and «,, and additionally o,/ in models A and C.
On the SM side, we shall only take into account the SU(2)r x U(1)y couplings. Since at
2-loop the S-function of a3 is not modified by BSM physics, we assume that the coupling
remains asymptotically free and its running SM-like. For the purposes of the 210 analysis,
we do not take ag effects into account in the running of the remaining couplings. We also
neglect contributions from the SM Yukawa sector. Note that, at 1-loop, SM Yukawas of the
quarks are not modified by BSM physics, while lepton Yukawas are parametrically small
with respect to gauge couplings.
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Our first step is to search for fixed points of the S-functions. Within the 210 approximation
one can already encounter up to (2"¢ —1) different Banks-Zaks fixed points and a maximum
of (2"¢ — 1) x (2™ — 1) different gauge-Yukawa fixed points [28, 59|, with ng,ny being
the number of gauge groups under which the BSM fields are charged and the number of
BSM Yukawa interactions, respectively. In our models, these can take values ng = 2,1,0
and ny = 3,2. Moreover, the composition of the models contains additional information
on which fixed points might be possible. Since only charged fermionic fields are added to
the SM, the 1-loop coefficients B; are shifted by a negative contribution (see Eq. (2.2.5)).
Therefore, we will always find By < 0, while By can take either sign. Moreover, the matter
fields give a positive contribution to the Cj; coefficients, in the notation of Eq. (2.1.20).
Hence, the Cj; are always positive. This game of signs plays a central role in the presence
and typology of fixed points in the different models. For instance, Banks-Zaks fixed points
only arise in models for which at least one of the B; is positive. Hence, Banks-Zaks fixed
points with aj # 0 will be absent in all of our models.

In order to classify the fixed points, we use the abbreviation BZ; to denote a Bank-Zaks fixed
point where the gauge coupling «; does not vanish, and GY;,. ., for a gauge-Yukawa fixed
point where «; and the Yukawas denoted by n...m are nonzero. In addition, for couplings
which vanish at a fixed point, we indicate that they are marginally relevant or marginally
irrelevant by writing their fixed point values as 0 or 0(), respectively. We use this no-
tation for couplings which display a logarithmic running near the fixed point, as is always
the case for asymptotically free gauge interactions. Conversely, if the coupling vanishes at
the fixed point but presents a power-law running in its vicinity, it is marked as 0~ (07)
if it is marginally relevant (marginally irrelevant). This possibility only arises in the case
of Yukawa interactions (see Sec. 2.1 for details). In the following, we describe our findings
for each of the studied models, focusing on their gauge-Yukawa fixed points. In general,
we include results from fixed points which present couplings up to O(1), allowing for small
deviations from strict perturbativity (« < 1), which may be alleviated at higher-loop orders.

Model A

The fixed points for model A are collected in Tab. 3.2. In the case of the Gaussian fixed
point (FPy), we find that oy and ag correspond to marginally irrelevant and marginally
relevant directions, respectively. Thus, the Gaussian corresponds to a saddle point. We find
as well a Banks-Zaks fixed point with interacting ao (FP2). The gauge-Yukawa fixed point
FP3, with o # 0, presents no relevant directions and a marginally irrelevant «;. Hence, one
cannot attempt to match it to the SM at low energies. Furthermore, the symmetry between
the 1-loop B-functions of v, and s allows for the line of fixed points FP4. Indeed, since
the fields involved in the Yukawa interactions of y and ' present the same gauge charges, 3,
and B, are equivalent for a,; = 0. As we shall see, this also happens in model C. Higher or-
der corrections break this degeneracy and consequently the line structure of the fixed points.
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Model A % fa%) o, ay, a;  rel. irrel. Info Matching

K K Yy

FP, o) o) o) 0+ 0 1 4 saddle

FP, 0t 0543 0~ 0(+) o) 1 4  BZ

FP; 0t 0.623 0.311 0(+) 0t 0 5  GYa

FPy 2746 0  0- 4120-qa; o 2 2 line
FPs (A;) 1.063 0 0.886 1.594 0t 2 3 GYiew v
FPg (A2) 1.105 0.569 1.205 1.657 0t 1 4 GYigew X
FP; (A3) 2151 00 0.782 0~ 3.032 3 2 GYiy v
FPg (A4) 2.267 0.200 0.933 0~ 3.165 2 3 GYizs X

Table 3.2. Fixed points of model A in the 210 approximation. We indicate the number of relevant
(rel.) and irrelevant (irrel.) directions, whether the fixed point is Bank-Zaks (BZ) or gauge-Yukawa
(GY), with indices specifying the non-zero couplings, and whether matching is possible. Free
couplings with power-law running are marked with a superscript + if they are irrelevant/relevant,
and an additional parenthesis (+) indicates that the flow is logarithmic. FP; 5 3 are IR or crossover
fixed points, FP4 is a line of fixed points, and FP5¢ 7 (also denoted A; 23 4) are potential UV
fixed points. For the latter, we indicate whether matching onto the SM is possible. In Fig. 3.1 (left)
we show the phase diagram for the latter, while Fig. 3.2 shows sample trajectories emanating from
A and As.

In addition, model A presents four gauge-Yukawa fixed points FP5 — FPg, also denoted
as Ay — Ay, all featuring a non-vanishing . In Fig. 3.1 we show their schematic flow
projected in the ag — a, plane, with arrows pointing towards the IR. In this projection,
As is a UV fixed point in both directions, while As lies in the IR. Fig. 3.1 also shows the
various separatrices connecting the fixed points, which correspond to as = 0, a,v = 0 and
ay = 0 lines. For fixed points As and A4, we find that the RG flow cannot be matched
onto the SM. This is due to trajectories being attracted by the gauge-Yukawa fixed point
FP3 in the infrared, which yields too large values of ao at low energies, as shown in Fig. 3.2
(left) for the case of As. In contrast, for fixed points A; and As, which exhibit af = 0,
a sufficiently small oo allows the trajectories to escape the dominion of attraction of FPj,
and can then be matched onto the SM at any scale. An example of matching at p =1 TeV
is shown in Fig. 3.2 for an RG flow emanating from A;. In this case, the BSM couplings
can be predicted at the matching scale; we obtain a,(Mp = 1 TeV) ~ 2.7- 1073 and
ap(Mp = 1TeV) ~ 3.5-1073. Another feature of fixed points A; and Az is that the
coupling «,, vanishes and is marginally irrelevant. Hence, we find that gauge-Yukawa fixed
points are not only present but also can be matched onto the SM in the absence of the BSM
Yukawa y required in previous settings [29, 83| if other (mixed) Yukawas are present.

Model B

In Tab. 3.3 we show the 210 fixed points found for model B. In this model, both 1-loop
coefficients B; and Bs are negative, so that no Banks-Zaks fixed points arise and the Gaus-
sian (FP1) corresponds to a total IR fixed point, presenting no relevant directions. The
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Figure 3.1. Schematic phase diagrams and gauge-Yukawa UV fixed points of model A (left) and
B (right) the 210 approximation, see Tabs. 3.2 and 3.3. Arrows indicate the flow into the IR.
The fixed points of model A are projected onto the (a2, ) plane, while fixed points of model B
(Tab. 3.3) are projected onto the (as,ay) plane. Results for model D (see Tab. 3.5 for fixed point
details) are equivalent to those of model B. Note in all models the projected RG flows present the
same topology.
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Figure 3.2. Running of couplings of model A in the 210 approximation from fixed point Ao (left)
and A; (right), see Tab. 3.2. For A, trajectories are invariably attracted by FP3 in the infrared,
and oo comes out too large compared to SM values. For A; we show matching to the SM at =1
TeV.

remaining fixed points FPy — FPj5 are of the gauge-Yukawa type, and all feature oj; # 0.
A schematic view of the RG flow around them in the oy — o plane is shown in Fig. 3.1
(right). There, one can observe that Bj is the least ultraviolet fixed point, with «; as its
only relevant coupling, while B3 presents three relevant directions.

We find that all gauge-Yukawa fixed points Bj 234 can be matched onto the SM at low
energies. The main difference with respect to model A is that no Banks-Zaks fixed points
featuring o5 # 0 and o] = 0 exist, which in model A could attract as towards large values
in the IR. For fixed points By and By, which feature a5 # 0, we find that matching is
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Model B o] fa%) o, a, rel. irrel. Info Matching

FP, o) o) o) o) o 4 G
FP, (B;) 1.953 00 1.562 1.888 2 2 GY1hy v
FP3 (By) 1.224 0.186 1.326 1.541 1 3 GY12xy v
FPy (B3) 2712 00) 0~ 2712 3 1 GYy, v
FPs (B;) 1.732 0216 0~ 2164 2 2 GY12y v

Table 3.3. Fixed points of model B in the 210 approximation, with notation as in Tab. 3.2. All
interacting fixed points we encounter are potential UV gauge-Yukawa fixed points (FP3 3.4 5, also
referred to as Bi 23.4); for all of these we find that matching onto the SM is possible. See Fig. 3.1
(right) and Fig. 3.3 for the phase diagram and sample trajectories, respectively.

only possible at a given scale, due to the values of the gauge couplings being determined

1 This is shown in Fig. 3.3 for the case of

by the flow along a single relevant direction.
B, where one obtains a matching scale Mp ~ 25 GeV. In the case of By we find as well
possible matching scenarios with Mp ~ O(1072) TeV. Hence, we are presented with a
setup where asymptotic safety is able to predict the scale of new physics. However, this
scale is phenomenologically disfavored by Drell-Yann constraints, which pose a lower bound
on Mp at the order of 107! TeV, as we spell out in Sec. 3.3.4. Finally, the solutions B; and
B3, which exhibit a5 = 0, can in principle be matched onto the SM. The effective 1-loop
coefficient Bgﬁ remains positive, allowing as to grow towards the IR. Nonetheless, as the
flow evolves the contributions of the Yukawas «, and a, may become small enough to flip
the sign of Bgﬂ, driving ao to lower values. We postpone the discussion of further matching

scenarios to the higher-loop analysis of Sec. 3.2.2.

Model C

Tab. 3.4 shows the physical fixed points of model C in the 210 approximation. Note that
all fixed point values are well within the perturbative domain. We encounter the Gaussian
(FPy), a Banks-Zaks fixed point (FP3) and the gauge-Yukawa fixed points FP345¢6. FPg
is in fact a line of fixed points which arises due to the symmetry between 3, and §,/ in the
limit of vanishing «, a phenomenon which we already observed in model A. The symmetry
is a consequence of the vector-like fermions carrying the same charges as the SM lepton
doublets, and disappears when including higher loop corrections. All of the fixed points
present an irrelevant «y, which impedes matching onto the SM. Therefore, in model C we
find no UV-completing fixed points in the 210 approximation.

Model D

The fixed points found for model D are listed in Tab. 3.5. Apart from the Gaussian (FP;)
and a Banks-Zaks fixed point (FP2), we find three gauge-Yukawa solutions with af = 0
(FP345), which suffer from a marginally irrelevant U(1)y coupling and thus cannot be

'Fixed point B, presents two relevant directions. However, one of them corresponds to the coupling o,
which vanishes at the fixed point, and has small effects on the high-energy running.
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Figure 3.3. Matching at Mp = 0.025 TeV for the fully-interacting fixed point By. We show the
BSM running of the couplings into the fixed point (left) and the zoomed-in running of the gauge
couplings (right) near the matching scale, indicated by the dashed vertical line, with the BSM (SM)

running of a; o depicted with dotted (full) lines.

Model C  of fa% o, ay, a, rel. ir Info
FP, o) o) o) o) o) 1 4 G
FP, 0) 0.038 0~ 0~ 0~ 3 2 BZy
FP; 0+)  0.039 0.020 0~ 0~ 2 3 QY
FP, 0)  0.054 0.027 0.049 0t 0 5  GYouw
FP; 0F) 0.053 0.011 0~ 0.046 1 4 GYauy
FPg 00 0052 0° 0047—0; o 1 3 GYyy,

Table 3.4. Fixed points of model C in the 210 approximation, with notation as in Tab. 3.2. At
this loop order, no viable candidates for UV fixed points exist.

matched onto the SM. The remaining fixed points (FPg 7 9, also denoted D1 2 3 4) are as well
gauge- Yukawa but display o] # 0. Their schematic flow in the ag — v, plane is analogous
to that of model B (shown in Fig. 3.1), with D3 being the UV-most fixed point, and Dy
the most IR. Moreover, as we already found in model A the Banks-Zaks fixed point FPy of
model D acts as an IR sink, drawing as to its fixed point value a3 ~ 0.038 and impeding
SM matching for fixed points Dy and D4, which exhibit o # 0. This is depicted in Fig. 3.4
(left) for a running emanating from Ds. In the case of the fixed points with o = 0 (D; and
Ds3), ag can remain small enough and be matched onto the SM in a range of scales, as shown
for D1 and Mp = 1 TeV in Fig. 3.4 (right). In this case, the BSM couplings at the matching
scale are predicted to be a(Mp =1 TeV) = 4.2:1073, o, (Mp = 1 TeV) = 5.8-1073. Fixed
point D3 was previously studied in [61], and discarded due to instability under higher-order
corrections. Here, however, we choose to retain it and discuss higher loop-order effects in
Sec. 3.2.2.
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Model D o o5 o % rel. irrel. Info Matching

.

FP, o(+) 0=) o(+) o(i) 1 3 G

FP, 0t 0038 0 0 2 2 BZ,

FP3 04 0.039 0.020 0~ 1 3 GYa

FPy 04 0052 0° 0047 1 3 GYay

FP; 0 0.053 0.011 0.046 0 4 GYasy
FPs (D;) 0.246 00) 0322 0631 2 2 GY1ky v
FP; (D7) 0202 0.145 0295 0.647 1 3 GY 124y X
FPg (D3) 0288 0 0~ 0778 3 1 GYyy v
FPy (D4) 0239 0.152 0~ 0782 2 2 GY12y X

Table 3.5. Fixed points of model D in the 210 approximation, with notation as in Tab. 3.2. For
gauge- Yukawa fixed points with af # 0 (FPg 75,9, also referred to as D; 2 34) we indicate whether
matching onto the SM is possible. In Fig. 3.1 and Fig. 3.4 we show the phase diagram and sample
trajectories, respectively.
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Figure 3.4. Renormalization group running in model D. Left: RG flow emanating from fixed point
D5, where matching is not possible due to the trajectories being attracted by the Banks-Zaks fixed
point FPy (see Tab. 3.5). Right: running emanating from fixed point D; and matching at p = 1
TeV (dashed vertical line). After matching, values of the BSM couplings at the matching scale are
predicted by the running.

Model E

In model E the vector-like fermions are total singlets, and thus only modify the S-functions
of the SM gauge couplings through x. On the other hand, 3, receives no contributions from
gauge couplings and can only vanish if a,, = 0. This leads to model E displaying only the
gaussian, a Banks-Zaks fixed point BZs and a gauge-Yukawa fixed point with vanishing and
marginally irrelevant «g, of the type GYsa,. Therefore, we find no viable UV fixed points
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in model E within the 210 approximation.

Model F

In model F no viable UV fixed points are found either. Since in this model the vector-like
fermions carry no hypercharge, the coupling «, is absent in 8; and 8, is independent of
a1. As in model E, the mixed Yukawa «; represents the only negative contribution both in
B1 and B, and turns out to be insufficient for any gauge-Yukawa fixed points to arise. No
Banks-Zaks arise in this model either, since By is negative due to the vector-like fermions
being in the triplet representation of SU(2)r, similarly to model B.

Summary

In this section we have performed a top-down study of the S-functions of models A —
F in the leading order approximation, looking for UV fixed points and viable matching
scenarios. We have found that models A, B and D indeed present gauge-Yukawa fixed
points (see Tabs. 3.2, 3.3 and 3.5) which can in some instances be matched onto the SM,
while such viable solutions are absent in models C, E and F. In the next section, we study
the S-functions at higher loop orders in order to investigate whether patterns beyond those
found at 210 arise.

3.2.2 Running beyond Leading Order

In this section we study the RG flow of our couplings beyond the leading order approxima-
tion considered in the previous section. In particular, we consider the S-functions at the
complete two-loop order (222 approximation), with all couplings being treated on equal
footing, including those of the scalar sector. In our analysis we then include the full set of
BSM couplings (3.2.3) plus the SM gauge couplings and the top and bottom Yukawas. Note
that third-generation Yukawas become especially important at 222, given their significant
influence on the running of the Higgs quartic. Overall, we consider the RG evolution of a
total of 11 couplings (12 for models A and C).

Due to the increased complexity of the S-functions and their fixed-point solutions at 2-loop
we employ a bottom-up strategy, exploring different regions of the parameter space of BSM
couplings and their UV fate. In what follows, we refer as BSM critical surface to the values
of the BSM couplings (3.2.3) at the matching scale whose associated RG trajectories are
safe at least until the Planck scale. Opposed to our approach in the 210 analysis carried
out in the previous section, here we study RG flows emanating from the IR into the UV,
and choose to set the matching scale

o =1TeV. (3.2.5)

Moreover, we use the SM running at 3-loop order (shown in Fig. 1.3) to compute initial
conditions. Using m; ~ 172.9 GeV we obtain [34, 37|

a1 (po) ~8.30-107%, ax(pg) ~6.09-1074,
o (o) = 2.58 1073, ay(po) =~ 4.61-1073, (3.2.6)
as(po) ~ 7.08-1073, (o) ~1.22-107°.
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Initial conditions for the BSM couplings are a priori free parameters, and in what follows
we explore how the running depends on their values. In particular, we discuss whether
the RG flow evolves up to the Planck scale without developing poles (which we refer to
as Planck safety), if it presents asymptotic safety and the stability of the vacuum. We
focus on scenarios where the BSM couplings at the matching scale are of the same order
of magnitude as the SM couplings of Eq. (3.2.6), which we refer to as weak BSM couplings
(within the range O(1076 — 1072)). We shall also refer to couplings as feeble when they
lie below these orders of magnitude (o ~ 10~7 or smaller). For feeble BSM interactions at
the matching scale, we find that the new sector decouples and the running of the models
resembles that of the SM extended with additional vector-like fermions. Trajectories either
reach Planck safety or Landau poles below the Planck scale, see [25] for details. For weak
matching-scale values of the couplings trajectories present richer implications. Let us study
in more detail the running for two different configurations of the BSM couplings at the
matching scale:

i) Weak ay, with oy, o,y ~ 0 (for all models)
1) Weak ay, o, with ay ~ 0 (models A and C).

Benchmark results for the case i) are shown in Fig. 3.5, where trajectories remain safe at
least up to the Planck scale thanks to the Yukawa o,. In Fig. 3.5 we have taken a weak
initial value of the portal coupling |as| ~ 107° in all models except for model E, where as
is chosen to be very feeble at the matching scale. We find that BSM interactions enhance
the portal coupling, which becomes more sizable through its running. In models A and E,
this stabilizes the Higgs quartic coupling, which remains positive throughout its running.
For models B and F, a, switches sign twice, while in models C and D it changes sign only
once, yielding a negative ay at the Planck scale. Hence, attaining absolute stability of the
electroweak vacuum is possible but not guaranteed. In general, we also find that feeble
values of a,; and «, allow for at least Planck safety in all models.

For the case i), where both «,; and «, are weak and «, is negligible, we choose a,, ~ 1079
at the matching scale, which is compatible with Z data bounds on «ay studied in Sec. 3.3.1,
see Eq. (3.3.9). Results for models A and C are shown in Fig. 3.6, where we have chosen
weak matching-scale values of 5. A synergy between «,; and ag stabilizes the Higgs quartic,
rendering it positive throughout its flow into the deep UV. In both models we observe that
the running slows down into a walking regime around the Planck scale. This effect is due to
the couplings approaching approximate fixed points, which in both cases involve the portal
coupling. Moreover, the gauge couplings vanish at the intermediate fixed points, so that
their evolution is minimally affected. For model A, the running then abandons its walking
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Figure 3.5. Renormalization group running of models A — F and a, ~ 0, |as| = 1075 (except for
model E, where |ag| is very feeble), as well as a,s = 0 for models A and C. In model A, C, D and
E, small initial values of a, (light blue) run into poles in the UV, while for B and F the trajectories
remain more stable. The Higgs potential (purple) is not stabilized by Yukawa interactions (model
B-C,F), but for sufficiently large initial values of a5 (orange) in the singlet models (model A and

regime to flow into a UV fixed point at

of ~1.93-107",  al~ 3.05-107!
ay=ay=a, =0, a; ~ 6.25-107"
o ~1.27-107 ) af~ —1.55-1072, (3.2.7)
of ~4.78-1071, af~ 1.19-107!
of ~4.53-1071, af~ 4.03-1072

displaying asymptotic safety. In model C, we find instead that poles arise in the deep UV,
with the running being only Planck safe. Larger matching-scale values of «ay, although
phenomenologically disfavored, can help drive the running into a UV fixed point, see [25]
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Figure 3.6. Renormalization group running of models A and C for weak matching-scale values of
o (light blue), o, (pink) and |as| (orange), with o, ~ 0. Flows are stabilized around the Planck
scale due to cross-over fixed points involving ag, which slows down couplings into a walking regime.
In model A, the flow goes on to reach the fixed point (3.2.7) in the far UV, while in model C it runs
into poles. The quartic coupling a,, (brown) changes sign below Mp;, marking a transition between
vacuum structures V' and V.

for details. In both cases, the coupling «a,, changes sign below Mpj, leading to a transition
between the stable vacuum ground states V1 and V.

In summary, we have found that for certain benchmark values of the BSM couplings at the
matching scale our models display in some cases Planck safety, while in others asymptotic
safety is realized thanks to the couplings reaching interacting fixed points in the deep UV.
We observed that Yukawa interactions are essential both to influence the running of gauge
couplings, moving Landau poles past the Planck scale, and to stabilize the Higgs and BSM
potential. Moreover, we have found that transitions between the BSM vacua V' and V—
can also be realized owing to a change of sign in «, throughout the running. Implications
for the BSM critical surface for a range of values of the Yukawas oy, a, and a,s beyond
the benchmark initial conditions studied here are outlined in Appendix B.2 (see Figs. B.2.1
and B.2.2), while explicit computations of the running for further benchmarks can be found
in [25].
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3.3 Phenomenological Analysis

In the previous sections we have studied the RG flows of our set of models containing por-
tal Yukawa interactions between vector-like fermions and SM leptons. We have seen that
a 210 analysis of the flows from UV fixed points drastically reduces the parameter space
of the BSM sector after requiring that models be matched onto the SM around the TeV
scale. Nevertheless, the 222 analysis involving all couplings revealed a much wider range of
fixed point possibilities and matching scenarios, which considerably opens up the parameter
space.

In this section we provide a detailed study of the phenomenological implications of our
six vector-like fermion models without imposing any previous assumptions on BSM cou-
plings. We study production and decay of BSM states at proton and lepton colliders,
Drell-Yann constraints and implications for anomalous magnetic moments, electric dipole
moments (EDM) and charged lepton flavor violation (cLFV). A central ingredient for the
phenomenological analysis is given by mixing, both in the fermion and scalar sector, which
we also discuss in detail. In particular, we shall see that Z data places strong constraints
on fermion couplings involved in the mixing angles. Furthermore, we discuss how scalar
mixing can provide enhanced 1-loop contributions to anomalous magnetic moments which
have the potential to explain current experimental results in tension with SM predictions.
The same mechanism, which relies on the portal coupling J, induces lepton EDMs already
at 1-loop once CP-violating phases in the BSM Yukawas x and x’ are allowed.

3.3.1 Fermion Mixing

The scalar potential V(H,S) of the models in study presents distinct vacuum patterns,
described in detail in Sec. 2.4. Indeed, spontaneous symmetry breaking in the BSM sector
can yield to two stable vacua, V1 and V™, according to the conditions (2.4.12). In VT, all
diagonal components of the S acquire a VEV, while in V'~ only one of them does. There-
fore, the Yukawa interactions ' involving the S field, present in models A and C, yield
mixing mass terms between the SM leptons and the vector-like fermions which depend on
the vacuum ground state. Furthermore, interactions of vector-like fermions with the Higgs
yield additional mixed mass terms in all models, in this case proportional to . In this
section we detail patterns of fermion mixing for both vacuum structures and study impli-
cations for electroweak interactions and Higgs couplings.

In order to illustrate how mixing arises, we take the case of model A where the vacuum
V'~ is aligned in the muon direction. After spontaneous symmetry breaking, the mass
Lagrangian of the leptons and vector-like fermions obeys

— v ()
FiMyfr= —=eLYien+ —=r €L Ur
V2 V2
o o (3.3.1)

+E/€/EL2MR+E?J@L2¢R2+MF VL UR,
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A A B B 0,B 0,C
Vacuum 07 0% 07 0p 0 0,

v+ KUp, kv KU, K3 Yy KU, K vg
V2 mo V2 ma 2ma 2\/§m§ V2 ma V2ms
V- (¢ ) ) KUp, K vs KUp, nv}%yg KUp, K vs
2- " V2Mp  V2ma 2Mr  22MZ  V2Mp V2ms
2 2
- o KUp KULYe KUR, RV Ye KUR,
Vs —hs) 2 My 2Mr  22MZ 2 Mp 0

Table 3.6. Mixing angles of the Qr = —1 fermions (#*) and the Qr = 0 fermions (#%M) (see
Tab. 3.1), with my = Mp + yvs/v/2. Angles are given for both vacuum structures V* in the
case where V'~ takes a VEV in the second generation. The angles not shown in the table fulfill
0 j = 04, for model C, and 0P , = /20 | for model D. We also find 67" = v/207" = 62" and
0F = \/5953{ in models E and F. The additional factor of 1/v/2 in 6 and %% originates from
Clebsch-Gordan coefficients of the triplet representation (see for instance Eq. (2.3.6)).

where fx = (ex, ix,Tx,¥x1,%x2,%x3)] with X = L, R. Then, diagonalizing MfM}
and M}M ¢ allows to compute the rotations to the mass basis for f;, and fgr, respectively
(see Appendix A.2 for details). The resulting mass eigenstates can be obtained from the
rotations (2.3.8) with mixing angles fulfilling

/
HAN KRUp GA K Vg

LiﬁMF’ R*\/im27

in the small-angle approximation, for ¢r; — 1r; and pur — ¥ po respectively. We have also
defined mo = Mg +

(3.3.2)

:’/%y, and used the diagonal form of the SM lepton Yukawa matrix

Vh Up .
—Y, = ——dia T . 3.3.3
NAGERNG 2(Ye, Yu> Yr) (3.3.3)

For the flavors which are not aligned in the V'~ direction, the right-handed rotation angles
read instead )
KU}, Ye

O =
B o2

(L=erT), (3.3.4)

again in the small-angle approximation. Hence, in V'~ the right-handed rotation angles are
parametrically smaller for the non-aligned flavors than for the aligned flavor. Moving on to
the case of VT, we take again model A as an example and find rotation angles fulfilling

KU A Kug

V2ms' B omy’

for 1,;- ¥r;, and {;p- VR, respectively. Thus, in VT rotation angles are the same for all

Hf:

(3.3.5)

flavors, as should be expected from a flavor-universal vacuum structure. The mixing an-
gles 9% at leading order for all models, indicated by the superscript M, and both vacuum
structures are collected in Tab. 3.6. In models B,C, E and F, which contain Qr = 0 states,
left-handed rotations H%M are introduced between the ¢2 and neutrinos. The rotation an-
gles for the electrically neutral states are also shown in Tab. 3.6.
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As described in Sec. 2.3, mixing of colorless vector-like fermions with SM leptons gives
rise to tree-level effects in their chiral interactions. This affects couplings to the Z and W
bosons as well as to the Higgs. A most important effect for weak-boson interactions is the
appearance of vertices involving a vector-like fermion, an SM lepton and either the W or
the Z. This is especially relevant for the production and decay of vector-like fermions, as
we detail in Sec. 3.3.2.

In the case of the Z, its vector and axial couplings gy 4 to any representation of vector-
like fermions can be obtained from Tab. 2.1, according to the normalization of the La-
grangian (1.1.31). It is especially relevant that the Z¢*¢~ vertex acquires couplings

¢,SM ¢,SM
gy = g™+ Agy =gyt + so, (T30 +1/2) %55 T, (3.3.6)
which can deviate from the SM values gf,’SM = —1/2+2s2 and gi{SM = —1/2. In Eq. (3.3.6),
the rotation angles 6y g should be taken from Tab. 3.6, and Tz,l denotes the isospin of
the Qr = —1 component of the vector-like fermions in each model. For model A (C), the
isospin of the negatively charged vector-like fermions leads Ag to depend only on right-

handed (left-handed) rotation angles, yielding

F

Ag o (aﬁ)Q (3.3.7)

in both cases. For models B and F (model D) one finds in turn 67, > 0r (6r > 6r,), which
leads to the same parametric dependence of Ag.

Furthermore, the Zvv vertex is modified as well in models containing Qr = 0 states, with
its coupling being shifted according to

g = g ML A = gy 2, [Tjo - 1/2} , (3.3.8)

with ¢SM =1 /2 and Tgo the isospin component of the electrically neutral vector-like
fermion. In model C, where the ¢° fields carry Tio = —1/2, the neutrino coupling ¢”
remains unaffected. For models B, E and F, one always finds Ag,  (kv,/Mp)? according
to the angles of Tab. 3.6. Therefore, modifications of the Z couplings to charged leptons
and neutrinos, if present, display the dependence (3.3.7) in all models. Since Z couplings
to charged leptons and electron-flavored neutrinos demand Ag < 1073 or smaller [37], one
obtains the constraint

e $4-107% (Mp/[TeV])? . (3.3.9)

Modifications of W vertices can be read off Tab. 2.3, following the notation of Egs. (2.3.10)
and (2.3.11). For our set of models, the non-vanishing Clebsch-Gordan coefficients C; read

cl=-cB =v2, c§=cP =1, cf=-cf=v2, (3.3.10)

and angles should be again taken from Tab. 3.6. Note that the 7/~ W™ vertex is modified
by a factor

CY = co 9 + Coso, 590 (3.3.11)

— 56 —



with C" = 1 in the SM. For all models, one obtains at most C" o cos(kvy /M), up to or-
der one factors. Note that for model C one finds 9% = Q%C for V' and the vacuum-aligned
flavor of V', which yields C" = 1, while for the non-aligned flavors Q%C vanishes and Qg
is parametrically small. This entails that, if the requirement (3.3.9) from Z couplings is
fulfilled, W data constraints are also avoided.

Finally, let us discuss the effects of mixing in Higgs couplings. Since leptons receive masses
from several terms in the Lagrangian, diagonal lepton Yukawas gy, of the Ly = %Zﬁh
interaction are modified. Taking again model A as an example, the couplings are shifted
according to

M

ye = yp™M + sin 6% </<a'v8 cos 0% — V2= gin 9%) , (3.3.12)
Up, Vh

where the y?M obey the SM relation (1.1.38). Results for model C are obtained by replacing

L < R, while in all other models the k' term is absent. We find that, for angles fulfilling

the Z vertex constraint (3.3.9), Higgs signal strength bounds are avoidable for all leptons

37, 40).

3.3.2 BSM Sector Production

We turn now to studying how the BSM sector can be produced at pp and ¢£7¢~ colliders.
Production channels for both the ¢ and the S are depicted in Fig. 3.7. Let us first dis-
cuss the production of vector-like fermions. Since these are colorless, pair production in
hadron colliders occurs solely via quark-antiquark fusion, shown in diagrams (a) and (b).
At least one of these channels is present in all models except for model E, where the 1 are
electroweak singlets. Single production in pp colliders can occur through s-channel Higgs
thanks to the Yukawa interactions , shown in diagram (c). Note that 1° production in
association with a neutrino only occurs for models B, E and F. Additional channels open
up in #¢ colliders thanks to the BSM Yukawa interactions. There, pair production can take
place through Higgs or S exchange (diagram d) and single production through t-channel
Higgs (diagram e).

The contribution to ¥ pair production from s-channel Z or photon is especially relevant,
since it arises in all models (except for model E) and in both pp and #¢ collisions. Further-
more, all Np = 3 flavors of the 1 are produced. The contribution to pair production via
photon exchange at center of mass energy squared s reads

-, = 4r a2Q3 [ 4AM? M2
ow(ff—ww:NF? sf Z Q% 1—5F<1+SF> for s> 4M3z

SU(2)L

(3.3.13)
in the limit Mp > my, where f is a quark or a lepton, and we summed over the 1’s flavors
and SU(2) 1, components. This results in cross sections of the order IV, FQ% > Q%90 fb/(s[TeV])
[84]. In models B and D, which contain fermions with |Qr| = 2, the sum over charged states
in (3.3.13) enhances the cross section by effective charge-squares of >° Q% = 5. A more
detailed study of pair production at pp colliders in the case of models A and C can be found
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Figure 3.7. Production channels of the BSM particles at pp and ¢¢ colliders, with f = ¢,q. In
diagram f) the S and ST labels are schematic for model A, see text for details.

YO/~ d (U
v/t u v/ 1/)0
a) b)
Figure 3.8. Single-production channels via weak bosons of the @ = —1 and @ = 0 vector-like

fermions at pp and ¢¢ colliders, with f = ¢, q. Both diagrams arise from mass mixing between the
1) and SM leptons.

in Chapter 4.

Additionally, mixing between vector-like fermions and leptons allows for further single-
production channels of the 1»~! and the 1/° through electroweak interactions, see Sec. 3.3.1
for details. In Fig. 3.8 we show how mixing-driven single production can occur via s-channel
Z (diagram a) or W (diagram b).

We now focus on the production of BSM scalars. In the following, we denote by Re[S] and
Im[S] their real, CP-even and CP-odd physical degrees of freedom, respectively. Note that,
since the BSM scalars are SM singlets, their tree-level production through gauge bosons is
prohibited. In models A and C, the Yukawa interactions s’ permit their pair production
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via ¢ exchange at lepton colliders, as shown in Fig. 3.7 (diagram f). The pair-production
cross section for a center-of-mass energy s > 4M g reads

N 14 4M2 5/2
U(£+£_—>SST):3TF% <1— SS> X
T

L 2(M2 — M?2) 2 amz. 7
></ dz x2(1—x2)[<FS+1> —(1- S)x2] :

1 S S

(3.3.14)

Additionally, the Yukawa interactions xk and &’ permit single-production of either Re[S]
or Im[S] in association with the Higgs, also shown in diagram (f). Furthermore, after
spontaneous symmetry breaking in the Higgs and BSM sector the portal coupling § gives
rise to trilinear couplings hRe[S]Re[S], hIm[S]Im[S] and hhRe[S]. This allows the S to
be pair- or singly-produced via s-channel Higgs both in pp and ¢¢ colliders (diagram g), a
contribution which arises in all models. Hence, S-production occurs through few channels
and is driven by either Yukawa or scalar quartic couplings. However, for the appropriate
BSM mass hierarchies the S take an important role in the decay of the ¢, and could
therefore have a strong presence in processes occurring at colliders, as we study in detail in
Chapter 4.

3.3.3 BSM Sector Decay

We now discuss decays of the BSM sector. We first study decays of the vector-like fermions,
including as well decay channels induced by mixing, and go on to discuss the decays of the
BSM scalars.

Vector-like Fermions

Let us first discuss how the vector-like fermions decay in the absence of mixing. The
Yukawa interactions x allow for decays of the Qr = —1 and Qr = 0 states to hv and h{™,
respectively.? The latter occurs at a rate

2\ 2
T(4 — Ch) = ZC}M anMp ( - > : (3.3.15)

where we have neglected the lepton mass, and the Clebsch-Gordan coefficient reads Cy, =
1/\/5 for the T3 = 0 states in models B and F and Cy, = 1 otherwise. For a; 2 10714 and
MfF at the TeV scale or above, one obtains a lifetime T~ < O(107!3) s, which leads to a
prompt decay.

Additionally, in models A (C), the decays ¢; — KjSJT-i (¢pi — £;S};) are also allowed if the
BSM scalars are lighter than the vector-like fermions. The corresponding decay rate obeys

T M2\ ?
(¢ — £S) = 503,@ o Mp ( - S> . (3.3.16)

2With the exception of model C, for which only the Qr = —1 states can decay to Higgs plus lepton due
to the SU(2)r structure of the interaction.
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In model C, the decay ¥ — v;S;; occurs as well with the same rate. For large values of x/,
the decays through S become the main decay channel of the 1) when kinematically allowed,
as we shall see explicitly in Chapter 4.

Furthermore, models B and D contain Qp = —2 fermions while model F contains Qr = +1
fermions, which cannot decay through BSM Yukawa interactions. However, SU(2); mass
splitting leads to mass differences Am within the multiplets, which are induced at 1-loop
via weak interactions. This allows the Qr = —2 and Qr = +1 states to decay to the
Qr = —1 or Qr = 0 components within their corresponding multiplet, respectively. The
Qr = —1 and Qr = 0 states subsequently decay to leptons and scalars through Yukawa
interactions. The mass splitting in the limit Mz > my, mz in models B and D reads [85]

PDG

@2 02
Amp p = My = My = —— (3sinb,mz + k) , (3.3.17)
with & = my — myz (model B), £ = 0 (model D), which is of order GeV for both models,
and abPC = g2 /471 ~ 0.034. Note that in the limit of heavy vector-like fermions the mass

splitting (3.3.17) is not proportional to Mg, but scales with the weak boson masses and
depends on the SU(2)y charges of the multiplet. The decay rate then reads

5
5 Am

L2 =y )~ G% 53

Am \°
~3-10713GeV , 3.3.18

 (fGan) (3315
which has a strong dependence on the value of the mass splitting. We find that the
rate (3.3.18) results in picosecond lifetimes for the =2, which give a small but macro-
scopic displacement ¢r ~ 0.3 mm and a displaced vertex signature which can be searched
for at the LHC [86]. For model F, the ¢)*! acquire mass splitting

O
Amp = My — Myo = oy P My sin® 5 =166 MeV,, (3.3.19)

which is about one order of magnitude smaller than the splitting in models B and D.
The corresponding decay rate, which can be approximated as (3.3.18), is therefore heavily
suppressed with respect to the case of the ¢ ~2. This allows for remarkable long-lived charged
particle signatures in the case of model F. However, the presence of fermion mixing induces
faster decays unless there is a strong suppression from mixing angles, as we discuss shortly.
It is worth noting that the p-parameter poses limits on general SU(2), mass splittings 6 M,
which imply [84]

NpS(Ry) 6M? < (40 GeV)?, (3.3.20)

where S3(R2) is the Dynkin index of the representation Ry of SU(2), (see Appendix B for
details). For Np = 3 and Sy = 2 (52 = 1/2) for models B and F (model D), the mass
splittings given by Eqs. (3.3.17) and (3.3.19) are well within constraints.
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Finally, let us discuss the decays induced by fermion mixing. After rotating to the mass
basis, vector-like fermions can decay to weak bosons and fermions with rates

Mr g3
INOL 7 £Qe) — 2 2 2)(1 - 20911
(1/}1 — fz ) 64 COS2(9w (gv+gA) ( Tz) ( + /Tz), (3321)
) M 3.
P = WS = 2068 (e + ] (1 - rw)* @2+ 1/rw),

where @, denotes the electric charge of a fermion, r; = m?/M#% and f~' = ¢, f = v. The Z
couplings gy, 4 can be read off Tabs. 2.1 and 2.2 for all models, while the W coefficients ¢y, r
are collected in Tab. 2.3 with Clebsch-Gordan coefficients given by Eq. (3.3.10). Electroweak
decays through mixing are especially relevant for the ¢° states of model C. These can decay
via ¢ — Sv through ' if kinematically allowed, and for Mg > Mp they can only decay
through weak interactions, with different mechanisms for each type of vacuum alignment.
First, note that for V* and the vacuum-aligned flavor of V™~ rotation angles in model C
fulfill Gg > 9%, and at tree level one finds 9? = 9%0. Therefore, from the W interaction
coefficients of Tab. 2.3 one can see that the decay ¥° — ¢~W™* happens at order sin? GIC%.
Alternatively, if 9]%: is very small, mass splitting plays again a role in the decay. Note that in
model C the ¥ is the lightest state in the SU(2), doublet, with the mass splitting fulfilling

oPDG
Ameo = My — Myo = 2T sin@2my ~ 0.4 GeV. (3.3.22)

Then, mixing angles acquire a small difference 9%0 — 0% ~ 09 (Amc/MF), and the decay
¥ — £~WT* can take place through left-handed mixing angles. On the other hand, for the
non-aligned flavors k& of V', one finds H%C = 0, and the angles of the negatively charged
rotations have the opposite hierarchy Gg < Gg. Then, the wg decay as ¢2 — W, with
coefficient |cp| = sin 0§ ~ kv, /vV/2Mp.

To summarize, we have found that vector-like fermions can decay through their Yukawa
interactions k to Higgs plus lepton, and additionally in models A and C through ' to S
plus lepton if the BSM mass hierarchy allows it. The Qr = —2 states of models B and
D and the Qr = +1 states of model F must first cascade within their multiplet through
W exchange driven by SU(2);, mass splitting, leading to displaced vertices and long-lived
signatures, respectively. Electroweak decays to W or Z plus lepton are additionally allowed
by mass mixing. In the case of the Qr = 0 states of model C, where decays to Higgs plus
neutrino are prohibited, for Mp < Mg decays depend on the vacuum structure and are
driven by both mass splitting and mixing.

Scalars

The BSM scalars can decay via four different channels. Schematically, these are:
i) S — ) through the Yukawa y (for My > 2Mg, in all models and for all S;; flavors)

i1) S — GG', where G are gauge bosons, through a 1) loop (only for the diagonal com-
ponents Sj;, and absent in model E)
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i11) S — ¥, v, either through £’ (models A and C) or through mixing in the y interaction
(all models, at order Oy)

iv) S — ¢, which occurs thanks to mixing either at order ' (models A and C) or y6?
(all models)

Let us first discuss the decays which do not require mixing. For Mz > 2Mg, S — 1)
occurs in all models via the y interaction, while in models A and C the decay S — /¢, v
takes place for Mg = Mg + my, Mg 2 Mg respectively through /. These channels are

~

available for all flavors S;;. Neglecting lepton masses, their corresponding decay rates obey

_ _ M2\ 2
L(Sij = ¥, 4;) +T(Sij — £ji) = 2w Mg ( - Mg) ;

) B e V24 (3.3.23)
L(Sij = 9 5) + T(Sij — ;i) = 2may Mg <1 - M§> ;

where £ = 1 and £ = 0 correspond to the scalar and pseudoscalar parts of S, respectively.
Note that for i = j the right-hand side of Eq. (3.3.23) picks up a factor 2, while for i # j the
second term on the the left-hand side vanishes due to flavor conservation. Model-dependent
SU(2)r multiplicities in the final states are not explicitly shown in Eq. (3.3.23). For ex-
ample, in model B the S;; decay to @;21/1]._2—1—@;11#;1 —i—@?wg plus CP-conjugate final states.

The diagonal components S;; of the BSM scalars can decay through a v triangle loop to
a pair of electroweak bosons thanks to the Yukawa coupling y. The off-diagonal S;; (with
i # j) do not present this decay, as the y interaction is strictly flavor-conserving in our
setup. For the S;;, decays to dibosons take place in all models with the exception of model
E, where the ¢ are total gauge singlets. The corresponding decay rates to two gauge bosons

G and G’ read
azay %g

.. N
N(Si— GC) = 5t o

|Cacr Ay o (7). (3.3.24)
The coefficients Cqr depend on the representation of ¢ and in the limit Mg > My can
be written as

Oy = Sa(Ra) +d(Ra)Y?, Czz = Sa(Ra)tan 26, + d(R2)Y?tan?0,,,

V2 (3.3.25)
Cww = mSQ(RQ) , Czy = V2 (SQ(RQ) tan ™! Oy — d(RQ)Y2 tan Hw) ,

and the loop function reads A /»(7) = T% &+ (1 =€) f(1)) with

i) arcsin?(y/7) for 7 <1, ( )
T) = pp— . 2 3326
7% (lni\/tﬁ_rl*”ﬁ fort>1,

and 7 = MZ/4M% [87]. For model A, the reduced rates I'/(Mgay,) for the different channels
as a function of 7 are shown in Fig. 3.9 (left) for oy, = cs. One can see that the decay
channels ¥ and ¢ dominate, followed by the decay to photons. Since in model A the
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Figure 3.9. Reduced decay rates I'/(Mgay,) of the flavor-specific components of the BSM scalars
S in model A (left) and model B (right) for o, = ., see Egs. (3.3.23) and (3.3.24). Decays to
dibosons occur only for the diagonal components S;;. Solid (dashed) lines correspond to the scalar
(pseudoscalar) decays; for S — ¢ they coincide. In model A, the decay rate into Z+ lies between the
77 and vy curves, while decay rates in model B into WW and vy satisfy ['2,, > FE,Y > FEVW > ng.
If kinematically allowed, decays to fermions dominate.

Y are SU(2)r, singlets, di-W decays are forbidden, while the coefficients of the remaining
gauge boson modes obey 1 > (Cz,)? = 2tan 62 > (Czz)* = tan b,

Similarly, in models B, C, D and F, the decays S — 1% (and additionally S — ¢, v in
model C) dominate if kinematically allowed. Furthermore, the decays to W W™ are also
permitted, as the vector-like fermions carry SU(2)y charges. In Fig. 3.9 (right) we show
the corresponding reduced rates I'/Mgay, for the case of model B. The hierarchies of the
diboson modes for the SU(2)r-charged models read

15, >T2 >Thy >1%,, T9,>T0 >T9 ~Thy, (33.27)

0 >T10,>T0 >Thy, Th,>Th >Thy >Th . -
In addition, if one of the \S;; presents mixing with the Higgs with angle (3, its real part can
decay through scalar mixing at a rate Ipix = sin’® F}SLM, where F}SLM is the decay rate of
the Higgs in the SM. This concludes our discussion of S decays in the absence of fermion
mixing. Therefore, for Mg < My and within a parameter space where a,, and 3 are negli-
gible the S could potentially be a stable particle. However, the additional channels arising
from fermion mixing may lead to fast decays, as we discuss next.

Models A and C contain ' interactions. After rotations to the mass basis, tree-level decays
Sij — 6?:5;.: are allowed with couplings /64, k'6$ ~ &’ \/'%1]’\’} ,
F

These decays can be competitive with the diboson modes. For instance, in model A and for

using the angles in Tab. 3.6.

k' ~y, they dominate over S — v as long as Qf is of order 1073 or larger. The S lifetime
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is then below picoseconds, and therefore too fast to yield displaced vertex signatures unless
fermion mixing is strongly suppressed, at least by x’ Gf, K Hg < 1077 for Mg at the TeV scale.

For models B, D and F, mixing yields effects for S decays in the Yukawa interaction y:
decays of the type S — ¢ and S — ¢~ ¢'t arise at order y6 and y6?, respectively. More
precisely, in models B and F (model D) rotations of the negatively charged states induce
Sij = il (Sij = ily) for Mp > Mg. Additionally, the decays S;; — K;tff arise at order

2
ool =y () (3:3.28)
and they can constitute the leading decay channel for Mg < Mp. Unless mixing yields a sup-
pression of y 9]]-1/[ 9% ~ 1077 or smaller, using Eq. (3.3.23) one obtains below-picosecond life-
times of the S. Furthermore, the coupling (3.3.28) of the dilepton mode is flavor-dependent,
with tau-less final states presenting a stronger suppression. Therefore, scenarios are possible
where decays into dielectrons, dimuons and e®pT are slower and present displaced vertex
signatures, while those into ditaus, e*7T and u*7F could remain prompt. Moreover, an
important feature of the dilepton decay modes of the S;; is that they can yield different-
flavor and opposite-charge leptons, giving rise to LFV-like signatures, even though lepton
flavor is strictly conserved by our interactions. We shall exploit this in Chapter 4 when
building observables to look for our models at colliders.

Finally, in models with electrically neutral vector-like fermions the decays S — @?l/i are
allowed for Mg > Mp. These decays occur at order y@%M for models B, E and F and at
order £’ for model C. For model E they represent the only decay mode of the S;;, apart
from S — 91 if kinematically allowed.

3.3.4 Drell-Yan

New particles charged under the SM lead to new physics corrections to the gauge boson
propagators, which in the case of electroweak interactions can be quantified in terms of the
parameters W and Y. These are defined as [88]
3 M 1 M3
Y =a; — W (M _ p W=ay— W (BSM_p 3.3.29
a150 A2( 1 1), OéQlO AQ( 2 2), ( )
where Bj o (BIS}\Q/[) are the 1-loop coefficients of 51 and (3 in a given model (in the SM).
Measurements of Drell-Yan processes [89] allow then to constrain the scale of new physics
A ~ Mp in all our models except for model E, for which the vector-like fermions do not
couple to the weak bosons. For the remaining models, we find

Mp 2 0.1 TeV (model A), M 2 0.2 TeV (models C,D),

(3.3.30)
Mp 2 0.3 TeV (models B, F).

Constraints for models A, B and D are shown in Fig. 3.10, where we also indicate projected
limits. In model B, the bound (3.3.30) excludes matching scenarios of fixed points Bs
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Figure 3.10. Electroweak parameters Y (solid lines) and W (dashed lines) for models A, B and
D as functions of the BSM fermion mass. We show as well constraints from either LHC 8 TeV or
LEP (black), and the projected sensitivity of LHC 13 TeV (gray) [89].

and By, which can only be matched at Mprp ~ 0.02 TeV, while fixed points displaying an
asymptotically free ap remain viable. Effects from two-loop corrections in W,Y can be
estimated by employing the effective coefficients Bfﬁ instead of By in Eq. (3.3.29). For
feeble BSM Yukawa couplings, this typically induces relative changes of order 1% or less in
W, Y, which do not flip their sign.

3.3.5 Anomalous Magnetic Moments

Our BSM Yukwawa interactions contribute to anomalous magnetic moments of leptons
at 1-loop. This constitutes an especially interesting feature for new physics models, since
experimental determinations are in tension with SM predictions both in case of the muon
and the electron. In this section, we briefly review the theoretical and experimental status
of lepton AMMs and explore the parameter space for which our models can explain the
current anomalies.

From a quantum field theory point of view, anomalous magnetic moments constitute a cer-
tain contribution to loop corrections of the photon coupling to fermions, depicted schemat-
ically in Fig. 3.11 for a given lepton £. Contributions to the vertex of Fig. 3.11 can be
parametrized through the matrix element [38, 90]

_ . o*q
a(p') |ey"Fi(q?) + ie 5

- L Py (q%) 4 ie €750 qu F3(¢%) | u(p) (3.3.31)
¢

where my is the lepton mass and F; are form factors depending on the transfered momen-
tum g = p — p/, with o*¥ = %[’y“,’y’j]. At tree level in QED one obtains F7(0) = 1 and
F5(0) = F3(0) = 0. Loop corrections then give rise to scale-dependence effects of a through
F1, and can yield nonzero values for F5 and F3. The Lorentz structure accompanied by Fy
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yields corrections to the magnetic moment of the given fermion, which are precisely what
we call its anomalous magnetic moment, in the sense that they arise purely from quan-
tum fluctuations. It is worth noting that the AMM is the coefficient of a chirality-flipping
operator, as can be gathered from the Lorentz structure containing ¢#”. The form factor
F3 accompanies a similar Lorentz structure, with the crucial difference that it can only be
nonzero if the couplings present a source of CP-violation. It is connected to electric dipole
moments, which we discuss in the next section.

The classical value of the magnetic moment, ¢ = 2, is already contained in the tree-level
QED vertex. Then, it is usual to define the anomalous part (g —2), of the magnetic moment
of a lepton ¢ through the relation

(9—2)e

ap = =5 = Fy(0), (3.3.32)

which reads ay = a. /27 at 1-loop in QED [91]. From the experimental side, in the case of
the muon measurements at BNL report an AMM of [15]

as® = 11659208.9(6.3) - 10717, (3.3.33)

where statistical and systematic uncertainties have been added in quadrature 3. This entails
a discrepancy with SM predictions of [37]

Aay = aS — ;M = 268(63)(43) - 107, (3.3.34)

where uncertainties are experimental and theoretical, respectively. Adding them in quadra-
ture, the deviation from the SM adds up to 3.50, while certain theory predictions find up
to 4.10 [92, 93]. On the other hand, recent lattice determinations of the hadronic vac-
uum polarization suggest that the the anomaly could not be present [94]. This is however
in tension with electroweak data and earlier lattice studies, and therefore requires further
scrutiny [95-97|. In this work we shall use the anomaly (3.3.34) as a guideline, and explore
the parameter space in our models which is able to accommodate it. Note that, since the
AMM is determined by a matrix element rather than an amplitude, the sign of each con-
tribution is crucial in evaluating whether it alleviates or enhances the discrepancy.

In the case of the electron, direct measurements indicate [98]
a®P = 1001159652180.73(28) - 10712, (3.3.35)

Comparison with SM predictions have recently become in tension with experiment, thanks
to a recent determination of the fine structure constant using cesium atoms [14]. This yields
a difference between theory and experiment of

Aa, = a®P — a2M = —88(28)(23) - 10714, (3.3.36)

e

3This value has been rescaled using the muon and the proton magnetic moment ratio, see [37] for details.
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Figure 3.11. Quantum corrections to charged lepton couplings to photons, with incoming and
outgoing momenta p and p’, respectively.

where we again show experimental and theory uncertainties. The pull from the SM predic-
tion corresponds in this case to —2.40, and the discrepancy carries opposite sign with respect
to the muon anomaly. Furthermore, a new measurement of the fine structure constant using
rubidium atoms has been published very recently. A determination of the electron AMM
using the rubidium data yields Aa?“b = (48 £30) - 10~'*, which represents a deviation of
1.60 from the SM, and a 5.40 tension with the cesium measurement [99]. Note that the
results of both experiments yield values of Aa, which are comparable in size and error but
deviate from the SM in different directions. The origin of the discrepancy between the two
measurements remains unclear, and will require further experimental efforts [100]. In what
follows, we employ the cesium data [14] unless otherwise specified, and indicate implications
of the rubidium measurement in the case of simultaneous explanations of the electron and
the muon AMMs.

Significant effort has been invested by the theory community in order to explain the lepton
AMM anomalies simultaneously. Models have been put forward which feature new light
scalar fields [101-106], leptoquarks [107, 108], extended Higgs sectors [109, 110], supersym-
metry [111-114] or other BSM physics [115-123]. Effective field theory methods have also
been used to shed light on the subject with a bottom up-approach [124, 125]. In general,
these explanations introduce a source of violation of lepton flavor universality (LFU) which
allows for the different sizes and signs of the corrections to both anomalies. However, here
we shall argue that the electron and muon data can also be explained without an explicit
breaking of LFU, provided that a mechanism is in place which allows for different scaling
of the corrections to each AMM.

Contributions from General Yukawa Interactions

In our models, contributions to lepton AMMs arise mainly through new Yukawa couplings.
For a general Yukawa interaction between a lepton, a fermion ¥ with Qr = —1 and a
neutral scalar H described by the Lagrangian

Ly, gen = (cLPp + cpPr) LH +h.c., (3.3.37)
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the contribution through a fermion-scalar loop amounts to

2
NP _ mf 1 2 2 2 2 MF 2 9
U= Yoz, |2\ TR M /mi) o serer I(ME/mi) | (3.3.38)
where the couplings cr, r are assumed to be real, and the loop integrals in the limit m, — 0
read

3 —6t2 + 3t +6tIn(t) + 2
3(t— 1) ’

t2 —4t+2In(t) + 3
(t—1)

L(t) = Ir(t) = (3.3.39)
These are well defined for ¢ — 1, yielding, I;(1) = 1/6 and I2(1) = 2/3. A crucial feature to
note about the new physics contribution (3.3.38) is its dependence on the chiral couplings.
The first term in its right-hand side is present for any Yukawa interaction, and always
carries a suppression of m? Except for model E, which is the only model that does not
contain QQF = —1 vector-like fermions, such a contribution arises in all of our models via
Higgs exchange through the Yukawa interaction x and additionally via S exchange and
k' in models A and C, as shown in Fig. 3.12. There, the chirality flip necessary for any
contribution to the AMM is depicted to occur in an external fermion line. From Eq. (3.3.38)
one finds that in the heavy-fermion limit, which yields Iy (M2 /m?%) ~ m?% /3M#%, this new

physics contribution to the AMM of a lepton can be approximated as

2 2 2
Nle my ¢, +cgp

L + ¢k 3.4
U6 M2 16m2 (3.3-40)

where ¢z, p can be identified with either £ or £’ in our models. For real couplings, the
contribution (3.3.40) is always positive, and therefore ill-equipped to alleviate the tension
of the electron AMM in Eq. (3.3.36). For models A and C and for x ~ «/, the dominant
contribution comes from the exchange of the lightest scalar. However, note that for «’ the
three flavors of the 1); can propagate in the loop (see again Fig. 3.12), which after summing
over all flavors leads to an additional factor of Ny = 3 in the total new physics contribution
with respect to k-driven loops.

Going back to the general new physics contribution of (3.3.38), we now focus on the second
term on its right-hand side, which presents an Mp/m; enhancement. Such a contribution
is often depicted as a Feynman diagram with a chirality flip in an internal fermion line,
as shown in Fig. 3.13. For this term to be switched on, one requires ¢, # 0 and cg # 0
simultaneously. The contribution ultimately carries a suppression by only one power of the
lepton mass. Taking again the limit of heavy vector-like fermions, for which IQ(M}% / m%{) ~
m?;/M#%, Eq. (3.3.38) yields a chirally enhanced contribution of

NP* -~ my CIL.CR

~ T4 CLCR 3.41
% Mp 1672 (3.3.41)

which can be either positive or negative, depending on the signs of the ¢y r. As we shall
spell out shortly, such chirally enhanced terms only arise in models A and C and in the
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Figure 3.12. Contributions to Aay (¢ = e, u, 7) with a lepton chiral flip (cross on solid line) via h
(a) or Sy; exchange, with i = 1,2, 3, only present in models A, C (b).

Figure 3.13. Chirally enhanced contribution to the anomalous magnetic moment of a lepton /¢
through scalar mixing (cross on dashed line) and a 1), chiral flip (cross on solid line).

presence of scalar mixing. For this reason these models are the only ones which can accom-
modate both anomalies. The key observation is that, with BSM contributions displaying
universal scaling (either linear or quadratic in the lepton mass) both anomalies cannot be
explained, as depicted in Fig. 3.14. However, if BSM models present both types of contri-
butions fitting the data is indeed possible, as we detail below.

Furthermore, one might wonder about contributions to the AMMs from gauge boson ex-
change. Such contributions only arise as a consequence of fermion mixing, which enables
couplings between the 1), SM leptons and weak bosons. The 62 suppression in terms of
the mixing angle and a quadratic dependence on the lepton mass results in gauge boson
exchange yielding parametrically smaller contributions compared to scalar exchange, and
we shall neglect it here.

Accommodating Experimental Results

Let us now discuss the parameter space of our Yukawa couplings x,x’ which are able
to accommodate the anomalies (3.3.34) and (3.3.36). We begin with contributions of
the type (3.3.40) which, as we have seen, are always positive and thus cannot possi-
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Figure 3.14. Leading contributions to Aa. , from Fig. 3.13a (blue) and Fig. 3.13b (red). Band
widths represent a 20% mass splitting between BSM fermion flavors from leading loops; the hatched
region is inaccessible due to quadratic contributions being positive. The data (3.3.34) and (3.3.36)
within their 1o uncertainties is shown as well (yellow). With a universal scaling for both flavors,
simultaneous explanations of the anomalies are not possible.
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Figure 3.15. Values of a, and vector-like fermion masses that account for the (¢ — 2),
anomaly (3.3.34) for new physics contributions scaling as aﬁp ~ a,{mi /M2 (solid line) and as
ah™* ~ aymy, /Mp (dotted line), see Eqs. (3.3.40) and (3.3.41). The shaded region is excluded by

Z-data according to the bound (3.3.9). Contributions scaling quadratically with the muon mass
are generally excluded.

bly account for Aa.. Explaining Aa, with s-mediated Higgs exchange would require
oy Mp? ~ (1.44£0.4) TeV™2 in models A, C and D, and a, Mp? =~ (4.2 +1.2) TeV 2
for models B and F. Nevertheless, Z data heavily constrains the «, , M parameter space
through fermion mixing. In fact, the bound (3.3.9) rules out any explanation of Aa,, through
the Yukawa coupling x with scaling (3.3.40) in all of our models, as shown in Fig. 3.15 (solid
line), while x-driven contributions scaling as (3.3.41) are allowed (dotted line). In models
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Figure 3.16. Scalar mixing angle [sin23| as a function of Mp that explains Aa, within its 1o
uncertainty for a muon-aligned vacuum V', which yields the chirally enhanced contribution (3.3.46),
and for different values of \/a,a,/. We show as well the upper bound on § from Higgs signal strength
measurements [14]. For V* the corresponding, requisite value of |sin23’| is a factor of v/3 larger
(see Eq. (3.3.49)).

A and C, however, x’-mediated interactions remain unconstrained by Z data. In order to
follow the conventions of [24], let us rewrite this particular new physics contribution as

. Ne k2 m2 M2
af = L5y <§> , (3.3.42)
967 M M7
with loop function
3
fi(t) = 211(1/15% (3.3.43)

in terms of Eq. (3.3.39), and f1(0) = 1. In the limit M2/M% < 1, we find that the muon
anomaly can be accommodated for a Yukawa coupling

0y ~ (0.48 + 0.15) (éﬁ% > : : (3.3.44)

which demands a rather large yet perturbative coupling a, for M at the TeV scale. The
contribution (3.3.42) is however universal and positive, so one might wonder if it increases
the tension in a.. Still, the suppression by m2 in the case of the electron AMM yields
only ag/ ~ 6- 107, which represents only about 7% of Aa. and is smaller than both its
theoretical and experimental errors. Thus, we conclude that models A and C can explain
the anomaly in the muon AMM through Egs. (3.3.42) and (3.3.44) without aggravating the
status of the electron AMM. It is also worth noting that this is possible regardless of the
pattern of spontaneous symmetry breaking in the scalar sector.

Moreover, models A and C contain the necessary ingredients to present a chirally enhanced
contribution to the AMMs, of the form (3.3.41). Such a contribution also emerges in other
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NP scenarios, such as supersymmetric ones. In our models it arises through mixing in the
scalar sector, giving rise to the diagram depicted in Fig. 3.13, which presents a chiral flip in
an internal fermion line. As studied in Sec. 2.4, scalar mixing depends on the patterns V*
of spontaneous symmetry breaking in the potential V' (H, S). In the case of V~, where only
one of the diagonal components Sii acquires a VEV, scalar mixing only has an effect on
the k' terms involving a lepton and vector-like fermion of flavor k. Then, after rotations to
the mass basis the Lagrangian involving the Qr = —1 states of models A and C becomes

EE = —Ej |:(/{ sin 3 5jiPL + K’ cos B0k 5jkPR) h1

(3.3.45)
+ (K cos B8P, — K" sin 8010, Pr) hg} ¢; +h.c.,
where f is the scalar mixing angle (2.4.19) and hi, hy are the heavy and light mass eigen-
states, respectively.* Hence, comparing EE with the general Yukawa Lagrangian (3.3.37)
we can already see that for the vacuum-aligned flavor k it fulfills the requirement ¢z, g # 0
necessary to obtain enhanced contributions of the type (3.3.41). Then, neglecting the con-
tribution from the heavy scalar mass eigenstate h; and in the limit Mg > my,, the new

physics contribution to the AMM of the lepton of flavor k reads

!/
v my kK
~——— ——sin283, 3.3.46
“ oMy 1672 S0P (3:3.46)
which presents an enhancement factor %—5(%’:)1/ 2| sin 23| with respect to new physics con-
tributions such as (3.3.40), and can take either sign. Accommodating Aa. and Aa, with
Eq. (3.3.46) requires

M M
. -6 F . -5 F
|V sin 28|, = 3.4-10 Tev]” |/ Qe SIN Zﬁ]A% ~5.1-10 Tev]” (3.3.47)

which falls within the bound (3.3.9) for ay. Therefore, in V'~ either the electron or the
muon anomalies can be explained via the chirally enhanced contribution. The scalar mixing
angle 3 is constrained by Higgs signal strength measurements, which impose sin 238 < 0.2
[84]. The parameter space sin 23, Mp which allows to explain the muon anomaly is shown
in Fig. 3.16 for several values of \/a,a,s. A crucial feature of the electron-aligned V'~ is
that Aa. can be explained by fixing /o0 sin 23 according to (3.3.47), while one is still
free to choose a,r as in (3.3.44) to explain Aa,. Thus, we conclude that models A and C
can simultaneously explain both anomalies if the vacuum ground state V'~ is aligned in the
electron direction.

For the vacuum ground state V1, one finds that all diagonal components of the S;; acquire
a VEV, which leads to mixing between the three generations of scalars and the Higgs. Two
of the four mass eigenstates, which we denote hi, ho, mix the Higgs and the three s;, while
the remaining two mix only the s; amongst themselves (see Sec. 2.4 for details). Then, the

4For the sake of this discussion, we neglect effects from fermion mixing.
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BSM Yukawa terms of the Qr = —1 fermions of models A and C in the scalar mass basis
read

EE/ = — Z% |:(Ii sin ' Pr, + &' cos ' PR)h1 + (H cos B Pr, — k'sin 5/ PR)hg] l; +h.c.,

(3.3.48)
with angle 8’ given by Eq. (2.4.24). Therefore, the chirally enhanced contribution to the
anomalous magnetic moments affects all lepton flavors. Employing again the large-Mp
limit, it obeys

v+ e /

RK
af = BN Gn9p 3.3.49
4 2\/§MF 1671'2 B ( )

which again can take either sign. The parameter space required to explain Aa, is the
same as depicted in Fig. 3.16 for V™~ up to a factor v/3, which however cancels with the
factor in the angle 5’ (see again Eq. (2.4.24)). However, fixing the combination of couplings

V@0, sin 26 in order to explain the (g — 2), anomaly automatically yields electron and
tau AMMs

T

a/" = (7716/771#)a/‘j+ ~14-10711, al" = (mﬂ-/mu)a/‘j+ ~45-107%. (3.3.50)

In the case of the tau, the contribution is four orders of magnitude away from present limits
on Aa, = a — a8M [37]. On the other hand, a}" comes out of opposite sign and about
one order of magnitude larger than Aae, and is thus in conflict with data. Nonetheless, if
one fixes the contribution (3.3.49) to accommodate Aa, the corresponding contribution to
the muon AMM is roughly al‘f+ ~ —3.6- 10710, which is of the order of magnitude of both
the theoretical and experimental error of Aa,. Hence, we find that the vacuum structure
V™ can also accommodate both anomalies. This is a remarkable feature, since V' is flavor
universal, and entails that models A and C are able to explain both anomalies without
relying on any sources of lepton-flavor-universality violation.

Explaining Aa. and Aa, Simultaneously

Having seen that our vector-like lepton models can successfully explain both AMM anoma-
lies, let us explore the parameter space of these solutions in more detail. Firstly, for the
combined explanation we saw that Aa, needs to be explained via the quadratic contribu-
tion (3.3.42) through the Yukawa coupling ', which must be set approximately according
to (3.3.44). Furthermore, the electron AMM receives contributions both with quadratic
and linear scaling, and can be expressed as

! o 25 m2 m2 m2
AGNP = MMe BR SN 2P s ) _ My e A 35]
% = e s |2 M2 F2 M2 +m3 > (3:3.51)

where we have assumed that the lightest mass eigenstate hy is the 125 GeV Higgs boson,
while myp, = my is the mass of the BSM scalar mixing with the Higgs. The loop function

Falt) = 112011 (3.3.52)
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Figure 3.17. Yukawa and portal couplings which simultaneously explain the muon (blue curve)
and electron (green curves) anomalous magnetic moment anomalies within their 1o uncertainties
as functions of the vector-like fermion mass, and for Mg = 500 GeV. In the case of the electron,
we show the values of |k sin 28| /(47) which accommodate the data (3.3.36) from [14] (solid green
line) and from the rubidium measurement [99] (dashed line). Grey-shaded areas are excluded by
Drell-Yan searches, the red-shaded area indicates strong coupling. All results refer to V=, very
similar ones are found for V* (not shown). A window with vector-like fermion masses up to ~ 1
TeV and large but perturbative k' exists for which both anomalies are explained.

is positive for any ¢ and fulfills f2(0) = 1 (see Eq. (3.3.39)). Eq. (3.3.51), holds for both
vacua V*, as long as V™ is electron-aligned. The first term in its right-hand side is the
dominant one, as it scales only linearly with m., and includes contributions from both
scalars propagating in the loop. Note that for ms ~ my, the loop functions exert a GIM-
like suppression on the chirally enhanced term, which vanishes in the limit of equal scalar
masses. The second term in the right-hand side of AaYY accounts for the contribution of
the x’-loop, which scales quadratically with the electron mass, and is completely fixed by
demanding that the muon anomaly be explained.

The parameter space which simultaneously explains both anomalies is shown in Fig. 3.17
for a benchmark scalar mass of Mg = 500 GeV. We also shown Drell-Yann bounds on
the vector-like fermion masses, already computed in Sec. 3.3.4, and perturbativity limits.
In Fig. 3.17 we show as well the values of |k sin 23| /(47) needed to explain the electron
AMM computed from the rubidium measurement [99] (dashed green curve), which demands
mildly smaller couplings. Note that although the rubidium data requires Aa, > 0 it can
still be accommodated by our models, since ksin28 can take either sign. In any case, a
window where the models can explain both AMMs exists, which demands vector-like fermion
masses of at most ~ 1 TeV. Additionally, the mechanism predicts BSM contributions to

74—



the anomalous magnetic moment of the tau of
AaMY ~ (7.5+£21)- 1077 (VT),  Adlt ~(8.1+22)-1077 (VT). (3.3.53)

Finally, it is also worth noting that the BSM parameter space compatible with simultaneous
explanations of the anomalies allows for RG trajectories which display either asymptotic
safety (singlet model) or Planck safety (doublet model) [24]. This is explicitly shown in
Appendix B.2, where we present benchmark trajectories and the BSM critical surface for a
range of o, and o, (see Fig. B.2.3).

3.3.6 EDMs

As we have seen in Sec. 3.3.5, BSM Yukawa interactions contribute at 1-loop to lepton
AMMs, with scalar mixing enabling chirally enhanced contributions in models A and C.
Here, we explore implications for lepton electric dipole moments. These correspond as well
to quantum corrections of the photon coupling to fermions, with the crucial difference that
a source of CP violation is required. According to Eq. (3.3.31), the electric dipole moment
dy of a lepton is proportional to the form factor F5(0), which has dimensions of inverse
mass. The effective Lagrangian describing the EDM can be written as the dimension-five
operator

Lepm = —%de%w%FWﬁ, (3.3.54)

where F'*” is the electromagnetic field strength tensor. In the SM, EDMs can arise from
the two possible sources of CP violation: the phase in the CKM matrix and the strong
CP phase 0qcp. Leptons do not couple at tree level to any of these, which results in SM
contributions to their EDMs being heavily loop-suppressed; in fact, these arise only at
4-loop. Upper bounds on SM contributions to lepton EDMs are found to be [126]

dM<107% e cm, diM<18-107%e-cm, dPM<31-107% e em.  (3.3.55)

From the experimental side, measurements have improved immensely in the past years.
Current upper bounds on the electron and the muon EDM read

doP] <1.1-107¥e-cm,  [dSP] <1.8-107e-cm), (33.56)

according to the results of the ACME collaboration @90 % C.L. [127] and the Muon
g-2 collaboration @95 % C.L. [128|, respectively, while for taus measurements indicate
|dF*P| < 10717 [37]. Therefore, both the smallness of the SM predictions and the increasing
precision of the measurements put forward lepton EDMs as unique probes to constrain
CP-violating new physics.

Remarkably, for the general Yukawa interaction (3.3.46), lepton EDMs arise already at 1-
loop if at least one of the Yukawa couplings presents an imaginary part. The contribution
obeys [129]

dy Qr Im|cher]

e 2Mp 1672 Ja(mi /M) (3.3.57)
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according to the loop function in (3.3.52). As we saw in the previous section, models A and
C contain simultaneously non-vanishing coefficients cy g thanks to scalar mixing. Unlike
in the rest of this chapter, we now allow for small imaginary phases of the couplings
and /', which leads to contributions to the EDMs. In model A and for the V~ vacuum
ground state, the 1-loop contribution emerges only for the vacuum-aligned flavor, and in
the large-Mp limit reads

dy~ __sin2p Im[x*K/] ‘ (3.3.58)

e AMp 1672

Conversely, for the vacuum V™ EDMs are induced for all flavors. Provided that the CP-
violating phases are lepton-universal, we find instead

ay” ~ sin2p" Im[k*K]

- _ 3.3.59
e 4/3Mp 1672 7 ( )

which yields the same contribution to all flavors, predicting universal lepton EDMs. Expres-
sions for model C can be obtained by exchanging x*x’ — kx* in Egs. (3.3.58) and (3.3.59).
The electron data (3.3.56) poses the most stringent bound on BSM couplings, which must

fulfill
1

1672

2 Mp
[TeV]’

for VT or electron-aligned V. These are precisely the cases for which in the previous sec-

|sin28Im[x*K]| < 2.2-107" (3.3.60)

tion we found that the muon and electron magnetic moment anomalies can be explained,
with Aa. being accommodated via the real counterpart of (3.3.60). Therefore, the scenarios
of simultaneous explanations of the AMM anomalies can yield an electron EDM as large as
the current experimental bound. CP-violating phases, however, must yield a suppression of
at least O(107%) in order to fulfill the electron EDM bound (3.3.56). Accommodating the
(9 — 2), anomaly via chirally enhanced contributions within a V¥ ground state demands
as well suppressed phases, of 0(10*7) or smaller, to avoid the electron EDM bound. Con-
versely, for a V'~ pointing in the muon direction, or if CP phases are flavor-dependent, the
electron bound no longer applies. Instead, the muon measurement yields a bound weaker
than (3.3.60) by 10 orders of magnitude . If the muon-specific, chirally-enhanced contribu-
tion is set to accommodate Aa,, with the couplings (3.3.47), the muon EDM could then be
as large as d, ~ 2.5 - 10722 e cm, with order one phases. This is interestingly in reach of
future experiments expecting to attain a sensitivity of |d,| ~5-1072 e - cm [124].

3.3.7 Charged LFV Processes

Following flavor symmetry arguments we have so far considered only diagonal, universal
forms of our BSM Yukawa couplings x and x’. This has resulted in a setup which strictly
conserves flavor. The y interaction, although it contains a less trivial flavor structure, is
also flavor-conserving. We now consider the effects of breaking lepton-flavor conservation,
in order to see how these variants of our models can be probed by LFV processes. For
the sake of this discussion, we only allow for non-diagonal flavor patterns in the coupling
k. We then study ¢; — ¢;v and p — 3e decays, as well as u — e conversion in nuclei.
All these processes, which feature charged lepton flavor violation, are entirely absent in the
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SM. However, evidence of neutrino masses and oscillations indicates that cLF'V must occur
at some scale, with branching ratios of the different processes depending on the particular
neutrino model. Nonetheless, neutrino-mediated cLFV may also be very suppressed. For
instance, in minimal SM extensions featuring three additional generations of right-handed
neutrinos the branching ratio for u — e is found to be smaller than 107°°, as it depends on
the ratio of the neutrino mass differences with respect to the W mass [130, 131]. Therefore,
cLFV processes can also be excellent probes of lepton-flavor-violating new physics outside
the neutrino sector.

Let us first discuss ¢; — £;y decays. Measurements by the MEG experiment [130] and the
BABAR collaboration [132| indicate that branching ratios fulfill

B(u—ey) <42-10713,
B(t —ey) <33-1078, (3.3.61)
B(r — puy) <4.4-1078%,

at 90% C.L., while the MEG-II experiment expects future bounds to constrain B (u — evy) <
2-1071% [133]. We now consider contributions of the general Yukawa interaction (3.3.37) to
these processes, which in our models occur at 1-loop via the diagrams depicted in Fig. 3.18.
Firstly, if either the left- or right-handed coefficients ¢;1,, ¢;gr associated to a lepton £; vanish,
one obtains a decay rate [134]

Qe

P = 67) =g

X 2
3 CixCix
(2 = m)” i+ ) (SR8} Uy MBI, 362

where X = L, R and the loop function f; in the limit of vanishing lepton masses is given
by (3.3.43). Taking the limit Mp > mpg and m; > m; we find

* 2 5
«o CixCix m;
Ll — Ljy) ~ — | -2 L 3.3.63

(b= 67) = 575 ( 1672 ) ME (3:3.63)
Except in model E, such a contribution arises in all of our models through h exchange and
Kk, as shown in Fig. 3.18 (diagram a). The decay rate is then given by Eq. (3.3.63), with
couplings

CixCix . 1
J167r12 =) = any? Z KimKjm (3.3.64)
m

where m runs over the flavors of vector-like fermions in the loop, and my = my is the
mass of the Higgs boson. For model B, Clebsch-Gordan coefficients of the Qr = —1 states
yield an additional factor 1/2 in «. The measurements (3.3.61) then constrain the o
for i # j in terms of the vector-like fermion masses. Bounds on ok® and o are shown in
Fig. 3.19, together with projected MEG-II limits. For comparison we also show the Z-data
bound (3.3.9), which affects the diagonal components of . As seen in Fig. 3.19, u — ey
constraints (blue) are comparable to the ones from Z — ¢¢, while 7 — p7y (red) is less

constraining.® Therefore, ¢; — ¢j~y constraints do not require the off-diagonal elements

e

®Bounds from 7 — ey on a%¢ are comparable to 7 — py bounds shown in Fig. 3.19, see Eq. (3.3.61).
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Figure 3.18. Contributions to p — ey via h exchange (a), present in all models except for model
E, and chirally enhanced contribution in the case of h — s9o mixing (b), only present in models A
and C.

of k to be significantly suppressed with respect to the x;;, potentially allowing for a non-
hierarchical coupling structure.

Furthermore, in models A and C chirally enhanced contributions arise through " and scalar
mixing, as we have already seen for AMMs and EDMs in the previous sections. In diagram
b) of Fig. 3.18 we show how such a contribution arises for ;1 — e in the case of a muon-
aligned V~. For the general Yukawa interaction (3.3.46), the corresponding decay rate
reads

<m2 —m2
e

* 2 * 2
(6 — £y) =5 ZJ)IfQ(m%/M%)F[(chciL) +(Cﬂcm) ] (3.3.65)

16 mf’M% 1672 1672

where fo in the limit of negligible lepton masses is given by (3.3.52), and we have neglected
terms proportional to ¢7,c%. Note that, since f2(0) = 1, in the large-Mp limit the decay
rate (3.3.65) scales as ~ m3 /M2, which represents an Mp/m; enhancement with respect
to the purely left- or right-handed contributions (3.3.62). In this limit, and neglecting the
electron mass, chirally enhanced contributions to y — e~ in our models A and C then read
Qe (melm’ sin 25) 2 mi’L

Pl —ev) ~ 51 1672 M2’

~ 3.3.66
ol (3.3.66)

for the vacuum V'~ pointing in the muon direction. For an electron-aligned V'~ a similar
contribution arises, with decay rate given by (3.3.65) after replacing xe; — kye. Constraints
on the coupling o/, s = keyuk'sin28/ (1672) from the chirally enhanced rate are therefore
stronger than those shown in Fig. 3.19 for a)® by a factor m,,/3Mp.

In addition, cLF'V decays into three-lepton final states occur as well in our models, receiving
contributions from both penguin and box diagrams with x and x’. From the experimental
side, measurements of ;1 — eee by the SINDRUM collaboration have set the bound [135]

B(u — eee) < 10712 (3.3.67)
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Figure 3.19. Allowed regions (shaded) for a#¢, a’* and Mp from LFV decays (3.3.61). Due to
the proximity of upper limits on B(7 — ey) and B(7 — u7) only the latter is shown. The projected
sensitivity of the MEG-II experiment [133] is shown by the solid gray line. The dashed gray line
denotes the Z — fl-constraint (3.3.9). In the case of chirally enhanced rates such as (3.3.66),
bounds from a decay of a lepton ¢ are stronger by a factor my/3Mp

at 90% C.L., while future measurements at the Mu3e experiment expect a reach of B(u —
eee) < 10716 [136]. For our models, we estimate [137]

3(4%)2(13 (ah®)?

8G2. M4}

B(p — eee) ~ B(p — every) , (3.3.68)

which presents the same (ak®)? suppression as the x-mediated yu — ey rate (3.3.63). The
bound (3.3.67) then yields ai®/(Mp[TeV])? < (2—3)-10~%, which is comparable to u — ey
bounds in Fig. 3.19, yet not more excluding. In the case of 7 decays into three charged lep-
tons, present bounds are less constraining, with measurements setting upper limits on the
branching ratios at order 10~® [37]. This poses a looser constraint on off-diagonal couplings
involving taus, aZf/(Mp[TeV])? < 0.1.

Finally, p — e conversion in nuclei also poses constraints on our models. The SINDRUM II
collaboration has set a 90% C.L. limit for the conversion rate (CR) in gold nuclei of [13§]

CR(pu —e,Au) <7-10713, (3.3.69)

In our models, Z and v penguin diagrams, which are again (afi®)?-suppressed, contribute

to the conversion process. We estimate [139]

CR(u — e, Au) ~ O(10712) (%’{Z)Q ([EZ])“ 7 (3.3.70)

in close competition with © — ey bounds. The future Mu2e experiment [140], with ex-
pected sensitivity CR(u — e, Au) < 6.7 - 10717, can improve the bound from SINDRUM II
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on ak® by about two orders of magnitude.

In conclusion, the strongest bounds on the x;; stem from y — ey measurements, while
other processes are competitive yet not more excluding at present. cLFV data cannot,
however, constrain the off-diagonal entries of x to be significantly suppressed with respect
to the diagonal components x;;, limited by Z-coupling measurements. Therefore, a non-
hierarchical form of the BSM Yukawa s remains allowed, and can yield signatures in cLFV
observables within reach of future experiments.

3.4 Summary

In this chapter we have studied six models of vector-like fermions with new scalars S;;, each
presenting an extended Yukawa sector with BSM interactions k between the new fermions,
SM leptons and the Higgs. Additionally, models A and C feature Yukawa couplings ' of
the vector-like fermions with SM leptons and the new scalars (see Tab. 3.1), and all models
admit the purely BSM Yukawa y. The leading order (210) RG analysis revealed interact-
ing fixed point solutions which can, in some cases, be matched onto the SM at low scales,
resolving the U(1)y Landau pole problem. Moreover, matching scenarios exist in the ab-
sence of the BSM Yukawa vy, distinguishing our models from previous model building efforts
[29]. Beyond the 210 approximation, the models exhibit a complex pattern of fixed point
solutions, which we have analyzed from a bottom-up approach. Using full 2-loop results
(222 approximation), we found that all models present regions in the parameter space of
low-scale BSM couplings which are either Planck safe or display asymptotic safety. In some
cases, BSM trajectories are able to completely stabilize the electroweak vacuum.

Phenomenologically, Drell-Yan processes constrain vector-like fermion masses to be at least
a few hundred GeV. Thanks to their gauge or Yukawa interactions, both vector-like fermions
and BSM scalars can be produced at pp and £¢ colliders. Decays of the vector-like fermions
occur via their Yukawa interactions or to weak bosons through mixing with the SM leptons,
and for sufficiently suppressed couplings can give rise to displaced vertex signatures or long
lived states. Additionally, fermion mixing allows the BSM scalars to decay to two leptons
of different charge and opposite flavor, giving a distinct LFV-like signature which can be
used to probe the models at colliders.

Furthermore, the models offer distinct implications for 1-loop observables, in particular for
lepton anomalous magnetic moments. We find that for the models of vector-like leptons
(models A and C) both the electron and the muon g — 2 anomalies can be simultaneously
accommodated. The explanation relies on a chirally enhanced contribution to the AMM of
the electron, which requires the presence of both Yukawas x and ' and a portal coupling
in the scalar sector. The parameter space favored by data is depicted in Fig. 3.17, and
requires vector-like fermion masses to be ~ 1 TeV or below. Remarkably, the mechanism
does not require any explicit breaking of flavor universality, and yields predictions for the
tau AMM. Furthermore, allowing for a soft breaking of the flavor or CP symmetry of the
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models allows for 1-loop contributions to cLFV observables and electric dipole moments,
respectively. If the vacuum is aligned in the muon direction, we find that electron EDM
bounds can be bypassed and the muon EDM can be as large as ~ 10722 ¢ - cm. Therefore,
we conclude that models connecting the SM with heavy new physics through a mixed
Yukawa sector can constitute UV completions of the SM, and at the same time give rise to
relevant phenomenological signatures in flavor observables which can be probed at current
and future experiments.
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4 VECTOR-LIKE LEPTONS
AT COLLIDERS

In the previous chapter we saw that vector-like fermions are not only a crucial ingredient
to build asymptotically safe models but can also present relevant phenomenological impli-
cations. In particular, in Sec. 3.3.5 we showed how models of vector-like leptons (VLLs)
with additional Yukawa interactions (referred to as models A and C in Chapter 3) are
able to simultaneously explain the observed discrepancies between measurements and SM
predictions in the anomalous magnetic moments of the electron and the muon. Phenomeno-
logically, Drell-Yan processes constrain vector-like leptons to have masses of at least a few
hundred GeV (see Fig. 3.10). However, dedicated searches at colliders might constrain
the parameter space further. VLL models are especially suited for such searches as their
decay products are mostly leptonic, yielding clean signals and opportunities to look for
resonances. Using these features, the CMS collaboration has recently ruled out vector-like
lepton doublets in the range of 120 — 790 GeV at 95%C.L. in a particular tau-philic model
[141, 142|. This represents a significant improvement with respect to previous searches
at LEP, which were able to exclude heavy leptons lighter than ~ 100 GeV [143|, and by
the ATLAS collaboration, which ruled out singlet VLLs mixing with first-generation lep-
tons in the 114 — 176 GeV range at 95%C.L. [144]. Future LHC searches have the potential
to greatly improve current limits on VLL models, already by including the full run 2 dataset.

In this chapter we perform a dedicated collider study for the models of singlet and doublet
vector-like leptons described in Chapter 3, focusing on the parameter space which permits
simultaneous explanations of the electron and the muon g — 2 anomalies. Our aim is to
ascertain how current analyses can constrain the parameter space of our models and to
develop targeted search strategies at colliders. The chapter, which is based on the findings
of [145], is organized as follows: in Sec. 4.1 we review the decay and production modes of
vector-like leptons at the LHC, placing an emphasis on the effects of fermion mixing. In
Sec. 4.2, we recast constraints from the present data [141] using the transverse momenta of
the multi-lepton final states. We build dedicated observables which take advantage of the
specific features of our models, in particular the LFV-like decays of the BSM scalars .S;;, in
Sec. 4.3. We exploit the fact that, when pair produced, the VLLs present dominant decays
into 6-lepton final states which can be used to look for heavy resonances. In Sec. 4.4 we
explore scenarios beyond the g — 2 parameter space of our models, and we summarize our
results in Sec. 4.5.
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4.1 Vector-like Lepton Models

We start out with the theories of vector-like leptons ¢ described in Chapter 3, corresponding
to models A and C in Tab. 3.1. In what follows, we refer to them as singlet and doublet
model, respectively, according to the SU(2)y representations of the VLLs. We denote the
weak isospin components of the doublet VLLs by

Yrr=Whr Vo) (4.1.1)

and employ L = (v, £1)" and E = g for the SM leptons. The models also contain the
complex scalar singlets S;;, with ¢, 7 = 1,2,3. The BSM Yukawa Lagrangian of the models
in the interaction basis is given by

LY = —KLiHp; — K'Ei(S1)ijthr; — y¥riSijr; + hee.
L%l(oublet = —KEiHW)Li —r fisij@ij - Z/ELiSz’j@Z’Rj +h.c.,

where we have spelled out contractions of flavor indices. Here we put aside discussions of

(4.1.2)

the purely BSM Yukawa y, as its effects for collider phenomenology are subleading with
respect to the couplings x and «’, which directly connect the SM with new states. After
spontaneous symmetry breaking in the Higgs and S sectors, VLLs acquire mixing with SM
leptons, which affects all chiral interactions. Measurements of the Z couplings to leptons
constrain left-handed (right-handed) mixing angles in the singlet (doublet) model to fulfill

K:Uh -2
0 ~ < 0(107?), 4.1.3
T S 0(107) (41.3)

see Sec. 3.3.1 for details, and [146] for recent electroweak fits. Therefore, Z data places

constraints on &, while &/, the Yukawa coupling of the new scalars, remains unbounded. At
first order in k, electroweak and Yukawa interactions of the VLLs can be written as

K

libph — KRSt
ﬁL@DR K LRS"Yr,

inglet - 92 —
£ = oGt Gz, (

(4.1.4)
+ 95 CrSYL + gz CLy"br Zy + gw DY W,T + h-C-) ;

in the mass basis of the singlet model, where h is the physical Higgs boson with mass
my, = 125 GeV. The couplings in the Lagrangian (4.1.4) fulfill

k'K vy, K my myy
S = " =75 > = T T s =K )

where we have assumed that all flavor and SU(2); components of the VLLs have approxi-

(4.1.5)

mately the same mass Mp. For the doublet model we find instead

ouble =, — g : = — )
Ligblet = —e iy Ay =2 [(25in? 0, — DI Y + 9094 2,

+ <92 @Z,TW#%Z)OW#— _

K

7 — 17 - /- 0 Vi
\/éfRTZ)Lh—I{fLS¢R—HVS(ﬁR—}—gstSER (4.1.6)

V2

+ 92 Lry" Zu + gw LRy VR W + h.c.> ,
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where the couplings obey

K'k v, K myz mw (4.17)
= ———, = ——, = —RkK—. 1.
gs V2 My 9z V2 Mp gw

Note that the vertex vy#, W; is subleading, as it arises only at order xy, (see Sec. 3.3.1
and the angles in Tab. 3.6 for details).

In order to successfully explain the muon magnetic moment anomaly, the parameters &',
Mp and Mg must allow for the contribution to (¢ — 2), in Eq. (3.3.42) to accommodate
the data (3.3.34), which leads to the condition

H/2 m2 M2
Aa,, = = N 4.1.8
m 39,72 M}% fl <M}27> ) ( )

with fi given by Egs. (3.3.43) and (3.3.39). Unless otherwise specified, throughout this work
we use the above condition to fix x” in terms of benchmark masses My and Mg. For instance,
setting Mg = 500 GeV and Mp = {100,500,1000} GeV requires k' ~ {3.6,6.5,10.4}, re-
spectively. Furthermore, the coupling x allows to explain Aa. by enforcing that the chirally
enhanced contribution (3.3.51) coincide with the data (3.3.36). This contribution, however,
involves couplings of the scalar sector as well, providing more freedom in the choice of . In
this chapter, we fix the ratio between couplings as £ = ex’ and choose € = 1072, which for
the considered parameter space allows to fulfill the Z-data bound (3.3.9). Moreover, once
the hierarchy between BSM Yukawas is set all branching ratios are independent of x and «’.

Production of the VLLs at pp colliders occurs via quark fusion and s-channel electroweak
bosons or Higgs (Fig. 3.7, diagrams a, b and ¢). Additional single-production channels arise
through mixing, with a VLL being produced alongside a lepton of its same generation (see
Fig. 3.8). Note that W-mediated channels are only possible for the doublet model. Together
with larger particle multiplicities, this leads to higher production cross sections in the case
of the doublet model. Single- and pair-production cross sections for the VLLs at the LHC
for a center-of-mass energy /s = 13 can be found in Fig. C.3.1 in Appendix C. For VLLs
around the TeV scale, we find pair-production cross sections at the order 10~4 pb, while
single-production is mixing-suppressed and occurs only at order 10~7 pb.

After production, the VLLs decay promptly to a scalar and a lepton through their Yukawa
interactions or to a weak boson and a lepton through mixing. The rates of all possible
decays in the singlet model read

- 2\2
M
T(ys — S507) = K225 (1= 1%)?,
?\3” (4.1.9)
F
P = W) = gy g (1=’ (2+ 1/rfy),
D~ 267) = g o (=32 4 1/r3),
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where rx = mx/Mp. Corresponding branching ratios are shown in Fig. 4.1 (left) for a
range of VLL masses Mpr and for Mg = 500 GeV. As soon as the S can be produced on
shell, and for large «/, the decay 1; — Sij Ej_ dominates over the rest of channels, which
are r-suppressed. Quantitatively, for large Mp the decays through the S;; dominate over
Higgs-mediated decays (decays through weak bosons) as soon as &' > r/v6 (k' > k/V/3).

For the doublet model we find decay rates

(Y, — )=k 647( )2,
_ _ Mp
F(wl — sz g] ) = /43/2327(1 — T%)2 y
M
Ty — Sjiv;) = ,4237F(1 —1r2)2, (4.1.10)
Y8
_ _ Mp
T(g; = ZL7) = g 327(1 —r7)?(2+1/r%),
Mp

D() — WHer) = g%vﬁ(l — &) 24 1/r)).

Branching ratios for the decays of the )~ and the v°, displayed in Fig. 4.1 (right), show
again a dominance of the decays to S plus lepton for both SU(2); components as soon
as Mp > Mg. In both models, the S;; can decay to ¢ plus lepton (for Mp < Mg),
to a diboson pair (only in the case of the diagonal components Sj;), to a VLL pair (for
2Mp < Mg through y) and to a dilepton pair via mixing (with coupling gg), as discussed
in detail in Sec. 3.3.3. The dilepton channel is available for all BSM mass hierarchies, and
dominant over decays to dibosons unless mixing is very suppressed. In what follows, we
assume that the BSM scalars decay entirely to dileptons, while other modes are negligible.

Then, the dominant decays of the VLLs through the S;; read
wa%gegﬁq,@@m

b = Sjily = L7 e, YY) — Sjiv; — £ € vy, (doublet)

(4.1.11)

Note that the decay chains (4.1.11) are strictly flavor-conserving, since the S;; carry flavor.
Nonetheless, for ¢ # j they can decay to two leptons of opposite charge and different flavor
(OCDF), yielding an LFV-like signature. Hence, if the VLLs are heavy enough to decay to
on-shell BSM scalars, one can use dilepton invariant masses of OCDEF leptons to look for
resonances around the S mass. This provides a unique opportunity to specifically target
the features of our models, and distinguish them from other theories of vector-like leptons
such as [124, 142, 147-149|.

Decays via (4.1.11) result in purely leptonic final states, while decays to weak bosons or
Higgs can produce either leptons or jets. In the rest of this work, we focus on final states
with at least four light leptons (4L), where a light lepton is a muon or an electron, as
has also been studied in the CMS analysis [141]. In the case where the VLLs are pair
produced and decay through (4.1.11), only certain flavor configurations can give rise to a
4L final state, which we have collected in Tab. 4.1. Note that, in the doublet model, if pair
production involves a ng flavor conservation entails that the final state cannot contain four
or more light leptons.
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Figure 4.1. Branching ratios of on-shell decays of the VLLs as a function of their mass in the
singlet model (left) and the doublet model (right), with scalar mass Mg = 500 GeV. For Mp < Mg,
only electroweak and Higgs-mediated decays are possible, and the rates are independent of x, x’.
We fix k = 1072 «/, and therefore the branching ratios at leading order do not depend on ' either,
even in the Mg > Mg range. For the BSM mass hierarchy Mr > Mg, decays of the VLLs through
the S;; are dominant in both models; increasing the ratio x/x" would enhance the branching ratios
of electroweak decays.

State Decay modes
57) eete , e putu, e 7™
X pptpT, pTeteT, pmrtrT
§’) TmeteT, Tt
3 e etve, e pty,
9 poptvy, pmetve

Table 4.1. Flavor configurations of the decay products of VLL decays through the S scalars (see
Eq. (4.1.11)) which can give rise to a final state with at least four light leptons.

4.2 Constraints from CMS Data

In order to study the production of VLLs at the LHC and their subsequent decays into 4L
final states, we use FEYNRULES [150] to compute tree-level Feynman rules for our models.
We then create UFO models [151], and use these as input for the Monte Carlo generator
MADGRAPH5 aMC@NLO [152] to generate samples of 5 x 10* events. In the event gener-
ation we include all processes which yield a 4L final state (see Appendix C.1 for technical
details). We obtain event samples for a set of benchmark masses Mp and Mg, with the
coupling ' fixed according to Eq. (4.1.8), and again fixing k = ex’ with ¢ = 1072, In
order to compare our results with experimental bounds from the CMS search [141], we
then compute the scalar sum of the transverse momenta the four light leptons with the
largest transverse momenta, L7, for an integrated luminosity of 77.4 fb~!. In the rest of
this section, we review the decay chains yielding 4L final states and go on to present the
constraints on the BSM masses Mp and Mg stemming from L distributions.

— 86 —



4.2.1 4L Multiplicities

We now explore which decay chains can give rise to final states with at least four light
leptons. Such final states can arise both from single and pair production of the VLLs, since
the former occurs in association with a lepton. For the decays through the S;;, the different
flavor configurations contributing to the 4L final state were already collected in Tab. 4.1.
Taking into account all possible decays of the VLLs, the decay chains which yield a 4L final
state in the singlet model are

pp — Vi — fﬂjeﬂ;e;e; for i,7,k =1,2,3, (20)

pp — Vi — f;qujc__]ﬂ;f,; for i,k =1,2, (15 x 4)

pp = Yithy = LT vy for i, =1,2, k= 1,2,3, (12)

pp — Yi; — Viﬁfﬁ;rﬁj_ﬁgﬁk fori,j,k=1,2, (8) (4.2.1)

pp — Yi; — E;Diﬁjﬁj_ﬁ;:l/k fori,j,k=1,2, (8)

pp — ili — Ei_fjfj_ﬁj fori,j=1,2, (4)

pp — ils — 8?5?6;(; fori,j=1,2, (4)

where we have indicated the multiplicity of each decay chain between parentheses. The
allowed values of the lepton flavor indices i, j, k are also indicated, and for quarks these
can take values ¢; = u,d, ¢, s,b. The first decay chain in (4.2.1) is especially relevant, since
it represents the only channel yielding a 6-lepton final state. Only in this case two taus
can be produced alongside four light leptons. Hence, 13 production only contributes to the
4L channel via this decay chain. In the doublet model, single and pair production of the
negatively charged component lead to 4L final states following (4.2.1), with the exception
of the W-mediated decays ;" — Vifjﬂj, which in the doublet model are subleading and
not taken into account for our study. Moreover, when the ¢° are produced additional 4L
final states arise through

pp — 1/1?@? — Vj?kéjﬁi_ﬁjﬁlz fori,5,k=1,2, (8)

pp = U0y = GG for ik =1,2, (8)

pp = W0 = Ol for i gk =1,2, (8) (4.2.2)

pp — U = GGl for ik =1,2, (15 x 4)

pp — zﬂ?wf — ﬁi_ﬁfajqﬂ:&; for i,k =1,2. (15 x 4)
Production cross sections of the 4L final states through the channels (4.2.1) and (4.2.2) are
shown in Fig. 4.2 for both our models (red curves) and third-generation VLL models such
as [142] (blue curves). Cross sections are larger by roughly two orders of magnitude in our
models due to a higher multiplicity of 4L final states, and are further enhanced when the

VLLs are heavy enough to decay to on-shell S;;. As studied in the previous section, these
decays are dominant when kinematically allowed and yield purely leptonic final states,
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Figure 4.2. Production cross section of 4L final states at a pp collider with /s = 13 TeV in the
singlet (left) and doublet model (right) in terms of of the VLL mass, with Mg = 500 GeV. The
red curves correspond to the VLL models (4.1.4) and (4.1.6), while the blue curves correspond to
third-generation VLL models such as [142]. In general, cross sections are larger in our models due
to higher multiplicities of the 4L final states. Moreover, for Mr > Mg the additional S-mediated
decay channels of the VLLs further enhance the cross sections.

populating the 4L channel. This can be observed in Fig. 4.2 through the peak around
the benchmark scalar mass Mg = 500 GeV. In general, 4L, production cross sections are
higher in doublet models by at least one order of magnitude, due to additional W-mediated
production channels and higher 4L, multiplicities.

4.2.2 L7 Distributions and CMS Constraints

The analysis of the transverse momenta distributions in the CMS study [141] allowed to
exclude doublet VLL masses in the 120 — 790 GeV range at 95%C.L. We now compute these
distributions for the 4L channel in our VLL models, scanning over a range of BSM masses
Mg and Mg, and after performing a fast detector simulation we compare our results to the
limits set by CMS (see [145] and Appendix C.1 for details). Our findings are summarized
in Fig. 4.3, where we show the points in our parameter space which are allowed by data
together with schematic regions of exclusion. For the doublet model, we find that masses
above ~ 800 GeV are excluded, in line with CMS limits. Due to smaller cross sections, no
hard lower limit on the VLL masses is found for the singlet model. In both cases, we find
that regions around the Mg ~ My line are excluded, owing to the enhancement of cross
sections around the S resonance. In Fig. 4.3, the green dotted line shows the perturba-
tivity limit of the coupling «’, which is fixed according to Eq. (4.1.8) to explain the g — 2
anomalies and becomes large for heavy BSM particles. Note that, even though both models
allow explanations of the AMM anomalies through the same parameter space of Yukawa
and scalar couplings [24], doublet VLL masses are significantly more constrained by present
data.

From amongst the scanned masses which avoid present bounds we have selected three
representative benchmarks for each model, marked in yellow in Fig. 4.3, which we use in
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Figure 4.3. Excluded and allowed values of the VLL mass My and the BSM scalar mass Mg for
the singlet (left) and doublet model (right). The coupling «’ is fixed for each point to explain the
(9—2), anomaly using Eq. (4.1.8); the onset of non-perturbative £’ values is indicated by the green
dotted line. For the points marked as allowed, all bins in the distribution of Ly (the scalar sum of
the transverse momenta of the four light leptons with the largest transverse momenta) fall within
1o of the central values measured by CMS [141]. Allowed points marked in yellow are used as
benchmarks to study the observables described in Sec. 4.3, and their Ly distributions are displayed
in Fig. 4.4.

the following sections to exemplify our analysis strategy. For each model, the benchmarks
include at least one case where Mr > Mg and another with Mg > Mpg. The corresponding
L distributions after hadronization and detector simulation are shown together with CMS
constraints in Fig. 4.4, where we observe that for each bin VLL contributions do not surpass
the experimental 1o limits. Fig. 4.4 also shows the L7 distribution of the dominant SM
background processes of ZZ, triboson and ttZ production. In the ZZ channel we include
contributions from pp — v*v*,v*Z and ZZj, as well as gg — ZZ. The latter is induced
at lowest order at 1-loop, but represents ~ 15% of the SM ZZ background [153]. Final
states with a jet are included via multijet merging in PYTHIAS [154]. We find that
our background simulation is in reasonable agreement with that of CMS in all the bins
of the Lp distributions, even though small differences are present. These are, however,
expected: we perform leading order computations and employ the publicly available fast
detector simulations, in contrast to the more involved analysis performed by CMS in which
background distributions are fitted to control region data.

4.3 Observables and Null Tests

So far the study of transverse momenta distributions allowed us to constrain the param-
eter space of BSM masses through experimental constraints from [141]. In this section,
we present observables beyond L7 which specifically target the features of our models and
allow to reconstruct masses of the VLLs and the S scalars. The new observables consist
of the dilepton invariant masses moy and moy diff, which allow to search for BSM scalar
resonances, and the three-lepton invariant masses ms, and mgy _diff, which target the VLL
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Figure 4.4. Scalar sum of transverse momenta Ly in the singlet (left) and doublet model (right)
after detector simulation. Distributions are shown for several benchmark masses of vector-like
fermions and BSM scalars (dashed curves), and for SM background processes (solid green area).
An integrated luminosity of 77.4 fb~! and a bin width of 150 GeV have been chosen in order to match
CMS data from [141], also displayed at 1o (black points and hatched region). We have included as
well the control region veto of two dilepton pairs with invariant masses 76 GeV < mqy, < 106 GeV.
For both models, the displayed benchmarks fall within 10 CMS constraints, and correspond to the
highlighted yellow points of Fig. 4.3. The observed small differences between our simulation of the
SM background and the CMS data are expected, as CMS uses a data-driven background estimation
not publicly available.

mass. The ' diff’ observables contain at least one invariant mass built out of two OCDF
leptons, which in our models arise from LFV-like decays of the S;;. Therefore, they are
designed to hunt for resonances of the BSM scalars (in the case of mg, diff) or the VLLs
(m3e_diff) while suppressing contributions from SM background!. Schematically, the four
observables we propose are computed as follows (see Appendix C.2 for a detailed account
of the algorithms):

mop: for each 4L final state, two invariant masses are added to mgy. These can come
from two leptons of opposite charge and same flavor (OCSF) which reconstruct to
a Z boson or Higgs, or from two jets or two taus which reconstruct to Z or Higgs.
Additionally, we add to mep, pairs of dilepton invariant masses either of OCSF or
OCDF leptons which do not reconstruct to SM particles but coincide. This last step
allows to reconstruct the S scalars without prior knowledge of their mass, and requires
VLLs to be pair produced and decay through the BSM scalars.

moy_diff: a pair of dilepton invariant masses, where at least one of the invariant masses is
constructed out of two OCDF leptons, are added to the observable if they coincide.
Therefore, the mq,_ diff targets decays of the type S;; — K;Ej for i # j.

!The ’°_diff’ observables can in principle be used to search for general models with heavy particles
decaying to leptons of different flavors, as long as the BSM states can be pair produced at the LHC.
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msy: for each 4L final state we start from the dilepton invariant masses added to msgy, and
pair each of them with another lepton in the final state. If a dilepton invariant mass
contains OCSF leptons, we require that the paired lepton also be of that same flavor.
If the dilepton invariant mass was computed out of two OCDF leptons, we require
that the paired lepton be OCSF with respect to one of the leptons in the dilepton
invariant mass. We add the subsequent three-lepton invariant masses to mgy if they
coincide. This allows to reconstruct the masses of the VLLs.

mge_ diff: similar to mgy, but in this case we start out from the dilepton invariant masses added
tomoy diff. Hence, mg, diff allows to reconstruct VLL masses in the case where both
VLLs decay through the S;; and at least one of these undergoes an LFV-like decay.
Only 6-lepton final states contribute to mg, diff, and imposing flavor conservation
within the hypothesis of our models always allows to group the final-state leptons
correctly to reconstruct VLL masses.

We compute the above observables for the benchmarks highlighted in Fig. 4.3 for an inte-
grated luminosity of 150 fb~!, corresponding to the full dataset of run 2 at the LHC [155].
Results are shown in Figs. 4.5 and 4.6 for the singlet and doublet model, respectively. In
the case of mop and myy  diff, we observe that in benchmarks where on-shell S production
is possible peaks around Mg with O(10) events arise, giving clear signals of the presence of
the BSM scalars. For the benchmarks where the VLLs are lighter than the BSM scalars,
distributions peak around the electroweak boson resonances but do not rise above the SM
background. However, bins where the SM background is absent receive contributions as
well. Higher luminosities would benefit these scenarios, making the tails of the distributions
more visible. Note that the observable mq, diff is in principle a null test of the SM, since it
requires at least one LFV-like decay to take place. Nevertheless, a large SM background in
the low-mass region can give rise to pairs of coincident dilepton invariant masses which are
incorrectly reconstructed as two BSM scalars. Therefore, the SM background is suppressed
with respect to mgy but not completely absent, as can be seen in Figs. 4.5 and 4.6.

Furthermore, the three-lepton invariant masses ms; and mgy diff clearly peak around the
VLL mass in benchmarks where Mp < Mg. This effect arises due to lower VLL masses
requiring a smaller x’ coupling to accommodate the g — 2 explanations, which leads to nar-
row resonances of the VLLs. However, in these benchmarks the VLL peaks in mg, diff are
fairly suppressed, since on-shell S production is forbidden. For higher values of s’ the VLLs
present faster decays, leading to broad resonances which can however reach O(1) events in
some bins. This can be seen for the ms, and mg, diff distributions of the benchmarks with
Mp > Mg (black curves in Fig. 4.5 and blue and black curves in Fig. 4.6).

Finally, the mg, diff distribution presents the advantage of being completely background-
free, thanks to strict flavor-conservation conditions imposed on the 4L final state together
with the requirement that an LFV-like decay take place. Therefore, the observable is an
excellent null test of the SM. The trade-off is however a depletion of both broad distributions
and peaks around the VLL masses. Hence, the observables would again greatly benefit from
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Figure 4.5. Dilepton invariant masses moyg, moe _diff, mae, and mg, diff (see Sec. 4.3 for details)
for the singlet model and for different benchmark masses of the VLLs and the BSM scalars. The
distributions are shown for /s = 13 TeV and a luminosity of 150 fb~!. For the benchmarks with
Mp < Mg (blue and red), VLLs decay mostly to electroweak bosons or Higgs and no peaks around
the S mass arise in the dilepton masses, while VLL resonances are clearly visible in the three-lepton
invariant masses. For the benchmark with Mp > Mg (black), decays through the S scalars are
dominant, yielding clear peaks at the scalar mass in mqy and mo, diff, while a large value of '
yields a broad VLL resonance in ms; and mge diff. The latter presents a complete suppression of
the background, resulting in a null test of the SM.

higher luminosities. To exemplify this, we have computed our set of observables for the
studied benchmarks at /s = 14 TeV and future HL-LHC luminosities of 3000 fb~! [155],
which we present in Fig. C.3.2 in Appendix C. We observe that the enhanced luminosity
yields peaks with up to O(103) events, improving the opportunities of discovery.

4.4 Benchmarks beyond g — 2

In Sec. 4.3 we developed novel observables targeting the features of our models, and com-
puted their distributions for several benchmark BSM parameters compatible with lepton
AMM data. In this section, we focus on the singlet model to explore scenarios beyond the
g — 2 explanations, no longer fixing £’ according to Eq. (4.1.8). Since the g — 2 benchmarks
already present a rather large «/, we choose instead the lower value x* = 1. The coupling
K, restricted by Z-data, is fixed to x = 1072 as in the rest of this chapter. Note that, for
vanishing " but y # 0, the decays 1) — S¢ and S — £¢' can still occur, arising at order y6
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Figure 4.6. Dilepton invariant masses mag, moy_ diff, msy, and mge_ diff (see Sec. 4.3 for details),
for the doublet model and for different benchmark masses of the VLLs and the BSM scalars. The
distributions are shown for /s = 13 TeV and a luminosity of 150 fb~!. Features depending on the
BSM mass hierarchy identified in Fig. 4.5 apply.

and y6%vy, /Mgy, respectively, where y, is the lepton Yukawa. This holds as well for other
models of vector-like fermions considered in Chapter 3, where ' interactions are absent. In
this case, however, the constraint (4.1.3) on the mixing angle 6 severely suppresses contri-
butions to the 'diff’ observables.

Having fixed the BSM Yukawas to ' = 1,k = 1072, we study the benchmark BSM
masses already employed in Sec. 4.3. Results for the corresponding Lt distributions af-
ter hadronization and detector simulation are shown in Fig. 4.7 together with limits from
CMS [141]. We observe that, for the two benchmarks with lower VLL masses, all Ly bins
still lie within experimental bounds, while for the Mr = 800 GeV benchmark high- L7 bins
are in tension with data. This is due to the lower value of £’ yielding a narrower VLL res-
onance, which leads to more events in the high- L region. For this reason, we have chosen
another benchmark, with Mr = 900 GeV, which is in agreement with CMS bounds (pink
curve in Fig. 4.7). The higher VLL mass yields in this case a lower cross section, which
compensates for the resonance effect. We therefore choose the Mpr = 900 GeV benchmark,
together with the Mp = 300,600 GeV benchmarks, to compute the set of new observables
described in Sec. 4.3.
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Figure 4.7. Scalar sum of transverse momenta Ly after detector simulation in the singlet model,
for different masses of vector-like fermions and BSM scalars and for SM background processes,
with " = 1. Results are shown for an integrated luminosity of 77.4 fb~! and a bin width of
150 GeV together with CMS data from [141] at 1o (black dots). For ' = 1, the Mp = 800 GeV,
Mg = 500 GeV benchmark (black curve) is excluded at 1o, in contrast to the allowed benchmark
with the same masses and larger x’ shown in Fig. 4.5. A benchmark with higher Mp = 900 GeV is
allowed for k' = 1 (pink curve).

Results for the new observables are shown in Fig. 4.4. In the case of the dilepton invariant
masses mop and mep _ diff, we observe a similar pattern with respect to the g—2 benchmarks
studied in Sec. 4.3: when the scalars can be produced on shell, peaks around the S mass are
clearly visible (in this case with O(10) events), while for for Mp < Mg resonances remain
below SM background contributions. Furthermore, in the three-lepton invariant masses mgy
and mg, diff the effects of narrower VLL resonances due to smaller x’ are clearly visible,
with all benchmarks peaking at the VLL mass. In the cases where Mr < Mg, the observable
mgy is the optimal one, since peaks rise well above SM background. For My > Mg, ms, diff
presents the advantage of the SM background being entirely suppressed, while the VLL
resonance is nearly as populated as in mg, diff . This results from the fact that in this
case the VLLs decay almost entirely through the BSM scalars, populating both three-lepton

invariant masses similarly.

4.5 Summary

In this chapter we have explored LHC signatures of asymptotically safe models of vector-
like leptons with an extended scalar sector. We have focused on the parameter space which
allows the models to accommodate the muon and electron anomalous magnetic moment
anomalies simultaneously through new Yukawa interactions. For each model, we have gen-
erated samples of events in which VLLs are produced and decay to at least four light leptons
(electrons or muons). This allowed us to study the transverse momenta Ly of the final state
and compare it to current CMS data [141], identifying regions in the parameter space of
BSM masses and couplings which are already in tension with data. These results are sum-
marized in Fig. 4.3, which shows that for the doublet model masses below ~ 800 GeV are
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Figure 4.8. Dilepton invariant masses maog, moe _diff, mae, and mg, diff (see Sec. 4.3 for details)
for the singlet model with fixed &’ = 1 and for several benchmark masses of the VLLs and the BSM
scalars, at a luminosity of 150 fb~! and /s = 13 TeV. Lower values of x’ in comparison to the g — 2
benchmarks shown in Fig. 4.5 lead to narrower VLL resonances, which become visible for all BSM

masses in mge and mg, _ diff.

excluded, but lower masses (at least as low as ~ 300 GeV) are still allowed for the singlet
model. In both cases the regions with similar BSM scalar and VLL masses are ruled out as

well.

Next, we have built novel observables which target the features of our models, in particular
the LFV-like decays of the VLLs through the scalars S;;. The observables consist of the
dilepton invariant masses moy and mo, diff and the three-lepton invariant masses mgy and
mse_diff. Using our event samples and a luminosity of 150 fb~!, we have computed their
distributions for several benchmark BSM masses which were found to be allowed in the Ly
analysis. As seen in Figs. 4.5 and 4.6, the dilepton invariant masses clearly show peaks
around the BSM scalar mass, with moy diff presenting a more suppressed SM background,
while the three-lepton invariant masses mg, and mg, diff allow to reconstruct the VLL
masses. In the case of mz,_diff, the requirement that at least one scalar S;; undergo an
LVF-like decay entirely suppresses the background, making it a null test of the SM. A higher
luminosity would greatly benefit the observables, with peaks potentially reaching O(10?)
events at HL-LHC luminosities, as seen in Fig. C.3.2. Lastly, we have explored benchmarks
with smaller BSM Yukawa couplings, going beyond the g — 2 parameter space. We found
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that in these cases the VLL resonances can be narrower, yielding higher peaks in the mg,
and mg, diff distributions.

In conclusion, we have shown that our class of VLL models is already constrained by present
data, while targeted observables provide unique opportunities to detect BSM particles and
distinguish mass hierarchies. Moreover, the LFV-like signature specific to our models allows
to build null tests of the SM, where the background is completely absent.
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5 FLAVOR FROM RUNNING
IN U(1)x MODELS

The evolution of gauge and Yukawa couplings typically presents logarithmic dependence on
the energy scale, making it difficult for large hierarchies to arise as a consequence of the
renormalization group flow. However, in certain scenarios the running can abandon its log-
arithmic behavior and present a steeper evolution, making significant RG-induced changes
in the couplings possible. It is then natural to wonder whether these effects can induce
large hierarchies amongst the couplings of a theory, in particular within the flavor sector.
The idea of using RG effects to explain flavor patterns is an early one [12], and it generally
requires a mechanism to steer Yukawa couplings away from the logarithmic regime. Exam-
ples have been put forward in the context of a nearly scale-invariant gauge coupling [156]
and in supersymmetric theories through the coupling of the SM to a conformal field theory
[9, 10]. Recent works propose the generation of RG-induced hierarchies between the up and
the down sector thanks to hypercharge differences and universal shifts in the S-functions
of gauge and Yukawa couplings, with a possible origin in asymptotically safe gravity [11].
Further studies also employing quantum gravity assumptions can accommodate flavor pa-
rameters, but fail to generate large ratios between couplings through the running [23].

In the case of asymptotically safe gauge-Yukawa theories a steep running emerges from the
UV fixed point, with couplings abandoning their logarithmic flow. In particular, for asymp-
totically free Yukawa couplings the evolution follows the pure power-law behavior (2.1.26).
Then, if the exponents of this flow are different for each fermion species and generation,
Yukawa couplings can acquire large hierarchies throughout their running. To this end, a lo-
cal symmetry with non-universal charges is paramount. Here we explore a simple realization
of such a scenario, where the SM is extended with a non-universal U(1) gauge interaction.
This chapter, which is based in ongoing works [74], is organized as follows: in Sec. 5.1 we
show how ratios of Yukawa couplings can become sizable throughout the running, thanks to
the presence of a UV fixed point and generation-dependent charges. In Sec. 5.2 we propose
a concrete model which contains the necessary ingredients for RG-induced hierarchies in
Yukawa couplings to arise, and discuss possible scenarios of quark mixing. Benchmarks
which can reproduce the values of physical parameters of the flavor sector of the SM at the
order of magnitude are discussed in Sec. 5.4. Phenomenological implications are worked

out in Sec. 5.5, and in Sec. 5.6 we summarize.

5.1 Hierarchies from Running in U(1) Extensions

Let us start by considering a minimal scenario where the SM is extended by a new U(1)x
gauge symmetry. Generally, we would like the SM fermions to be charged under the new
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gauge group, in particular with non-universal charges. This will allow U (1) x interactions to
contribute differently to the anomalous dimensions of Yukawa couplings of each generation.
An important constraint on the charges that fermionic fields can carry under the new sym-
metry is encoded in triangle diagrams with three gauge bosons as external legs, where
charged fermions propagate in the loop. If the matrix element of a given triangle diagram
does not vanish, gauge symmetries are not conserved at a quantum level, yielding gauge
anomalies. In the SM all gauge anomalies cancel, with a notorious case being the U(1)3.
anomaly, which vanishes in a non-trivial manner. Note that any G® anomaly of a non-chiral
group G always vanishes, owing to contributions of right- and left-handed fermions yielding
an opposite sign.

In U(1)x extensions without any additional matter content gauge anomalies are directly
canceled if the new charges of the SM fermions coincide with the values of their hypercharges
(see for instance [38] for details). Further scenarios become possible when new charged
particles are added to the SM. To this end, we choose to extend the SM with three right-
handed fields, denoted by N;, which we take to be total SM singlets and carry charges under
the new symmetry. Then, the anomaly cancellation conditions which are not automatically
fulfilled can be written in terms of the fermionic U(1)x charges X as [157]

UM% = D [2(XF +3X3) — (X§+ X3 +3X{5 +3XD)] =0, (5.1.1a)

UL x Uy : Y[ - XP+ X4+ Xp —2X5 + Xp] =0, (5.1.1b)
1 1 4 1
1 12 - X4+ -Xo-Xp—-Xy—=-Xp| = 1.1
Ux x UOR = 3330+ %0 - Xi = 3 Xu ~ 3Xo| =0. 5.110)
SU@)7 xU(L)x @ > [XL+3Xq] =0, (5.1.1d)
SUB)E xU(l)x Y [2Xg— Xy —Xp| =0, (5.1.1e)
grav? x U(l)x @ Y [2(X +3Xq) — (Xp+ Xy +3Xy +3Xp)] =0,  (5.1.1f)

where the sums run over all flavors, and we have substituted the SM hypercharges according
to their values in Tab. 1.1. Let us now consider a few simple solutions of Eq. (5.1.1). First,
assume that the anomalies cancel per generation, as is the case in the SM. In that case,
Eq. (5.1.1d) immediately requires X; = —3X¢. Additionally, the conditions

Xp=Xp=Xy, XoH=X,=Xp, (5.1.2)

that is, all quark and all lepton fields carry the same U(1)x charges, allow to cancel all
remaining equations in (5.1.1). However, the requirement X, = —3X¢ invariably leads to
larger U(1)x charges (in absolute value) in the lepton sector. As we shall argue in Sec. 5.4,
this can pose challenges when building models with RG-induced hierarchies, as the running
of the U(1)x coupling will enhance the Yukawas of the leptons with respect to those of

!The case where charges of quarks and leptons are universal, with Xg =1/3 and X = —1, corresponds
to U(1)p—r solutions.
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the quarks. Abandoning the restriction of anomaly cancellation per generations leads to
another set of solutions obeying

> Xi=0, (5.1.3)

which together with (5.1.2) allows to fulfill all the conditions (5.1.1). In the limit of de-
generate fermion masses, Eq. (5.1.3) ensures that no kinetic mixing between U(1) gauge
bosons is induced at 1-loop [158]. Finally, note that the presence of additional fermions
with vector-like charges would not spoil anomaly cancellation, since right- and left-handed
fields contribute terms with opposite signs.

In the remainder of this chapter, we assume that SM fields follow the vector-like charge as-
signment (5.1.2), with each generation carrying different charges which fulfill as well (5.1.3),
while the Higgs field is uncharged under the new symmetry. Then, gauge invariance allows
only for diagonal terms in the SM Yukawa matrices Y,, 4, and the additional Yukawa cou-
pling LY, NH of the neutrino sector must also take a diagonal form. Within this minimal
scenario, we now envision a situation where a gauge-Yukawa fixed point exists at which all
SM Yukawas as well as the Y, vanish. We further assume that the gauge-Yukawa fixed point
is negotiated by an entirely BSM Yukawa y (of the type contained in the model (2.2.1)),
which does not enter the S-functions of the SM Yukawas at 1-loop. The possible non-
vanishing coordinates of the fixed point are thus

(af, a3, a3, 0%, a), (5.1.4)

where ay = g% /(4m)? is the coupling of the new interaction. We postpone the discussion of
a model where such a fixed point can be realized to the next sections and focus now on the
implications for the SM Yukawas. According to Eqs. (2.1.24) and (2.1.26), their evolution
close to the fixed point follows

- Zi:1,2,3,X Friog
) : (5.1.5)

an(h) = an
Ho
where a0 = an (o), a; denote gauge couplings, and the F,,; can be read off the S-function
of a;, following the conventions of (2.1.23). Thus, the evolution of the asymptotically
free Yukawas near the fixed point is determined by the values of the gauge couplings at
the fixed point together with their associated coefficients in the Yukawa g-function. The
Fy1,n2,n3 depend on SM interactions only, and coincide for all generations within the up,
down, charged- and neutral-lepton sectors. Leptons further present Fj,3 = 0, and since the
SU(2), structure of the quark and lepton sector extended with the IV; coincides, one finds
F,2 =9/4 in all cases (see for instance the 1-loop S-function of the top in Eq. (1.2.10)). In
our setup, however, the F, x coefficients associated to the U(1)x coupling are generation-
dependent, and fulfill
F.x = 12X2, (5.1.6)

where X, is the U(1) x charge of the fermion species n. Thus, from Egs. (5.1.5) and (5.1.6)
one can directly see that non-universal charges X,, will induce differences within Yukawa
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couplings throughout the running. It shall also prove useful to define a measure of the RG
time that separates the scale p., at which the running is far enough from the fixed point
to slow down its power-law behavior, from the scale g, where we take our initial condition
a0 We define this critical time as

7= —log He (5.1.7)

Ho

Hence, the ratio of the Yukawa couplings of two fermions n and m of the same sector (up,
down, charged or neutral lepton) but different generation after the power-law phase of the
running can be approximated by

log |~ 127 a% (X2 — X2), (5.1.8)
™ e

where we have assumed that at the scale g there is no significant hierarchy between the
couplings and a, o ~ oy 0. As soon as the right-hand side of (5.1.8) is of order one, o, and
a,, can differ by several orders of magnitude. Hence, we have shown how the presence of a
gauge-Yukawa fixed point together with non-universal charges can create large differences
between Yukawa couplings. Note that if the Yukawas had not been free but interacting at
the fixed point (following then the evolution (2.1.12)), their ratio would not be governed
by a pure exponential law, and it would become much more difficult to obtain successive
hierarchies between couplings, posing a fine-tuning problem.?

Furthermore, we can assess how our setup relates couplings from different sectors. For
instance, the ratios between up and down and charged-leptons and neutrino Yukawas of the
same generation at u,. read

(0779 Qe

~ 2T af, log ~ 67 o . (5.1.9)

Qd; He A, He

log

respectively, where the labels u; = u,c,t, d; = d, s,b, ¢; = e, 1, 7 and v; = v, v, V7 denote
the diagonal Yukawa couplings. Therefore, the differences in the hypercharges within the
quark or lepton sectors already encoded in the SM lead to running-induced hierarchies for a
non-vanishing aj. Note that the hypercharge is the only SM gauge coupling which presents
this effect, as ag 3 are factored out of the ratios (5.1.9). Moreover, Eq. (5.1.9) implies that
the ratio between same-generation quarks within the up and down sector is fixed. This is
however not the case in the SM, where one finds y4/yu ~ 1,ys/ye ~ 107 and 3,/ys ~ 1072
Nevertheless, these differences could be ameliorated by subleading effects, for example in
the running after the power-like phase. On the other hand, Yukawa couplings of an up
quark and a charged lepton of generations ¢ and j respectively obey

i

14
~ ( — 5ol +16aj + 120k (X2 XZ)) , (5.1.10)

?Yukawas which are interacting at the fixed point evolve as a ~ a* + Cp®. Therefore, if several Yukawas
present non-hierarchical fixed point values a® # 0, in order for the couplings to evolve towards values
separated by several orders of magnitude there must be at least one fine-tuned cancellation between «* and
the exponential term in the evolution. The possibility that only one of the SM Yukawas is not vanishing
might however prove interesting, and we reserve it for future works.
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ot Q. Qay, ay, o oy o, ay o
6-10% 3-1007 1-107'2  4.107C 2-107° 5.1072  7.1077 2-107°  5.107
Yt Ye Yu Yb Ys Yd Yr Yu Ye

1.0 73-107% 1.3-10° 24-1072 55-107* 2.7-10® 1.0-1072 6.1-107* 29.107°

Table 5.1. Values oy = 2(my/47vy,)? and y; = v/2my /vy, of the Yukawa couplings and masses
from [37].

where we have used Xéé =X} =X, =X, and X} = X%, = X% = X,,. Note that terms
proportional to o drop out as expected and «af (aj) contribute to larger lepton (quark)
couplings, while o, enhances quark masses if the X, are larger in magnitude than the Xy, .

In summary, we have shown that non-universal U(1)x charges together with a fixed point
involving an interacting o’ can generate sizable hierarchies among Yukawa couplings as-
sociated to different flavors, while non-zero aj and o3 can add differences between sectors.

5.2 Setup and Mixing Scenarios

We now aim to build a model which can explain the observed hierarchies between the SM
Yukawa couplings through the mechanism introduced in the Sec. 5.1, which involves the
presence of a gauge-Yukawa fixed point in the UV. We will also require that CKM mixing
can be accommodated, while a discussion of mixing in the neutrino sector is beyond the
scope of this work. Assuming that SM fermions are non-universally charged under the new
U(1)x symmetry, with anomaly cancellation being fulfilled through the conditions (5.1.2)
and (5.1.3), only the diagonal terms in the Yukawa matrices are allowed by gauge invariance.
These read ~
—Ly, = Z ya, Q;HD; + Z Yu; Q;HU;

d;=d,s,b u;=u,c,t (5 9 1)
+ Z Ye; ZzHEz + Z Yy, Zzﬁ[NZ + h.c..
e;j=e,l,T Vi=Ve,Vy,Vr

This scenario, however, prohibits any mixing in the quark sector. In order to remedy this
issue, we introduce additional SU(2)y, scalar doublets %, with hypercharge 1/2 and U(1) x
charges set to allow couplings with different-flavor quarks. In particular, we introduce two
additional doublets n'2 and 1?3, which link either the first and second generation or the
second and third generation. This is only possible when the 1" carry charges Xg — Xg; or
Xg; — Xg;, which leads to the mixing Yukawa terms

—ﬁinx = yas Q1 7712D2 + Yeu Qo 7712U1 + ysp Qo 7723D3 + Yte @3 7723U2 +h.c.,

i = = o (5.2.2)
_Eﬁljx = Ysd QQ 7712D1 + Yuc Ql 7712U2 + Ybvs Q3 7723D2 + Yet QQ 7723U3 + h.c. )

respectively. The labeling of the Lagrangian responds to the fact that for scalar charges

Xy — Xy (Xg; — Xy,) the mixing stems mainly from the down (up) sector, as we shall see

shortly. Indeed, if the n* acquire vacuum expectation values v,;, non-diagonal contribu-

n
tions to the mass matrices arise from the interactions (5.2.2), giving rise to quark mixing.
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Our choice of two additional scalars renders two extra non-vanishing elements in the mass
matrices after spontaneous symmetry breaking, allowing to generate a mixing matrix with
no vanishing entries.

In our setup, the values of the Yukawa couplings y;; associated to the n% can be predicted
by the RG evolution once we assume SM Yukawas can be matched to their electroweak-scale
values. Since the n¥ link two different quark flavors 7 and j, their critical exponent contains
a factor 6(XZ + X, gj)a}, following the arguments of Sec. 5.1 (see as well the S-functions 3;;
in Appendix B.3). Comparing this to diagonal Yukawas, which grow with a factor 12X ci-’
we find that the y;; after the power-law phase of the running can be approximated as

Yijlpe = /Uil pe - (5.2.3)

Therefore, in models that reproduce the SM values of the diagonal Yukawas the y;; are
predicted by the RG flow via (5.2.3), and the VEVs v,; constitute the only free parameters
in the quark mass matrices. Let us now study in more detail the form that the mass
and mixing matrices can take in this setup. The mass Lagrangian for the quarks in the
interaction basis can be written as

Emass =ur Mu UR +8L Md dR ,+h.C. ’ (524)

where the mass matrices M, (¢ = u,d) contain the diagonal terms %yq arising from
Eq. (5.2.1) as well as off-diagonal entries stemming from BSM interactions (5.2.2). The
mass matrices can be expressed as

Mg =L4MyR,,  M,=L,M,R] (5.2.5)

in terms of the diagonal matrices M, containing the quark masses. The quark-mixing
matrix V = Li,Ly can be written as [159, 160]

1 512 + 53523 513 — 579523
V= | —s12 — s{3503 1 523 + 879813 | » (5.2.6)
d d
—513 + 879823 —823 — 19523 1

in terms of the angles sgj parameterizing the left-handed rotations L,, and with

sij = iy — 8% - (5.2.7)

In models where the M, are completely known, the angles can be calculated directly in
terms of their components. We now set to compute the form of V' in two different scenarios,
where mixing is driven mainly by either the up or the down sector.

5.2.1 Mixing from the Down Sector

We consider first the scenario where the 5% carry charges X, — Xy;, leading to the La-
d

grangian £¢. in Eq. (5.2.2). In this case the mass matrices of the down and the up sector
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after spontaneous symmetry breaking read

yd yds tﬁlg 0 yu 0 O
Uh Uh
Md = ﬁ 0 Ys Ysb t523 5 Mu = ﬁ Yeu tﬂm Ye 0 5 (5.2.8)
0 Yb 0 Ytelpys Yt

where tg, . = tan 3;; = v,; /v. Then, the mixing matrix V' = LiLy of Eq. (5.2.6) receives
its leading contributions from the angles [159, 160]

g Mis e
12 — d — “Pi2 )
M5, Ys
M4 Y
d 23 s
523 ~ Mgg ~ tﬂ23 % 5 (529)

3/2
u My M, ~ (yu> /
Ye

where we assumed large third-generation entries M%,, and used the relation Eq. (5.2.3) the
off-diagonal Yukawas. From Eq. (5.2.6) we observe that the contributions to V from s4; are
subleading, and sf, only enters V,;. Thus, the mixing arising from the matrices (5.2.8) stems
mainly from rotations of the down sector, and we find that V' ~ Lg. For tang;; ~ O(1)
or lower, the singular values of (5.2.8) correspond approximately to the y;, so that we may
take y; ~ \/imi/vh at low scales. For tan 812 ~ 1, we obtain the successful prediction
|Vus| =~ 0.22, while a lower value of tg,, is needed to accommodate Vis and V. Using
tang,, ~ 1.1 and tan 323 ~ 0.3 we obtain

0974 0.225 1.8-1076
V=1 0225 0973 0.0422 |, (5.2.10)
0.00950 0.0411 0.999

which is in agreement with measurements of the CKM mixing matrix at the percent level
for first-second and second-third generation mixing [16], with larger deviations in V,; and
Via. The discrepancies in first-third generation mixing could be accounted for by imaginary
phases, which we do not include in this work but contribute significantly to V,; and Viq.

5.2.2 Mixing from the Up Sector

Let us now consider the case where the n'2 and 1?? carry charges Xq; — Xy, leading to the

u

Lagrangian L. in Eq. (5.2.2). The quark mass matrices in this scenario obey

yd 0 O yu yuc tﬂlg O
Uh, (%
Md = E Ysd tﬁm Ys 0 5 Mu = E 0 Ye Yet t523 . (5211)
0 Ubslpys Wb 0 0 Yi
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Assuming again large third-generation entries M2,, and employing Eq. (5.2.3), the leading
angles contributing to the quark mixing matrix (5.2.6) read [159, 160]

12 [ Yu
S1g ™ w = By T
22 Ye
23 Ye
Sz ™ w = %3\/;, (5.2.12)

d MglM(fl —¢ <yd)3/2
12 |\ :

S127= T dNe

(M4,)?

S

Hence, in this case the mixing is driven by the angles of the up sector, and we find V' ~ L.
For a benchmark with tan 812 ~ 6.1 and tan 23 ~ 0.5, we obtain

0.975  0.223 0.0101
Vi=1| 0223 0974 0.0399 |, (5.2.13)
0.000974 0.0411 0.999

giving again a CKM-like pattern with larger deviations in V,; and V;4. Since mixing is
given mainly by the rotations of M, a very similar result is obtained in the case where
My is purely diagonal, with M,, still fulfilling Eq. (5.2.11). This corresponds to a situation

where the couplings of the ¥ with the down sector in L. exactly vanish. In this case,
the mixing matrix is described by the angles of the up sector given by (5.2.12), and Vi,
becomes strongly suppressed. Phenomenologically, the absence of rotations in the down
sector entails that it acquires no flavor-changing couplings with the gauge boson of the new
symmetry. As detailed in Sec. 5.5, this scenario is favored by meson mixing data, which

poses strong constraints on flavor-changing couplings of the down sector.

To summarize the results of Sec. 5.2.1 and Sec. 5.2.2, we have seen how the charges of the
7" under the new symmetry determine the shape of the quark mass matrices and ultimately
the origin of the mixing matrix. The case where the new scalars carry charges X, — X,
leads to V' ~ Ly, while flipping the sign of their U(1)x charges leads to V' ~ LL. If all off-
diagonal couplings in the down-quark mass matrix vanish one obtains V ~ L, as well, and
additionally suppresses FCNCs in the down sector. Note that, while the masses depend
only on the U(1)x charges of the quarks and the SM pattern of electroweak symmetry
breaking, the mixing is regulated by the vacuum expectation values of the new scalars
through tan 3;;.

5.2.3 Lepton Masses

We now turn to the mass pattern of the lepton sector in our setup. After electroweak
symmetry breaking, the Yukawa interactions (5.2.1) yield diagonal mass terms vpye,/v/2
for the charged leptons, while neutrinos acquire diagonal Dirac masses vy, / V2. In the
mechanism described in Sec. 5.1, the y., and y,, vanish at a UV fixed point and grow
steeply towards the IR, thanks to non-vanishing values of the gauge couplings. Since both
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the hypercharge and the U(1) x couplings enhance the running of the neutrino Yukawas, the
Yy, might give rise to Dirac masses surpassing current bounds. Examples of values the y,,
can acquire through the running are discussed in the context of two different benchmarks
in Sec. 5.4. For now, in order to ensure that a mechanism is in place to sufficiently suppress
light neutrino masses, we introduce three generations of SM singlet Majoron fields o; with
U(1)x charges —2X/,, which allow to write the terms

— L, = Zyai o; WlNl + h.c.. (5.2.14)

]

After spontaneous symmetry breaking, we assume that the o; yield Majorana mass terms
large enough to suppress the masses of the light neutrinos via the see-saw mechanism.

In order to describe neutrino mixing, one may consider introducing additional scalar dou-
blets coupling to different-generation leptons, and using a mechanism similar to that de-
scribed in Secs. 5.2.1 and 5.2.2 for the quark sector. Alternatively, mixing could also be
introduced by adding further Majorons o;; with off-diagonal couplings. Since all fields
involved in the y, couplings are only charged under U(1)x, introducing a number of o;;
would have no influence on the S-functions of the SM gauge couplings. A detailed study of
models for neutrino masses and mixing and their scalar potential lies, however, beyond the
scope of the present work. In what follows, we assume diagonal Yukawa couplings in the
lepton sector, and postpone a modeling of neutrino mixing to future studies.

5.2.4 Asymptotically Safe Setup

Finally, let us discuss how UV fixed points with interacting U(1) couplings can arise in
our setup. If all Yukawas giving rise to fermion masses and mixings are assumed to be
asymptotically free, there is no Yukawa interaction which can potentially give rise to such a
fixed point.® Building on the developments of the previous sections, we introduce a flavor-
blind BSM sector composed of N vector-like fermions 1; and N% singlet scalars S;;, with
Lagrangian following (2.2.1), and assume that the vector-like fermions are only charged
under the U(1)x and U(1)y symmetries. This assumption is minimal in the sense that
both U(1) charges are essential for a; and ax to present an interacting value at the fixed
point, which in turn is paramount if we wish to avoid triviality problems. Conversely, the
SU(2)r, and SU(3)¢c couplings can remain asymptotically free, and their trajectories from
fixed points exhibiting a3 3 = 0 can in principle be matched to the SM. Then, in our setup
the BSM Yukawa interaction

— L, = yTr[ SR + h.c], (5.2.15)

contributes to the S-functions of the U(1) couplings, allowing to generate fixed points with
non-vanishing coordinates (of, o, aZ). The U(1)x and U(1)y charges Xr and Yr of the

3Note that SM Yukawas are in general insufficient to give rise to a perturbative UV fixed point, as
already discussed in Chapter 2. Therefore, a BSM sector is necessary independently of the values of the
SM Yukawas at the fixed point.
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Generations  SU3)e x SU2)L xU(l)y  U(l)x

05 Vector-like fermions i=1,...,Np (1,1,Yp) Xr
Sij Singlet scalars ,j=1,...,Np (1,1,0) 0

N;  Right-handed singlets 1=1,2,3 (1,1,0) X
n”  Quark-mixing scalars 1y = 12,23 (1,2,1/2) Xg; — Xy,
o; Majorons 1=1,2,3 (1,1,0) —2Xy,

Table 5.2. BSM particle content of the model and its gauge charges under the SM and the new
symmetry. For the benchmark scenario of Sec. 5.4.1, only the three upper rows are considered,
while the full particle content is included in the benchmark of Sec. 5.4.2.

vector-like fermions, as well as their flavor multiplicity Ng, remain free parameters of the
model. This completes the description of our setup, for which the BSM particle content
and its charges have been collected in Tab. 5.2. The full Yukawa sector of the theory is
described by the Lagrangian

Ly = Ly, + Liix + Lo + Ly, (5.2.16)

where Lpnix can be either £, or £¥. in Eq. (5.2.2) depending on the BSM scalar doublet

mix mix

charges.

5.3 Fixed-Point Structure

Having set our model and introduced a mechanism to restore quark mixing, we now study
the RGEs and their fixed point solutions, in particular those with non-vanishing coordinates
(af, a%, ). We perform our study in the 210 approximation, where the S-functions of
gauge and Yukawa couplings are computed at 2- and 1-loop order, respectively, and the
scalar sector is not included. We include the full set of gauge and Yukawa couplings for
the U(1)x extension of the SM with the additional BSM particles of Tab. 5.2 and Yukawa
Lagrangian (5.2.16). The corresponding 210 S-functions computed with ARGES [45] are
collected in Appendix B.3. In the limit where all Yukawas other than the top and the
purely BSM Yukawa a, vanish, and taking as well ao, a3 = 0, the S-functions of the U(1)
gauge couplings read

,[43 8
33

217
Bi=a | —+ -NpYi+ o <9 - 8NFY;%> +ax (fi + 8NpXEYR)

17
—day N3YE — 3at] ,
(5.3.1)

8
Bx =%k [f2 + gNFX% +ax (f3 + 8NpXp) + a1 (fi + 8NpX7YP)

— 4oy N X7 — 24X, at} ,
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while for the Yukawa couplings we find

By = ay [y (2Np +2) — 1201 YF — 12ax X7 ] |

17 (5.3.2)
B = oy [9at — Eal — 1204XX§3} .
The f; are functions of the U(1)x charges which obey
22 9 2 2 2
Fr=30 (5 Xa +6XE ) +4(Xy, — Xp)* +4(Xy, — Xg)°,
k
2 2 4 2 4 2
f2 = Z (16qu + 8X!1z) + g(an - XQQ) + g(qu - XQ3) ) (5.3.3)
k
f3 - Z (48X;Lk + 144X21k) + 160{‘11 o XQ1)4 + IG(X% - XQ3)4 :
k

For ay # 0, we find that fixed point solutions of the system (5.3.1) exist as a function of
the model parameters. These solutions become simple in the large-Ng limit, in which Sy
and Bx are equivalent after interchanging Yr — Xp. This limit also corresponds to the
case where the U(1)x and U(1)y charges of all fields except the vector-like fermions vanish.
Then, an interacting fixed point of the system {31, Sx, By, B¢} exists with coupling values

1
* 2 *12) * * —
6(axXF+0é1YF) = 1, Oéy = NiF, Oy —O, (534)
where the symmetry of 81 and Bx allows to freely choose one of the fixed-point values
of the gauge couplings. The fixed point can be perturbative and physical for Np > 1
and appropriate choices of Xp, Yr. Far from the large-Np limit, the functions f; and the
numerical coefficients in 31, which stem purely from the hypercharges, break the symmetry
between 1 and Sx as well as the degeneracy of the fixed point solution (5.3.4). For O(1)
charges, especially f3 can be significantly large. Including only the gauge 1-loop terms
fs # 0 and ¢ = 217/9 we find that the fixed point becomes
* 8NFY}%f3 C &

AT RXE T YONp e X T RO

. 1
T Np = cfs) [16 (cXh + fsY )]

(5.3.5)

which is physical for Np > cf3/[16 (X# + Y)]. Including all terms in the S-functions
we find that fixed points for the (aq, ax, o) system persist; expressions become however
cumbersome and we do not reproduce them here.

Furthermore, demanding that fixed points can be matched to SM values at low scales
requires that the SU(2);, and SU(3)¢c couplings, which we assume to vanish at the fixed
point, can grow towards the IR. Their evolution close to the fixed point follows

doy; oz?
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see Sec. 2.1.2 for details. Imposing that as and as correspond to UV-attractive directions
and can grow from the fixed point sets constraints

17 * *
Pago = -3t Saq + oy Z (6X, +2X7) +4(Xg — Xg,)* + 4(Xgy — Xgy)?| <0,
K

Pygs = —14+ %ai +8a% > X2 <0,

* (5.3.7)
where the Pj; are computed from the S-functions in Appendix B.3.# Thus, the bounds (5.3.7)
constrain the fixed point values of a; and ax in terms of the U(1)x charges of the model.
In summary, we have found that fixed points with non-vanishing coordinates (o, ok, 04;)
exist in our model, and that requiring asymptotic freedom in the weak and strong sectors

poses constraints on the model parameters.

5.4 Benchmarks

In this section, we study two particular setups of our model: we consider first a simple
scenario, referred to as scenario A, where only the lepton sector is charged under the new
symmetry, putting aside the quark sector and the U(1)x-charged BSM scalars. We then
examine the case where the SM is extended with the full particle content in Tab. 5.2, includ-
ing both the lepton and quark sectors (scenario B). For each case, we study a particular
benchmark where we fix the parameters Np, Xr, Yr of the vector-like fermions and the
U(1)x charges Xy, and X, with the latter being nonzero only in the scenario B. In or-
der to choose the benchmark values of Nr and the BSM charges, we enforce the following
conditions:

i) The X,, and X,, must fulfill the anomaly-cancellation conditions (5.1.3). Moreover,
they must allow as and ag to remain UV-attractive directions by fulfilling Eq. (5.3.7).

i1) The fixed point must be physical and perturbative, with 0 < ay, &y, oy < 1. This
specially affects Np, which cannot be arbitrarily low, as illustrated in Sec. 5.3.

ii1) After the power-law phase of the running, diagonal Yukawa couplings must approxi-
mately take their SM values at order of magnitude. Using Eqgs. (5.1.8)-(5.1.10), this
condition affects the X, and X, charges together with the fixed point values o] and
o’ . Once the quark and lepton U(1)x charges are fixed, Y, Xr and Np determine
the values of o] and a.

The parameters we have selected for the benchmarks of both scenarios are summarized in
Tab. 5.3. We have chosen U(1)x charges of quarks and leptons to be of O(1), ensuring
that they fulfill the condition (5.1.3). As seen from the [S-functions of the U(1) couplings

4Note that the 1-loop coefficient of 82 and its 2-loop coefficient associated to c differ from the SM due
to the two additional SU(2) doublets n%.
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Scenario Np Yr Xrp Xy, Xg:

A (lepton-only) 7 0.907  2.05 1/2, 5/2,-3 -
B (quarks and leptons) 7 7.1 0.826 1/2, 5/2,-3 6/5, 31/10,—43/10

Table 5.3. Benchmark parameters of scenarios A and B, see text for details.

in (5.3.1), this leads to large coefficients f; in Sx (see Eq. (5.3.3)), and demands a siz-
able vector-like fermion multiplicity Np to keep oy, perturbative; in our benchmarks we set
Np = 7. The U(1) charges X, Yr of the vector-like fermions are then chosen to find fixed
point coordinates that lead to trajectories approximating the SM values of the Yukawa cou-
plings towards the IR. A more comprehensive scan over the parameter space is the subject
of ongoing and future works.

For the RGE analysis we employ the 210 S-functions assembled in Appendix B.3. In
numerical solutions of trajectories one must also fix the oy, o, the initial conditions for
asymptotically free Yukawa couplings close to the fixed point (see Eq. (5.1.5)). Here we
take the same values of o, o for all Yukawa couplings, although these could in principle be
a random set of numbers of the same order of magnitude, introducing minor differences in
the final result. Furthermore, we do not attempt to perform an accurate matching between
the SM and BSM running: this would demand knowledge of all U(1) x breaking scales and
masses of the BSM sector, which we choose not to fix but assume to lie somewhere between
te and the scale of EWSB. We find that, even without imposing matching conditions, a
study of the running over a wide range of RG scales is sufficient to identify the features of
the framework.

5.4.1 Scenario A: Lepton-only

We consider first the simple scenario where only leptons carry U(1) x charges, and no addi-
tional scalars charged under the new symmetry are present. Note that a feature of anomaly
cancellation through the condition ) Xy = 0 together with the vector-like charge assign-
ment (5.1.2) is that the lepton and quark U(1)x charges are decoupled in the anomaly
cancellation equations (5.1.1). Therefore, we may set all X, to zero and focus on how
the lepton sector can acquire the desired mass hierarchies through the RGE mechanism
described in Sec. 5.1.

In the absence of U(1)x-charged scalars, neutrinos acquire only diagonal Dirac masses
my,

k3

10726 around the electroweak scale [37]. If the largest neutrino mass saturates this bound,

~

= Y,/ V2. Then, measurements indicate that neutrino Yukawas must fulfill oy S

from the relation (5.1.9) between the charged- and neutral-lepton sector Yukawas one finds

1 o

~3.3. (5.4.1)

6 W, |,

The above value of 7a] can be accommodated with 7 of order one and aj close to its
perturbative limit. Therefore, Eq. (5.4.1) implies that the hierarchy between the charged-
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Figure 5.1. RG flow emanating from the fixed point (5.4.2) of the scenario A (lepton-only), with
benchmark parameters given in Tab. 5.3, with p,q,7 = ve,v,,v,. The gray band indicates the
end of the power-like behavior at u. ~ 1075. A large hierarchy between the Yukawa couplings of
the charged- and neutral-lepton sector (shown in green and magenta, respectively) arises through
differences in SM hypercharges, see Eq. (5.4.1). Values of the charged lepton Yukawas in the IR
approximately reproduce observed masses.

and neutral-lepton sectors can actually arise from the different U(1)y charges of the right-
handed lepton fields. We find that, for the benchmark parameters collected in Tab. 5.3
(scenario A), the condition (5.4.1) is fulfilled, and lepton masses are approximately repro-
duced. The gauge-Yukawa fixed point is in this case given by the coordinates

(o}, o, o) = (0.75, 0.012, 0.50) . (5.4.2)

Then, for 7 ~ 5 one finds T7aj ~ 3.4, which nears the requirement Eq. (5.4.1). A numerical
solution of the RG flow is shown in Fig. 5.1. Note that after y. the running slows down,
abandoning the power-law regime and introducing small changes in the values of the cou-
plings. Indeed, below . charged leptons present Yukawa couplings of the correct order of
magnitude (0.1 < y/ysm < 10), while the largest neutrino mass is ~ 0.3 eV, a pattern which
is not altered as the flow evolves towards the IR. The predicted neutrino mass scheme is
compatible in order of magnitude with normal ordering estimates [37]. Therefore, we have
shown that differences in hypercharge alone can lead to large hierarchies between lepton
sectors, while a non-universal U(1) x charge assignment is able to approximately reproduce
the values of the lepton Yukawas.

5.4.2 Scenario B: Quarks and Leptons

We now consider the both the quark and lepton sectors together with the BSM particle
content gathered in Tab. 5.2. This includes the presence of two BSM scalars n'? and 5?3
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allowing for quark mixing, which we now assume to take charges X, — X,.. In order
to generate the appropriate hierarchies in the lepton sector, one may start by assuming
that neutrino masses are Dirac, and that the condition (5.4.1) ensures that the lepton
sector acquires its correct masses. However, the result (5.1.9) implies that quark Yukawas
obey log ay, /ag, ~ 6.6, which is too large even for the third-generation ratio. Thus, we
abandon any attempts to fulfill (5.4.1) when dealing with the full SM. On the other hand,
if 7o is smaller than in (5.4.1) the Yukawas of charged and neutral leptons will turn out
parametrically closer than in the lepton-only benchmark. This entails that, if the running
reproduces charged lepton masses, neutrino masses will become too large. This can however
be remedied by the Majoron terms (5.2.14), which allow for large Majorana masses which
can potentially suppress light neutrino masses via the see-saw mechanism. Here we assume
that the Majoron VEVs v,, are sizable enough to generate the appropriate neutrino mass
spectrum. The only gauge coupling entering the S-functions of the Majoron couplings ¥;
is ax, which leads to the relation

log Z—" ~12rak [X2 - X2 ]. (5.4.3)
935 e

between couplings of different generations.

Moreover, equations (5.1.8) — (5.1.10) allow to obtain a bound on the quark U(1)x charges.
From imposing that the charged leptons have a mass approximately equal or less than the
down quarks of the same generation one obtains

50f 4oz

X, )2 > (X, )2+ 2 )

(5.4.4)

Since the up sector carries larger hypercharges than the down sector, the above bound also
ensures that up-quark Yukawas will turn out larger than those of charged leptons. It is
noteworthy that, in a fixed point where af = 0, the U(1)x charges of the quarks must
always be larger in absolute value than those of the leptons of the same generation.

For a quantitative study of this scenario, we choose benchmark parameters displayed in
Tab. 5.3 (scenario B), which give rise to the UV fixed point

(af, o, ) = (0.064, 0.010, 0.41) . (5.4.5)

A numerical solution of trajectories emanating from the above fixed point is depicted in
Fig. 5.2 for the diagonal quark and charged-lepton Yukawas (left) and the off-diagonal quark
Yukawas (right), together with the evolution of the U(1) gauge couplings and the BSM
Yukawa y. We find that the diagonal couplings are all reproduced at order-of-magnitude
level at p ~ 1071°) while the off-diagonal components follow Eq. (5.2.3) up to order one
factors.

Lastly, one may wonder whether the presented benchmarks can be matched to the SM.
After the 15 orders of magnitude in RG time shown in Fig. 5.2, one finds g1 ~ 0.5, which is
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Figure 5.2. RG flow emanating from the fixed point (5.4.5) of the scenario B (quarks and leptons),
with benchmark parameters collected in Tab. 5.3. Trajectories are shown for diagonal charged-
lepton and quark Yukawas (left) and off-diagonal quark Yukawa couplings (right), together with
the running of U(1) gauge couplings and the BSM Yukawa y. The gray band indicates the end
of the power-like behavior at . ~ 5-107°. Towards the IR end of the flow, diagonal couplings
approximately reproduce SM masses, while off-diagonal Yukawas follow (5.2.3) up to order one
factors.

larger but comparable to gi™ (1 TeV) ~ 0.36 (see for instance Eq. (3.2.6)), and well within
the range of values g1 takes through its SM running below the Planck scale. Therefore, we
conclude that matching this scenario with the SM could be possible. The U(1)x coupling
is predicted to be smaller, with gx ~ 0.07 at the IR end of our numerical solution.

5.5 Phenomenological Analysis

So far we have shown how the model considered in this chapter presents the correct ingredi-
ents to reproduce the flavor patterns of the SM, and we now wish to explore its phenomeno-
logical implications. In our framework, additional U(1)x-charged scalar content restores
quark mixing and provides neutrino Majorana masses after undergoing spontaneous sym-
metry breaking. Therefore, the gauge boson of the new interaction becomes massive and
mixes with the SM Z boson. The new mass eigenstate Z’' presents diagonal couplings
with the leptons and tree-level off-diagonal interactions with the quark sector, giving rise
to flavor-changing neutral currents (FCNCs). The BSM scalars mediate FCNCs as well,
since they couple directly to quarks of different generations. In what follows we consider
phenomenological constraints on the model parameters stemming from the p-parameter, Z’
searches and different flavor-changing processes.
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5.5.1 Mass Spectrum and the p-parameter

We begin by studying the mass spectrum of the massive neutral bosons in our setup. After
spontaneous symmetry breaking the gauge interactions of the Higgs and the BSM scalars
lead to a mass matrix

2
( Be e

MZX:Z

ax 0;52

2 2 .12
—2f—ingfb 4ngg

Cw

(5.5.1)

in the (Z,,X,,) basis, where Z,, = cng’ — suwB,, and X, is the gauge boson of the new
symmetry in the interaction basis, and we have neglected contributions from kinetic mixing.
The third neutral boson A,, = ¢, B M—i—stS’, corresponding to the photon, remains massless.

The reduced VEVs in (5.5.1) obey
B Yok = (K~ X,
ij ij

Vi = (X - X))k + ) (2X7)%02,
@ %

(5.5.2)

where v,i; and v,, are the VEVs of the scalar doublets and Majorons of Tab. 5.2, respec-
tively. The mass matrix Mzx can be diagonalized with an orthogonal matrix obeying
OTMzxO = diag(mz, mz), with mz and my the masses of the physical bosons. The

matrix O can be parametrized as

cos@ —sinf
0= ( ) , (5.5.3)

sin@ cos6

where the mixing angle 6 fulfills

sin 20(m%, —m%) = ngv(f. (5.5.4)
Cw
The masses of the gauge bosons then obey
1 92 9 2 U2
2 2,2 2 2,12 ¢
= - =2=vi(1—-9p), )= 1 —=0p|
mz =7 2 g ( p) mz = gxvs~ |1+ <2chw o2 p
4 (5.5.5)
A0
L)

R (g2 )

see Appendix A.2 for details. The mass of the W boson is only altered with respect to its
SM tree-level expression by the VEVs of the SU(2) -charged fields, and reads m#, = i g%vi.
Then, using (5.5.5), we find that the masses of the W and Z boson in our model read

m2
W — pm% = (1+6p)m%. (5.5.6)

2
Cuw

Therefore, the p-parameter deviates from its SM tree level relation (1.1.25) by dp. In the
absence of fine-tuned cancellations, ensuring that dp < 1 can be achieved either with large
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v;? or small gx. For large fuf the shift in the p-parameter scales as
%
Yo

in the approximation v;) /vy ~ O(1). Note that this contribution is positive, as is favored by
measurements [16]. Assuming that the Majoron VEVs constitute the leading contribution
to vy, the data (1.1.26) yields the constraint

TeV

V]~ vy 2 42 TeV <[e]> , (5.5.8)
Vg

at 1lo. According to Eq. (5.5.5), for small dp and large vg one can approximate mys ~

ngg 5. If the bound (5.5.8) is saturated, Z’ masses can be at the TeV scale as soon as gx

is of order 10~! or smaller.

5.5.2 Z' Searches

Production of the Z’ boson at colliders allows to perform direct searches. Measurements at

+

ete™ colliders constrain its coupling to electrons to fulfill [161, 162]

myg

—=— >6.9TeV. 5.5.9
9x|Xe, ( )

The above is valid for myz < 209 GeV, which requires gx| Xy, | < 0.03. The bound does not
constrain our benchmark of Sec. (5.4.2), but becomes relevant for smaller gx. Moreover, Z'

interactions with quarks allow its production at pp colliders as well, with cross section [37,
163]

- T
olpp = Z2'X — ffX) ~ 15 chi we, (s,mzr) , (5.5.10)
i

where the sum is over all quarks and ff is the difermion decay product of the Z’. The
coefficients wy, include all information of parton distribution functions and QCD corrections,
while the dependence on the Z’ couplings is completely encoded in the coefficients c{ji. The
wy, and wy functions are substantially more sizable than the rest of wg,. In the absence of
kinetic mixing and neglecting mass mixing with the Z boson, we find that in our class of
models the coefficients cgj for two charged leptons in the final state obey

2 yv2
~ 92 qu‘XEj
— JX 3

where the sum runs over all fermion final states, and we have assumed that no scalar

ci ~ 20% X2 Br(Z' — ;i) (5.5.11)

final states are kinematically allowed. For the benchmark considered in Sec. 5.4.2, we
find cid ~ 1.8 -107° and cff’d ~ 4,4-107°. Small values of the cf;f in our setup stem
from leptons carrying lower U(1)x charges than quarks, according to the constraint (5.4.4),
which in turn leads to suppressed branching ratios to leptons. The CMS [164, 165] and

5This approximation may not hold if gx is very feeble, but is valid for the benchmark scenarios considered
in Sec. 5.4, which predict gx ~ 107! — 1072,
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ATLAS [166] collaborations have set bounds on the cross section (5.5.10) for specific Z’
models. For our benchmark values of cﬁ 4 We estimate mz 2 2.5 TeV. A precise recasting
of experimental limits is however beyond the scope of this work.

5.5.3 Flavor-changing Processes

Due to the non-universality in the U(1)x charges of the SM fermions, unitary rotations to
the mass basis do not cancel in the kinetic terms involving the new gauge boson. The Z’
interactions with the quarks in the mass basis are then described by the Lagrangian

— Loz = gx ¢ (B}f Pr + B{'Pr) 4; Z,, , (5.5.12)
where the coefficients obey
Blt = (LIXqLy)ij,  BI = (RIXqRy)i; (5.5.13)

with Xo = diag{X,,} and L4, R, the matrices diagonalizing the quark masses. From
(5.5.13) one can directly see that Z’-mediated FCNCs arise at tree-level thanks to the off-
diagonal elements of the B;; matrices. In what follows, we study the Z’ contributions to the
mixing and decays of neutral mesons, and then consider FCNC constraints on the scalar
sector. Since in this chapter we do not attempt to describe lepton mixing, lepton flavor
violating observables are not discussed.

Meson Mixing

Z' contributions to the mixing of neutral mesons pose strong constraints on the model
parameters. In the limit of small Z — Z’ mixing, the Z’ exchange contribution to the mass
splitting of a meson P? = 4;¢i reads [167]

2 2
gx 1 2 2 3 mp
Amp = mp 3Bp 22 [Re [(BE) + (BIY] — (2 + — 2 ) Re [BUBI] |
mp =mpfp Pm2Z/3|: e |( zg) + ( w) 2+ (qu‘+mq]')2 € 1P Pij

(5.5.14)
where mp is the meson mass and fp its decay constant, and the bag parameters Bp encode
deviations from naive factorization, see for instance [168, 169]. From Eq. (5.5.14) and
current meson mixing data and predictions we estimate [16, 170-173|

IX |pinr|<57.107° Tev!, X B <6910 Tev !,

my my

IX pirr|<34.108 Tevt, X
my my

(5.5.15)

1B/ <7.5-107% TeV L.

qL
ij
mixing scenarios considered in Sec. 5.2 yield different results for the B;; coefficients. In

where we have considered one non-vanishing coefficient B Bf’f at a time.% The various

the case where mixing is driven by the down sector (with V' ~ L;), we find that the off-
diagonal elements of the B matrices fulfill ijL ~ |Vij(Xq — Xg;)|, while the \ijR| are

®For Kaon mixing, data points to a negative new physics contribution to Am [173], which requires CP
violating couplings not considered here. The bound in (5.5.15) considers the SM prediction at 20, which
allows for positive new physics contributions.
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parametrically smaller. Then, for the quark U(1)x charges and the low-scale value of gx
of the benchmark of Sec. 5.4.2, we find that the bound from the Kaon system poses the
strong constraint myz 2 O(500) TeV. Similar results are obtained for the scenario where
V ~ LL, with BZB being the larger coefficients. Instead, in the scenario where the down-
type mass matrix is diagonal, rotations are absent in the down sector, and one obtains
B%L ~ |Vij(Xq, — Xg;)|- Then, charm mixing data poses the strongest bound, which yields

mp >3 (2 (1B oy (5.5.16)
7'~2" 102/ \ 0.22 ’ e

allowing for lower Z’ masses, within the reach of present colliders.

Neutral Meson Decays

The flavor-changing Z’ current contributes at 1-loop level to radiative decays of neutral
mesons, and at tree level to leptonic and semileptonic decays. Here we follow [167] to
obtain bounds on the Z’ couplings from experimental data. In the case of radiative decays,
for b — sy one finds

I'(B— Xsy)  8ac,.q, 9, o 9_%( m?‘/{/
T(B S Xoews) ~ 3r!  (Me/mi)

[1(B MBI )53 + (B M B )2

(5.5.17)
with f(z) = 1 — 8z + 823 — 2* — 1222 Inx. The experimental fit of the branching ratio
B(B = Xsy) = (3.32 4 0.15) - 10~ [168] gives constraints on the BSM couplings and m z
much weaker than meson mixing bounds in Eq. (5.5.15). In the case of leptonic decays of

|Vep|2 m,m;

the type P° — ¢1¢~, the Z’ contribution vanishes in the limit of no lepton mixing, since
the Z’ interaction with the leptons is purely vectorial. Finally, vectorial couplings can be
constrained in the decays of PY to another pseudoscalar meson and a lepton pair. Here
we shall not consider the CP-violating decay K? — ¢7¢~, which is proportional to the
imaginary parts of the Z’ couplings. For the semileptonic decays of B® and D" we find
[167]

4 XE 4
(DY — ¢T¢~ 7% =T(DT — ¢Tun) ( L; g%(mW\B + B2,
IVl 7 A(xt (5.5.18)
P(BO_>€+£7KO):F(B+_>E+ D ) (mK/mB) ( ; g4 mW‘BQL +BdR’2
f(mp/m3) Vel My

In the case of the D° — ¢T¢=70 the resulting bounds are again softer than (5.5.15).
Furthermore, the B° decay in (5.5.18) is part of the b — s£7/¢~ observables which have
been seen to show discrepancies with the SM. Models with a heavy Z’ have been put forward
as a solution for the B anomalies, see for instance [174-178|. In the conventions of [175],
new physics contributions to the relevant weak Hamiltonian coefficients in our models give

2 2 d
5C38uu 5Cbsuu T Y 9xXuBs3

ae VisVip mQZ, ’
2 dr
K QXX Bss

ae ‘/;fs ‘/tb m2Z/

(5.5.19)

bspp _ s bspp
0Cy"™ =06C 5" = —
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Accommodating b — s T4~ data at 20 with a V — A structure requires [179]

d
gchuBzz)f

bs bs =
5Cy° M = —5C M € [-0.69, —0.37] m%,[TeV—2]
Z/

€ [0.59,1.1] - 1073, (5.5.20)
Assuming that the By mixing bound in (5.5.15) is saturated, one obtains gx X, /mz/[TeV] €
[0.17,0.32]. As long as gx X, S O(0.1), as is the case for our benchmark model shown in
Fig. 5.2, this demands below-TeV Z’ masses, in tension with constraints from direct searches.
Benchmarks featuring higher gxX,, values may however allow to accommodate (5.5.20)
while fulfilling Bs; mixing bounds.

Scalar-mediated FCNCs

Scalar-mediated FCNCs arise as a result of quarks receiving their masses from different
SU(2)r, doublets [41, 42]. In the limit where both U(1)x-charged scalars acquire the same
VEV v,, the Yukawa couplings of the quark mass eigenstates can be expressed as

- 2
—Lp =dr, [(iMd — ¢’ tan B)H + nt? + e"dn%] dp

5.5.21
— \/§ u Iu~12 " ~23 ( )
+up|| —M, —€“tan |H + €0 * + 7"’ |ur + h.c.,
Up,
where flavor-changing processes are governed by the non-holomorphic couplings
d _ (d ndy . _ 515 5582 WL (Ror) v
€ij = (6 + € )zg = (yds 11052 + Ysb 032 33)( d)zk:( d)kj7 (5 5 22)

el = (€" 4+ €")ij = (Yeu 0i2051 + Yre 6i30j2) (L )in (R )y -

A plethora of observables constrain the e?j’d together with the scalar masses and tan

[180, 181]. Again, one of the most stringent set of constraints stems from meson mixing.
In the Kaon system, K — K mixing data sets

tan 8
my/100 GeV

with weaker bounds from other systems. In our setup, where the ¢;; arise from the mass

2
~1.0-10719 < Re[gfzegﬂ< ) <3.0-1071, (5.5.23)

matrices of the quarks, the efj and €}; with ¢ < j are naturally suppressed (for instance, with
tan 8 ~ 1.2 we find Re[edyedi] ~ 3.7 - 107!1), and meson mixing constraints are generally

fulfilled for m,, 2 130 GeV.

5.6 Summary

In this chapter we have explored how SM masses and quark mixing can arise from renormal-
ization group effects. The mechanism relies on a new U(1)x gauge symmetry, under which
quarks and leptons must be non-universally charged. The presence of a UV fixed point
where the hypercharge and the coupling of the new symmetry are interacting then enables
SM Yukawas, assumed asymptotically free, to grow with a power-law scaling and evolve
towards significantly diverse values towards the IR. The hierarchy between two Yukawa
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couplings of the same sector after the power-law phase of the running depends mainly on
the non-universal charges and the value of the new gauge coupling at the fixed point, as
shown in Eq. (5.1.8).

In order to model quark mixing, we introduced additional scalar doublets carrying charges
under the new symmetry. Their Yukawa couplings, which grow according to Eq. (5.2.3),
allow to approximately reproduce CKM mixing for appropriate values of their vacuum ex-
pectation values. We studied a particular benchmark of the full model, and saw that quark
and charged-lepton masses can be approximately reproduced, as depicted in Fig. 5.2. Phe-
nomenological implications of the model revolve around a massive Z’ boson with tree-level
FCNCs in the quark sector. Direct searches constrain the new boson to be at the TeV scale,
while meson mixing poses the strongest bounds on new physics couplings, with different
implications for the three studied mixing scenarios. In the case where mixing is driven by
the up sector, the Z’ could be as light as a few TeV.

- 118 —



6 SUMMARY AND CONCLUSIONS

In this thesis we have studied asymptotically safe extensions of the SM with implications for
flavor phenomenology. In order for weakly interacting UV fixed points to arise, Yukawa cou-
plings are essential. For this reason, the models we have studied contain vector-like fermions
and singlet scalars which allow to write the purely BSM Yukawa interaction (3.0.1), already
considered in previous works as an extension of the SM [29, 61]. In Chapter 3, we studied
for the first time effects of linking the new sector to SM leptons through mixed Yukawa in-
teractions, finding that these can be sufficient for UV fixed points to arise. Both in the 210
approximation and using full 2-loop results, we found benchmarks which can be matched
onto the Standard Model around the TeV scale, as seen in Figs. 3.2 and 3.6. Furthermore,
the extended Yukawa sector acts as a portal to the SM, yielding a rich phenomenology.
In particular, models where the new fermions transform as vector-like leptons allow to si-
multaneously explain the observed anomalies in the anomalous magnetic moments of the
electron and the muon, thanks to the BSM Yukawa interactions and mixing between the
Higgs and the new scalars. As shown in Fig. 3.17, the parameter window which allows
for simultaneous explanations of the lepton AMM data demands vector-like lepton masses
around the TeV scale or below. Remarkably, the mechanism requires no explicit breaking
of lepton-flavor universality and is able to predict the AMM of the tau. The models can
yield as well contributions to lepton-flavor-violating observables and EDMs which will be
probed in the near future.

With vector-like fermions carrying SM gauge charges, the particles of the BSM sector stud-
ied in Chapter 3 can be produced at both pp and #¢ colliders. In Chapter 4, we focused on
the models of vector-like leptons (models A and C) and studied their potential signatures
at the LHC, developing targeted search strategies. After simulating production of vector-
like leptons within LHC conditions, we studied decays yielding a final state with at least
four light leptons (electrons on muons). Comparing the sum of transverse momenta of the
final-state leptons with current CMS data we were able to constrain the allowed range of
BSM masses, as summarized in Fig. 4.3. In general, we found that doublet VLLs lighter
than ~ 800 GeV are excluded, while singlets can be at least as light as ~ 300 GeV. For the
parameter space of BSM Yukawa couplings which allows to explain the AMM anomalies,
VLLs decay almost entirely to a lepton and a BSM scalar. The latter can subsequently
decay to two leptons of different flavor, yielding an LFV-like signature. We exploited this
feature to build novel observables in the form of dilepton and three-lepton invariant masses,
which can serve as null tests of the SM and permit to identify the masses of the BSM sec-
tor. Their distributions for several g — 2-favored benchmark scenarios are shown in Figs. 4.5
and 4.6, where clean BSM resonances can be observed. With current LHC data the observ-
ables present a limited potential for discovery, while higher luminosities can greatly enhance
it.
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In Chapter 5 we proposed a model where fermion masses and quark mixing can be ex-
plained via RG effects, thanks to a power-law scaling of asymptotically free couplings near
UV fixed points. We began by showing that hierarchies between Yukawa interactions can
arise through the running if fermions carry non-universal gauge charges. These effects were
explored in the context of an extension of the SM with a new U(1)x symmetry, under
which SM fields were assigned vector-like charges. We showed that RG-induced differences
among couplings of the same sector depend on their non-universal charges, as described
by Eq. (5.1.8). We studied as well benchmark values of the BSM sector parameters which
can reproduce SM masses at order of magnitude, as depicted in Fig. 5.2. For each bench-
mark, the coupling of the new gauge interaction is fixed by the running. Moreover, the
setup predicts a Z’ boson with tree-level FCNCs. If quark mixing is driven by the up sec-
tor, both meson mixing and direct detection bounds allow the Z’ to be as light as a few TeV.

In conclusion, we have shown that asymptotically safe extensions of the SM can be strongly
connected to the flavor sector and present low-scale signatures which can be measured at
current and near-future experiments. Their phenomenology can address both experimen-
tal discrepancies with the SM and the more fundamental issue of the flavor puzzle while
rendering the running of the Standard Model UV complete. We look forward to further
studies and tests of asymptotically safe models.
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APPENDIX

A General Formulae

In this appendix we collect several useful formulae used throughout this thesis. The em-

ployed conventions for the SM couplings are

2 2 2
9] e (g1 cosby)
U 1 N = / prd —_— — —
( )Y g1 g, o1 (471')2 ) Qe A A )
9 ppG _ 95
2 : = = === A.0.1
SU( )L g2=g, @2 (47T>2 y g Ax’ ( )
2 2
. _ 93 _ 93
SUB)c : g3, ag = (am)?” as =

A.1 Generators of SU(2)

The generators of SU(2) in the doublet representation correspond to o?/2, where the Pauli

matrices ¢ are given by

ol = (O 1> , o? = (0 Z) , o3 = (1 0) . (A.1.1)
1 0 t 0 0 -1

Furthermore, the generators in the triplet or adjoint representation read

tt=—11 o-1|, #=—=—=|i o i|l, =0 0 ofl. (A12

o
|
—_
o
o
|
~
o
o
|
[

A.2 Mass Mixing

In models where gauge eigenstates acquire mixed mass terms the mass matrix must be
diagonalized in order to obtain the mass eigenstates. In a general case with two-particle
mixing, one is confronted with a mass matrix of the type

N = (A C) | (A21)
C B

For fermions, the mass matrix can be generally written as M = LMRT, where M contains
the singular values of M. In order to find the left and right rotations one must then
diagonalize MM and MTM respectively, which take the form of A in Eq. (A.2.1). In the
case of two real scalars, one finds N = M. The eigenvalues of N fulfill

At = % [A +B+/(A-B)2+4C?|, (A.2.2)
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R> Ca(Rs) So(R2) R3 Co(R3) So(R3)
3/4 1/2 3 4/3 1/2
2 2 8 3 3

Table B.1. Values of the Casimir operator and the Dynkin index for the fundamental and adjoint
representations of SU(2) and SU(3).

and their corresponding normalized eigenvalues can be written as
vy = (cosa,sina), v_ = (—sina,cosa), (A.2.3)

ith
Wi 20
A-B

Then, if the mass matrix is written in the interaction basis, the interaction eigenstates

tan2a = (A.2.4)

(H, L) can be expressed in terms of the mass eigenstates (H™, L™) as
H =cosaH™ —sinal™, L =cosal™ +sinaH™. (A.2.5)

For C > 0, the heaviest eigenstate always carries a minus sign. In the case above, for A > B
one finds @ > 0 and H™ (L") correspond to the heavy (light) eigenstates.

B RGE Studies

This appendix contains the RGE equations of several models discussed in this thesis. We
denote the Casimir operator and the Dynkin index of a given representation R as Ca(R)
and S2(R), respectively. These are related through

d(R)
d(Adj)

Sa2(R) = Cy(R), (B.0.1)
where Adj denotes the adjoint representation, and their values are collected in Tab. B.1 for
the fundamental and adjoint representations of SU(2) and SU(3). For U(1) symmetries
one finds C3(Y) = S3(Y) = Y2 for fields with charge Y.

The B-functions collected in the rest of this section are computed in the MS scheme with
the Mathematica package ARGES [45] (available at https://github.com/TomSteu/ARGES),
which builds on [46, 182-186]. Further computational tools to compute RGEs can be found
in the SARAH package [187], while analytical results can be obtained by using the methods of
the structure 0 [188], which generalizes the results of [46, 182, 183| to be readily applicable
to any model. The S-functions for the SM up to three-loop can be found for instance in

34, 47).
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B.1 [-functions for Models of Vector-like Fermions

In this section we reproduce the S-functions for the models A — F studied in Chapter 3 up
to 2-loop order for all couplings. For the coefficients of the 2-loop gauge and 1-loop Yukawa
RGEs we employ the notation of Eq. (2.1.20) and Eq. (2.1.23), respectively. Model-specific
coefficients are listed in Tabs. B.2-B.4, while others are universal or can be easily expressed
in terms of the Casimir operator and Dynkin index of the SU(2), x SU(3)¢ representations
R9, R3 and the hypercharge Y of the vector-like fermions [29]. For the hypercharge coupling
B-function, the coefficients read

41 199

B, = B} —8d(R2)Y2, Ci = 7+24d(R2) Y4,
88
Cia = 9+ 24 Cy(Ry)d(R2)Y?, Cy3= 3 (B.1.1)
17 5
Dy =+, Dy = 3, Dy, =36d(Ra) Y?.

For the S-function of the SU(2), coupling, coeflicients obey
19

By = = 855(Ry), O =3+ 245:(Re) Y,
Cyg = ?;75 + 12 S9(Rg) (2C2(R2) +20/3) , Chz = 24, (B12)
Dyt = Dy = 3, Day = 36.52(Ra) .

Finally, in our models the coefficients of the strong coupling S-function are not modified by
the BSM sector, and read

B3 =14, D3 =4, D3 =4,

11 (B.1.3)
03123, Cs2 =9, Cs3=—52.
For the S-functions of Yukawa couplings, model-dependent coefficients are collected in
Tab. B.2. The remaining coefficients are given by

Ey=Ep =9, Ew = Ep =3, Ft1:%7
Fb1:§ FtQZFb2:ga Fi3 = Fp3 = 16
6’ 9 ’ (B.1.4)
Ey, =2[3+d(Rs)], Fj=12Y?, Fyo =12Co(Ry),
Es=FE4 =6, Eyy =3, E. . =F;3=0.

In order to simplify expressions of the S-functions of scalar couplings, it is convenient to

use the definition

" { Qe + Oy model A, C (B.1.5)

a = .
Y a, model B,D, E, F
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Model D1, Diw Do Dow Eye FEpge Eyrc Eyn’ Eww Fa Feo Eww E/{’y Egw Fo1 Feo

A 5 36 3 0 6 6 2 8 9 152 9/2 & 8 0 12 0
B 45/4 0 33/4 0 6 6 1/2 0 23/4 15/2 33/2
C 15 18 3 18 9/29/2 1 10 9 152 9/2 10 10 0 3 9
D 39 0 3 0 6 6 1 0 9 39/2 9/2
E 30 3 0 6 6 2 0 9 3/2 9/2
F 9/4 0 33/4 0 6 6 1/2 0 23/4 3/2 33/2

Table B.2. Model-specific loop coefficients for the gauge and Yukawa [S-functions of the vector-like
fermion models of Chapter 3, following the conventions of (2.1.20) and (2.1.23).

Model I, Jp. K. Ky, Ky Hy. Hy, L. Ly L}, L
A 12 6 754 -33/2 9/4 0 14 12 0 12 0
9 15/8 225/16 —51/8 —21/16 47/32 39/8 15/4 15/2 9 18
12 6 754 -33/2 9/4 0 16 12 0 6 6
12 6 219/4 39/2  9/4 10 16 3 0 30 6
12 6  3/4 32  9/4 0 14 0 0 0 0

9 15/8 9/16 57/8 -21/16 47/32 39/8 0 15/2 0 18

0] EH O QW

Table B.3. Model-specific loop coefficients for the quartic and Yukawa S-functions (B.1.6), (B.1.7),
(B.1.9) and (B.1.10).

Then, the 1-loop RGEs for the scalar quartic couplings read
,3/(\1) = [3,(\1)SM + 902 4 I, agay — J) a2,
(1
1)

1 ~
B ) — s [4045 + 12cy, + 240y, + 400, + 60y + 6o + 51“ o, + 2d(Ra) oy
*5041 - 5042 ~3 K OOy,
B = 24ay, (o + ) + 2d(R2)dy, (20 — @y)
61()1) = 52043 + 120 (o, + 4ovy) + 204(% +4d(R2) ayou ,

3 9 ] 1 (B.1.6)

where ﬁ/(\l)SM denotes the 1-loop S-function of the Higgs quartic in the SM, and the 1-loop
coefficients I, and .J),, are collected in Tab. B.3.
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At 2-loop order, the RGEs of ayy » are found to obey

(2) (2)
Bt zﬁt,SM_i_gag_g
(673 Ot 4

27 15
JA a2 — ﬂl"‘ Qg (ay + o — ab>

27

5 58
+ Z (Dln a1 + 3Do, 042) o, +6 SQ(RQ) Oé% + §Y2 d(RQ) Ct% ,
2) 5(2)

b, SM 9 27 15
b _ o +9a(25—1]2ﬁaifﬂlna,{ <ay+ab27at>

5 2
+ 7 (D1 on + 3Dy 02) s + 6 85(Ro) af — 5Y? d(Ra) o (B.1.7)

~ 1
5,(\2) — /BE\Z)SM — 90a3ay — 36a) — 18d(Ry) dyas — 121 ey — QJ’?” oaay
27

A 2 A 3 A 2 A 2
— Tgln cwayo +3J .oy +3 H,  ap — Ly, ona, — Ly, oo,

5
t3 (D1 01 + 3Da 002) iy — K7y 0o — Ky onana, — Koy b,
430 S2(R2) a3ay + 10d(R2)Y? aday — 4d(Ro)Y? (a1 + az) of

—4 SQ(RQ) (061 + 30&2) Oé% s

where coefficients are given in in Tabs. B.2 and B.3, and Bt@b) y.sy denote the 2-loop (-
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functions of the SM. 2-loop RGEs of the BSM Yukawas « . . read

(2)
K 9 - 3
S Pk — (4 2(R) gy — o 90+ d(R2) (89— 27 ()] ayens + Ry o3
1
~5 [49 + d(Rs) (39 — 19d(Ry))] 03 + Qf, ar0y + Q5 cna + Q' aras + QF, cvnae
5 5
+ E (71 [17 ar+5 ab] 4 a9 [Ozt + Ckb] + 40 ag [Ott + Oéb] — GSQ(RQ) [1 — 2d(R2)] Q20
2
— ?7 [a? + ag] +3arap — J,in IV (270 + 27 o 4 48 ay) ax — 12 ayas + 9a3 + 1203 .
()
/ 211 257
ij, 3 +2Y? (20d(R2) — 3):| Y2 % |:3 +6Cy(R2) — 40 SQ(RQ):| Ca(R2) aj

—12 CQ(RQ)Y2 o1 Qo + [48 + 10 d(Rg)] y? o1 CNJZy + [48 + 10 d(Rg)] CQ(RQ) Oégay

_ 1 _
+8[5al +5a2 + 6ayan] +2a3 — 16 (5o + 3ay) dy — [24—18(1(}22)] a,

— PY a? + QY. ar1a, + @Y, asar, — 2d(3 ) (2d(R2) + 1) ayyauye
@ 1211 9
A 12 1oy 0d(Rs) - 3)} Y2a? - [?}7 16 Cy(Ry) — 40 SQ(RQ)] Ca(Ry) a
)

—120%(R9)Y? ay ag + [48 + 10d(R2)] Y2 ay &y + [48 + 10 d(R)] Ca(Ra) aadyy
_ 1 _
+8[5al +5a2 + 6ayan] +2a3 — 16 (5o + 3ay) dy — [2 + 18d(R2)] ar

y
— PY. an + QY. aqau + QY asay

—27UB2) 18 oy + 18 + 3 (2d(R2) + 1) ayy + 16 ] vy
(B.1.8)
using as well the loop coefficients in Tab. B.4. Finally, the 2-loop RGEs of the BSM scalar
quartic couplings fulfill

B = 33603 — 1056 a2, — 688 a0l + [Y2d(Rs)aq + 3.Sa(Ra)as] [20cv, — 8d,) &,

3 2
B = — 28802 — 688 alay, — 1056 a,a? — 816 o + 20 [Y2d(R2) ar + 3S5(R) az] dyay

~ - ~ 1._ 1
— 48d(R2) vy (0w + ) oy + 2d(R2) (60, — avy, + 4avy,] aty — 20 agau + I, ey {ay — au} ,

13 ~ o~ 1
— 24d(R») ai + 4oy, 0, + ?a?) ay + 2d(Ro) [4 oy — 9y + 2y ai — 5],.@ Qe Oty Oy

+4[a1+3a2—3at—3ab—3a,§—50@—2045]04%,
(B.1.9)
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Y K Y Y K K K
Model PNH Pmi 1k 2K QZKZ 11

1y
A 19/2 24 37/4 51/4 6 225/8 721/12
B 57/32 59/8  37/16 —101/16 6 1343/32 1249/12
C 5 24 55/8 33/8 15 225/8 589/12
D 5 24 95/8 33/8 27 225/8 4541/12
E 19/2 24 17/4 51/4 0 225/8 35/12
F 57/32 59/8 17/4 -101/16 0 1343/32 35/12

Table B.4. Model-specific 2-loop coefficients for the BSM Yukawa S-functions (B.1.8).

while for the portal coupling the 2-loop S-function obeys

957
48

85
By =

8 16 12 12

45 ~
+ — [Oét + Ckb] asag + 40 [Ott + Oéb] azags + 10 [YQd(R2> o1 + 3SQ(R2) Oég] Qy Qs

4
27 o 17
5 [at + ab] as — 21 cqapas — d(R2) [48 ary + 80 cvy + 90ty | cyors — ﬂIR Qe Oty —

6
— 200 [ai+5auav+a3] as+ 12201 +6ay — 6 — 6 — 6 g — by ] anas

+ [oq + 302 — 1204 — 120 — 1440y, — 24000, — I e — 4 d(R2) oty — 1905 — T2 a0y o
15

5)
4 |:3 D1jon + D2na2:| Qo + I Oé,.;OéyOéy + Hmiy Oy

—12Y?d(Ry) o2&, — 36 [3d(R2) - 4] Sa(Rg) a3ay, — L‘{y Q100 — Lgy Q0

(B.1.10)
with further model-specific loop coefficients specified in Tab. B.3.

B.2 BSM Critical Surface

Using the S-functions detailed above, in Chapter 3 we explored the RGE structure of models
of colorless vector-like fermions, both with a bottom-up approach in the 210 approximation
and from a top-down perspective for some benchmarks of our BSM couplings at a matching
scale of 1 TeV, in this case using full 2-loop results. Here, we study the UV fate of the
running more comprehensively by scanning over the values of the BSM Yukawas at the
matching scale, mapping the BSM critical surface. Employing as well 2-loop results, we
integrate the RGEs up to the Planck scale and determine if the vacuum is stable (with
V* or V= structure), or if vacuum stability is not fulfilled. In the latter case we distin-
guish between instances where «, or «, violate the vacuum stability conditions (2.4.12),
regardless of the values of oy and «; (a situation labeled V' unstable), and cases where the
Higgs quartic is metastable, with 0 > ay|asm, > —107% (Higgs metastable) or unstable with
x|y, < —107% (Higgs unstable). We also indicate regions where poles arise at or below
the Planck scale.
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Figure B.2.1. BSM critical surface for models A — F in the {c, oy} |nm, plane, from [25]. Initial
conditions at the matching scale for the remaining couplings are given by Eq. (B.2.1). We indicate
whether the vacuum at the Planck scale Mp) corresponds to a stable V't (blue) or V™~ (green)
according to Eq. (2.4.12), an unstable BSM vacuum (gray), a stable vacuum for |, but with
ax|ap, < 0 (yellow for ay|ar, > —107%, otherwise brown) or if the RG flow runs into poles (red).
Resolution is 141 x 61 points per model. All models allow for regions where the BSM and Higgs
vacuum present absolute stability (green and blue areas). These corresponding to the py = 1 TeV
slices of the parameter space we refer to as BSM critical surface.

Results for models A — F (see Tab. 3.1) are shown in Fig. B.2.1, where we scan over a range
of the couplings o, and ;. The remaining BSM couplings at the matching scale are taken
at benchmark values

{owr, as, au, ay} |, = {0, 5, 1,4} -107°. (B.2.1)

We observe that, for all models, regions of absolute stability arise (V* regions depicted in
green and blue in Fig. B.2.1), while large values of both scanned Yukawas generally lead to
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poles below or at the Planck scale.

For models A and C, results for a scan of the couplings «,; and o, are shown in Fig. B.2.2,
where the remaining BSM couplings are in this case set to

{ay, as, o, a} | = {0, 5, 1,4} -107°. (B.2.2)

at the matching scale. In both cases, large regions with absolute vacuum stability exist,
which in the case of model A require at least one of the couplings to be of O(1072) or larger,
while in model C «,s must be weaker. Note, however, that values of a,. at the order 1073
or larger are disfavored by the Z data constraint (3.3.9).

Finally, in Sec. 3.3.5 we found that for certain values of the BSM couplings models A and C
can accommodate both the muon and the electron anomalous magnetic moment anomalies.
In Fig. B.2.3 (left) we show the running in these models for benchmark BSM couplings at
the matching scale which are able to explain the anomalies. The right panels of Fig. B.2.3
show the BSM critical surface in the a, and «,s plane, where red-shaded regions correspond
to the values of the couplings preferred by the data (3.3.34) and (3.3.36) at 1o, and the white
dots indicate the benchmarks for which we show the running. Similarly to the results shown
in Fig. 3.6, when extending the running shown in Fig. B.2.3 into the deep UV trajectories
end in interacting fixed points (for model A) or run into transplanckian poles (model C).
The scanning of trajectories for different values of the BSM Yukawas shown in Fig. B.2.3
(right) displays sizable regions with a stable VT vacuum (metastable Higgs sector) in model
A (model C) at the Planck scale, while poles are found for large, non-perturbative values
of a, in both models.
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Figure B.2.2. BSM critical surface for models A and C in the {ay, oy} |am, plane with matching
conditions (B.2.2), from [25]. The color coding of Fig. B.2.1 applies. Resolution is 141 x 61 points
per model. Both models present a large parameter space for which absolute stability is achieved by
the SM and BSM vacuum at the Planck scale.
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Figure B.2.3. Renormalization group running for Mp = 2Mg = 1 TeV between the matching
scale M and the Planck scale (left), and BSM critical surface at the Planck scale in the «, o,
plane (right) for a) the singlet model or model A (top) and b) the doublet model or model C
(bottom), from [24]. For the surface plots, the color coding of Fig. B.2.1 applies. BSM couplings
at the matching scale are set to (g, oy, @, ay)|arr = (5,—1,4,0) - 1075, Parameters within the
red-shaded areas are compatible with data (3.3.34), and white dots refer to the benchmarks on the
left.
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B.3 [-functions for U(1)y Models

Here we present 2-loop gauge and 1-loop Yukawa [-functions for the U(1l)x extensions

of the SM studied in Chapter 5, with the particle content shown in Tab. 5.2 and Yukawa
d

sector (5.2.16), with mixing terms £& . in Eq. (5.2.2). In the following, a sum over k = 1,2, 3

is understood. For the gauge couplings we find
43 8

217 88
B1 = af [ 5 ngYﬁ +ag (9 + SNFY;%) + 150z + —-ag — day NEYR

22
+ax <3X3k + 6X£2k + 4(XQ1 - Xq2)2 + 4(X!I2 - XQ3)2 + 8NFX127Y}«%>

17 5
- E(O‘uk + gy + O‘Uzs) - g(adk + Qyy, + O‘d23) - 5(a5k + O‘Vk):| )
17 61
62204%[—3—1—5%4—30@4-24043

+ax (6Xg, +2X7, +4(Xg — Xg,)? + 4(Xg, — Xg)?)

k

- 3(auk + oy + au23) - B(Qdk +agy, + ad23) - (aek + O‘Vk):| ’

11
By = o} [ ~ 144 a1+ 9az — 5203+ Sax X2 (B.3.1)
- 4(auk T Qupy + Qg + Qg + Qg + O‘dzs)] )
8
Bx = ok [3NFX% +8a1 NpX3YE — 4oy NE X
+ax (8Np X + 48X, + 144X +16(Xq, — Xg,)" + 16(Xg, — X))
22
+ X2 <16 + 501 + 1805 + 6dag — 24(ow, + o) = 12(0; + %2))
+ X7 (6a1 + 6az — 8ae, — 8o, + 8)
4
+ [(qu - Xq2)2 + (Xg — Xq3)2] (4041 +3ag + 3> ] )
while the BSM Yukawa y obeys
By = ay|ay(2Np +2) — 1200 Y} — 12ax X7 | . (B.3.2)
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The Yukawa couplings of the lepton sector fulfill

15 9
Be; = Qe; [—2041 — 502 120zXXZ_ + 50, =, + 2(qey, + auy )

+6 (Qu,, + aqy,) ] )

3 9
Bui = Qe, [—Qal — 502 12aXXZ_ + 50y, — Qe; +4ag, + 2(e;,; + ;) (B.3.3)

/BO'Z‘ = Qg |:— GOZXXE% + 60‘@ + 205112:| )

while the RGEs of the diagonal quark Yukawas read

[ 17 9
Bu; = u, | — Fal — 502 163 — 12aXX§i + 9w, + 3aq, + 6(auk#i + ozdk#)
_1\1/2
—+ 2(a€k + aVk) - 4(adiladl O‘uizauil) / + g, + 2auil:| ’
5 9 (B.3.4)
Ba, = aq; | — g~ 502~ 1603 — 120zXXq2i + 9ag; + 3an, + 6(u,,; + q,;)

_ 1/2
+ 20, + ) — 4(adizadllauuaui) / +aw,;, + 2adil:| )

with an implicit sum over [ > i and [ < i for the up and down sector, respectively. Finally,
the RGEs of the off-diagonal Yukawa couplings obey

17 9
Bui; = oy | — 51T 502 163 — 6aX(Xq2i + ng) + 9avy,;; + 6o,
+ 20y, + Oy + Qg — 4(0&,1” Q; qu;i Oéui)l/2 + ad235i16j2] ,
e (B.3.5)
Ba,; = aa;; | — 6041 — 5042 — 16a3 — GaX(XQQi + quj) + 9oy, + bay,

+ 204, + gy + o, — 4(0467;0451]- Qo aui)1/2 + Oéu125i26j3:| )

where all indices are fixed.
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C Collider Studies with MADGRAPH5 aMC@NLO

In this appendix we provide additional information and results regarding the study of
vector-like lepton models at colliders presented in Chapter 4.

C.1 Event Simulation

In order to create samples of events of our VLL models in Eqs. (4.1.4) and (4.1.6), we
first employ FEYNRULES [150] to compute tree-level Feynman rules, which are then used
to generate UFO models [151]. These are given as an input to the Monte Carlo generator
MADGRAPH5 aMC@NLO [152], with which we generate event samples that can be used
to compute observables. For the event generation we use the set of parton distribution
functions (PDFs) NNPDF3.0 [189]. In the 4L cross sections of Fig. 4.2 and the single-
and pair-production cross sections of Fig. C.3.1, PDF and scale variation uncertainties are

shown, see [145] for details.

For the study of the L distributions and the new observables, we generate, for each bench-
mark of BSM masses in Fig. 4.3, a sample of 5 x 10% events with at least four light leptons in
the final state. The same number of events is computed for SM background processes con-
tributing at leading order to 4L final states. We include ttZ-, triboson- and ZZ-mediated
4L production (see Sec. 4.2 for a discussion of the ZZ background). Higher-order correc-
tions to SM production cross sections are taken into account by applying k factors to the
leading order contributions [190-196]. The SM and VLL distributions for each observable
are rescaled to the desired luminosity (77.4, 150 or 3000 fb~!) using cross sections obtained
with MADGRAPHS5 aMC@QNLO .

The event generation is performed with settings similar to the CMS study [141], with
parameters collected in Tab. C.1. The cut on the missing transverse momentum is set
to pIiss < 50 GeV in order to reproduce the signal region considered by CMS and to
suppress contributions from final states with neutrinos. Electrons and muons are required
to carry a minimum transverse momentum pf} > 20 GeV. Following CMS settings, and in
order to suppress resonances in the low-mass region, we demand a light-lepton invariant
mass myy > 12 GeV for all flavor and charge configurations of the final states. In events
containing jets, we require as well pjﬁt > 20 GeV. To perform a simulation of the detector
response, which in this thesis is included only in the L distributions shown in Figs. 4.4
and 4.7, we shower and hadronize the events with PYTHIAS [154] and use DELPHES3
[197] for the fast detector simulation, see [145] for further details.

C.2 Algorithms for Null Tests

In Sec. 4.3 we described a set of four observables which allow to look for our VLL models at
colliders, targeting their specific LF'V-like decay signatures. Here we give a detailed account
of the algorithms we use to compute the observables from the generated event samples. The
parameters of the reconstruction algorithms are collected in Tab. C.1.
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Parameters Signal selection cuts Reconstruction

as(myz) =0.118 PSS < 50 GeV Amy =15 GeV
myp, = 125 GeV psﬂ > 20 GeV Amy, =5 GeV
my = 80.379 GeV Pt > 20 GeV AMg =5 GeV
my = 172 GeV myy > 12 AMp = 100 GeV
my = 4.7 GeV - -

Table C.1. Parameters used in the event generation and the reconstruction algorithm.

moy and mgg_diff

For each event with at least four light leptons in the final state, we compute all possible
sets of two dilepton invariant masses from leptons of opposite charge, where each lepton
contributes to only one of the invariant masses in the pair. If present, 7 leptons are included
in this step. If the event contains jets, we compute as well all possible pairs of invariant
masses where one of them is a dilepton invariant mass and the other is the dijet invariant
mass. For each event, only one pair of invariant masses is added to the observable mq,. In
order to be added, it must fulfill one of the following requirements:

a) Each invariant mass is equal either to myz &+ Amyz or to my £ Amy, according to
the parameters in Tab. C.1, and each dilepton pair contains OCSF leptons. The
states used to compute the masses are in this case (fjﬁ;)(ﬁjf;), (rrT) () or
(6567 (j7) with 4,7 = 1,2. This condition reconstructs Z and Higgs bosons.

b) The difference between both invariant masses is less than AMg (see Tab. C.1), while
none of the other invariant mass pairs present a smaller difference, and each invariant
mass is computed from OCSF leptons. The states used to compute the masses are in
this case (Ejf;)(fjﬁ;) with 4,7 = 1,2. This condition reconstructs two scalars, Sy
and Sjj'

¢) Both invariant masses differ by less than AMg (see Tab. C.1), while none of the other
invariant mass pairs present a smaller difference, and at least one of the invariant
masses contains two OCDF leptons. The states used to compute the masses are in
this case (ETKJ_)(KZEZ_) with 7,7,k = 1,2,3 and a maximum of one 7+ and one 7.
This condition reconstructs two scalars, S;; and Sj.

We check for these conditions in the above order (¢ — b — ¢) and stop when one of
the requirements is fulfilled. We define the observable mqy, diff as invariant mass pairs
that only fulfill condition ¢), where two particles of approximately equal invariant mass are
found and at least one of them is reconstructed from OCDF leptons. All SM contributions
to mgy diff, although they can be sizable due to combinatorics in regions with a large SM
background, are purely statistical.
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mge and mg, _ diff

These observables are designed to reconstruct the invariant masses of the VLLs via their
three-body decays. For each pair of two-particle invariant masses added to moy, we look
for the additional lepton which comes from the decay of each ¢. We add to ms, the pairs
of three-particle invariant masses which fulfill one the following conditions:

i) For two-particle invariant masses which reconstruct to a Z or Higgs (condition a in the
previous section) each two-particle invariant mass is paired with an additional lepton
present in the final state. The resulting three-particle invariant masses are added to
mgy if their difference is smaller than AMp, and no other combination presents a

smaller difference.

it) For two-lepton invariant masses which reconstruct to S;; and S;j; (condition b in the
previous section) each two-lepton invariant mass is paired with an additional lepton
present in the final state which has the same flavor of the two leptons in the two-
lepton invariant mass. The resulting three-lepton invariant masses are added to mgy
if their difference is smaller than AMp, and no other combination presents a smaller
difference.

i71) For two-lepton invariant masses which reconstruct to S;; and Si; (condition c in the
previous section) if a two-lepton invariant mass contains two same-flavor leptons, it
is paired with an additional lepton present in the final state which has the same
flavor. If it contains two different-flavor leptons, it is paired with an additional lepton
which has the same flavor but opposite charge of one of the leptons in the two-lepton
invariant mass. For each event, we find at most one possible combination that fulfills
this condition. The corresponding three-lepton invariant masses are added to msgy.

In the last two conditions, flavor requirements are designed to reflect flavor conservation in
the decays of the S;;. We define the observable ms,_diff as invariant mass pairs that only
fulfill condition 4i7). Remarkably, the selection of the third leptons via flavor rules allows
to populate mgy diff even when the ¢ do not present a narrow width, which is the case
for larger masses Mp > Mg. Similarly to mo, diff, mg, diff is a null test of the SM given
perfect reconstruction of the events.

C.3 Cross Sections and Observables

Production cross sections: Fig. C.3.1 shows pair- and single- production cross sections of
the VLLs at the LHC for /s = 13. The BSM scalar mass is taken to be Mg = 500 GeV
and we fix &' according to Eq. (4.1.8) and x = 1072x’. Note that the value of Mg has
no influence on VLL production per se, but has an impact on the chosen values of &, x’.
The BSM Yukawas do not affect pair production at leading order, which occurs through
s-channel electroweak bosons (see Figs. 3.7 and 3.8) but have an impact on single produc-
tion, which occurs at order k and is suppressed by several orders of magnitude with respect
to pair production.
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Figure C.3.1. Cross sections for VLL single production (top) and pair production (bottom) at
/s =13 TeV for different VLL masses in the singlet (left) and the doublet model (right). Results
are shown for production of a single VLL flavor. For the computation we use x = 107 2x’, while &’
is computed with Eq. (4.1.8) for each value of Mp and for Mg = 500 GeV.

Invariant masses: for the observables described in Sec. 4.3, larger luminosities enhance
the number of events present in the distributions, yielding higher chances of detection.
In Fig. C.3.2 we display the invariant masses maop, moy diff, mg, and mg, diff for the
V8 = 14 TeV HL-LHC at a luminosity of 3000 fb~!, and for the benchmarks studied in
Sec. 4.3. We observe that peaks reach O(10%) events in most cases, and distributions show
a clear separation between BSM distributions and SM background, which is confined to low

invariant mass regions.
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Figure C.3.2. Dilepton invariant masses mag, moe_ diff, msy, and ms, diff (see Sec. 4.3 for details)
for the singlet and doublet model for different benchmark masses of the VLLs and the BSM scalars
at a luminosity of 3000 fb~! and /s = 14 TeV. The coupling &’ is fixed according to Eq. (4.1.8).
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