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Abstract:

This work is devoted to baryon and lepton number violation and flavour
physics in theories beyond the Standard Model of particle interactions.

First, the relations between the accidental and imposed symmetries are dis-
cussed. For example, we argue that the Levi-Civita tensors in the color space
may be understood as a unique spurion carrying the baryon number and hence
its absence in the Lagrangian of a specific model indicates baryon number con-
servation.

Afterwards, the two minimal scenarios of quark-lepton unification are ana-
lysed in detail: the Minimal quark-lepton symmetry model and its extension by
the inverse seesaw mechanism. We investigate if the observed anomalies in the
B-meson decays could be to some extent accommodated within these models.

Finally, possible low-energy effects of gauge leptoquarks are studied in the
theory of quark-lepton unification and its simple extensions by vector-like leptons.
Taking fully into account the freedom in the quark-lepton mixing, a catalogue of
measurements currently forming the border of the excluded parameter space is
found. We argue that, within the considered class of models, the gauge lepto-
quark can account for the discrepancies in the neutral-current B decays if and
only if at least two extra generations of weak-isosinglet leptons exist.
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Notation and abbreviations

Indices:
ij,... €412} fundamental SU(2),, indices
a,f,... €41,2,3} fundamental SU(3)¢ indices
a,b,... €{1,...40r 5} fundamental indices of SU(4)¢ or SU(5)
I,J,... €{1,2,3} indices in adjoint representation of SU(2),
A B,... €{l,...,80r 15} indices in adjoint of SU(3)¢ or SU(4)c
w,v,... €40,1,2,3} Lorentz timespace indices
M,N,... € {1,2,3,4} Dirac 4-spinor indices
LU € {e,u, 7} or {1,2,3} lepton flavour index
q,q € {d,s, b} or {1,2,3} down-type quark
Matrices:
q= Z] SU(2)r, or SU(2)g structures
(e
e=|up flavour structures
T

ar
q | (%) other matrix structures: SU(3)¢, 3+1 structure of SU(4)¢, . ..
e

Other notation and conventions:

Q=T;+Y normalization of the weak hypercharge

Yo, Y., ... Yukawa couplings are always labeled by an index
ol 2\ Pauli and Gell-Mann matrices

AL, Ao, quartic scalar coupling constants

Eg proper ortochronal Lorentz group

L Lagrangian

G W, B,, A, gauge fields usually carry the Lorentz index

Go color-octet scalar field

Gsm Standard Model gauge group SU(3)exSU(2), xU(1)y
G2 compact notation for SU(4) x SU(2)xU(1)

B beauty meson

B,F, L, M, W,Z baryon, fermion, lepton and other global numbers
C Fermion conjugation matrix

C,P,T discrete transformations

(V) shorthand for v, "C1!
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BNV / LNV
(B)SM
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QCD / QED
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QFT

RG(E)
(SM)EFT
SSB

SUSY
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WET

baryon/lepton number violation

(beyond the) Standard Model of particle interactions
electroweak (symmetry breaking)
flavour-changing neutral current

Fileviez Pérez — Wise model
(gauge/vector) leptoquark

grand unified theory
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lepton flavour [universality| (violation)
Minimal quark-lepton symmetry (model)
new physics (i.e., physics BSM)
quantum chromo-/electro-dynamics
quark-lepton unification

quantum field theory

renormalization group (equations)
(Standard Model) effective field theory
spontaneous symmetry breaking
sypersymmetry

Wilson coefficient

Weak effective theory



Introduction

Symmetries of laws of Nature are one of the most fruitful concepts in the mo-
dern fundamental physics. Since the beginning of the 20" century, many of
the important new paradigms in theoretical physics relied on postulating the
existence of new symmetries — consider theory of relativity, gauge theories such
as the Standard Model (SM) or grand unified theories, supersymmetry (SUSY)
or conformal field theory — or questioning their exactness (Galilean spacetime
symmetry, parity violation).

On the experimental side, testing various predictions based on symmetries
forms a large part of the past and contemporary research in high-energy physics.
Corresponding to the fundamental concepts mentioned, a variety of tests of Lo-
rentz invariance have been performed [1] as well as searches for C'PT violation [2]
which test the paradigm of local Lorentz-invariant quantum field theories. Fur-
thermore, various consequences of non-Abelian gauge symmetries are now fairly
established for both cornerstones of the SM — the quantum chromodynamics
(QCD) and the theory of electroweak interactions. One can mention the well
known evidence for color with absence of fine structures in hadronic spectra,
which points towards the unbroken nature of the SU(3)s symmetry, confirma-
tion of the very existence of the self-interacting gauge fields and their universal
interaction strengths, or the evidence for more complex predictions of gauge the-
ories such as asymptotic freedom. Needless to say, the discovery of the Higgs
boson [3, 4] was nothing but confirmation of the electroweak-symmetry breaking
mechanism. Going beyond the SM, a substantial part of the ATLAS and CMS
experimental focus in the first two runs was SUSY motivated (e.g. [5]), though
lacking any significant signal.

Apart from the fundamental symmetries mentioned so far, equally important
are the (exact or approximate) accidental symmetries of the physical laws — the
invariances which are not contained in the basic assumptions of the theory but
emerge anyway when the theory is built. Accidental symmetries of the SM provide
crucial probes of theories beyond the Standard Model (BSM) which do not respect
them.

In context of the ezact accidental symmetries of the SM, let us mention testing
the most important implication of continuous symmetries — the conservation laws.
First, the limits on proton partial lifetimes like F;_1>6+7r0 > 1.6 x 1034 years [6] form
an incredibly strong test of baryon number conservation, probing energy scales
many orders of magnitude above the energies of particle colliders. Secondly, lepton
number violation (LNV) is being searched for in a variety of different modes,
especially in tens of experiments looking for neutrinoless double beta decay [7, 8],
and furthermore in subnuclear particle decays (e.g. [9, 10, 11]) and in high-energy
collisions [12, 13]. Thirdly, the discovery of neutrino oscillations [14, 15, 16, 17]
provided the evidence for non-conservation of lepton flavour, another symmetry
predicted by the SM. On the other hand, lepton flavour violation (LFV) in the
charged lepton sector has not been observed so far (see, e.g., the reviews [18, 19]).

Furthermore, on-going direct tests of approrimate symmetries of the SM are
being performed. One of the long-term priorities of the contemporary particle
physics is the focus on the C'P violation, study of which is also highly motivated



by cosmology. In particular, studying the C'P properties of the B-meson decays
is the main raison d’etre of the B-factories as well as of the LHCB experiment.
Historically, the isospin symmetry (or, more generally, the SU(N,) symmetry)
of strong interactions is actually what made the theory of group representations
the basic mathematical tool in particle physics. This approximate quark flavour
symmetry of the SM is also continuously being tested [20]. Similarly in the
lepton sector, the lepton flavour universality (LFU) is being probed. In the last
decade, several hints of signals of new sources of violation of this approximate
symmetry of the SM in the B-meson decays (the so-called B-meson anomalies)
have been reported [21, 22, 23]. Finally, let us also mention the the famous
p = m%,/(m% cos?,) parameter, tree-level value of which is fixed by the custodial
symmetry [24] of the SM scalar potential.

In this work, we touch upon several aspects of various symmetries mentioned.
In both demonstrative examples and seriously meant phenomenological analyses
a lot of our attention is devoted to leptoquarks (LQs). These BSM fields pro-
vide an excellent material to study since they necessarily break the quark and
lepton flavour symmetries, some of them may even induce the lepton and baryon
number violation, and they naturally arise in the theories with extended gauge
symmetries.

In Chapter 1 we review the status of baryon and lepton numbers in the per-
turbative regime of quantum field theories like the SM and its extensions. In
doing so, we adopt a slightly nontraditional perspective, focusing on relations
between the gauge and accidental symmetries. Being a mere angle of view, this
approach does not bring new phenomenological results; nevertheless, thanks to its
intuitiveness it has a certain pedagogical value. For example, we point out that
in a broad class of BSM models the color Levi-Civita symbol can be understood
as a baryon-number-charged spurion and thus easily indicate baryon number vi-
olating interactions. The main idea has been shortly described in the appendix
of author’s first publication [25].

Chapter 2 inspects the theory of quark-lepton unification of the Pati-Salam
type. We apply the approach from Chapter 1 and clarify the status of baryon and
lepton numbers in this class of models, as one can be easily confused by the famous
but sometimes misleading motto “lepton number as the fourth color” [26] which
is widely used to characterize the main new idea of this theory. Furthermore, we
present a detailed tree-level analysis of the two minimal models of quark-lepton
unification [27, 28], based on the SU(4)c x SU(2), x U(1)r gauge symmetry
group. The original parts of this analysis consist of identification and a detailed
investigation of the scalar potential (published in Refs. [25, 29]) and a careful
parameter counting, including the discussion of number of physical phases in the
mixing matrices between leptons and quarks.

In Chapter 3, various model-independent prerequisites for the phenomeno-
logical studies in later chapters are provided. We formally introduce the lepton
flavour group and its important subgroups and describe in detail how this ap-
proximate symmetry of the SM would be further violated in the presence of
leptoquarks. After a brief introduction to low-energy effective theories we point
out some subtleties of this framework on an example of leptonic pseudoscalar
decays P° — [l . Furthermore, we overview the current status of the signals of
LFU violation in the semileptonic B-meson decays.



The two distinct topics in Chapters 2 and 3 get interconnected in the 4"
chapter which studies the abilities of the quark-lepton symmetry models to ac-
commodate the B-meson anomalies. Original author’s results are presented, most
of which have been published in Refs. [25, 29, 30].

Finally, Chapter 5 contains a yet unpublished phenomenological study [31] of
possible first signals of the gauge leptoquark in theories of quark-lepton unifica-
tion, taking fully into account the freedom in quark-lepton mixing and considering
a large number of relevant processes.

‘ Chapter / Appendix H 1 ’ 2 ‘ 3 ‘ 4 ‘ 5 ‘ A ‘ B ‘ C ‘
Baryon and lepton numbers, B—L v v 522 | vV |V
Leptoquarks 122 | v |35 |V | VvV |V v
Flavour physics 28| vV |V | V v
Quark-lepton SU(4)¢ unification v v | Vv v
B-meson anomalies v | V| b2

Table 1: Coverage of various topics in different chapters and appendices of this thesis.






1. Baryon and lepton number in
the SM and beyond

The baryon and lepton numbers, B and £, are important quantities which seem
to be conserved in all measurements performed so far. This is in harmony with
the perturbative regime of the SM in which B and £ are protected by global
symmetries of the classical action.

Nevertheless, there are strong cosmological motivations to believe that B- and
L-violating processes do exist. The initial observation is the apparent nonzero
baryon number density in the visible Universe, augmented by the electron density
which neutralizes the electric charge of our world to an extreme level.! On the
other hand, the today’s baryon to photon number density ratio (ng —ng)/n, ~
107! indicates that the relative difference between baryon and antibaryon abun-
dance (ng —nj)/(np+nj) had been extremely tiny in the early hot Universe at
temperatures above 1 GeV, when the production of baryon-antibaryon pairs was
essentially as easy as their annihilation. Such a scenario seems more and more
contrived as times closer and closer to the Big Bang are considered, which sug-
gests that B o (np — np) # 0 has evolved in physical processes from symmetric
initial conditions.

The necessary conditions for baryogenesis are B, C' and C'P violation in the
relevant effective physical laws and an out-of-equilibrium state [32]. As is well
known, C' and C'P are violated in the SM; however, the size of C'P violation is
too tiny [33]. In fact, also processes violating baryon number are predicted even
within the SM: since both B and £ are anomalous, they may be violated in the
non-perturbative "sphaleronic” phenomena which should have occurred in the hot
Universe, keeping only B — £ untouched. However, in the thermal equilibrium
at temperatures around 7' ~ 1 TeV, these processes are more likely to smear any
previously cooked AB = AL departure from zero than to create one. [34] Depar-
ture from thermal equilibrium at the electroweak (EW) scale could have emerged
as a first-order phase transition inhering in scalar field bubble nucleation. For
such scenarios, mechanisms of electroweak baryogenesis are known. Nevertheless,
this scenario is not applicable in the SM since the SM Higgs potential with the
measured Higgs mass leads to the phase transition which is not of the 1st order.

Thus, the electroweak baryogenesis calls for physics BSM which would improve
the conditions for the phase transition as well as bring additional sources of C'P
violation. A more prosaic option, studied in this work, is a perturbative baryon
number violation (BNV) or lepton number violation (LNV) in the New Physics
sector, which would open many other doors also in the cosmological considerations
if AB # AL can be created at even earlier times. Especially, even creating only
L # 0 might be sufficient as its would be later partially transformed into an
excess of baryons via the electroweak sphalerons [35, 36].

Baryon and/or lepton number violation at the level of classical action is not
uncommon in the BSM theories: LNV is present in the models employing some
kind of the seesaw mechanism; both B and £ non-conservation is predicted by

INotice that the lepton number density of the today’s Universe is not known due to our
ignorance of the (anti)neutrino abundances.



grand unified theories (GUTs) [37]. For the prominent role of B and £, LNV
and especially BNV usually become one of the most important characteristics of
the models in which they occur. Hence, even though systematic study of global
symmetries of a given model is a straightforward task, it is useful to be able to
recognize the B and £ violation "at first sight”.

This chapter is devoted to certain aspects of baryon and lepton numbers in
the SM, SMEFT and various renormalizable BSM models. We focus mainly on
the identification of perturbative BNV and LNV in the theory, putting aside the
experimental signals. In Section 1.1 we overview the status of U(1)g x U(1), in
the SM and remind how these accidental symmetries may be broken in the sim-
plest neutrino extension of the SM or by the effective operators of higher mass
dimension. Then, we focus on formal relations between the accidental and im-
posed symmetries in Section 1.2. During the whole chapter, the flavour structure
is made as implicit as possible; discussion of this aspect is postponed to later
chapters of this work.

1.1 Standard Model and first steps beyond

This introductory section serves mostly to set up the conventions. We review here
the Lagrangian of the SM as well as a few simple examples of lepton or baryon
number violating scenarios that do not go beyond the SM gauge group

Gsm = SU3)e x SU2), x U(L)y - (1.1)

1.1.1 Symmetries of the Standard Model

Let us begin fixing the conventions by casting the SM Lagrangian in the following
form:

1
Lon = — 5Gas G —

o i
+ b (D0)" + @i lPen + Gragi(Dan)™ + ot (Pug)® + dpai(Pdy)”
. . N 2
+ (D) | (D 6) + p* 810" — A (g]6')
 (TaiYa d® 9 + TaiYurr®eI ) + Yoen & + hc.)

1., i1 Y
im/lviujWéL — ZBNVBM

(1.2)

Here o, 8 € {1,2,3} stand for the SU(3)¢ fundamental indices, whereas i,j €
{1,2} refer to SU(2). The field-strength tensors G, W,, and B, relate to
the three factors in Eq. (1.1). The corresponding gauge fields appear in the
covariant derivatives, e.g., (Dg )™ = 0,q.* +193G3q.” +igW,;q.° +i3g' Bug™.
We represent them as traceless tensors in the fundamental representations of the
relevant gauge groups, avoiding using other kinds of indices in Eq. (1.2). An

alternative notation for the case of gluons would be
a Lroa\e a4
=3 (A )ﬂ G (1.3)

where the implicit sum runs over A € {1,...,8}. The SM gauge group is spon-
taneously broken as

GSM — Gvac = SU(3)C X U(l)Q (1.4)

10



Gsm —  Giac ‘ B L F
Field content of the Standard Model

Fermions: )

_ VL(1,0)
lri1a_ = 0o 1 1
L(1,2,-1/2) _&(1,1)]
€R(1,1,—1) = €r(1,-1) 0 1 1

_ UL (3,4+2/3) /5 0 1
dr(1,2,-1/2) _dL(s,—1/3) /
Ur(3,1,42/3) =  UR(3,42/3) s 0 1
dria,-1/3) =  dr@z,—1/3) /s 0 1
Scalar bosons:

wt
URERSTEINES Lvew L HO i) \/5] 0 0 0
Gauge bosons:
G#(&LO) 0 0 0
1f w3 WwWhry2

BH(LLO) 0O 0 O
Extension of the SM by right-handed neutrinos
Fermions:
VR(1,1,0) = Vr(1,0) 0 1 1

Table 1.1: Fields in the Standard Model and their baryon, lepton and fermion numbers.

by the vacuum expectation value (VEV) of the Higgs doublet:

(¢) = 7 L)SW] : (1.5)

It is well known that the Standard Model features a U (1) x U(1), global sym-
metry, implying conservation of the baryon number B and the lepton number £
which are assigned to the fields as in Table 1.1. In the current paradigm, this is an
accidental symmetry — it has not been imposed but has resulted as a consequence
of the specific field content when writing down the most general renormalizable
Lagrangian invariant with respect to Gsy and the Lorentz group Eg.

1.1.2 Neutrino masses and lepton number violation

A well known shortcoming of the SM is the absence of neutrino masses. One way
of improving this consists in including the right-handed neutrinos v; ~ (1,1,0)
in the theory and extending the Lagrangian accordingly by

L'E = 7[{@”]? + (E@'YVVR 5ij¢;[‘ + hC) ’ (16)

generating the neutrino masses via the same Higgs mechanism that gives masses
to the other SM fermions. However, the theoretical demand to include every term
which is allowed, together with the attitude of not imposing the lepton number

11



conservation calls for yet another part: the Majorana mass term
Lrr-Mai — TN Cup + hee (1.7)

which in the case Mpr > v., leads to the famous type-I seesaw mechanism of
generating parametrically smaller neutrino masses of order Y,?v2, /Mg [38, 39)].

As the interaction in Eq. (1.6) requires that vy carries £ = +1, the Majorana
mass term breaks the lepton number by two units, which might be observable as a
neutrinoless double beta decay. This is the basic illustration that the conservation
of B and £ depends strongly on the field content of the model.

1.1.3 SMEFT

The Standard Model effective field theory (SMEFT) is the framework for syste-
matic description of high energy new physics effects in terms of operators with
the mass dimension d > 4 built from the SM fields only. The SMEFT Lagrangian
reads

Lovprr = Lsv + Y (CaO4 + h.c. where necessary) (1.8)
A

where O4’s form a basis of all effective operators respecting the Ggy X Lg in-
variance, up to a given mass dimension d. Specific scenarios are defined by the
values of all the Wilson coefficients C'4. These dimensionful coefficients are real
for hermitean operators and complex for non-hermitean ones. In the latter case,
the conjugated terms are automatically included and we don’t count them as
independent.? Construction of the complete and non-redundant set of operators
of a given dimension is a highly non-trivial task, especially when the existence of
3 fermion generations is taken into account. Recently, the problem of counting
the number of independent operators built from given powers of individual fields
have been fully resolved and automatized [41] while algorithmizing the explicit
index contractions is still in progress [42].

For one fermion generation, there is only a single SMEFT operator of mass
dimension d = 5, the so-called Weinberg term [43],

Ow = [(6.)'Cl] ¢*¢' cueji (1.9)

which breaks the lepton number by AL = 2. This operator provides an effective
description of the seesaw scenarios [38, 44, 45] such as the model in Section 1.1.2.

At d = 6, the number of independent operators for a single fermion generation
is 63, out of which 59 conserve both B and £ [46]. The four remaining ones induce
AB = AL =1 and read [47]

Odugt = apy :(dRa)TCUR } [(QLW)TCEL } Ej » (1.10a)
Ouue = o (0% Ca™ | [(ur™) " Cer) &35 (1.10b)
Ogat = Eapy :<QLM TCQLB]} { RN } Eil €k » (1.10c)
Outuie = €y (™)' Cur”| [ (ur”)"Cex] (1.10d)

2 Our convention is in accordance with the WCxf standards [40]. In contrast, the non-
hermitian operators and their conjugates have been counted separately in Ref. [41]; the number
of operators then corresponds to the number of real parameters to be fixed.
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Generally, SMEFT operators of mass dimension d follow the rule AB — AL =
2d + 4k where k € Z [48].

Notice that all the dimension-6 BNV operators (1.10) contain the SU(3)¢
Levi-Civita tensor, unlike the other 59 ones. This simple observation suggests
there is an equivalence between baryon number violation and appearance of the
fully antisymmetric color tensor, which can actually be proven to hold for SMEFT
operators of arbitrary dimension. In Section 1.2, we will put this relation on
deeper grounds, showing that similar conclusions may be drawn also for models
with extended field content and even for other symmetry groups.

1.2 Relations between imposed and accidental
symmetries: "SU2U approach”

In this section, we will discuss some broader contexts of the notice made above
— that baryon number violating SMEFT operators can be identified by the color
Levi-Civita symbol. After better specifying and proving this statement, we will
discuss its extended validity for more general BSM models as well as the coun-
terparts of this observation for other symmetries.

Some parts of the discussion here are well known or trivial. Nevertheless, we
believe that this section as is stands has a certain pedagogical value, bringing an
intuitive insight to the appearance of some accidental symmetries. The key idea
of this chapter has been published in the appendix or Ref. [25].

1.2.1 Baryon number and color

Let us start with a simple observation that the baryon numbers of all the SM
fields (€1, er, qu, ur®, dg®, ¢, W, B, G3) can be related to their SU(3)c quantum
numbers by

B = ;’ ((# upper SU(3)¢ indices) - (# lower SU(3)c indices)). (1.11)

As hermitean conjugation swaps the position of these indices, antiparticles carry
opposite B charges. Generally, the only objects carrying color indices which might
appear in a Lagrangian are the dynamical fields and the invariant tensors — the
Kronecker symbol 0§ and the Levi-Civita tensor (qp, or €*77) [49]. From the
perspective of Eq. (1.11), d is a neutral spurion while ¢ is charged. The SU(3)¢
invariance of a given model ensures that every upper index is contracted with
a lower one in the corresponding Lagrangian. This implies that any SU(3)¢c
invariant Lagrangian that does not contain the color Levi-Civita tensor
is invariant with respect to U (1)s, action of which is defined by Eq. (1.11).
More generally, for any interaction term, the following relation between B viola-
tion and appearance of the Levi-Civita tensors holds:

AB = (#eap,) — (#77). (1.12)

This observation is not very useful for the SM as it is just a slightly complicated
proof of baryon number conservation. For SMEFT, it provides a rather elegant
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explanation of the rule of thumb in Eq. (1.12).> This equation also holds for any
explicit BSM model provided that B is ascribed to the new fields in accordance
with (1.11). As we will see later, prescription (1.11) provides a convenient choice?
of baryon number in many BSM models.

Notice that our approach relates an imposed SU(N) symmetry to an acci-
dental U(1) symmetry. Eq. (1.11) implies that the elements of the center of the
non-Abelian group, e*™/31 € Zs C SU(3)¢ for n = 0,1,2, always act the same
way as e*™® € U(1)g. Therefore, ignoring the local nature of the non-Abelian
part, both SU(3)¢ and U(1)5 can be understood as subgroups of U (3) rather than
of the larger group SU(3)c x U(1)g. The U(3) group, with its Cartan subalgebra
spanned by

1 0 0 (100 {100
M=10 -1 0], A8:701 01, 3:5010, (1.13)
0 0 0 3\o 0 -2 00 1

acts on all the fields according to their color indices by proper multiplications by a
single unitary matrix ¢g. For this reason, we call the above described procedure
of formally extending of the SU (V) symmetry group to U(N) the SU2U approach.
Its applicability range is wider than N = 3. In the rest of this section we give
some additional remarks about SU2U, all of which apply or can be generalized
to any SU(N) gauge group.

First, the SU2U applied on any SU(N) gauge factor in any model always
generates a good symmetry of the gauge interactions since the Levi-Civita tensors
do not naturally appear in the kinetic terms.

Secondly, note that a different basis of the Cartan subalgebra of U(3) can be
chosen than the one in Eq. (1.13), namely

10 0 0
r=1{0 0 , b=|0 0 0]. (1.14)
0 0 0 00 1

0 0

This demonstrates that the intuitive concept of conservation of color in the strict
sense, implying never-ending colored lines in Feynman diagrams, relies not only
on the SU(3)¢ invariance but also on the baryon number conservation — see
Fig. 1.1 for an illustration.

Last but not least, the SU2U approach requires that only the vector indices
a, € {1,2,3} are used even for larger SU(3)¢ representations (such as gluons in
the SM). This is always possible since every irreducible representation of SU(3)
can be found in the tensor product of sufficiently large number of fundamental
triplets and anti-triplets. On the other hand, such a product is not unique, which,
in turn, brings a redundancy in the definition of B. This will be commented on
in the following parts.

30ur reasoning could not have been done in Ref. [46] since upper and lower indices are not
rigorously distinguished there.

41f a BSM model features a global symmetry which coincides with baryon number for the
SM fields, a convenient choice of B for the new fields should generate that symmetry completely.

5This and all subsequent Feynman diagrams have been drawn using tikz-feynman [51].
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Figure 1.1: Left [50] — In the illustrations of SM processes, colored lines never end.
Right® — This does not apply for baryon number violating models, even though SU(3)¢
remains a good symmetry there.
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Table 1.2: Catalogue of all possible Yukawa interactions of SM fermions with scalar
fields. Their the hypercharges are denoted explicitly while the SU(3)c and SU(2)f
quantum numbers can be read off from the indices (multiple indices of the same kind
are symmetric). Scalars with multiple interactions are denoted by the same symbol.
The naming scheme for leptoquarks has been adopted from Ref. [52].

1.2.2 Yukawa-interacting BSM scalars

In this part we illustrate both the usefulness and caveats of the SU2U approach
on a series of single scalar boson extensions of the SM.

Let us begin with listing all possible Yukawa interactions of the SM fermions
with hypothetical scalars. The procedure is straightforward: for a given pair
of left-handed (or conjugated right-handed) fermions 11,1 transforming as R,
and Ry under Ggy;, the boson ¢ must transform according to an irreducible
representation R, contained in Ry ® Ry. The result is cast in the fermion-pair-
indexed form in Table 1.2. An extension of this table including interactions with
right-handed neutrinos, a linearized version of these tables and analogous tables
for vector bosons can be found in Appendix A. From Table 1.2, we pick a few
examples.
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Scalar leptoquark

First, consider extending the SM by the scalar Ry ~ (3,2,47/6). As it carries a
color index, the SU2U approach suggests B(Rz) = +1/3. Looking at the most
general renormalizable Lagrangian

Lsmor, = Lsv + (DuRa)l, (D" Ro)™ — i, (Rol, Bo'™)
- (CTLmYZL en Ro' + Uz, Yo ngEij Ry’ + h-C.) (1.15)

- K (RQZTQRQM)Q —p (RﬂaRzm) (¢;¢j) —P3 (@TRQO‘ZRQLJ'W) ;
one finds that the Yukawa interactions on the second line indeed call for B(Rs) =
+1/3 and L(Ry) = —1, while the other terms, built of the (Ry'Ry) quadratics,
do not pose any constraints on any additional quantum numbers. Both baryon
and lepton numbers remain conserved in this model. The R, leptoquark will play
a prominent role in Chapter 4, whence the labels of the Yukawa couplings have
been adopted from.

Scalar diquark

As a second example, let us consider the scalar y = (S1)" ~ (3,1, +2/3) added to
the Standard Model. The Lagrangian reads

Lonios, = Lsu + (Dx)] (D% = (ds®"C Ya di”x"2asy + hic.)
2 :
—m} (xix®) = (xdx®)” = o (Xix®) (¢}¢’) -
A naive application of the SU2U perspective yields B(x) = +1/3 and warns that
the Yukawa interaction between two quarks® and y violates the baryon number.

However, we can exploit the possibility to realize color triplets by antisymmetric
rank-two tensors and redefine the field as

(1.16)

Xa8 = €agy x7. (1.17)

Using the inverse relation x7 = % Xaop %97, the entire Lagrangian can be rewritten
without the Levi-Civita symbol as

1 o .
Louzs, = Lsn+ 5 (D) (D*X)os — (7€ Yaa dixap + hc.)
1 a5 1 1

= 5m () = 30 (M xa)” — 50 () (0]67).

Hence, with the proper assignment of baryon number B(x) = —2/3, the U(1)3
transformation is an exact symmetry of the model.

In this example we have explicitly shown that there is a redundancy hidden
in the prescription (1.11). We will comment on this later in Subs. 1.2.3. For the
moment, just recall that the statement above Eq. (1.12) is a one way implication:
presence of the Levi-Civita tensor in the Lagrangian does not immediately imply
baryon number violation — it might be just an inconvenient choice of realization
of the color structures.”

(1.18)

SMultiple generations necessitate to be considered in the Yukawa interaction, since the
Yukawa coupling Yy, is antisymmetric in the flavour space.

"Similar suitable-basis-specific formulations are usual in theoretical physics. For example,
CP is conserved if there is a basis in which all the couplings are real; the timespace is flat if
there are coordinates in which g, = diag(1, -1, -1, —1).
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Baryon number violating scalar

Finally, consider again the same scalar field as in the previous example, this time
in the model containing also right-handed neutrinos. In such a case, x = S; can
have both diquark and leptoquark interactions:

— LN o = A C Yaa X e apy + Ura C Vi TR X" + hic. (1.19)
Clearly, the redefinition in (1.17) would not help getting rid of ¢ anymore since
it would occur in the second term instead. This model therefore violates baryon
number. If the 14 is light enough, such a scalar field could contribute to the proton
decay via the diagram in Fig. 1.1. In the FPW model studied in Chapters 2

and 4, the S; field actually features only the second type of Yukawa couplings in
Eq. (1.19) and thus violates neither lepton nor baryon number.

1.2.3 Redundancies and congruence classes

In this part, we elucidate some connection between the SU2U approach and a
more formal treatment in the group theory [53, 49].
Every irreducible representation (irrep) R of SU(N) with the Dynkin labels

(ay,...,an_1) belongs to a certain congruence class characterized by its N-ality:
N-1

cR=Y_na, (modN). (1.20)
n=1

The trivial representation has ¢; = 0. If R® R’ = &,,, R, then for each R,
Cr, =Cr+cr (mod N) . (1.21)

This implies that the N-alities c,, of fields ¢, constituting an SU(N)-invariant
interaction []; ¢, must add up to a multiple of N. The same holds also for any
following modification of the sets of N-alities:

¢, = Cp+ kN, Ky € L. (1.22)
If the modified N-alities ¢/, add up strictly to zero for every term in the SU(N)
invariant Lagrangian, these numbers form the charges of a global U(1) symmetry.
Nevertheless, there is no guarantee that there exist such a set of ,’s that this
indeed happens.

What has just been described is actually the SU2U approach in a slightly
different language. The connection relies on the fact that the N-ality of an
SU(N) representation R realised as a tensor with upper and lower vector indices
is equal to

CrR = {(# upper indices) — (# lower indices)} (mod N). (1.23)

Considering the SU(3)¢ group in particular, the (modified) trialities correspond
to 3B, while the arbitrariness in the choice of k,’s corresponds to the possibility
of notation changes like (1.17). The discussion after Eq. (1.21) corresponds to the
fact that all indices must be contracted and the only nontrivial SU(3)¢ invariant
tensor is the Levi-Civita symbol which has 3 color indices.
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1.2.4 Lepton number and the weak group?

Could the SU2U be applied also on the weak isospin group SU(2)y, to obtain the
lepton number? Apparently, using the SU(2); directly on the SM Lagrangian
in the form of Eq. (1.2) fails due to the two-dimensional antisymmetric tensor
in the up-quark Yukawa interaction. Nevertheless, after the following change of
notation,

U™ = up®e | (1.24)
the whole SM Lagrangian can be rewritten, with use of uz® = %uRagsij, to the
form without explicit €¥. Indeed, the relevant terms then read

U, 1 — . 2 aij 1 J— [ed i — aij
su = o i (1(3 + 39/B> up™? + o Waij 93 QJBUR/}VJ — Qria Yulr vj(ﬁ; . (1.25)
Using this awkward but valid notation, the SU2U approach can be applied on
the SU(2),, gauge group, guaranteeing the existence of a global symmetry U(1)y
with the charges of the fields given by

W = ; <(# upper SU(2)L, indices) - (# lower SU(2), indices)). (1.26)

The U(1)w symmetry is spontaneously broken because W(¢) = +1/2, but the
combination

(B+L)=W-Y (1.27)

yields a good symmetry even after the electroweak symmetry breaking. Of course,
the quantity £, defined implicitly in Eq. (1.27), is nothing else but the well known
lepton number.

To conclude, the SU2U approach can be in principle applied on both non-
Abelian gauge factors of Gy in order to rediscover the U(1)g x U(1); symmetry
of the model. However, the price paid consists in losing its key benefit: the
intuitiveness.

1.2.5 Fermion number and Lorentz symmetry

Another well-known conserved quantity of the SM is the fermion number F, given
by the following linear combination:

F=3B+L. (1.28)

It is trivially recognized that F of various fields is intimately related to their
representation or another symmetry of the SM: the (proper ortochronal) Lorentz
group Eg. In the SM, the situation is quite simple: half-integer-spin particles
have ¥ = 1, integer-spin particles have ¥ = 0. When generalizations of SM
are considered, this rule must be also generalized: fermions carry odd-integer F,
while F of bosons is even. In other words, fermion number of a given field must
respect the congruency class or its Lorentz representation.

Let us recall the emergence of fermion number conservation in field theories.
The models in relativistic quantum field theories (QFTs) are defined by their
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gauge symmetry group G and by listing the irreducible representations of G' x 53.
In the renormalizable theories, just scalars and left-handed Weyl fermions need
to be listed while the spin-1 fields follow from the gauge structure. The left-
handed spinors can be optionally denoted as right-handed spinors instead, using
the relation

(V) = C%T =) = 121?- (1.29)

Using the Dirac 4-spinor notation, the model conserves fermion number provided
that its Lagrangian can be written, exploiting the freedom from Eq. (1.29), with-
out the conjugation matrix C. Indeed, the objects carrying upper and lower Dirac
indices which might appear in the formulas are the fermion fields ¥, ,, and
the covariant symbols (v*)%;, (v5)% and CM¥ or® Cprn. Analogously to the SU2U
approach, one ascribes the fermion number to all the objects as

F = (# upper Dirac indices) — (# lower Dirac indices). (1.30)

Then, the corresponding group U(1)s is a good symmetry of the model provided
that the only possible F-charged spurion — the conjugation matrix C — is absent.

If desired, the previously presented models can be used as simple examples:
the SM in Eq. (1.2) and its leptoquark extension in Eq. (1.15) are free of the C
matrix and conserve the fermion number; the AF = 2 seesaw operator in Eq. (1.9)
and its explicit realization in Subs. 1.1.2 indeed contain C in the Lagrangian; the
AF = 4 SMEFT operators of dimension 6 in (1.10) contain C twice while the
others do not. The correct assignment of the fermion number to the digarks in
the B- and L-conserving models is F = 2; formally, the corresponding absence of
the conjugation matrix in Eq. (1.18) can be achieved by including the C matrix
into the definition of the diquark itself, x$;nx = CarnXx®.

It should be clarified that the purpose of the last two subsections is not to
persuade the reader that uy should be written with two antisymmetric SU(2) .,
indices, nor to assert that the conjugation matrix must be strictly avoided when
casting fermion number conserving Lagrangians. Rather than that, we wanted
to argue that the relation between baryon number and SU(3)¢ symmetry lies
on the same grounds as the relation between the fermion number and Lorentz
symmetry. (In this respect, the chapter Tests of conservation laws in Ref. [54]
presents a different attitude).

1.2.6 Weak hypercharge rules them all

Another well known fact is that all the SM fields (see Table 1.1) satisfy, as rep-
resentations of Ggyy,

y e Losoe)y, 1 osuee (1.31)
2 3
where ¢3V@)r and ¢SUG)o refer to the weak isospin duality and color triality,

respectively.® This relation holds also for any BSM field ¢ for which an interaction

8Strictly speaking, the position of Dirac indices is CMY and C;rw n- However, in the chiral
basis, CT = —C.
9In our notation, A = B (mod 1) denotes cutting off the integer part is applied on the

mod n

right-hand side of the exact equation. On the other hand, A = B means that that A and B
may differ by an integer multiple of n.
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vertex containing a single ¢-leg and several SM-field legs exists, such as the scalars
discussed in Subs. 1.2.2. Furthermore, Eq. (1.31) is valid for any irrep of Ggm
which can stem from a representation of the SO(10) grand unified theory. In the
broken phase, a similar well known relation between color triality and electric
charge follows from Eq. (1.31),

w1 1 su3)e
Q 3¢ , (1.32)
which, in turn, implies that colorless particles (both elementary and composite)
carry integer electric charge.
Equation (1.31) in some sense selects irreps of Gsy which, for various reasons,
are being considered interesting for model building. In fact, it has the same
structure as the relations discussed so far, which in the similar formalism read

R modt ;CSU(?’)C, (1.33)

[ meu ECSU(Q)L _ ECSU(?))C —Y (1.34)
2 3 ’

9:, mod 1 J (135)

However, the role of Equations (1.33)—(1.35) is different: they suggest convenient
choices of global charges once the model is build. Provided that Eq. (1.31) holds,
Eq. (1.34) simplifies to

L == 0, (1.36)

claiming that the lepton number of any field in the theory should be an integer.
In contrast, Eq. (1.33) implies a nontrivial relationship between baryon number
and weak hypercharge:

By (1.37)

1.2.7 A counterexample

There are situations in which the SU2U approach fails. Here, a counterexample
BSM model will be presented, featuring the baryon number symmetry which is
not in strict connection with the triality of color. Such a situation can arise when
the matter field content of the model is divided into several sectors, and only
gauge and scalar-portal (¢'¢ XTX) interactions between different sectors exist.
Then, the would-be global U(1)s symmetry suggested by the SU2U approach
may be explicitly broken in the non-standard sector but remain conserved in the
sector containing the SM fields. Such models arise, for example, when the SM is
augmented by a field with quantum numbers which do not respect Eq. (1.31).
As a particular example, consider extending the SM by a scalar X ~ (3,3,0).
As explained above, it cannot have any Yukawa interactions with the SM fermions
and only the portal coupling with the SM Higgs. Thus, the U(1)g x U(1), invari-
ance remains intact if we simply ascribe B(X) = £(X) = 0. The SU2U approach,
on the other hand, inappropriately calls for B(X®) == +1/3. Nevertheless, the
X field cannot carry any conserved charge because of its trilinear self-interaction

LY =m XUXY X ens, . (1.38)
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non-Abelian symmetry generator of Abelian symmetry

L) F
SU(2)¢ L+B+Y
SU(3)e B
SU(4)c — I
SU(5) B—L—1y

Table 1.3: Pairs of related imposed and accidental symmetries.

1.3 Summary and overview

In gauge field theories, global symmetries commonly appear without being im-
posed. The accidental U(1)g x U(1); symmetry of the SM is explicitly violated
in many of its extensions.

The charges of accidental U(1) symmetries can be often related to the con-
gruency classes of the imposed non-Abelian (space-time and gauge) symmetries.
For several important examples, these relations are summarized in Table 1.3: the
first three relations have been thoroughly discussed in this chapter; the case of
SU(4)¢ will be elaborated on in Chapter 2; for SU(5) in the GUT framework see
Appendix B.

If the Lagrangian of an SU(N) invariant theory (written with explicit indices)
is free of the corresponding Levi-Civita tensor, the existence of an accidental U(1)
symmetry is guaranteed and its action can be inferred simply from the difference
between number of upper and lower SU(N) indices carried by the dynamical
fields.

In SMEFT, also the opposite implication holds: baryon number violating
terms can be simply identified by the color Levi-Civita symbols. Similar conclu-
sions will be made in Section 2.3 in context of SU(4)¢ theories of the Pati-Salam

type.

21



22



2. Quark-lepton unification

Quark-lepton unification (QLU) is a framework introduced by Pati and Salam
in the article called Lepton number as a fourth color [26]. As this title suggests,
the main idea of QLU is based on extending the QCD gauge factor SU(3)¢ to
SU(4)¢ and accommodating the quarks and leptons in common representations.
In the minimal setting, these read

ia QLa'i ua __ URa de dRa
() re) e e

where a € {1,2,3,4} denotes the SU(4)c fundamental index while o € {1,2, 3}.
The original Pati-Salam model combined this assumption with left-right sym-
metry. However, this work focuses mainly on more modest scenarios with the

G = SU(4)e x SU(2), x U(1)g (2.2)

gauge structure, as detailed in Section 2.1. In Section 2.2, the Minimal quark-
lepton symmetry model (MQLSM) is introduced, the smallest SM extension fea-
turing the SU(4)¢ unification. For more general situations but with this partic-
ular example in mind, we overview the status of baryon and lepton numbers in
models of QLU in Sections 2.3 and 2.4, and argue that the title of Ref. [26] may
be slightly misleading for some cases.

Afterwards, an overview of the gauge boson sector in theories based on Gy
is given in Section 2.5, followed by a detailed analysis of the scalar sector of the
MQLSM in Section 2.6 where the most general scalar potential is identified and
studied [25]. In Section 2.7, the Fileviez Pérez — Wise (FPW) model is presented,
an extension of the MQLSM by the inverse seesaw mechanism. Since both MQLS
and FPW models have identical bosonic sectors, Sections 2.5 and 2.6 hold for
both models. Section 2.8 is focused on fermionic interactions with the BSM
bosons in the considered models. Finally, in Section 2.9 we count the number of
free parameters and discuss the number of physical phases in the flavour mixing
matrices between quarks and leptons which, to our best knowledge, has not been
described in the literature yet.

Such a detailed analysis provides a solid background for Chapters 4 and 5
where phenomenological analyses of those (or similar) models will be presented.

2.1 Gauge symmetry and its breaking

Let us begin with a closer look at the structure and fate of the extended gauge
symmetry cast in Eq. (2.2). The SU(4)¢ factor is supposed to be spontaneously
broken at some high scale way above the electroweak one, which (unlike for GUTS)
can be chosen arbitrarily since our framework unifies the fermions but not the
gauge interactions. The smallest possible first step of the SU(4)c breaking is

SU(4)C — SU(3)C X U(l)[B,L} . (23)
The Abelian factor in Eq. (2.3) is generated by

1 (1 0
C 2\/6 ( 0 -3 ( )
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G421 SU(4)C U(l)R SU(Z)L
TE® [B—L) = /312
g3 = g4 9BL = §94
G,lli ,,,,, 8 _ Allt ..... 8 AH}/;
”w
G321 SU@3)c U(l)[B—L}
Y =4[B-L|+R
— 9BLYIR — 3 /
+ g 9%+ (9r/2)? 2951 $in 6
B, =sin#'A° + cos§'B;,
Gsm Ul)y
Q=T +Y
1 e= % = gsin Oy
A, = cos by B, — sin Oy W3
Gac U(l)Q

Table 2.1: Scheme of the sequential symmetry breaking in the quark-lepton symmetry
scenarios. For each step, the corresponding branching rules, matching equations and
gauge bosons which remain massless are specified.

and its name becomes clear when one considers its multiple

8
[B_L] = gTCl'E) = dlag (1/37 1/37 1/37 _1) (25>
applied to the unified representations in Eq. (2.1). Nevertheless, we will always
keep the square brackets in order to indicate that [B— L] is an indivisible symbol.

In the next step, the intermediate symmetry
G3121 = SU(3)C X U(l)[B,L} X SU(2)L X U(l)R (26)

is further broken down to Ggy, following the branching rule
1
Y:R+§[B—L]. (2.7)

More details about the spontaneous symmetry breaking can be found in Table 2.1.
Notice that G491 is a subgroup of the Pati-Salam group

G422 = SU(4)C X SU(Q)L X SU(Q)R, (28)

Lie algebra of which is a maximal subalgebra of so(10). Therefore, the BSM mo-
dels considered may well be low-energy limits of the Pati-Salam-like framework
or even of a grand unified theory. On the other hand, in recent years several
models were built around the gauge group SU(4)¢, x SU(n)c, x SU(2), x U(1)
with n = 3 [55, 56, 57, 58, 59, 60] or n = 4 [55, 61, 62, 63] where the standard
QCD generators arise as T¢H = T¢ +T¢ for A=1,...,8. These models can not
be effectively described in our framework.

2.2 Minimal quark-lepton symmetry model

In order to give a specific example, we will shortly present the MQLSM, the
simplest model featuring the SU(4)c group which may be compatible with the

24



Gun —  Gsum | [B-1] MJF B L
Field content of the MQSLM
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W, 1(1.,3.0) 0 0 0
BL(LLO) 0 00 0 0
Scalar bosons:
wr) e ()6

= b 10
X(4,1,+1/2) ( X?LLO) -1 0 0
H241/2) 0 00 0 0

([ Gasat1/2) Resasre) 0 4/ 0 1B\(0 -1
Paszm = <R£(3,2,—1/6) 0 ~is 0 0o “is 0/ 0

+ V2T Ha19,41/2)
Fields which extend the MQLSM to the FPW model

Fermions:
N 1,1,0) 0 01 0 1

Table 2.2: Field content of the MQLS and FPW models. On the right hand side of the
table, the corresponding quantum numbers discussed in Secs. 2.3 and 2.4 are displayed.

SM at low energies. The MQLSM has been introduced in Ref. [27] (with an
optional extra scalar field (15,1,0)) and further elaborated on in Refs. [64, 65,
66, 61, 67, 68, 69]. It is also a starting point for construction of other similar
models [28] which we will investigate later on.

The meaning of minimality of this model is three-fold: the first aspect is its
gauge group (491, indeed a minimal extension of Ggy containing the SU(4)¢
factor (barring the case of SU(4)c x SU(2) with weak hypercharge identified
with 7% which obviously does not lead to the SM at low energies). The other
two aspects relate to the minimal fermion and scalar sectors, respectively, as
summarized in Table 2.2. In particular, the fermionic sector consist only of the
fields in Eq. (2.1) and thus contains no other fields but the SM fermions and right-
handed neutrinos. The scalar sector consists of x ~ (4,1, 4+1/2) which breaks the
SU(4)¢ symmetry, one Higgs doublet H ~ (1,2,+!/2) and an additional field
® ~ (15,2,41/2) which contains another Higgs doublet, Hy. We parametrize

25



their VEVs as!

(x) = \}5 (2{) , (H) = SI\I;; L}SW] , (D) = Czojg (g _03> ® L}SW] . (2.9)

Under the assumption v, > vew, the scalars participate in the spontaneous gauge
symmetry breaking as follows:

(H), (®)

Gz 2, Gy Guac , (2.10)

effectively skipping the intermediate stage G312;. The presence of two Higgs
doublets stemming from different SU(4)c representations (singlet and adjoint,
no other options exist [70]) is needed in order to give masses independently to
the quarks and leptons in the common quadruplets. Indeed, the fermion mass
matrices are given by?

) coS 3\ Vew ) co8 3\ Vew
M, = 1Y, + Y5 , My;=|Y- +Y, , 2.11
< 1Slnﬁ 2\/@) \/5 d <3Slnﬁ 4\/@) \/§ ( a)
) cos 3\ Vew ) coS B\ Vew
MP =1 —3Y,—— . M, =Y - 3Y, ., (2.11b
v ( 1Slﬂ6 2\/ﬁ> \/§ <3Slnﬁ 4\/@) \/§ ( )

where Y; 934 are Yukawa matrices entering the Lagrangian of the model which
we cast in the full form for future purposes:

1 1 3 vj 1 v Enl ia Tu u\a
Lrvqrsm = —= A% AP — §WZ Wi — =B B + Fr (D) + [ (D f)

o vt wwiVi 4 D
+ [ (DED + (DOL(D" ) + (DH)(DPH)' + (D, @)y (D" ®)

— (FEH F 25+ a0l By + [ Y5 HIB ' + 4, V0l B 4+ he.)
— iy HIH — X — g @ — M H H Sl ey

— M@l D ExE — N HT HixEx — (A4Hj xhajieyt + h.c.) — N\ H el (2.12)

3

i N\ 2 2 axibgte xi agib) >
“Aexi @@l = Ar (HIH) = 2 (xix)” = Ao@lp @l aliel! - Ay (0] ol
- (/\HHZ BB H! + o H e 81001 1 Az Hvjealaic + h.c.)
— Aaxb RPN — A5l LRI — N1 Bly DI DTPY

SR LS I AR 2 TR B S JAL Sk A WRL R A SAS S

The MQLSM is able to fully reproduce the SM at low energies. We postpone
the description and investigation of new physics (second Higgs doublet, Z’ boson,
heavy scalar gluons, various kinds of leptoquarks) to later sections and chap-
ters. In the next two sections we will provide some more general insight into the
the status of baryon and lepton number in models with quark-lepton symmetry,
taking the MQLSM as an important example.

2.3 Baryon number and the M symmetry

In this part we apply the SU2U approach described in Section 1.2 on the SU(4)¢c
group. The SU(4)c gauge interactions conserve a global charge M which is

'Recall that the round brackets denote the SU(4)¢ space (using the 341 block structure)
while the square brackets identify SU(2)r doublets.

2In Ref. [28] the numerical factors multiplying Y2 and Y; are wrong due to inappropriate
normalization of Hy within the & field.
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ascribed uniformly to all elements of a given irreducible representation as
M= (# upper SU(4)c indices) - (# lower SU(4)¢ indices) : (2.13)

In other words, in the formalism where the SU(4)¢ structure is realized by tensors
over 4-dimensional vector spaces and where 77" act via traceless Hermitean
4 x 4 matrices, M acting on the same structures via a unit matrix generates a
global symmetry of the SU(4)c gauge interactions. Moreover, U(1)y is a valid
accidental symmetry of the entire model (including interactions of scalars) if its
complete Lagrangian does not contain any antisymmetric tensor €4p.q. As one
can verify by a brief look at Eq. (2.12), the MQLSM is a good example of such a
model.

Eventually, U (1)) gets spontancously broken together with U(1)p-z;, but the
combination

1
4

a natural candidate for the baryon number, remains unbroken. For the MQLSM,
this statement can be easily verified by confronting Table 2.2 with Eq. (2.9).
A general proof is also simple: provided that SU(3)¢ is an unbroken part of the
SU(4)¢ symmetry, all VEVs are annihilated by its generators T4 for A =1,...,8.
Thus, all VEVs also vanish under the action of the quadratic Casimir operator
of the SU(3)¢ subgroup, csV®e = S8 TATA, which acts on every SU(4)¢
multiplet as a multiple of B defined above.® Hence, B also annihilates all the
VEVs.

The arguments from the last two paragraphs together result in the follow-
ing useful conclusion: Absence of €44 in the Lagrangian of an SU(4)¢
gauge theory implies conservation of baryon number. An alternative, but
equivalent reasoning may be given as follows: as we know, the baryon number de-
fined according to the SU2U perspective can be violated only if the Levi-Civita
tensor €,43, appears in the Lagrangian. When rewriting the SU(4)¢ invariant
interactions to the broken phase by splitting the indices like a — (a,4), the
3-dimensional €,4, can only emerge from the 4-dimensional antisymmetric ten-
SOOI Egbed-

There are many examples of SU(4)c models featuring the U(1)y symmetry
and thus conserving B, including the MQLSM and its extensions inspected in
Chapters 4 and 5.

On the other hand, there are also models with different scalar sectors for
which the U(1)y defined in (2.13) is not a good symmetry. As the first example,
consider the scalar self-interaction

B (M + [B—L]) = diag (1/3,1/3,1/3,0) , (2.14)

aijazazas b1babsba A i’ N AN
£ £ AalblAagbgAa3b3Aa4b4€l]‘€l’]’€kl€k’l’ (215)

of the (10, 3,0) irrep of G421, which also has the Yukawa interaction F,'CAF;.
Within the Gyg framework, A can stand for (10,3,1) or also* (10, 1,3), both

3Notice though that the proportionality factor between the actions of C’2S UGe and B may
differ among various field multiplets. Moreover, as discussed in Section 1.2, our definitions of M
and B above contain redundancies. Hence, the M and B generators can not be strictly related
to the Casimir operators of SU(4)c and SU(3)¢, respectively.

4The indices 4,4, ... in (2.15) denote either SU(2)r, or SU(2)g structure, depending on the
representation considered.
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emerging in the ”classic” left-right symmetric model of Ref. [71]. Such scalar
fields induce neutron-antineutron oscillations (i.e., AB = 2) but keep proton
stable due to an exact "remnant” discrete symmetry.

As another example, let us take the interaction of A with an SU(4)¢ adjoint,
SU(2)r, doublet @ (cf. also the MQLSM) via the term

£WAN L Ay DY DY (2.16)

(with SU(2) indices supressed). Baryon numbers of the substructures in A and
® are fixed by their Yukawa interactions in the Pati-Salam model [70] which,
together with (2.16), trigger proton decay (AB = 1). Both these examples can
be also found in Section 6.5 of Mohapatra’s coursebook [72].

Finally, the Alternative Pati-Salam model [73] has been suggested as a TeV
realization of the G490 symmetry. However, it can be shown that B would be
violated if there was the interaction

Sabea XEXT XA XH €580y (2.17)
of the scalar fields x, ~ (4,2,1) and xr ~ (4,1, 2).

Notice that identifying baryon number violating models is fairly easy using
the U(1)y symmetry considerations, since Eq. (2.14) together with the SU2U
approach tell us that B-changing interaction terms can be recognized by the
presence of the SU(4)¢c Levi-Civita tensors:

AB = AM = (# gabad) - (# gabcd). (2.18)

For another SU(4)-based model where Eq. (2.18) is applicable see Ref. [74].
In the model of Ref. [57] with an SU(4) x SU(3) gauge subgroup, an interaction
term with the corresponding Levi-Civita symbols triggers explicit violation of
another would-be extra accidental symmetry.

2.4 Lepton number not as the fourth color

As described above, the MQLSM features a global U(1)y symmetry which at
the end guarantees conservation of B. One might thus conclude that the lepton
number must be spontaneously broken because [B—L] is so; such a deduction
would be, however, wrong. It can be easily verified by looking at the MQLSM
Lagrangian (2.12) that it conserves also the fermion number F (since there is no
C matrix). Hence, the lepton number in MQLSM must be conserved, provided
that it is defined by

L=F—3B. (2.19)

One can easily verify at Table 2.2 that such a definition leads to correct values of
L for all the SM fields and that £ is respected by the vacuum [cf. (2.9)]. It should
be stressed that it differs from the notion of fourth color which unambiguously
means acting on SU(4)¢ tensors by

Lot = diag(0,0,0,1) = =B - [B-1], (2:20)
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G422

— GSM

| [B-I]

M=F

B

Field content of the Mohapatra-Marshak model [71]

Fermions:
qL 1/3 1/3 0
Fruzyy = (&) <_1> 1 (O 1
([ lur dg] 1/3 1/3 0
Fran2 = ([VR en) 1 1 0 1
Scalar bosons:
bu22 = |[H H| 0 0 0 0
X1/  S3(33 41/ -2/3 2/3 223 -1\ 0 -1
A _ (6,3,—1/5) 3(3,3,41/3) _9
L(103,1) (53(3,3,+1/3) Ariaa,3,41) 2f3 2 a0 N1 -2
Ap _ (X(G,LTgl/g) 51(3,1,Tg+1/3)> (-2/3 2/3) 9 (—2/3 —1/3><0 —1)
(10.1,3) S16ar3 11 Drasaariin )|\ 3 2 s 0 N1 -2

® [T = —1,0,+1]
Fields which extend the above model to the Pati-Salam model [70]

Scalar bosons:
(e 5) o B)0 )

Gaia1/2) Re@o47/6
D502 = [<~T(H+/) (3,2,+7/6) :
Table 2.3: Fermions and scalars in the models of Pati-Salam type and their quantum
numbers. Horizontal structures in square brackets denote SU(2)g.

R2(3,2,—1/6) 0
Ggr R/Q 15 It
(G )] -vemtm )

a quantity which is spontaneously broken indeed. It is of course just a matter of
notation introduced in Eq. (2.5) which leads us to write down that, generally,

B L+£[B-1L. (2.21)

For the MQLSM, this bizarre inequality is manifest for the elements of the scalar
field x (see Table 2.2).

Despite that, denoting the generator of U (1)Té5 simply by B — L is quite
commonly used. To this end, we would like to stress that such a notation should
be used with great caution as it may become a source of confusion. In Chapter 5.2,
we will discuss a particular example from the literature where overlooking the
inequality (2.21) lead to incorrect phenomenological conclusions. The observation
that a spontaneously broken gauge symmetry which charges quarks by +1/3 and
leptons by —1 needs not necessarily be identical to B — £ has been recently
advocated also in Ref. [75].

It is perhaps worth comparing the situation with the "classic” models of quark-
lepton unification with left-right symmetry based on the Gyoo group [71, 70].
Due to a different scalar sector (see Table 2.3), the M charge defined according
to Eq. (2.13) exactly coincides with the most reasonable attempt to ascribe the
fermion number. Hence, there is just a single candidate for an accidental non-
local U(1) symmetry, which is explicitly broken by the scalar interaction (2.15)
and potentially also by (2.16). Provided M = F, Eqs. (2.14) and (2.19) imply
that [B—L] = B — £ does hold for all the fields in a given model. Eventually,
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this gauge symmetry is broken spontaneously by (Agss) and no combination of
B and L represents a precise symmetry in the broken phase.

Let us recapitulate the last two sections: quark-lepton SU(4)¢ unification does
not necessarily induce BNV nor LNV. Violation of £ can occur both explicitly
or spontaneously, while B can be violated only explicitly. E.g., in the MQLSM,
both B and £ are conserved, while the FPW model which will be introduced
later violates £ explicitly. In the models of the Pati-Salam type, both B and
L are explicitly violated, with a combination B — £ broken only spontaneously.
If the explicitly violating scalar interactions in these models were absent, lepton
number would be spontaneously broken but B would remain conserved.

2.5 Vector bosons

In this section, we describe in detail the gauge field content in the quark-lepton
unification scenarios based on the G491 gauge group as outlined in Table 2.1.
A similar study can be found, for example, in Ref. [27]; we present it here for the
sake of completeness. We strive to be as general as possible, going beyond the
specific scalar content of the MQLSM. To this end, we use the notation

(Tx) = (o) Tx (), (TxTy) =Y (o) Tx Ty () (2.22)

® ®

where the sum runs over all scalar multiplets in the model and T'x, Ty stand for
specific gauge symmetry generators.

The gauge fields as they arise from the associated factors of G491 read (see
also Table 2.2):

Gu+ 2AP U, /V2
SUA)e: A= ( MU1L2/(/_M “f AT (2.23a)
)
1 WS W+
SU2),: W,= 3 L/ivuv— \/__W;] (2.23b)
H M
Ul)g: B,. (2.23¢)

Gauge leptoquark

The first step of the spontaneous symmetry breaking (SSB), i.e. SU(4)c —
SU(3)c x U(1)[p-r), generates mass of the leptoquark field Uy, ~ (3,1, 42/3):

1
S, = TITE) (2:24)

Its interactions with the SM fermions are described in Section 2.8.1. The low-
energy effects of this leptoquark will be studied thoroughly in Chapter 5.
Neutral gauge bosons

The renormalization group (RG) evolution of the gauge couplings between the
SU(4)c breaking scale and that of [B—L| breaking is more complicated than
usually: because the G311 group contains two U(1) factors, the gauge kinetic
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mixing term AE’/B’“” appears during the running, bringing a new parameter into
the game [76]. For simplicity, we will assume that the energy interval with two
unbroken Abelian factors is so short that these effects are negligible. Then, the
neutral vector boson mass matrix in the { A B’, W3} basis reads

1 QQBL<[B_L]2> 9BL 9R<[B_L]R> 9BL g([B_L]TL3>
5 M2z, = | grgsr(R[B—L)) 97(RR) grg(RT}) |. (2:25)
99s{Ti[B—L])  ggr(TiR) g (TPT})

Provided Q = T3 + R+ %[B — L] is unbroken, (QT') = 0 for any generator 7', and
the matrix in (2.25) has a zero eigenvalue, corresponding to the vanishing photon
mass. The other two eigenstates yield the Z boson and a new massive field, Z’.
Usually, the limit of two separate symmetry breaking stages, G3121 — Gsy —
Gyac, can be considered. After the first of these steps, with the symmetries

generated by Y = R + [B—L]/2 and T} yet unbroken, Eq. (2.25) simplifies to

1 2 2 T : 2gBL
5 Z 7' - <R> 56 Wlth 6 - _gR 5 (226)
0

which can be diagonalized via the rotation by the angle 6" satisfying

/ /
IR sing = 7 cosf = -

tan @ = , ,
29Br, 2981 JR

(2.27)

If the running effects between the G319;-breaking scale ppr and that of Gyo1-
symmetry breaking can be neglected, one has gpr(upL) ~ \/ggg(/LBL) and sin 6’
can be given readily in terms of the SM parameters. This rotation mixes the
gauge fields AE’ and B, into a massive state Z; with

I _ 9]231; 2
Mz, = o 9,([B—L]> (2.28)
and a B, field corresponding to the weak hypercharge Y which, after the elec-
troweak symmetry breaking (EWSB), mixes further with W? in the SM-like fash-
ion. To sum up,

A}f’ cosf' sinf 0\ (Zp, co s O\ /1 0 O Z,

B; = | —sin® cos® 0 B, |~ |—s¢ co 0|0 cu Su Z,

VVM3 0 0 1 VV:’ 0 0 1) \0 —s4 cuw) \A,
(2.29)

with co = cos ', s,, = sinf,, etc. The coupling of the Z’' boson can be obtained
by rewriting the relevant terms in the covariant derivative accordingly,

gsL[B—LIA® + ggRB,, = ¢'YB,+ Ciig, (IB-L]—2vsin®0) Z;,, (2.30)

which is an analogue to the similar relation well known from the SM:

/ 31173 g 3 . 9
Y B+ gTIW) = eQAu+ 5 (77 - Qsin®6,,) Z,. (2.31)
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The approximate equalities in Eqgs. (2.29) and (2.31) become exact in the limit
(R)/{T?) — oco. With the finite ratio of the symmetry breaking scales, the true
mass eigenstate Z' does not fully coincide with Z|; however, this small difference
is currently unimportant as there have been no convincing signals of the very
existence of the Z’ field so far. On the other hand, a small admixture of Z| in
the known Z boson (with my = 91 GeV) might slightly modify its couplings with
the SM fermions as well as the SM formula for the Z-boson mass.

2.5.1 Vector boson masses in MQLSM

Now, let us study the gauge boson masses in the MQLSM in particular. The
VEVs of the scalar fields given in Eq. (2.9) imply the following relations:

v2 2 cos? 1
TATY) = X 4 ev— 1 B—L]*) = Zv2. 2.32
In the limit with separated symmetry breaking stages (v, >> vey) one obtaing
gaUy 9BLUy
X = . 2.33
" 27 LT (2.33)
As there is no (3191 intermediate stage in the MQLSM, one can write down
8 Y 2 g/(vx)
gas = \/>gBL = g3(Vy), sinf = /= , 2.34
3 3(0) 39s(vy) (2.34)

which implies

, 3 3 12
ULZN \/7(:05 0 =.=-— gQ(UX). (2.35)
my, 2 2 g3(”x)

This ratio ranges between 1.17 for v, = 2 TeV and 1.11 for v, = 20000 TeV,
assuming the one-loop SM running of the gauge couplings.

2.6 Scalar potential and scalar masses

In this section, the scalar sector of the MQLSM is described in detail. Note that
it remains unchanged also for the FPW model [28] which shall be introduced in
the next section. Identification of the full form of the scalar potential and its
analysis has been published in Refs. [25, 29].

Recall from Table 2.2 on page 25 and from Eq. (2.9) that, after the symmetry
breaking from G421 to Ggm by v,, the scalar fields of the model can be written in
the following way:

5,1[01 Gai H} (e %}

a . % ia +5a72 R

X =|vy+x%+izg |, H, &Ff :( 2% Bjm 32Hi)' (2.36)
V2 285 € —y2

The EWSB is triggered by the VEVs of the two Higgs doublets:

<H>=Sin5l0] , <H2>:C085l0]. (2.37)

\/§ Vew \/§ Vew
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The axial part z{ of the neutral component of x becomes eaten by the Z]
while would-be the Goldstone boson associated to the vector leptoquark U; is
approximately (neglecting the subdominant contribution of (Hs) to the SU(4)¢
breaking) given by u; ~ SI. The Goldstone modes emerging after the EWSB
reside in the H doublet

b= w 2.38
o %(er‘}‘Ho‘f“Z) ( ’ )

which is defined by the following rotation:
H _ [cosp —sinB\ (H

(ﬁ]) N (sinﬁ cos f3 ) <H2) ' (2.39)
In the new basis, the whole electroweak VEV is hidden inside H and the remain-
ing component H° has exactly the SM-Higgs-like interactions with the fermions.
However, H° is generally not and exact mass eignestate. Nevertheless, a light
physical scalar h with my, o ve, must appear in the mass spectrum [77], while
the rest of the physical scalars should have larger masses of the order of v,, in
accordance with the minimal survival hypothesis [78]. In such a case, the mass
eigenstate h is well approximated by the field H in Eq. (2.38) and thus has all

the characteristics of the SM Higgs boson [79], as its mixing with x% as well as
with H" from

. Ht
H = L}i(on_{_iAO)] (2.40)

must be suppressed by v2/ vi. The field H is an exact mass eigenstate as there
are no other fields to mix with.

In the strongly interacting sector one finds electroweak doublets of massive
scalar gluons G and of two leptoquark fields Ry and Ry (cf. Tables 1.2 and A.3):

R2/s

G+ @ ;5/3 @ ~ A @
Go% = : . R = . RS =2 . (241
E 0 (A PR

The mass of Gy is bounded from below by the K°-K"° mixing and bbt production
at the LHC [29, 80, 81]. Also the leptoquark masses are limited by the ATLAS
[82, 83, 84, 85, 86] and CMS [87, 88, 89] searches to be way above the electroweak
scale. Hence, the mixing among R; 2/ 3, R; 2/3 and S I , which appears only after the
EWSB, is parametrically suppressed and all the fields in (2.38), (2.40) and (2.41)
represent exact or approximate mass eigenstates. Moreover, the isospin mass
splitting within the individual doublets must be quite tiny: since a general mass
formula reads m%g = avi £ bvZ,, taking the square root gives mys_y) ~

=+1/2 ew’
Vav, £ ﬁvgw /vy. Hence, it makes sense to simply talk about mg,, mpg, and
Mg, .

Although the description made above can be drawn from general principles,
a detailed analysis of the scalar potential is necessary in order to find if there
are any relations between the masses of various Ggy representations. The scalar

potential has been cast in in Ref. [28] but 9 terms terms are missing there. We
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have found [25] and verified by dedicated automated tools [90] that the most
general renormalizable form of the scalar potential reads
V =y HIH + 12X + pd Te(0] ") + M HI H'x 'y + N HI H' Tr(210)

+ A XX Tr(@]@7) + (A HIx 'y + hic.) + As H] Te(®]0) HI

F X OO\ + A (HTH)? + As(xTx)? + A Tr(D] 7 DTD7) 4+ N\ (Tr(0]d7))?

+ (A H] Te(@F @) HI + Ao H] Tr(®F @7 @F) + Az H] Tr(®' f &7) + h.c.)

+ A @Iy + A5 Tr(®f &7 @F &) + Ay Tr(d] &7) Tr (0] @7)

+ A7 T(®] 1) Tr (97 &%) + AigTr(®] &F & 7) + Ao Tr(d] oF &7 7),  (2.42)
where SU(4)¢ structure is fully captured in the matrix notation while the SU(2),,
indices are denoted explicitly. Without loss of generality, A4y can be chosen real
since its phase can be always absorbed by a redefinition of H'®. After inter-

changing pip .o for vy, vey and B via the minimization conditions and neglecting
electroweak contributions (ve, — 0), one finds for the non-zero masses

mi% = 2)s03 (2.43a)
A
me, = (@ = tan 8 — Z (X6 + >\14)> v, (2.43D)
2 \/g)\4 )\14 — 3)\6 2
mp, = ( 1 tan 5 + T vy s (2.43c¢)
M, = (@M np+ 2 8%4) w2, (2.43d)

2 \/§>‘4 2‘

= mvx (2436)

Notice that despite the large number of quartic couplings in Eq. (2.42), only
3 of them are important regarding the masses of the fields stemming from &.
Eliminating those 3 parameters from the four equations (2.43b) — (2.43e) yields
the following mass sum rule:

3
mg, + 2m3, sin® f = i(mfb +mj). (2.44)

Apart from perturbativity in A’s, this equation represents the only theoretical
constraint on the scalar masses in the model.

2.7 Inverse seesaw and the FPW model

The MQLSM, introduced in Section 2.2, contains Dirac neutrinos, masses of
which are generated the same way as masses of the other fermions. To give a
natural interpretation of the smallness of the neutrino masses, a variant of a see-
saw mechanism is usually employed. The SU(4)c models automatically contain
leptonic Ggy-singlets vz which might suggest the type-1 seesaw presented in Sec-
tion 1.1.2. Type-I seesaw would require the Majorana mass term generated by
the VEV of an extra scalar, transforming as a 10-dimensional representation of
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SU(4)¢ and featuring the interaction (f#*Y, f¥)Au. Adding A to the MQLSM
might in principle lead to a consistent model of low-energy QLU; for example,
no BNV terms can be written for mass dimension d < 5. Nevertheless, the sup-
pression of the neutrino masses by a single negative power of (Ayy) is insufficient
to provide a natural scale for the neutrino masses assuming the scale of SU(4)¢
breaking < 1000 TeV.

An alternative is provided by the inverse seesaw mechanism, originally deve-
loped in Ref. [91]. Implementation of the inverse seesaw on top of the MQLSM
has been suggested in Ref. [28] by Fileviez Pérez and Wise, and thus we call it the
FPW model. Note that a similar effective model combining the vector leptoquark
U; with the inverse seesaw has been studied in Ref. [92].

The extension consists in adding 3 generations of gauge-singlet fermions N;
to the MQLSM (see Table 2.2). The part of the Lagrangian relevant for fermion
masses

—LYp ™ = Y H ey + i Yo @ ey + [, HIE + [, Y0 B
— 1
+ [ Y5O N, + §NLTCMNL + h.c. (2.45)

contains, apart from the four terms which were present in the MQLSM, the
fifth Yukawa interaction which produces a Dirac mass term for 73/V;, and also a
Majorana mass term with a symmetric matrix g = p*. The fermion number F is
explicitly broken in this model and, due to Eq. (2.19), so is the lepton number £.
The tree-level neutrino mass terms, as they follow from (2.45), read

0 MP 0 (u
—cmes = (w" owt NS e [P0 Myl v (2.46)
o M 4w

where MP ~ v, can be found in Eq. (2.11b) and

1
MY = —Ysv, . 247
v \/§ 5% ( )
The full symmetric mass matrix above (to be denoted by MM is diagonalized
when sandwitched as U* MMaUT. Consistency with observations requires a tech-
nically natural [93] assumption of smallness of the entries in p. In such a case,
the 1,’s are close to Majorana mass eigenstates with tiny masses of order

MP 2 2
o~ v e 2.48
m M<Y5UX> M”i (2.48)

The remaining fields form pseudo-Dirac pairs with masses close to eigenvalues of
Ysv,/v/2. For more precise expressions see, e.g., Ref. [94].

Notice that the elements of MM which are exactly zero at the tree level
gain corrections from loop diagrams and might eventually become the dominant
contributions to the light neutrino masses.

2.8 Flavour structure and fermion interactions

So far, the fact that the SM fermions appear in 3 generations was not explicitly
emphasized and flavour aspects of the considered models were essentially ignored.
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On the other hand, almost all the discussions and formulae are fully compatible
with the existence of 3 fermion generations provided that the symbols such as
€r, qr, fi etc. are columns of three copies of fermion fields with identical quantum
numbers and that all Y’s and p’s are 3x3 matrices.® From this point on, flavour
will be a central subject of interest.

From the defining basis in which the gauge interactions are flavour-diagonal
(as follows from the kinetic term i[Py)), the fermion fields are transformed into
the mass basis 1& by the diagonalization matrices V¥:

1[)[1’3 = Vlib,R QﬂL,R fOI‘ 1/) =u, d, e, V. (249)

In the case of the FPW model, Eq. (2.49) for 1) = v neglects the mixing between
different sectors (v, v and N;) and approximates the rotation to the mass basis
by a block-diagonal structure. Such an approximation is sufficient for studying
physics of hadrons and charged leptons. On the other hand, non-unitarity of V}
can be probed by neutrino oscillation experiments and mixing among v, and N,
is important for leptogenesis.

Formally, the rotation matrices follow from the singular value decomposition
of the mass matrices in the defining basis,

My, =V NLVY  for v =ude, (2.50)
where
A m, 0 O A mg 0 O A me. O 0
M,=10 m.; 0|, Myq=|0 mg O, Me=]10 m, O
0 0 my 0 0 my 0 0 m,
(2.51)

Analogously, we define M? = V& MPV¥t. In the MQLSM, it can be approximated
by MP ~ 03,5. On the other hand, M2 in the FPW model is not directly related
to the physical neutrino masses, which are given by the seesaw formula instead.

In accordance with a usual convention, we introduce the basis for the weak

isodoublets in which the 7% = —1/2 components are in the mass basis,
toA A N -
& = VquL _ [VcKAMuL} , 0, = vee, = [VPMANS VL] _ [eﬂ . (2.52)
dy, €r €r
while
Ve
I;L = |\Vu| - (253)
VT

Experimentally, so far only the combinations
Voxw = ViV and Vs = V2 VT (2.54)

are directly observable. As we will see in the next section, the quark-lepton unifi-
cation hypothesis predicts that also the following independent unitary matrices,

U, = VEVET, Up = VEVE, Uy = VEVE (2.55)

are of physical relevance.

50nly the definition of effective operators in Section 1.1.3 requires some explicit generaliza-
tion.
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Figure 2.1: Scheme of fermion mixing in the quark-lepton symmetry models.

2.8.1 Gauge interactions
Analogously to the charged-current weak interactions

ﬁwi = jﬁ (EQV#VCKMJLQ +§L7“VPTMNSéL) W: + h.C., (256)
the interaction among fermions and the vector leptoquark is driven by the ma-
trices defined in Eq. (2.55):

Lo = 345 <c?sz"UL?LZ AU+ ﬁRafy“U}’%ﬁR) U, + hec. (2.57)

This can be rewritten as

Ly, = jg (civ“ [PLUL + PrUg] € + a7" [PLU] + PrUR] ﬁ) Uu +he (2.58)

where P, p = (1 F 5)/2 are the chirality projectors and
UL, = VCKM UL VPMNS (259)

is not another independent matrix. Notice that the gauge LQ interaction might
conserve parity if Uz = U, and Uy = U] but there is no simple motivation for
such an assumption in this framework.

The Z' interactions with the fermions in the MQLS and FPW models are
diagonal and flavour-universal, with the coupling given by Eq. (2.30). On the
other hand, as shall be discussed later in Section 5.2, this is not necessarily true
in more complicated scenarios.

2.8.2 Yukawa interactions

Generally, the pattern of Yukawa interactions of the scalar fields from multiplets
participating in the symmetry breaking is often in some way related to the fermion

masses. The notorious example is the flavour-diagonal interaction of the physical
Higgs field in the SM:

O My H° . (2.60)

‘cgll\(/}—int — Z o 1

Y=u,d,e ew

In the quark-lepton symmetry models, similar relations are obtained by inverting
the set of equations in (2.11):

1 3M, + MP 3 M, — MP
Yy == e My Yo =2 T 2.61
! \/; Vewsin g’ 2 2 Ve cOs 3 (2.61a)
1 3M;+ M, 3 My — M,
Ys =4/ ——m——— Yi=4/= —m—. 2.61b
3 \/; Vewsin g’ 4 2 Vew COS 3 (2.61b)
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Plugging this into the first line of Eq. (2.45), rewriting the SU(4)¢c structure
in the broken phase and switching to the mass basis according to Egs. (2.49)
and (2.50) yields

—ERZ%‘L‘EKA = ;fvﬁZ (ﬁRMuVCKMQngji + jSMdCZR + EiMeéR + ﬁRMVDVPMNSnggjz)
)AL
+ D [(2 cos 26 — 1) MP + 3U1§TMuU,—:} VJMNSELjsji

+ [(2 cos 2 + 1)Md + ULMEURT} dp

(aR (20828 + V), + UpNI2U| Verd e

s [(2 cos 28 — 1)M, + SULTMdUR} éR>

3/2Go% . A S ) A
+ \{};OS/B ( Ro (Mu - U]I%M,?U[//T) VCKMQLﬁjgji + qLai(Md — ULMeURT)dRB)

V3/2R™ s, A . _ R ) )
+ W (URa (MuU[// - UéM,?) VI;rMNSEL 6]‘2‘ 4+ qr; (ULMe — MdUR) 6}2)
BR2RS™ N ) o
ey (e (VU = V1) eifs” + GradVicns (VLU — ULNED) 21

+h.c.

(2.62)

On the first line, one can find the well known interaction of the light Higgs boson
from which Eq. (2.60) can be easily obtained. The cast form of interactions of
Gs, Ry and R, is consistent with Ref. [66].

The FPW model contains an additional Yukawa matrix [see Eq. (2.45)] which,
apart from interactions of the unphysical Goldstones u; and 2, induces also the
interaction x% 7z Y5 N;,. However, as N, mostly forms the heavy neutrino mass
eigenstates, this interaction is essentially irrelevant.

2.9 Parameter counting

We will close Chapter 2 by counting the independent parameters of both mo-
dels considered and suggesting a suitable choice of the inputs. For convenience,
we will indicate the number of parameters by a Gaussian integer with its real
and imaginary part denoting the number of real parameters and complex phases,
respectively. The total dimension of the parameter space can then be obtained
by means of the Manhattan measure, ||a + bi|| = a + b.

2.9.1 Bosonic sector

In the gauge sector there are 3 couplings g4, ¢ and gr which must be matched
onto the SM gauge couplings g3, g and ¢ at the appropriate scales, using the
formulas from Table 2.1.

In the scalar potential one finds 3 dimensionful parameters p, 7. These can
be traded for ve,, = 246 GeV, v,, which determines the masses of the vector LQ
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and of the Z’ boson (as well as a natural scale for most of the scalar spectrum),
and 8 which in the end dictates the overall strength of Yukawa interactions of
the BSM scalars.

Furthermore, there are 19 + 47 degrees of freedom in the scalar quartic cou-
plings. Only one of the four complex phases can be made real by scalar field
phase redefinition. Thus, generally, the model explicitly violates C'P. We suggest
to rephase the three scalars such that their VEVs are real, as we have tacitly
assumed so far. The couplings A4, Ag, Ag, A14 can be interchanged with masses of
four BSM scalar multiplets among those of Equations (2.43), while the remaining
mass follows from Eq. (2.44). Finally, the other A’s need to be chosen so as to
reproduce the Higgs boson mass myo = 125 GeV.

2.9.2 Fermionic sector in the MQLSM

Naively, there are four complex Yukawa matrices in the MQLSM Lagrangian
(2.12), yielding 4 (3 x 3) (1 + ¢) parameters. However, some of these are physi-
cally irrelevant since there is a freedom of 3 (3 + 67) parameters corresponding to
the unitary flavour transformations of the SU(4)c multiplets Fy, f2, f4, which do
not change the flavour diagonality of the gauge interactions and define equivalence
classes among the Yukawa matrices leading to the same predictions. (For exam-
ple, it is sufficient to work in the gauge interaction basis where, simultaneously,
the left- and right-handed charged leptons and right-handed up-type quarks are
in the mass basis.) Two of the phase transformations correspond to the action of
the U(1)g x U(1), symmetry and, thus, should not count. In total, one arrives
at (36 + 36i) — [(9 + 187) — 2i] = 27 + 20i parameters.

These should reproduce the 12 + i parameters of the SM (charged fermion
masses and the CKM matrix) and the 6 + i parameters corresponding to the
neutrino masses and the PMNS matrix. The remaining and 3 (3 + 6i) extra
parameters reside in the mixing matrices Ur, Uz and Uj,. Note that unlike for
CKM and PMNS, no phases can be removed. This is perfectly understandable:
the freedom of rephasing the left-handed fermion fields has already been used
to simplify Voxv and Vpyns and their right-handed counterparts were rephased
identically in order to keep the mass terms real.

On the other hand, the PMNS matrix is irrelevant for the physical processes
where the neutrino mass differences are negligible. It might be thus more conve-
nient to formally move three phases from Up, to Vpyns.-

2.9.3 Fermionic sector in the FPW model

Extending the MQLSM to the FPW model brings 9(1+4:)+6(1+4) new parameters
from Y5 and pu, 3 + 6¢ new redundancies from possible flavour redefinitions of NV,
and breaks the U(1),; symmetry. Thus, there is 12+ 8i new parameters compared
to the MQLSM.

In the mass basis, they appear as two extra Majorana phases in the PMNS
matrix, six masses of the three heavy quasi-Dirac fermions, and the rest resides in
the small mixing across v, 3¢ and N;. For the best way to parametrize extended
neutrino sectors cf. Ref. [95].
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3. Flavour symmetries, B-meson
anomalies and leptoquarks

Chapter 1 discussed U(1)g and U(1); — the (classically) ezact accidental sym-
metries of the SM which do not distinguish between the fermion generations. In
fact, we did not even have to specify the number of families (or generations) in
Chapter 1. This chapter is devoted to approximate symmetries of Nature, in par-
ticular, to the lepton flavour (LF) symmetries. Throughout this work, we take
flavour symmetries as accidental, as they are in the SM.

This chapter provides the fundamentals necessary for the phenomenological
studies presented in Chapters 4 and 5; readers well aware of the matters can
safely skip the entire Chapter 3. After introducing the concept of lepton flavour
symmetries in Section 3.1, we overview the basic tool of flavour physics — the
Weak effective theory (WET) — in the subsequent part. In Section 3.3, we revise
in detail the formulae for pseudoscalar mesons decays P° — I’ in WET which
will be crucial in Chapter 5. Section 3.4 reviews the current status of the hints of
LFU violation in the B-physics sector and their interpretation in terms of effective
theories; these anomalies will be studied in Chapter 4. Finally, in Section 3.5 we
present in brief some general aspects of flavour physics of leptoquarks — the fields
that will play a prominent role in both Chapters 4 and 5.

3.1 Flavour symmetries

Since the concept of (lepton) flavour group is being used in several different ways,
let us fix the conventions first. By the SM flavour group we mean

Gflavour = U(?’)?éF X U(?’)I%F (3-1)
where the quark and lepton flavour groups in the wider sense read
UB)or =UB)g x U(3)a x U(3)u, UB)ir =UB)e x U(3)e.- (3.2)

We will only discuss the leptonic part which acts on the three generations of
leptons via

gL — Ug EL, er — Z/[e €r with Ug € U(?))g, Z/{e € U(S)e . (33)

Ghavour Would be an exact symmetry of the SM if there were no Yukawa interac-
tions. Especially, U(3)% is not respected by any nonzero entry in Y,. On the
other hand, the SM predicts that U(3)? should be a good approximate symme-
try in high-energy processes where the lepton interactions with the Higgs field,
and hence also their masses, can be neglected.

For most practical purposes it is sufficient to consider only the diagonal sub-
group U(3)ss. C U(3)?; obtained by U, = U, which, at the level of Lie algebras,
can be factorized as

U(3)g+e = U(l)[, X SU(S)LF, (34)
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where U(1) is the exact symmetry of the SM discussed in Chapter 1. In contrast,
SU(3)Lr — another candidate to be called lepton flavour group — would be a valid
symmetry of the SM only if Y, = y 1, i.e., if all 3 charged leptons had the same
mass. In our Universe, the leptonic spectrum is hierarchical (m. < m, < m;)
which implies that SU(3)pr is an approximate symmetry of the SM essentially
only in the situations when the whole U(3)f is so.

Nevertheless, there is a subgroup of SU(3)Lr which is a precise symmetry of
the SM: the lepton flavour group in the strict sense,

U)ip =U()g,—c. x U1, ., (3.5)

in the charged-lepton mass basis generated by diagonal traceless matrices. In
combination with the £ conservation, the U(1)? symmetry implies conservation
of the individual lepton family numbers satisfying £.+£,+ £, = £. Notice that
despite various conventions for what is called the lepton flavour group, the term
lepton flavour violation (LFV) is being used strictly in relation with U(1)%.

Experimentally, LF'V has been proven by the only discovery of particle physics
beyond the SM so far — the neutrino oscillations [16]. On the other hand, no
charged lepton flavour violation has been observed yet (e.g., [96, 97, 98, 99)]),
in agreement with the expectations from the SM extended with Dirac neutrino
masses [100].

Inspecting other parts of the anticipated approximate LF symmetry consists
especially in testing the lepton flavour universality (LFU) which we associate
with the permutation group (S3)Lru C U(3)s1e. The LFU symmetry implies that
replacements e <+ u and e <> 7 should not change the amplitude for a considered
process. LFU can be tested, e.g., in the leptonic W and Z boson decays or the
(chirality-unsuppressed) semileptonic decays of heavy mesons. The sources of
lepton flavour universality violation (LFUV) in the SM are strictly related to the
lepton mass differences and are theoretically quite well understood.

Generally, since none of U(1)2, or (S3)pry is a subgroup of the other, LFV
does not necessarily imply LFUV nor vice versa. On the other hand, various BSM
fields (such as leptoquarks) would often induce violation of both.

Finally, we note that New Physics might violate the U(1)?; or (S3)rry sym-
metries only partially to U(1) x Z,, [101] or Sy = Zs, respectively.

3.2 Flavoured effective theories

In this section we return to the concept of effective field theory (EFT) and fix
some additional conventions regarding the flavour structures.

Flavoured SMEFT

We have already introduced SMEFT — a way to universally describe New Physics
(NP) effects in the majority of BSM models — in Section 1.1.3. At this moment,
it should be perhaps emphasized that we have committed an oversimplification
there as we have neglected the existence of multiple fermion generations. To this
end, each line in Egs. (1.9) and (1.10) actually represents several distinct and
independent operators. We adhere to the so-called Warsaw basis within the wexf
standards [40] in which the fermion generations are labeled by numbers and the
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weak doublets are in the mass basis of their T} = —1/2 component, i.e., of down-
type quarks and charged leptons. For example, one particular fully specified
baryon number violating operator corresponding to (1.10a) reads

Oduq£,1231 - 50457 {(d%)TC Cg} {(QL(b)M’)Tch{e)} 51’]’ . (36)

Needless to say, adding family indices greatly increases the dimension of the
Wilson coefficient space: there is 84 linearly independent dimension-6 effective
operators built from single generation SM fields, but 3045 such operators in the
flavoured SMEFT [41].

Weak effective theory

Currently, the LHC experiments have probed the electroweak scale quite thor-
oughly, finding an impressive agreement with the Standard Model. This suggests
that a possible New Physics, shall there be any, should be well described by
SMEFT indeed. Limits on various SMEFT coefficients can be drawn, for exam-
ple, from the electroweak precision measurements. On the other hand, SMEFT
is not the most appropriate tool when it comes to phenomenology in low-energy
precision physics (such as hadron decays). The reason is two-fold: Firstly, the
SU(2), invariance is lost at lower energies and it is thus more convenient to have
all the fermions in the mass basis. Secondly, there are important renormalization
effects which need to be taken into account; the running of the Wilson coefficients
via renormalization group equations (RGE) proceeds differently above and below
the electroweak scale.

Thus, instead of SMEFT, flavour physics at hadronic scales i ~ GeV is best
described using the Weak effective theory (WET) [102]: an SU(3)c x U(1)g
gauge invariant low energy model in which the higher-dimensional interaction
terms encode the effects of both NP and SM fields with masses m > pu. In
particular, for the B physics, the 5-quark WET is employed. It is defined by the
Langrangian

Lwere) (Vi e, d,u, s, i1, ¢, 7,0, Ay, G,) = Locp+oep + Let (3.7)
the non-renormalizable part of which reads
04=0}, 04#0%,

Log=-Her= Y CaOa+ Y (CAOA + CZOL) - (3.8)
A A

The Wilson coefficients can be further written as Cy = C3M + O with C3MO 4
covering the interactions of W, Z, H® and t.

Generally, a phenomenological inspection of a BSM model may proceed as
follows:

1. If the scenario is not given in terms of SMEFT but of new explicit dynamical
degrees of freedom (such as new fields in the case of QFT), these need to
be matched onto effective operators in SMEFT.

2. The SMEFT Wilson coefficients are ran down to the EW scale pigy, ~ mz.
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3. Effective SMEFT operators as well as heavy SM field dynamics is matched
onto WET at the fiey scale. [103]

4. The Wilson coefficients (WCs) the of WET are ran down by RGE to the

scale of the considered process.

5. Predictions are made using a general expression for a given process in the
WET.

The advantage of such an approach is that the steps 2-5 are independent on
the particular NP scenario, and thence need to be studied only once and can
be automatized. To this end, we particularly mention the wilson package [104],
which can accomplish the steps 2-4.

The flavoured WET(5) basis consists of more than a thousand independent
operators of d = 5 or 6. Nevertheless, usually only a small subset significantly
contributes to a particular process.

Semileptonic FCNC operators

NP is being probed in studying the rare decays of mesons — processes mediated by
flavor changing neutral currents (FCNC) which are suppressed in the SM by loop
and CKM factors as well as by the GIM mechanism. We will put a lot of focus on
the FCNC meson decays with leptons in the final state. These are mainly driven
by the two-quark two-lepton operators listed below.

Oy_qqur =N @%Aﬂ) (77“ l) Oy_gqur = (CIR'Y;LQR) (l’ “l) (3.9a)
O1o_gqqur =N (@WQL) (77“751) Olo_gqir =N (q}ﬁqu) (l y 751) (3.9b)
Os_gqur = N¢ (Eq}?) (Wl) Of_gqur = N¢ (qRqL) (T l) (3.9¢)
Op_qqur = N¢ ((T’L%) (7750 Op_gqir = N¢ <qRqL) ( 75l) (3.9d)
Or_gquw = N¢ (EUWQ) (FUWO Ors_gquw = N¢ (q’a,wq) (l’a“”%l) (3.9¢)

Within this context, the quark-flavour changing electromagnetic dipole operators
are usually also relevant:

0771111' = NC? (%Juuq}a F'uya (9/7 qq’ NC? (ZO_}UJQL) Fr. (310)

The normalization factors N, N¢ and N(; differ among various conventions
(and, within one convention, among quark flavours). The weak interactions only
contribute to vector-type operators C’g’% with [ = [’ and to the EM-dipole.

Dimension-6 SMEFT operators may match onto C’égé\f SP7 p with arbitrary fla-
vour structures, with only the following constraints:

Cg=—-Cp and Ofg = +O/P (3.11)

The semileptonic operators Or and O cannot arise from a Ggy-invariant dimen-
sion-6 operator [103] nor do they stem from the heavy sector of the SM; for this
reason, they are often being ignored from the beginning. Nevertheless, they may
arise from d = 8 SMEFT operators [105].
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Lepton flavour symmetries are violated in both parts of the WET Lagrangian
(3.7): Lqrp+qep breaks LEU by the lepton mass terms, while L. may generally
break the whole lepton flavour group by the coefficients C3¥. Considering the
four-fermion operators (3.9) in particular, any non-zero CX", ;,y with [ # I’ breaks
U(1)fp, while (S3)rry symmetry requires CX'y = CXyyrrr, for all permuta-
tions 7 of {e, u, 7}. The weak interactions, encoded in C5™’s, are symmetric with
respect to the entire SU(3)Lr group.

3.3 Leptonic meson decays

Purely leptonic decays of pseudoscalar mesons P° — [fl; constitute the first
important class of rare decays discussed above. Due to same-handedness of the
lepton pairs in effective weak four-fermion interactions (i.e., Cg’)SSM = 0) within
the SM, angular momentum conservation implies chirality suppression. To this
end, the LF symmetry in C®™’s together with the well understood low-energy
LFUV from Am,; naively predicts relations like

BR(P* = efe™)  m%(mp —m.)?

= . 3.12
BR(P? — ptp~) mi(mp —my,)? ( )

Unfortunately, the extreme suppression of the ee channel (Bg,s — ee are unob-
served, with the limits many orders of magnitude below the SM prediction [106])
together with theoretical uncertainties in the K — Il channel from long-distance
corrections [107] make such an easy test inapplicable. Nevertheless, measure-
ments or searches for these decays provide strong limits on CN"’s anyway, once
theory and experiment are compared individually for the individual branching
ratios.

In this section, we revise the formulae for branching fractions for the decays
PY — Iy with P* = K?, K2, BY, B, in the WET built around the two-quark-
two-lepton operators (3.9), including the lepton flavour violating cases. These
formulas are not difficult to derive and can be found in the correct form, e.g., in
Ref. [108], using a different operator basis than that in Egs. (3.9). On the other
hand, several different variants of the expressions can be found over the literature
which are not applicable to all the considered decays since they:

o are flawed by subtle mistakes [109, 110, 111] and thus only allow for order-
of-magnitude estimates but are insufficient for a careful analysis,

« only hold for the weak eigenstate mesons (not for K7 ¢) [52, 111], but some-
times are applied on also on the decays of K}’ [113, 114, 115, 116],

 do not handle the LFV case l; # [ [52, 109, 110, 112].

Formulae for BR(P° — [i15 ) will be essential in Chapter 5 and so we re-derive
them here in detail. We have found and fixed a mistake in the public code flavio
[117, 118] (ver. 2.2.0 [119]) concerning the predictions of BR(K} ¢ — e*u¥); the
update should be included in some of the upcoming official versions.

Problems in [109, 110] have been explained in Ref. [112]. Issues with the expressions in
[111] will be described here on page 47.
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3.3.1 Amplitudes for weak eigenstates

Let us start the derivation by parametrizing the hadronic matrix elements for the
pseudoscalar meson P = ¢/q as follows:

Ol ¢"v°q|P(k)) = ifpk", (3.13a)

(01 ¢'v*q|P(k)) = 0,
0, (0ld7°q|P(k)) = —ifpmp, (3.13b)

(0l ¢'q |P(k))

where fp is the relevant meson decay constant and

mp=——"—.
Mg + my

2
Tp (3.14)

The vanishing matrix elements of the scalar and vector quark currents imply that
only the WC combinations [see (3.9)]

CvAX,qq’ll’ = CX,qq’ll’ - C;(,qq’ll’ (315)

matter. As 1, (7,)7v5t2 N +9(7,)75¢1 and pseudoscalar mesons are C-even,
there are no extra phases or signs for the antiparticles in the relations (3.13).
Provided ¢ # ¢/, the operators in Eqns. (3.9) are all non-hermitean. Since

@mx)T = +XVu¥; @%ﬁsx)T = + XYY, (3.16a)

@X)T =+ X1, @%x)T = =X, (3.16b)

the operator Oag_ggur = Os_gqur — O%_gqir = NC(@75q)(I'l) yields an extra minus
sign under hermitean conjugation while the other relevant operators, Oag a10ap
in obvious notation, do not. Consequently, the hermiticity of the effective Hamil-
tonian implies the following relations among the corresponding Wilson coeffi-
cients:

N*Crg g™ = +NCaro_gai, N Caro_gqu™ = +NCaro_ggu, (3.17a)
N*Cas qqu™ = —NCas qgai, N Cap g™ =+NCap_ggu.  (3.17b)

In the flavio basis [117, 120], the Wilson coefficients of the _sdll’, _bsll" and
_bdll’ types need to be defined while those with the _dsll’, _sbll’ and _dbll’ flavour
structures can be obtained from Eqs. (3.17). For example, the part of effective
Hamiltonian relevant for leptonic decays of By and B, reads

Mo = %: [— j;[CAQbsll’ (37u75b) (F”V’Ll) — '/;/*ngbs”, (B’y,/yg)s) (ny’“‘l’)
_/\7/0 5,750) (7" Z—M*C* b Iy sl
5 A10_bsll’ (5%75 ) ( Y5 ) o A0l ( %755) (7 Vs )
+ C';\/CASI)S”/ <§’75b) (pl) - Cé\/’ CA*S,bsll’ (B’Y@S) (Zl,>
(N

_ N* . B -
+ =5~ Capbsw (575) (l’%l) + CQ Capbsir (5755) (5’755 ) ]

(3.18)

2

46



The covariant S-matrix element for the decay of the weak eigenstate P —
1115, where P(qq) = K°(sd), B°(bd) or B,(b3), takes the form

N
Mpsiriy = =5 frulp2) [mpS_ggnn, +mpPggninys| v(pr) (3.19)
with
mpS_ gty = (M2 — m1) Cag_ggtsty, + MpCCAS_gqialy (3.20a)
mPqu’lllg = (mQ + ml) CAlO,qq’lllg + mPCCvAP,qq’lllg- (320b)

The prefactor mp multiplying S and P is a mere convention (used in flavio,
in Refs. [52, 112] but not in [111]). Notice that the first term in Eq. (3.20a)
changes sign under [y <> [y and thus S 49,1, # S 4q1,1, in the case of lepton
flavour universal WC’s [121]. This is not a paradox: LFUV is brought to the
game by the fact that my # ms.

For the decays of the conjugated states P(q'q) = K°(d5), B°(db) and Bi(sb),
the matrix elements read

N* — * *
MPHIILI; = _? fP mPU(pg) - ‘S,qq’lgll + qu’l2l1,75 U(pl) . (321)
It is interesting to trace back the origin of the minus sign in front of S, : the

first term in the definition (3.20a) changes sign due to the factor (m; —msz) while
in the second term the opposite sign arises from Eq. (3.18).

3.3.2 Instantaneous B-meson decays

The B° and B, mesons usually decay before their first oscillation. To a good
approximation, the oscillations can be neglected and one can effectively consider
the decay of the weak eigenstates. For a more rigorous approach in the LF
conserving case, see Ref. [122].

From Eq. (3.19) or (3.21), one can derive, using the standard trace techniques,

BR(B; — I713) = BR(B, = Ifly) = 7 - : I8, (3.22)

x| (mB, = (m1+m2)?) 1S panie* + (s, = (m1=ma)) [Py

with A(a?,0?, ¢?) = [a® — (b — ¢)?][a* — (b+ ¢)?]. The prediction is C'P-symmetric
regardless of possible complex phases of the Wilson coefficients. On the other
hand, if I; # [y, the other pair of C'P conjugated processes, B, — [{l; and
B, — Ifly, is in fact absolutely independent on those in Eq. (3.22) as it is
driven by different effective operators, i.e., by those multiplied by Cax_psi,i,-
This subtlety has been overlooked in Ref. [111] which inappropriately employs
the Wilson coefficients C'y_pq,;, in predicting B, — [7l3 and indicates that only
the WC proportional to ms — m; in Eq. (3.20a) should be important regarding
the differences between BR(B, — I713) and BR(B, — [{l5). Apart from this
issue and a small typo concerning the (pseudo)scalar operator normalization coef-
ficient ¢, Eq. (3.22) agrees with the expressions in [111].

Needless to say, incidental swapping l; <> Iy in Eq. (3.22) becomes irrelevant
once only the sum of both decay channels is considered. Neglecting the lighter
lepton mass, this sum is driven by

BR(B; — 13 o [S_pstuta]” + IS tstat |* + [Pobstata|* + [Postats|* - (3.23)
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3.3.3 Decays of neutral kaons

Experimentally studied neutral kaons are far from the weak basis and thus the
equations in the previous part need to be modified. Neglecting the indirect C'P
violation, the relations between weak and mass kaon eigenstates read

%) + |K°) %) — |K%)

K, ) K, 3.24
Kf) == K9 = (3.24)
Accordingly, one obtains
1 — s s
Mig iziy = —5 w0 T(p1) [Sﬁiz +Piis 75} v(p2), (3.25)
where
Slll,l;g _ _N*Siksdlgll :]: ./V’S,sdlllg 7 'P{;zf _ N*P,*sdhh j:NP,Sdlllg (326)

V2 V2

with 8 a1, P_sa,1; defined in (3.20). Recall that the relevant effective operators
are conventionally defined in the form (dT's)(I5I"l;), while those with the (3d)
quark flavours are obtained by hermitean conjugation. The BR can be readily
obtained in analogy with Eq. (3.22):

BR(K] g = I{ly) = (3.27)
T 0 \ 2 _ 2
_ K VA (m1 +my) > ‘SL,S 2 I <1 - (m1m2m2) ) ‘,PIL,S
KO

—5 mKofKO [(1 - m2
This formula is compatible with the expressions in Ref. [108].

327T M0 %0

LFV decays
Notice that, as long as the indirect CPV in K° is neglected, we have o ’ =
|SLS| and |PLS| = |PLS|,

BR(K[ g — et ) =BR(K] g — e ™). (3.28)

Thus, the prediction for the sum of the two final states is, in the case of K7,
en NS sdpe
V2

proportional to
- |S,sdeu| + |S sdue| + |P,sdeu| + |P,sdue|

A2
|N| ( Sd/,LeS sdep + 7) sd,ueP sde,u)] . (329)
Notably enough, this structure differs from that in Eq. (3.23) by the last term.
Hence, ignoring the kaon oscillations is not justified even when summing over the
lepton pair charges. For K@, the last double-term in (3.29) simply changes sign.
Obviously, KP — ep and K§ — ey are driven by different directions in the space
of Wilson coefficients. The former process is experimentally well constrained [98]
while the latter has never been searched for [54]. From the EFT point of view, a
search for the K§ — ey decay would be of interest.

~N*S* L NP e+ NP
B 0 + F _sd, _sdep sdpe
R(K, = e ') |N| (‘ —i—’ NG

2Re[
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LF conserving decays and long distance contributions

For [} =1, = [, Eq. (3.27) simplifies to

TKP o Bimieo f I2(0
327

BR(K? ¢ — I+17) = [55 sEs 4 \735’5]2] (3.30)

with 3, = \//\(m%@,m?,m%)/m%(o = /1 —4m?/m3,, and the expressions in
(3.26) reduce to

S =iv2TIm (NS ) , Pl = V2Re (NP_san) (3.31a)
Si? = _\/§Re (NS,sdll) ) /P[lq = —i\/ﬁIm (N'Pfsdu) . (3.31b)

These results are fully compatible with the expressions in Ref. [112].

For the LF conserving decays, the SM brings a long-distance (LD) contribution
to PL and 8§, arising from the 7*7* intermediate state, which can not be encoded
in the four-fermion operators in (3.9). For K} — Il, the LD contributions are
comparable in magnitude to the short-distance ones from Eq. (3.31a) and from
the dominant theoretical uncertainty to the prediction of the BR of this process.
For more details, see, e.g., Refs. [107, 112].

3.4 B-meson anomalies in semileptonic decays

The second class of FCNC decays we will focus on are the pseudoscalar meson
decays P — P'™I{l; which, apart from leptons, contain a pseudoscalar (P')
or vector (P*) meson in the final state. As three-body decays, these processes
provide a rich variety of kinematical observables, in contrast with the purely
leptonic decays where the BR is the only observable available.

The semileptonic meson decays P — P'l{ I, are driven by the combinations
Cx + C% of Wilson coefficients [123], in contrast with P° — [l; which are
triggered by Cax defined in Eq. (3.15). Another important difference with respect
to the purely leptonic decays is that there is no helicity suppression in P — P’/®)’
for the vector-type effective operators (Cy19) which are generated in the EW
interactions. Hence, the semileptonic decays proceed at much higher rates than
P° — [T~ and SM predicts that they should be approximately lepton flavour
universal. For the full expressions for the differential decay widths in the WET,
see Ref. [111].

In the recent years, an enormous wave of interest arose around the hints of
non-SM sources of LFUV in the ratios

BR(B — K®pu*pu™)
BR(B — K®Wete)’

The measured individual BR’s are of the order of 107 [124, 125]. For the one-loop
SM contributions to these processes, see Fig. 3.1.

Rx and Rk« are usually measured separately in several bins of the lepton
pair invariant mass squared ¢, with the resonance intervals around m3 g, and
mfp(%) omitted from the analysis. In the lowest ¢ region, dominated by the
photon penguin with a pole at ¢> — 0, the lepton masses become important and
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Figure 3.1: Box and penguin diagrams contributing to R« in the Standard Model.

are expected to spoil the LFU. For ¢® > 1 GeV?, the four-fermion WET operators
dominate. The hadronic form-factor and electromagnetic uncertainties mostly
cancel and the SM predicts R3Y., = 1 to a better than 1% accuracy [126] (sce
also references in [22]).

Experimentally, Ry is easier to measure for the charged B mesons while Ry«
is easier for the neutral ones, due to the charged hadrons in the final state (K*0 —
K*77). Both Rk and R+ were first measured by BELLE (Rx = 1.03+£0.19+0.06,
Rg+« =0.83 £0.17 + 0.08, where the first uncertainty is statistical and the latter
is systematic) [125] and BABAR [127] without finding a tension with the SM.
Nevertheless, the statistical uncertainties were quite large. The hint of LFUV
in R was reported by LHCB in 2014 [21], which found a 2.6-0 deviation from
unity in Rg = 0.74570:9% 4 0.036, for the interval 1 GeV? < ¢* < 6 GeV?. This
has been later [128] updated to

Ry = 0.8467 550 70014 (333)

for 1.1 GeV? < ¢® < 6 GeV?, with the significance of the discrepancy similar to
the previous result.? The updated BELLE measurement [130] is compatible with
both SM and the LHCB value.

The Rg+ measurement at LHCB has been performed on neutral B mesons
with the result [22]

Ry = 0.6970 41 £ 0.05 (3.34)

in the (1.1,6) GeV? interval. The updated analysis by Belle [131] for the same ¢
range reported Rg- = 0.967055 & 0.11.

Apart from the ratios Ry), some deficit has been found in the widths of
B — K®pu*u~ decays themselves [132] as well as in BR(B, — ¢u* ™) [133]; pre-
dictions of individual BR’s, however, suffer from larger uncertainties, especially
from the hadronic form factors. Furthermore, certain discrepancies have been re-
ported in the so-called P! observable in an angular analysis of the B — K*u*u~
decay [134]. Normalized to the total branching ratio, the hadronic uncertain-
ties are reduced but still quite important. Although neither of these additional
anomalies would probably raise much of an attention alone, all of them, together
with the theoretically clean observables Ry, can be interpreted as a negative
interference between NP and SM contributions to the b — suu amplitudes.

Last but not least, an apparently detached subset of anomalies in B decays

2Very recently, another update was announced by LHCB: Ry = 0.84670 53245013 [129].

The reduced uncertainties of this measurement are not considered in this thesis.
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consists of the ratios of the charged current decays

l=pore. (3.35)

Here, the m, forms a large but well understood source of LFUV within the SM,
leading to the prediction R?M = 0.299 40.003 and R3M = 0.258 4-0.005 (see [135]
and the references therein). These observables have been measured by BABAR
[23], BELLE [136, 137, 138] and LHCB [139, 140]. The current experimental world
averages [135] are Rp = 0.340 £ 0.027 £ 0.013 and Rp~ = 0.295 £ 0.011 + 0.008.
Taking into account the correlations, the measured values of R are 30 above
the SM predictions [135]. The experimentally established LFU in the analogous
p/e ratio indicates that there might be a NP in the b — c¢7v channel. Notice
that anticipated BSM contributions should be quite large in order to significantly
influence the unsuppressed charged-current decays (e.g., BR(EJr — D1y) &~
2% [141]).

These so-called B anomalies have been analysed within the WET framework
by many studies, with the results slightly varying in details, depending on the
statistical methods applied and on the experimental data available at the time
they were performed [142, 143, 144, 145, 146, 147, 148, 149, 150, 151, 152, 153].
For a recent global analysis, we especially refer to [154], where the following best
simplified scenarios accounting for the neutral current anomalies have been found:

1. Scenario with Cg'y, ., = —C{'p,, can fit essentially all the aforementioned
FCNC observables. This WC combination corresponds to the chiral op-
erator (byy,sr)(pry*p,) which is also exciting regarding the explicit NP

models.

. . NP
2. Scenario with Cq 3,

. . NP
3. Scenario with Cig -

4. Scenario with NP in the electron sector, namely C3'V = +CY, ..., which
induces the operator (b;7y,s;)(€ry"er). Obviously, such a setup can not
address the additional anomalies in the bsuu sector; nevertheless, Ry and
Rk~ can be described so successfully that the resulting maximal likelihood
outclasses that of other simplified scenarios.

As mentioned before, it seems reasonable to assume that NP resides at some
high energy scale and, therefore it should well described by SMEFT. As men-
tioned in Section 3.2, this puts no constraints on 2-down-type-quark-2-lepton
WC’s except from those in Eq. (3.11). On the other hand, operators containing
left-handed quarks or leptons necessarily enter with their weak-isospin counter-
parts which leads to correlations with many other processes, including Rj.).
Ref. [154] contains the global analysis also within the SMEFT framework.

3.5 Flavour physics of leptoquarks in a nutshell

Leptoquarks (LQs) are hypothetical bosons featuring an interaction vertex with
a lepton and a quark. This defining feature implies that they must be color
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Figure 3.2: Leptoquark mediation of lepton flavour violating processes.
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Figure 3.3: Leptoquark contribution to the semileptonic meson decays may be flavour
non-universal.

triplets or antitriplets. On the other hand, their spin may be either 0 or 1 and
the SU(2), x U(1)y representation is not uniquely fixed — see Tables 1.2, A.1
and A.3 or Ref. [52] for all possibilities. In this section, we assume that the LQ
has no baryon number violating interaction (i.e., no diquark-type coupling).

Leptoquarks and flavour symmetries

For simplicity, we will take into account only the SU(3)c x U(1)q gauge sym-
metry and ignore the Lorentz structures in the following few paragraphs. As an
example consider a leptoquark (denoted by A) with the electric charge @ = 2/3,
interacting with the charged leptons via

- hde hdu th €
doYalA™ + heo = (d 5 ) |hee ho hor| [n| A% + he (336
¢ e hbu hir T

Such an interaction generally breaks the flavour symmetries but, in special cases,
some of the important flavour subgroups may remain intact:

o If only a single column of the interaction matrix YA is nonzero, then the
LQ can be ascribed the corresponding flavour number £; introduced in
Section 3.1 and there is no lepton flavour violation. Conversely, whenever
there are at least two non-zero columns in Ya, the U(1)} symmetry is
violated and the leptoquark mediates LF'V processes. An example can be
found in Fig. 3.2.

e On the other hand, respecting the (S3)pry symmetry requires that all three
columns of the interaction matrix are equal. Thus, the leptoquark brings
new sources of lepton flavour universality violation whenever (at least) two
columns of Ya differ. See Fig. 3.3 for the hypothetical LQ contributions to
the processes discussed in Section 3.4.
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To sum up, leptoquarks always induce LFV or LFUV as their interactions
never respect the whole flavour group. (In the trivial case YA = 033, the consi-
dered boson does not deserve to be called a leptoquark.) Analogous conclusions
for the quark flavour and rows of YA can be drawn easily.

As the direct searches for various kinds of LQs have put the mass limits up
to more than a TeV [82, 83, 84, 85, 86, 87, 88, 89], effects of LQs in precision
phenomenology should be well described by the effective theories. Keeping the
Lorentz structure suppressed, the Wilson coefficients of the (¢/q)(I'l) effective
interactions are given by C_gqn o hiyhgi/mi. One can arrange the coefficients
to a matrix C' with multiindices (I¢") and (I’q) and reverse the logic: the relevant
effective interaction can stem from a single LQ if and only if C' has rank one [155].

For some of the many general-purpose studies of leptoquarks in flavour phy-

sics, we refer to [52, 156].

Leptoquarks and B-meson anomalies

Clearly, the LQs look like natural candidates to account for the B anomalies
described in Section 3.4. Leptoquark effects depend on their SU(2), x U(1)y
quantum numbers which constrain the charges and chiralities of quarks and lep-
tons they can couple to, which, in turn, determine the Lorentz structure of the
resulting semileptonic effective operators [cf. (3.9)]. For a catalogue of LQs which
could contribute to the b — sITl~ amplitudes (a subset of the list in Table A.3)
and their brief characterzation, see Ref. [123].

Numerous studies have been already published, analyzing the capabilities of
various types of LQs to accommodate various subsets of the B anomalies, and
confronting these scenarios with other experimental constraints. We refer to some
of them in two categories:

o Simplified models — SM extensions consisting solely in adding a single LQ
to the theory. Scalar LQs have been discussed, e.g., in [143, 121, 157, 158,
150, 159, 160]. In the case of vector leptoquarks, the gauge nature of these
fields was not imposed: [161, 162, 121, 163, 149, 164, 165, 166]. Within such
a simplified approach, the vector U; ~ (3,1, +%) has been identified as a
particularly feasible candidate (e.g., [167, 154]) as it can induce at the tree
level the Wilson coefficients Cy = —C', which points towards the effective
scenario no. 1 mentioned on page 51; furthermore, it generates operators
contributing to b — c7v.

o Full dedicated models. Strictly speaking, there is nothing incomplete on the
SM enriched by a scalar LQ. Nevertheless, we include to this category only
the renormalizable models containing multiple BSM fields which were build
in order to resolve the tension in the B decays, for example: [168, 169].
A large subset of such models assumes an extended gauge structure; e.g.
[170, 56, 57, 58, 60, 62, 171, 172, 173, 174].
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4. Quark-lepton unification
confronted with LFUYV in
B decays

In Chapter 2, two scenarios of quark-lepton unification have been thoroughly
introduced: the MQLSM and the FPW model. Chapter 3 presented the B-
meson anomalies. The current chapter is devoted to exploring if the neutral
current B anomalies could be compatible with the models from Chapter 2, at
least to some extent. Most of the material presented has been published in
Refs. [25, 29, 30]. On top of that, also the deviations in R shall be shortly
discussed at the end of the chapter.

The considered models are by no means simplified models discussed at the end
of Section 3.5, neither have they been build in order to address the B anoma-
lies. The motivation for the two models is different — they are the most modest
BSM realizations of the quark-lepton SU(4)c symmetry with Dirac or Majorana
neutrinos. It is therefore not expectable that the models would alleviate all the
tension between the SM and experiment in B decays. On the other hand, as they
contain several leptoquarks, the relevant phenomenology can be quite rich.

Refs. [25, 29] have multiple co-authors. The author of this thesis contributed
to finding the complete scalar potential, identification of the promising parts of
the parameter space of the FPW model, recognizing some of the key limiting
observables and debugging, while the loop calculations of specific processes, their
computer implementation and scanning have been performed by the others.

4.1 BSM fields: the menu

As detailed in Chapter 2, the MQLS and FPW models contain 3 distinct phys-
ical leptoquark states: the vector leptoquark (VLQ) Uy ~ (3,1,+2/3) and two
scalar doublets Ry ~ (3,2, +1/6) and Ry ~ (3,2,47/6). Furthermore, there is a
Z' boson around, another potential candidate to account for the B anomalies.
However, interactions of all these fields are subject to constraints stemming from
the extended gauge symmetry. Notice that the S; field, which also has the quan-
tum numbers of a LQ, dominates the Goldstone modes and disappears from the
physical spectrum; moreover, it can not couple to the charged leptons.

As already mentioned in Section 3.5, the U; leptoquark has been identified
as a great candidate to accommodate the anomalies in several publications [154].
However, the specific interaction patterns suggested do not obey the requirement
that the VLQ interactions are unitary in the flavour space (cf. Section 2.8.1).
In the quark-lepton symmetry models, U; is necessarily coupled to both left-
handed and right-handed quark-lepton vector-type currents [see Eq. (2.57)]. The
induced effective vertices thus contain also the structures (gzv"1})({zv,q};) which
after the Fierz transformation lead to the scalar-type operators (q;¢})(Igl}), trig-
gering the strongly constrained decays P° — [{'l;. The mass limit on the gauge
leptoquark from these processes ranges from about 86 TeV [175] to thousands
of TeV [61], depending on the mixing matrices Uy, and Ug defined in Eq. (2.55).
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With such a heavy mass, the impact of the gauge L on the semileptonic decays
is inevitably too small compared to the observed deviations. There are several
ways to circumvent the requirement of unitarity of Up g (extra fermions, more
complicated gauge structure, compositeness), all of which go beyond the field
of our current interest — “economical” models of quark-lepton unification. The
gauge leptoquark U; will be elaborated on more in Chapter 5.

Also the Z' boson has been suggested as a possible source of the LEFUV in
the B decays (see, e.g., [149] and references therein). However, prospects of Z’
in the MQLSM and FPW model are desperate in this respect. Firstly, my is
correlated with the mass of U; [see Eq. (2.35)] and hence too high. Secondly, the
7' interactions are flavour diagonal and, hence, do not contribute to the quark
flavour changing processes. Thirdly, the Z’ couplings respect the LFU.

Hence, in the rest of this chapter we focus on the scalar leptoquarks in the
model. We assume that the SU(4)¢ breaking scale is at the several-thousand-TeV
ballpark, making the gauge LQ, the Z’ boson and most of the scalar spectrum
safely decoupled from the low-energy phenomenology, but that some of the scalar
LQs are accidentally much lighter.

As explained on page 34, the only constraints on scalar masses are given by
Eq. (2.44), which implies that either of the two scalar LQs may be much lighter
than most of the BSM scalar spectrum but not both of them. This, among other
things, precludes an interesting scenario in which the 2/3-charged components
of Ry and R, undergo large mixing, which has been studied in Ref. [176] in the
context of anomalous muon magnetic moment.

As both Ry and Ry are SU (2), doublets, they couple via Yukawa interactions
to one SM fermion doublet and an SU(2); singlet. Since the chiralities of SM
fermions with & = +1 are strictly related to their SU(2), quantum numbers
(whence the label of the group), the resulting effective operators necessarily have
the 2L2R’ chiral structure.® On the other hand, the SM contributions to quark-
flavour changing neutral currents (see Fig. 3.1) are purely left-handed in the quark
sector and accidentally almost left-handed in the lepton sector. In other words,
the WCs from Cy (5,70, ) (17,l) + Cro(3.7"01) (I7,750) induced by the electroweak
physics satisfy [149]

CSM  _CSM (4.1)

Due to this chirality mismatch between SM and LQ-doublet mediated amplitudes,
there is just a very restricted room for negative interference in the b — suu
channel, desired for accommodation of the additional discrepancies discussed in
Section 3.4.

Thus, one may only hope for attributing the anomalous values of R and Rk~
to the scalar LQ contributing mainly to the B — K®ete~ channel.? In such a
case, the Ry leptoquark leads to opposite signs of R —1 and Rk —1, at odds
with observation. On the other hand, effects of Ry may quite well account for
both Rg and Rk~ [149].

1This can not be inferred just from the scalar nature of the LQs. Consider the interaction
(@:"“4;”)S3,54 of the S3 ~ (3,3,1/3) leptoquark as a counterexample.

ZNote that the angular observables in B — K*ee have been measured [177] with larger
experimental uncertainties than those for B — K*pp [134]. See also Ref. [178].
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Furthermore, Ry has been suggested as a possible origin of the Rj) anoma-
lies [179, 180, 181]; we will comment on the charged-current anomalies at the end
of this chapter.

Hence, in what follows we assume for simplicity that the Ry leptoquark is the
only BSM field with mass in the TeV ballpark while the rest of the BSM spectrum
is much heavier. We remind the reader that such a scenario is compatible the
scalar potential of the models considered.

4.2 Semileptonic decays with the R, leptoquark

Recall from Eq. (1.15) that the Yukawa interactions of the chosen LQ generally
take the form

LRe—Yuk — pi (%%&jgﬁ + QLiY/ALéR) +h.c. (4.2)

where the circumflex and upper indices of Y54 indicate that these Yukawa ma-
trices introduced in Eq. (2.45) are now in the mass basis of the denoted fermion
types. At the tree level, this interaction gives rise to the following 4-fermion
SMEFT operators (with generation indices suppressed) [182]:

_ , 1 — 1
Yo x Y5 (Cri up) (U b)) = —5(17127””1%)(&%&) = —§O£u (4.3a)
YQ X )/Z . (KLZ UR) e (QTJQR) = _§(€LZ €R) g (QTJUR) — g(fLiU“lleﬁ) g (qiLjO"uVUR)

Lom 1o
- _ioéequ - golequ (43b)

Yyx Yy (@ier) (Gra') = _§(QL1‘7#QL )(@rVuer) = —§Oqe (4.3¢)
For the the b — sll processes, only the O, operator is relevant since the others
involve also up-type quarks. Below the electroweak scale, the T g’j —1/ part of
the sum over ¢ in Eq. (4.3¢) is matched to the WET operator (q;v*qr)({57ulr)
which in the standard basis (3.9) corresponds to the direction in the space of
Wilson coefficients defined by
Cé\?zq/”/ - +Ci\gqu/”/. (44)
This relation together with Eq. (4.1) implies the non-interference of the SM and
NP amplitudes for the P — P’ll" decays. Hence,

Ry ~ ‘Cg}\l/)[sllp + ‘Cgill:)‘seep

K ~ .
‘CS}\I/)ISIIP + ‘CEI)\{IZSMMP

(4.5)

In the simplest scenarios, one can turn on only the be and se coupling that
are needed for inducing C§1y_j..- Thus, the ideal pattern of the Yukawa matrices
for addressing Ry by the interaction in Fig. 3.3 is

A 0 00
Vi= |y 0 0]. (4.6)
Yoe 00

Y, =

o O O
o O O
o O O
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Figure 4.1: Left — Tree-level contribution of the Ry leptoquark to Ry «). Right — Loop
contribution of Ry to the b — supu processes, not applicable as a dominant contribution
to the B anomalies in the considered models of quark-lepton unification.

With the couplings of perturbative size, the mass of the Ry leptoquark should
not exceed several units of TeV. The corresponding WET scenario, though it
cannot address the additional b — spp anomalies, ranked the 2nd position in
the likelihood comparison of simplified effective models in Ref. [149] and the 4th
position in the more recent study [154] (see also page 51).

In the models under consideration, Eq. (2.62) implies that the Yukawa matri-
ces Y5 and V; are subject to the following constraints:

S A/ 3/2 ( ) D1t ~ ) (4 )
}2 Vew C S/B LRIMV | PMNS f”uiCKM(/L ) Ta
N \/3/2 ~ ~

4 Vew C()Sﬁ ( d 6) . ( . )

Hence, the idealized case of Eq. (4.6) cannot be automatically adopted. Due to
the diﬁ”erentAroles of MP in the MQLSM and the FPW model, also the possible
patterns of Y5 differ between these two models.

4.3 MQLSM model

In the MQLSM, MVD is a diagonal light-neutrino mass matrix, and as such is
completely negligible in Eq. (4.7a). Hence, the largest Yukawa couplings of R
unavoidably reside in the 3™ row of }72, elements of which are enhanced by the top
quark mass [65]. Expanding the SU(2), and flavour structures from Eq. (4.2),
these interactions take the form

ﬁ?\?c%z(ilgf\%e = \/gv??;s@t’? ((VteeL + Viuttr + VirT1) Rg/g - VLtR§/3> +he (4.8)
where Vy; (with [ = e, u, 7) are elements of the third row of the unitary matrix
VexmUr, and v, = >, V. Due to Vy & 1, the relevant mixing factors are
approximately given by Vj ~ ul; where Uqu denote the entries of the U, matrix
alone.

Ref. [164] suggested that the Ry leptoquark could accommodate the neutral-
current B anomalies via the loop diagram in Fig. 4.1 which induces the contri-
butions to the "preferred” Wilson coefficients Cg'y,,, = —CI'j,,- Naively, this is
achievable in the MQLSM simply by setting ufu = 1; in such a case, the Yukawa
coupling for mLRS/ % is much larger than all the other entries in 172 and 1?21. How-
ever, as explained in Refs. [164, 159], avoiding other experimental constraints
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requires an even stronger interaction of Rg/ ? with Cpptr; this is not consistent
with the MQLSM in which Eq. (4.7a) implies that couplings of RZ/S to Grl; are
proportional to the corresponding quark masses. Hence, in what follows, we fo-
cus solely on the scenarios advocated in Section 4.2 where the LQ is supposed to
address Ry at the tree level via its couplings to the electrons.

The two Yukawa coupling yge, yse from Eq. (4.6) are suppressed by m;/my
and mg/m; in comparison to the largest coupling in Eq. (4.8). Setting them
strong enough to significantly influence R« by choosing cos § small thus implies
nonperturbative values of some of the vertices in Eq. (4.8).

Moreover, there are very strong bound on the lepton flavour violating muon
decays such as BR(u — ey) < 4.2 x 10713 [96]. These constraints in context of
the MQLSM have been studied in Ref. [68]. One-loop Ry-mediated amplitudes
to this decay (see Fig. 3.2) are m,/m,, enhanced when both Y3 and Y} are invol-
ved [164, 25]. It can be shown that the bounds on LFV are incompatible with Rx
significantly below 1. We will comment on this shortly during the next section
which is devoted to the FPW model.

To conclude, the MQLSM is inconsistent with the Ry ) anomaly.

4.4 FPW model

Naively, the nature of neutrino masses has little to do with the b — sll transitions.
Nevertheless, extending the MQLSM by inverse seesaw is relevant for our study
as it brings new free parameters to the game. In particular, in the FPW model
we have essentially absolute freedom in choosing the Dirac mass matrix MP?. In
turn, as follows from Eq. (4.7a), the V> matrix can be chosen arbitrarily without
fixing the other relevant free parameters, Uy, and Uz. We will adopt the idealized
case of Eq. (4.6),

Yy = O3x3 (4.9)

which holds in any flavour basis. This assumption does not mean that we restrict
our analysis to the case where all the elements of Y, are strictly zero. In fact, some
of the elements may even lead to important signals of new physics. However, we
do not have the ambition to list all possible additional NP signals. Instead, we
want to focus on those predictions that cannot be avoided when accommodating
the Ry anomaly. Such an attitude focuses on the testability of the whole model
without restricting to ad-hoc chosen parts of the parameter space.

We should concede that by adopting Eq. (4.9) we leave out the potentially
viable scenarios where Y, contributes to a negative interference among amplitudes
of processes which are experimentally well constrained. In particular, consider
the decays © — ey and u — eee. In the FPW model, these are mediated by
several kinds of loops:

1. Due to existence of heavy neutrino states in the FPW model, there are
interesting W-loop contributions. Unlike for the type-1 seesaw, the cur-
rent scenario allows for their masses well below v, ~ 10° TeV and these
contributions are not necessarily desperately small.

2. There are quark-Ry loops, governed by (schematically) Ys x Y55, Yy x Y/
and especially by Y, x Y;" which contributes most significantly to the dipole
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operators (@i 0" er ) F, at the m, scale due to a relative m,/m,, enhance-

ment [164] — see also the lepton chiralities in the (’)g’;u SMEFT operator
in (4.3b).

In Ref. [25], a simplistic study of the amplitude interference in the y — ey channel
in the case of non-zero Y5 has been performed. In what follows, we shall assume
that the elements of Y, are so small that their effects are irrelevant, and that
the extra neutrinos are heavy enough so that their contributions to low energy
processes are negligible.

Expanding the SU(2), structure of the second Yukawa interaction in Eq. (4.2)
yields

LY = 4V, e RS + 1y Ve Ya ér B + hec. (4.10)

Denoting the elements of the f/}le matrix by

. Yde Ydu Ydr
YZL = | Yse Ysu Ysr |, (411)
Yve You  Yor

the matrix equation in (4.7b) can be rewritten into individual components: the

coupling between RS/ 3, a d-type quark ¢ and a charged lepton [ in the FPW (as
well as in MQLS) model is given by [65]

\/%( R Lmy) . (4.12)

= U My — UM
Yl Vew cOs 3\ 470 Tl :

where uf;l: and uél denote the elements of the yet unfixed mixing matrices Uiz and
UL, respectively.

4.4.1 Constraining the parameter space

In what follows, the ideal Yukawa pattern identified in Eq. (4.6) will be confronted
with the constraint (4.12) stemming from the extended gauge symmetry.

We approximate Eq. (4.12) by neglecting m,. and my everywhere, and fur-
ther by neglecting the second generation masses when compared to the third
generation ones.® The resulting structure reads

L L
A /3/2 RO . —uumLM —uing
Vew COS [3 R L R L

Generally, such a rich interaction structure leads to LFV processes (cf. Sec-
tion 3.5). In our situation, the most important experimental constraints include
K — e*u¥® which is triggered by ya,yZ, the decays u — ey and pu — eete”
(driven by various combinations of y,.y,), BY — K*pte™ and BY — K*u~e™,
For O(1) elements of ugl’R and the LQ light enough to significantly affect Ry,
these limits would be violated by several orders of magnitude [25]. For example,

3The latter approximation will be justified a few paragraphs below.
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BR(B'T = KTpmet)exp < 7x 1077 [183] while the deviation in R is much larger:
BR(Bt = Ktete Jexp — BR(BT = KTt i )exp = 1.1 x 1077 [54]. The LFV
processes involving also 7 leptons are less stringently constrained.

Suppressing all the £ ,-violating processes while keeping v, and y. non-
negligible requires that*

Ydpu = Ysp = You = 0 (414)

approximately holds. As explained in Section 3.5, the leptoquark would not
mediate any muon-family-number violating process in such a situation. The most
general unitary parametrization of the matrices Uy, g conforming this requirement
takes the form

e cosysina  e(TNFTH) o5 03 F98702) gin v sin vy
Ur = | —€®' cosacosry €7 sin —e!01=024%) cos asiny |, (4.15a)
—e2 gin y 0 €% cos y
"% cos ¢ 0 —esin ¢
Uy, = | —e!%5+9-04) co5 o/ sin ¢ €7 sin o —e% cospeosa’ |, (4.15b)
eOs+o=04) gin psin o/ € %6H7=%5) cos o/ €% cos ¢ sin o

where a and o are related via m,sina = mysina’. It leads to the following
structure of the relevant Yukawa matrix:

3/2 0 0 etm, sin ¢
4= 75 —e'mgcosacosy 0 €% m., cos ¢ cos o’
Vew COS ; . 5. ; .
ew —eP2my sin y 0 €"%mycosy — €%m, cos ¢sin o

(4.16)

A comment about the accuracy of this form might be worth here: the mixing
matrices in (4.15) solve Eq. (4.14) exactly for the approximate form (4.13) of the
Yukawa matrix. For the exact form of Vi, it is easy to find the corresponding
U r matrices numerically and check that they are close to those in (4.15). We
have used the exact solutions to Eq. (4.14) in the numerical study [29] but in this
text we stick to the approximation made above for the sake of clarity.

Notice that having successfully gotten rid of the muon number violating cou-
plings, we cannot prevent completely the £, — £, violation at the same time.

As far as LFV is concerned, there is no clear choice for the remaining free
parameters. On the other hand, there is a unique way to maximize |ys.yp.| which
triggers the effective interaction contributing to Ry ):

a~0, y o~ T (4.17)
4
Such a setting leads to the following pattern of the Yukawa matrix:
3/2 0 0 m.e®sing
mse® /v/2 0 me¥cose | . (4.18)

Vew COS B mb€i62/\/§ 0 _mb6i63/\/§

4For a detailed study of correlation between the B anomalies and p-e violation using a
different kind of leptoquark, see Ref. [166].
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In what follows, we will mostly investigate this special case (4.18) in which sup-
press the LFV processes can be suppressed globally, simply by pushing down the
overall effective operator prefactor 1/(m3, cos® 3) (with mg, stemming from the
propagator) as much as possible.

Adopting Eq. (4.18), achieving the current experimental value of Ry cast in
Eq. (3.33) requires

mpg, cos 3 ~ 20 GeV. (4.19)

Hence, cos 5 < 1 must be set in order to evade the bounds from direct lep-
toquark searches. On the other hand, perturbativity of the Yukawa couplings,
corresponding roughly to cos 5 2 myp/Vey, forbids extremely small values of cos .

Let us shortly compare this situation with the MQLSM where the Y5 matrix
is essentially fixed by the choice of Uy, [see. Eq. (4.7a)]. Adopting the form in
Eq. (4.15b) is necessary to ensure that Ry does not couple to py via }74; however,
it also implies that the couplings of Ry to Cru; or tru; via Y, are non-negligible.
Furthermore, perturbativity of entries in [see Eq. (4.8)] requites cos 8 to be O(1).
Thus, the MQLSM can not significantly address the Ry ) anomaly.

4.4.2 Predictions

In this part we present the predictions within the FPW model based on the
Yukawa matrices given in Egs. (4.9) and (4.18). The relevant free parameters
are the LQ mass mpg,, the Higgs doublet mixing parameter cos 5 and the angle
¢ and phases §; entering the Y, matrix. The detailed numerical computation of
predictions that presented below was performed in Ref. [29] using and extending
the computer package FlavorKit [184, 185] based on SPheno [186, 187, 188] and
SARAH [189, 190]. Rather than going into details of the calculation of individual
processes, we provide some simplified arguments here.

To get some insight also into the dominant interactions of the @ = +5/3
component of the Ry doublet [see Eq. (4.10)], consider the case §; = 0 with m
neglected and approximate of the CKM matrix by the Cabibbo rotation:

co. o, O 0 0 m.sy 0 0 m,sin(¢+6,)
VCKMYZI ~ | —S¢. Cg. 0 0 0 m-Cy | = 0 0 m, COS(Qb + 00)
0 0 1) (% 0 -7 my/V2 0 —my/V2
(4.20)

In what follows we shall carefully distinguish between (i) unavoidable effects of
this scenario, (ii) predictions which vary significantly within the considered part
of the parameter space and (iii) additional possible signals which may arise due
to small deviations from the considered Yukawa patterns. Interestingly enough,
the first category turns out to be quite rich.

Low energy phenomenology

As we have already mentioned, the tree-level interactions of R;Q/ % Jead to the

(q?v“qﬂ(@ml ) four-fermion operators with down-type quarks and charged lep-
tons (CYF = +CNP), with the flavour structure given by products of two pairs
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Figure 4.2: Leptoquark-mediated B-meson decays appearing in our scenario.

TR €R

S]]

q

Figure 4.3: Dominant penguin and tree diagrams which contribute to various LFV
7 decays. Notice that the latter depends strongly on the remaining parameters in
Eq. (4.18) while the magnitude of the former is essentially constant.

of the large Yukawa elements ype, Ypr, Ys- and/or y4,, and the smaller but impor-
tant coupling ys. [see Eq. (4.18)]. The R$™® partner induces analogous operators
with the up-type quarks involved. Notice that all the large elements of Y, and
VermYa correspond to the LQ couplings to a third generation fermion. Fur-
thermore, important loop-induced interactions contribute to other Lorentz and
flavour structures.

First, let us focus on the B-physics where we expect important contributions
from Ry to the semileptonic decays. Recall that the considered part of the pa-
rameter space has been chosen such that |yueys| is as large as possible in order
to address the neutral-current B anomalies R .) and that Eq. (4.19) determines
the condition for accommodating the central value of R, regardless of the choice
of the remaining free parameters ¢ and ;. Due to the relative smallness of .,
parametrically larger amplitudes are predicted for the semileptonic decays con-
taining at least one 7 lepton in the final state. Nevertheless, due to the notorious
difficulties with the tauon identification, these predictions of the considered model
are well under the experimental sensitivity [191, 192, 54].

On the other hand, we have found that more important bounds stem from the
decays of the 7 lepton itself. Recall that the non-vanishing first and third columns
of Y3 and VexnYs in Egs. (4.16) and (4.20) facilitate LV decays 7 — eX. As
depicted in Figs. 3.2 and 4.3, the leptoquarks contribute to 7 — ey and 7 — eee
at the loop level and to the decays containing mesons already at the classical level.
However, due to the magnitudes of the relevant couplings, the penguins are often
even more important than trees in the current situation and their interference
must be properly taken into account.

Among the 7= — e~ X processes including X = v,eTe™, utu~, 7% K¢, ¢,
KtK~, 7t K~, K™n~, the most stringent bound turns out to arise from BR (7 —
er™m~) including — but not consisting solely of — the p-resonance intermediate
state. The process 7 — er ™7~ is mediated by the Z- and y-penguins (which are
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Figure 4.4: From Ref. [29]. Correlation between Ry (.) and branching fraction of 7 —
erTm~ in the region corresponding to the Yukawa pattern approximately given in
Eq. (4.18). The red line denotes the current experimental limit on the LFV decay from
BELLE [10] while the vertical belt is the 1-0 region of the 2019 LHCB measurement
[128].

essentially independent on ¢ and §;’s) and, furthermore, by an Rg/ ®_mediated tree
graph. The latter is proportional to the small parameter y,. whose dependence
on the ¢ and §; goes beyond the approximations made in Eq. (4.20).

Figure 4.4 shows the correlation between R and BR(7 — enr) resulting from
the scan over mpg, and unfixed angles and phases in (4.18). The only remaining
parameter cos ( enters the low-energy calculations in a product with mpg, and was
fixed to the value 0.02. The picture shows a clear tension between the currently
measured value of Rx and the limit on BR(7 — enm). Note that there is no
simple way of overcoming this problem by departing from the Yukawa pattern in
Eq. (4.18). Thus, if the current value of Ry is confirmed by more statistics in
the future, the FPW model will be ruled out.

In what follows, we consider the limit case which is just on the edge of inval-
idation by the 7 — ewr™ 7~ search, which allows for

mp, cos B = 30 GeV. (4.21)

In such a case, a smaller but still potentially significant departure from LFU
is possible (with Rg = 0.95). For such a scenario, predictions for many other
LEV 7 decay channels have been given in Ref. [29]. Most of them, including
BR(7 — ey) = (3~4) x 1079, are going to be probed by the BELLE II experiment
in the near future [193].

There are also other possible additional signals which might arise from a small
departure from Egs. (4.9) and (4.18), especially the processes changing both £,
and L.. On the other hand, the LFV decays 7 — pX should not be observed in
the near future. In Ref. [29], we have also mentioned possible low-energy signals
of the color-octet G5 which could be another relatively light BSM scalar around.

Collider searches

Let us briefly comment on direct LQ searches. The Yukawa interactions in
Eq. (4.18), regardless on the values of the free parameters in there, imply the

64



following relations between the dominant L(Q decay channels:
2
BR(R;** = etj,) ~ BR(RSY? 571 5,) ~ Zm—bQBR(R;Q/ S57t5), (4.22a)
m’T

2
BR(R; ™ —ett) = BR(RS™* 5 771) ~ 2 BR(R;* > 7+j),  (4.22D)

2mz?

where j denotes a light-quark jet and 7; is a b-jet. The other branching fractions
are negligible. Since mj/2m? ~ 1.2 at the 1.5 TeV scale, each of the ratios
displayed in (4.22) amounts roughly to 1/3.

Leptoquarks could be produced in pp collisions in pairs via gluon-gluon fusion.
Notice that while the low energy precision observables constrain the product
mg, cos B, the LQ on-shell pair production is driven by the strong force and
depends on mpg, solely. Experimental limits on LQs with several decay modes
are generally weaker than those on LQs decaying dominantly into a single final
state. Thus, the mass limit found in Ref. [29] reached only up to 900 GeV. Very
recently, new searches for scalar LQs have been performed by ATLAS: in Ref. [85],
new limit mp,q < 1250 GeV is given for BR(R;Q/3 — eb) ~ 0.31. The limits from
the searches considering the ¢7 [86] or te [84] final state are slightly lower. The
current limits on the LQ single production are generally weaker.

4.5 Conclusions and discussion

In this chapter, we have studied the capability of two simple quark-lepton sym-
metry models introduced in Chapter 2 of describing the hints of NP in the neutral
current B-meson decays. We have found that the MQLSM is unable to alleviate
the tension among theory and experiment in these processes.

For the FPW model, we have found a setup with a light Rs leptoquark doublet
which can partially accommodate the deviations in Rg and Ry« but not the
additional b — suu anomalies. In such a case, the LFV decays 7 — ertn~ and
T — ey are bound to be observed at BELLE II. As the LQ mass remains unfixed
in that setup, disproving the scenario by negative collider L(Q) searches would be
quite hard.

In looking for viable scenarios accommodating R (), we have explored essen-
tially all the parameter space of the FPW model. The only cases which might
have escaped our attention are the contrived schemes with a negative interference
among various BSM amplitudes.

While we have focused on the neutral-current B anomalies, the Ry leptoquark
has also been suggested as a candidate to account for the charged-current ones
[179, 180, 181]. A natural question is whether Ry could significantly influence
both Ry and R simultaneously. In this respect, the minimal set of couplings
required has been advocated recently in Ref. [160]; it consists in adding two more
entries to the Yukawa matrices compared to Eq. (4.6):

A 00 O A 0 0 O
Vo= 0 0 gl Vi |y 0 0. (4.23)
00 O Ye 0 Ypr
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Notice that this form is quite close to the pattern in Eqgs. (4.9) and (4.18) studied
in context of the FPW model. Especially, note that a large the non-zero value
of ypr in (4.18) has been enforced by the extended gauge symmetry and by the
requirement of complying the limits on muon number violation. Furthermore,
since Y5 can be chosen arbitrarily in the FPW model, §., can be simply set
to a desired value. On the other hand, as Y in Eq. (4.18) contains also sizable
elements y,, and/or y,., the predictions and constraints in the FPW model might
differ considerably from those in the simplified scenario of Ref. [160]. Addressing
both Ry and Rpe) within the FPW model of quark-lepton unification might
be a topic of a future work.
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5. Gauge leptoquark in SU (4)c

This chapter presents a yet unpublished study [31] of the low-energy phenomeno-
logy of the gauge leptoquark (GLQ) in the models the SU(4)c gauge symmetry,
such as the MQLSM or the FPW model which we have elaborated on in Chap-
ters 2 and 4.

One can verify in Table A.1 that a general interaction of the vector leptoquark
(VLQ) field U; ~ (3,1,42/3) with the SM fermions consistent with the gauge
symmetries of the SM can be written as

_ 9

V2

where U, and Ug are complex matrices in the flavour space.

As we have already noted in Section 3.5, vector leptoquarks have raised a lot
of attention recently, being identified as excellent candidates to account for the
neutral-current and potentially also charged-current B-meson anomalies. Nev-
ertheless, the suggested flavour and chirality patterns are not consistent with
the gauge nature of the LQ. As explained in Chapter 2, quark-lepton unification
(QLU) a la Pati-Salam determines the gauge coupling at the scale of SU(4)c
breaking and restricts the interaction patterns to unitary matrices, i.e.

EUl (cﬁ“ [IP)LUL + IPRUR] é + QALL’}/HVCKMULﬁL) Ulli + h.c. (51)

ga(mu,) = gs(mu,) and U, Up € U(3). (5.2)

In contrast, the current benchmark VLQ setup for acommoddation of the B ano-
malies is roughly [154]

0o 0 0 00 0
U 1 U

94 L= oo [0 —005¢ 0], IR _ o 0 o], (5.3)
muy “lo 0.05/¢ 07 Mo 000

where ¢ is a positive O(1) number. Clearly, such a form is in clash with the
conditions (5.2). For this reason, the B anomalies could not be attributed to the
GLQ in the two models of QLU in Chapter 4.

Despite its inability to account for the discrepancies in the B-meson decays,
we still find the gauge leptoquark in the QLU framework worth a detailed and
dedicated study as it is a common feature of many specific models. In Section 5.1,
assuming that the B anomalies will eventually disappear or are caused by other
BSM fields, we shall analyse the possible near-future first signals' of the U; field
with interactions satisfying (5.2). Many phenomenological studies of the GLQ
in quark-lepton unification are available. The novelty of the one presented here
consists in simultaneously focusing on two points:

1. Essentially all possible forms of the unitary matrices Uy, and Ur are con-
sidered, keeping in mind that there is no prior measure on the parameter
space. In particular, the setups which might be labeled as fine-tuned sce-
narios or small parts of the parameter space are not dismissed. To our best
knowledge, such a study has only been performed in Ref. [175].

!The meaning of first signal will be specified later.
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2. An attempt is made to consider all observables which might become the
first signal of the gauge LQ. To this end, we employ the packages flavio
[118, 117] and smelli [194, 195] which make it possible to easily consider
much more processes and measurements than Ref. [175].

Furthermore, in Section 5.2, modest generalizations of the scenario studied in
the previous part shall be investigated, consisting in adding 1 or 2 generations
of extra leptons to the model. Like in Section 5.1, we will make the key steps
towards finding the catalogue of all possible first signals in each of the models
considered. Finally, we will discuss the number of extra leptons necessary to
significantly alleviate the discrepancies between theory and experiment in the
B-meson decays.

In both sections, the other potentially important BSM fields are neglected,
such as the scalars studied in Chapter 4 for the case of FPW and MQLS models.
Notice, however, that scenarios where the VLQ effects are stronger than those of
scalars are quite eligible; for example, consider the scalar sector of the MQLSM
(cf. Chapter 2) with 5 ~ m/4 and rather large X’s. After all, in the electroweak
physics, the low-energy effects of the gauge bosons W+ and Z° are much stronger
than the effects of the fluctuations of the Higgs field around its ground-state
configuration. Neglecting the rest of the BSM spectrum implies that the only
relevant free parameters are the LQ mass my, and the interaction matrices Uj,

and Ug.

5.1 Gauge LQ in quark-lepton unification

This section is devoted to the low-energy signals of the gauge LQ in the models
with SM quarks and leptons in common representations of the SU(4)c gauge
group, such as the MQLS [27] and the FPW models [28] introduced in Chapter 2
or the Pati-Salam model [26, 70]. Interactions of such a leptoquark satisfy the
conditions in (5.2).

As follows from the discussion in Section 3.5, the unitarity of the U g ma-
trices implies that the gauge L(Q) interactions always violate the lepton flavour
symmetries. In particular, the condition of column normalization implies that
none of the columns can be empty, the U(1)?, symmetry is broken and the LQ
inevitably mediates LF'V processes. Complementarily, the column orthogonality
condition implies violation of (S3)Lru.

Concerning the Lorentz structure of the GLQ interactions, integrating out
the interaction in Eq. (5.1) at the tree level gives rise to the following SMEFT
operators (supressing the flavour indices):

Oca = (@ yuer)(dry"dr) , (5.4a)
O(edq = (EGR)(jRQL) s (54b)
(92) + 052” = (G7,0) (@ a) + (Cryo )@ o' qr) (5.4¢)

where o represents the Pauli matrices in the SU(2), space. With explicit flavour

68



structure, the corresponding Wilson coefficients are given by [182]

2

9y *
Ced,ZIQq = _12m2U u?j 'LLé—DZ, (55&)
1
QZ R* L
Céedq,l_wq =+2 Qm%] uq[ Uql, (55b)
1
2
W _ A3 Logr oo
g _lgg — “eq_llgg — _5 Qm%] Ugr Ugp s (5-50)
1

where ugl’R denotes elements of Uy g, respectively, and ¢, g, [, [ are four indepen-
dent flavour indices. Recall that we use the basis in which the T} = —% compo-
nents of fermion doublets are the mass eigenstates.

The tree level matching of the SMEFT coefficients (5.5) to those of the Weak
effective theory such as those in (3.9) is straightforward. In particular, notice
that that the (92) operator, triggered by products of two elements of Uy, gives
rise to the WC’s C3'" = —C}¥ which are well suited for addressing the b — supu
anomalies [cf. page 51]. However, way more stringent bounds are set on the
scalar-type operators Ogeq,, which under the EW scale perform as the neutral-
current interactions Og — Op = (% qL) (El R) as well as to the charged current
operators like (qzu;) (7 lz), where ¢ denotes a d-type quark. As discussed in
detail in Section 3.3, these interactions trigger the purely leptonic meson decays
without any chirality suppression. Such processes are measured with an extreme
absolute precision [196, 197, 198, 199, 200, 201] or severely limited [98, 202, 203,
204, 205, 106, 206] and hence form important constraints on the couplings and
mass of the gauge LQ.

Many studies of VLQ effects have been issued during the last few decades,
adopting special patterns of U, and Ug. Some of them do not take into account
the SU(4)¢ constraints; for example, Ref. [207] assumed only chiral coupling to
the first generation; also [113] considered mostly the chiral leptoquark, i.e., the
setup in which one of the interaction matrices vanishes. Ref. [108] simply assumed
order-one elements in the relevant entries of Uy g.

Among the literature which took the constraints (5.2) seriously, Refs. [208,
209] from the early 1980’s considered U, = Ug = 1 and found a mass limit m, >
310 TeV stemming from the experimental bound on the LFV decay K — ep.
Since then, this limit has been risen up by more precise experimental limits on
BR(K? — ep) [210, 98] to the incredibly high value of mg;, > 2000 TeV [61] for
the case with "trivial” quark-lepton mixing.

However, the GLQ can have different phenomenology with different forms
of U r. Valencia and Willenbrock [211] in 1994 considered special cases where
U, = Ur are the permutation matrices, i.e. where each lepton is coupled to a
single quark, and studied various two-body meson and tau decays. They found
that apart from K — ey, the gauge LQ mass was for some mixing patterns
limited from below to 250 TeV by the test of the SM prediction of the LFU
violation

Reu(mm = 1Tv) = T(n" = e'v) /T(n" — phv), (5.6)

by an analogous observable R/, (K* — {Tv) or by BR(B™ — e*v) which lead
to a much weaker bound my, > 13 TeV.
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Figure 5.1: Tree-level amplitude for a LFV decay of KB.

Kuznetsov and Mikheev in 1994 [212] considered various (semi)leptonic K and
7 decays and the p — e conversion on nuclei, and cast inequalities employing the
GLQ mass and elements of quark-lepton mixing matrices, virtually taking the
full freedom in the quark-lepton mixing into account, but still tacitly assuming
Uy = Ug. Apart from BR(K}? — ep) and R/, (KT — [Tv), important bounds
have been found to stem also from BR’s of K — [Tl~, K — mue and from
coherent 4 — e conversion on Titanium nuclei. Needless to say, both analyses
[211] and [212] are outdated nowadays due to the new experimental data.

Ref. [61] considered KP — ey and B® — et for general U g but did not
confront the obtained limits with other observations. In Ref. [213], which is the
2012 update of [212], also the recent B factory results on B and 7 decays have
been included and the general case U, # Ug has been considered. A specific form
of U, and Uy has been found for which the stated GLQ mass limit was as low as
38 TeV. However, as pointed out in Ref. [175], this finding is invalid because the
authors forgot to include the predictions for the p~e' final state when studying
BR(B° — p*eT) and BR(B, — preT).

The correct treatment has been applied in the recent study by Smirnov [175]
who considered all kinematically allowed decays P° — [l for P° = K, B°, B,
and took fully into account the freedom in the fermion mixing by performing a
scan. The global lower limit stemming from these processes was found to be

my, > 86 TeV, (5.7)

the corresponding forms of Uy, and Ui were given as well as detailed predictions
for all the considered BR’s in that scenario. We have completely recalculated
Ref. [175] and verified that the computations in there are correct. Some aspects
of the calculations can be found in Section 5.1.1.

Despite that, there is still some work left to be done. Firstly, other important
processes like Pt — [Tv, semileptonic meson decays or g — e conversion on
nuclei should be taken into account. Secondly, even if considering more bounds
did not change the answer (5.7), there are other interesting aspects to be studied.
There is no theoretical reason to assume that the quark-lepton mixing matrices
really follow the pattern which minimizes the VLQ mass limit, neither is such a
setup more interesting from the point of view of the high-energy frontier: 86 TeV
is still too heavy to be observed on any of the currently discussed 21"
colliders.

Hence, rather than giving detailed predictions for the particular point in the
parameter space corresponding to the global LQ mass limit (like in [175]), we
are interested in listing all possible first signals of the GLQ. To this end, we
construct a catalogue of all observables which currently determine the VL) mass
limit for some form of the mizing matrices Uy, r. These observables are excellent

century

70



candidates for future NP signals since even a small improvement in precision will
investigate a new part of the parameter space.

In Section 5.1.1, the simplified approach used Ref. [175] is presented, since it
has been used as a starting point for our analysis. In Section 5.1.2 some concepts
are explained which can be well understood on that level of rigor. Section 5.1.3
presents the advancement in the analysis gained by our approach which is based
on the public general-purpose tools flavio and smelli. Postopning the technical
details about the scanning of the parameter space to Appendix C, we present the
results in Section 5.1.4.

5.1.1 Smirnov’s approach

In this part, let us overview the strategy adopted from Ref. [175] which has been
applied as the first stage of our analysis. Especially, we want to point at the
following aspects of the investigation:

1. The effects of the U; leptoquark are taken into account at the tree level.

2. Four-loop QCD running of the induced effective operators is taken into account
[214]. For simplicity, the effective operators are defined at the scale 100 TeV
regardless of the considered L) mass.

3. SM contributions to the considered processes are completely neglected in the
calculation. To highlight this approximation, the predictions for branching ra-
tios are labelled as BRy,. The measured BR’s of the observed decays (K} — ee,
K? — pp, BY — pp) are taken as limits on BRy. Such a rough approxima-
tion is meaningful due to large relative theoretical uncertainties for the SM
amplitudes.

4. Ref. [175] has taken into account the branching ratios of P — [*I'F decays
where P = KP, B, BY and [I' corresponds to various kinematically allowed
combinations of leptons and antileptons. In this work, also the leptonic decays
of K¢ are considered and updated limits on Bgys — ep [206] are taken into
account.

5. No processes with neutrinos are analyzed; therefore, the study holds for both
situations with light or heavy right-handed neutrinos.

6. The masses of electrons and muons in the final state are neglected, as well as
the indirect CP violation in the neutral kaon mass eigenstates.

7. The VLQ mass limits for given Uy,  are determined as the maximum of individ-
ual limits obtained from the considered observables. The decay responsible for
the strongest limit is considered to be the candidate for the first future signal
of the LQ for the investigated form of the quark-lepton mixing matrices.

The branching ratio for a process with light leptons only is calculated by the
following formula:

mpral fpmp(1p)?

B Pt =
= ) = g Ty

B - (5.8)
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The formfactors are fx = 155.72MeV, fpo = 190.9 MeV, fpo = 227.2MeV and
the gluonic corrections to the pseudoscalar quark currents amount to RY = 3.47
and RY = 2.1 [214]. The lepton-flavour-dependent factor is a sum over two
different helicity combinations

_azr(P L) + lape (PL 1)

where for weak eigenstates
arr(P,1,1") :ugl ufl,*, arr(P,1,1") :ugqul/*, (5.10)

with ¢ and ¢ standing for (the index of) the valence antiquark and quark of P,
respectively. For CP eigenstates,

a(K° 1,1 £ a(K° 1,1
\/5 ’

where + and — relate to K and K2, respectively, and a stands for either azp
Oor arRyr,-

For processes with a single 7-lepton in the final state, the expression for BRy
in Eq. (5.8) must be multiplied by a phase space factor (1—m?2/m%)?. Along with

a(KLO,S'alvl/> = (511)

rT

Eq. (5.10). For two 7-leptons in the final state, see Ref. [40]. The formulae above
can be obtained by matching the SMEFT Wilson coeflicients (5.5) to those of the
WET, plugging them into the general formulae from Section 3.3 and neglecting
me and m,,.

To review the C'P properties of the predictions, notice that agr(P,l,l') =
apr(P,l',1)* always holds for the weak eigenstates P. This implies 83, =
6?37” and therefore the predictions are C'P symmetric, i.e. BRy (P — [TI'7) =

that, the substitution uZ® — [uf;R —ultlm,/ (QWPRK)} for r = q, q is applied in

BRy (P — I'f17), even if the entries in Uy, r are complex. This corresponds to
the fact that we consider a single Feynman graph for each amplitude and there is
thus no room for interference. Accordingly, BRy (P — I¥I'F) = BRy (P — [*I'F)
and K = K} implies BRy (K — [T1'") = BRy (K — I71'T).

5.1.2 Dominance of K} limits, subdeterminants and maxi-
mal non-unitarity of the leptoquark interactions

As pointed out in [175], the experimental limits on BR’s of K — e*uT and
K? — ete™ and the measured value of BR(K} — pu~) put far more stringent
constraints on my, than those from the decays of the Bj, mesons. Naively, one
could say that the K decays determine the limits on my, in the "vast majority
of the parameter space”. For an illustration see Fig. 5.2.

Nevertheless, we are interested especially in the "special” cases where the
strongest constraints on my;, are set by other processes than K — II'. In order
to efficiently scan over this interesting part of the parameter space, it is both
convenient and sufficient to investigate the hypersurface in the parameter space
where the VLQ does not give any contribution to K — I, i.e.,

ﬁ?{g,ll = 6?{2,12 = /B?(B’Ql — B?{£722 — 0 (512)
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Figure 5.2: Illustration of lower limits on the gauge LQ mass stemming from several
observables, calculated along a one-dimensional subset of the mixing parameter space,
defined by Table C.1 in Appendix C. In this slice, the most important bounds are given
by BR(K? — e*uF) and BR(B® — e*1T). The mass limits are obtained in using the
approach described in Section 5.1.1.

In Ref. [175], these equations have been solved for a particular parametrization

of Uy r. Here, we shall investigate them without an explicit parametrization in

order to get some more insight which will be useful also in the next section.
Since arr(KP,1,1') = arp (KD, U',1)*, Egs. (5.12) are equivalent to

arr(K, LU) =0 for (') = (ee), (en), (ne), (up). (5.13)
Interestingly enough, these four equations can be written as
R RN\* /. L L
Uy Ui Uy U 0 O)
= . 5.14
(u?1 uﬁ) <u§1 u§2> <0 0 ( )

For Ug fixed, (5.14) represents two pairs of linear homogeneous equations for
elements of Uz. The trivial solution ufy = uly = uf; = uly, = 0 is in conflict with
the unitarity of the 3 x 3 matrix U;. Existence of nontrivial solutions requires
that the determinant of the coefficient matrix must be zero. Apparently, this
determinant is identical to the 3,3-minor (subdeterminant) of Uz. Analogously,
existence of nontrivial solutions for elements of Ui requires that the second matrix
in (5.14) is singular. Hence, preventing the U; leptoquark from mediating K —
[T1'~ decays necessitates that the determinants of the upper left 2 x 2 submatrices
of both Ug and U;, vanish.

Furthermore, absolute values of determinants of two complementary subma-
trices of any unitary matrix are the same. Therefore, the subdeterminants of our
interest are equal in magnitude to the 3,3—elements of Ug and Uy, respectively.
Hence, we conclude that a necessary condition for avoiding the K — [T1'~ decays
via VLQ in the quark-lepton symmetry models reads

uft = up =0, (5.15)

with an implication mentioned also in [175]: BRy (B3, — 77) = 0.
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Notice that the ”solutions” to the B anomalies which leave out the unitarity
constrains on UL g, such as the one in Eq. (5.3), usually assume that the br
elements are the largest ones in order to address also Rp). As we can see, such a
setting in a certain sense violates the unitarity of the mixing matrix in maximal
possible amount.

For solutions of Eq. (5.14) in a specific unitary parametrization of Uy, p and
technical details about scanning over the resulting parameter subspace, see Ap-
pendix C.

5.1.3 A more robust approach

In paralell with the approach introduced in Section 5.1.1, we have also performed
a similar analysis using the family of general-purpose open-source tools wilson
(104, 215], flavio [118, 117] and smelli [194, 195]. We present the features of
this approach as a list which can be compared with that on page 71.

1. Like in the previous approach, we match the VLQ interactions onto SMEFT
at the tree level. We have implemented a python function taking Uy, r and my,
as input arguments and returning a dictionary of SMEFT Wilson coefficients
given by Eq. (5.5) in the format compatible with the wexf standard [40, 120],
which is used by the packages mentioned above.

2. The RGE running of the SMEFT effective operators from the scale 1 = my,
to the EW scale, tree-level matching onto WET and further evolution to the
meson mass energy scales is handled automatically by the wilson package.
The full numerical solution to the one-loop SMEFT RGEs (the ’integrate’
option) is performed since we have exemplified that the ’leadinglog’ approx-
imation leads to O(1) relative differences in certain predictions. Analytical so-
lution to the one-loop QCD and QED running is applied under the electroweak
scale in wilson. For more details see [104] and references therein.

3. The SM contributions to the amplitudes of the calculated processes are au-
tomatically taken into account by flavio. As a result of this (and of the
RGE running), the predictions do not scale uniformly as m(}f, which was a
simplifying feature of the previous approach [see Eq. (5.8)].

4. The global likelihood tool smelli is employed. This package uses flavio for
predictions and confronts them with the measurements, including the corre-
lations. By default, version 2.2.0 of smelli takes into account hundreds of
observables, most of which are, however, irrelevant for our scenarios. On the
other hand, the very interesting processes BR(By, — e*e™) as well as 1 — ¢
conversion on nuclei were not included. To this end, we have modified the
package to regard also these observables. As already mentioned on page 45,
we have found and fixed an important bug in the calculation of K ¢ — e=u¥
decays in flavio v2.2.0 [119]. The complete list of considered observables
can be found in Table C.3 on page 99.

5. As tacitly assumed during the entire Chapter 5, no light right-handed neutrinos
are taken into account. Since the 15 fields are mandatory in quark-lepton
unification, the analysis, strictly speaking, holds only for the case with heavy vy
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Figure 5.3: Various important processes mediated by the gauge leptoquark.

(e.g., for the FPW model). In the case of light Dirac neutrinos (e.g., MQLSM),
new channels like B~ — ¢; 7z open, and the constraints on the gauge LQ are
generally slightly stronger. Extending the packages flavio and wilson in
order to take into account also the effective operators containing v; would be
far beyond the scope of this work.

. Light lepton masses are taken into account in flavio for all observables, but
indirect CPV in neutral kaons remains neglected in the KLO’ g — " decays.

. For U, and Uy fixed, we determine the first signal by finding a LQ mass for
which some of the following conditions are fulfilled:

(a) In the list of individual observables (neglecting all correlations) with a
pull Ax?/2 > 2.5 between the current prediction and experiment there
is a single observable which is absent in the analogous list of observables
with a pull Ax?/2 > 2.0 comparing experiment with SM. This observable
is then taken as a potential future first signal.

(b) The global log-likelihood of the situation worsens by 3.5 ~ 5 units com-
pared to the log-likelihood of the SM. In such a case, the possible future
first signal is identified with the observable whose contribution to the
likelihood changed most significantly compared to the SM.

(¢) The global log-likelihood of the situation improves at least by 4 units
compared to the SM. In such a case, the observable (or set of observables)
contributing most to the improvement is considered as a possible current
signal of the LQ).

In all cases, the contributions of individual observable measurements to the glo-
bal likelihood are obtained via the obstable method provided by the smelli
package [194].

Admittedly, these criteria seem to be chosen slightly arbitrarily. Nevertheless,
we have exemplified that they lead to the same results as the more intuitive
criterion in paragraph 7 of Section 5.1.1 whenever the other differences among
the two methods (paragraphs 2 — 6) are irrelevant.

5.1.4 Results

We have performed a scan over the space of pairs of unitary matrices U, and
Ugr. For each investigated point in this space, the limiting L mass has been
found, along with the predictions for various observables based on that mass. For
technical details about the scan see Appendix C.
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Observable Experiment SM prediction

BR(K? — e*pu¥) < 4.7 x 10712 [98] 0
BR(K? — ete™) 8.7157 x 10712 [198] (9.040.5) x 1072 [216, 217]
BR(K? — putp~) (6.84+0.11) x 107 [54]  (7.441.3) x 107°
BR(K? — putu™) <2.1x107% [205] (5.2+1.5) x 107'2 [21§]
BR(B® — e*puT) < 1.0 x 1072 [204] 0
BR(B, — e*u¥) < 5.4 x107° [204] 0
BR(B® — utu™) 113 < 10710 [54]  (1.140.1) x 10710
BR(B, = ptp~)  (3.04+04) x 107 [54]  (3.740.2) x 107°
CR(n — e, Au) <7x1071 [219] 0
Re/u(nt = IT0) 1.2327(23) x 10~ [54] 1.2352(1) x 104 [220]
Re/u(K+ — 1Tv) 2.488(9) x 107> [54] 2.476(2) x107°

Table 5.1: Complete list of observables which currently constrain the gauge LQ mass
for some form of unitary quark-lepton mixing matrices. The experimental limits are
given at 90% C.L. The SM predictions have been calculated in flavio unless cited.

As stated earlier in Eq. (5.7), the simplified approach of Ref. [175] described
in Section 5.1.1 leads to the global lower leptoquark mass limit of 86 TeV. When
taking into account more observables in the more robust approach presented in
Section 5.1.3, the experimental limit on the 4 — e coherent conversion on nuclei,
CR(u — e, Au), turns out to be violated by 3 orders of magnitude by the predic-
tions based on the benchmark point of Ref. [175] which is supposed to saturate
the global limit on my,. Nevertheless, we have found another form of U, and Uy
which allows for a similarly light gauge LQ even when all the constraints included
in smelli are considered. Thus, the global lower mass limit is indeed given by
Eq. (5.7).

Table 5.1 presents the catalogue of observables which currently give the largest
constraint on the GLQ mass for some configuration of U, and Ug. (These observ-
ables correspond to the future first signals as defined above.) For each of these
processes, an example of the corresponding Uy g is given in Appendix C.2. We
would like to stress that this list is complete. To fully appreciate the result, notice
that even a very small improvement in precision of any experimental limit listed
in Table 5.1 will probe a so-far allowed part of the parameter space of the model,
and could potentially detect a NP signal. (The only exception is the observed
decay K — up for which the SM uncertainties dominate.) Conversely, under a
very idealized assumption that the experimental sensitivity will grow uniformly
for all the observables considered, neither of the other processes is predicted to be
the first seen signal of the GLQ. More realistically, the precision of the measure-
ment of (or search for) any other observable needs to be improved by a larger step
in order to put a new constraint on the model parameters or to have a theoretical
chance of observing a signal of the gauge LQ. How large these steps must be is
shown for several important examples in Table 5.2.

Concerning searches for LFV, Table 5.1 contains limits on K7, By, — ey and
on the p — e coherent conversion on nuclei; further searches for these processes
are therefore of great interest.

The remaining observables in Table 5.1 all employ the leptonic decays of pseu-
doscalar mesons which are chirality suppressed in the SM and can be understood
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Observable Exp. limit Model prediction SM

BR(KO Sete ) <9x109 [203] <2x10° 2x10 ™ [203]
BR(KS — e*uT) N/A [54] <3x10710 0
BR(B® - ete”) <25x107° [106] < 11x107° 3x 1071 [221]
BR(B,  c*e”) <04 x 107 [106 <3x107° 9x 107" [221]
BR(B = e*77) < 2.8x 1075 [202] <6x 1077 0
BR(Bs; — e T:F) N/A [54] <25x107° 0
BR(B — ji°r7) < 1210 [20(] <5x 107 0
BR(B, — (“r) - <3.4x 107 [200 <23 %107 0
BR(B? - 7777) < 1.6x 1073 [222] 2% 107¢ 2x10° [221]

BR(B, — 7)) <52x 1073 [222] 8§x 1077 8x 1077 [221]

Table 5.2: Examples of processes which are not listed in Table 5.1. The third column
shows predictions stemming from the situations (defined by U, Ur and my;, ) which are
fully compatible with all the current experiments, obtained by the numerical scan. We
also list the SM predictions for comparison.

as tests of LEUV in the SM.

Firstly, significant deviations could arise in the ratios of charged current decays
R/ (Pt — lv) with P = 7, K when the LQ couples mostly to the electrons. Al-
though the decay widths involved cannot be measured with an absolute precision
similar to the rare decays above, the deviations from the SM can be significant
due to the interference among the NP and SM amplitudes (and subdominantly
also due to including the other neutrino flavours).

Secondly, limits on my, stem also from the observed BRs of K — ee, uu and
Bgﬂs — pp. Concerning K — ppu, the experimental precision is better than the
theoretical error estimates in the SM stemming from long distance contributions,
as briefly discussed in Section 3.3.

Finally, a very interesting limit on the GLQ mass for some patterns of quark-
lepton mixing is set by the recent LHCB search for K§ — pu; the anticipated
discovery of this decay after the upcoming LHC runs thus provides an exciting
opportunity for the Pati-Salam-type leptoquark.

In Table 5.2, the P° — [’ decays that currently do not pose the largest bound
on my, are listed, together with the predictions from the parameters fully com-
patible with all the current experimental searches. All parameter values studied
during the scanning are included.

As 7 leptons are generally experimentally hard to handle, all process involving
7’s belong to this category. In fact, 3 ~ 4 orders of magnitude improvements
in limits on B, — I7 would be necessary in order compete with the other
constraints, which is far under the prospected sensitivity of BELLE II [193] and
hardly achievable even at LHCB at the high-luminosity phase. Furthermore,
as discussed in Section 5.1.2, due to the unitarity of U g, the L) amplitudes
mediating of 3278 — 77 are severely limited by the probes of K — [I' and our
predictions for the former essentially coincide with the SM. Hence, the prospected
sensitivity of BELLE IT about 1079 for BR(B® — 77) [223] is not sufficient.

On the other hand, the experimental sensitivities to K2, B® and B decays
to ete” require less than 1 order of magnitude improvement in order to probe
the currently unexplored parts of the parameter space. Note that BRV(BgS —
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ete”) = BRy(By, — ptu~) is predicted for any parameter point for which
BRy(KP — II') = 0 [175]; currently, the muonic channel is measured more ac-
curately. However, when further searches for NP in the P° — ptp~ decays will
become limited by the SM uncertainties, new searches for By, KJ — ee will
become essential.

No experimental limits on the decay KJ — ey are available [54]. Based on the
current limits on K¢ — ee [203] and K2 — ppu [205], the required experimental
sensitivity around 1071° for K¢ — ey should be reachable by KLOE II or LHCB.

5.2 SU(4)¢c models with extra leptons

The second part of Chapter 5 is devoted to more complicated models featuring
the vector LQ. Although they could be considered as aesthetically less appealing,
such models have been studied thoroughly in the recent years, mainly due to the
attempts to accommodate the B-meson anomalies, as mentioned at the beginning
of this chapter. Generally, several tricks to circumvent the theoretical requirement
of unitarity of Uz r have been suggested in the literature. They can be divided
into three categories, according to the paradigm abandoned:

1. Adding extra generations of fermions while maintaining the gauge symmetry
group Glyo1 or Gygs [170, 172].

2. Assuming more complicated gauge structure. Especially, the models based
on the Gyno1 = SU(4)¢, X SU(N)c, x SU(2), x U(1)r gauge symmetry
become popular; here N = 3 or 4 and the QCD generators are given by
T¢ =T¢ + T4, for A=1,....8

In the basic setting of chiral quark-lepton symmetry [62], where left-handed
fermions are charged by SU(4)c, while the right-handed ones transform
non-trivially under SU(N)¢,,, the U} field interacting with the left-handed
quark-lepton currents is a chiral leptoquark — it has no or suppressed cou-
plings to the right-handed currents, avoiding the scalar-type effective opera-
tors Ogeq, which are responsible for all the most stringent limits in Table 5.1.

In more general cases with N = 3, some quark and lepton fields are unified
within the SU(4) factor while others live in separate irreps of SU(3) [59].
Usually, more than 3 generations of fermions are considered in total [224,
56, 57, 58, 60].

3. Assuming that the vector LQ is not a gauge field but a composite resonance
formed by some more fundamental strongly interacting fields [162, 225, 226].

This work is focusing solely on the first option. Since the SM leptons do not en-
tirely stem from the same SU(4)¢ representations as the quarks, we shall not use
the term quark-lepton unification for these theories but rather call them extended

SU(4)c models.
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5.2.1 Specification of the models

Like in the previously considered SU(4)c x SU(2)1, X U(1) g scenarios, the models
contain 3 generations of each of the following chiral fermion SU(4)¢c quadruplets:

q u U d
Fl20) = <4€LL> ) Jr (4,1,410) = <y§> ) fﬁl(4,1,71/2) - (42) ’ (5.16)

Notice that we have slightly updated the notation by adding an ”isotopic index”
to the leptons living inside the quadruplets. On top of that, k; generations of
SU(2)-doublet vector-like fermions

1£L(1,2,+1/2) + 151‘~2(1,2,+1/2) (5.17)

and kg generations of weak-singlet vector-like fermions

16L(1,1,—1) + 16}2(1,1,—1) ; (5.18)

are assumed. These new fields are intact to the gauge L(Q) interactions. After
the Gyo1 — Gsum symmetry breaking, they can mix with the leptons from the
quadruplets. We assume that the 3 lightest eigenstates correspond to e, u, T,
while the k;, + kr remaining ones are are too heavy to be observed. As the weak
hypercharges of the 3 known leptons are quite precisely measured, they must be
composed solely from the fields ‘ez, eg, 14, and *¢;. For all practical purposes, it
is sufficient to assume the following mixing pattern in the charged lepton sector:

éR Ve 03><kL 4€R
ER = R OkRXkL 1€R y (519)
Y~ Okrx3 Okpxkn  Lipsis ) MR
éL Ve 03><kR 4&7
B = L Ourn | 7671, (5.20)
le, Okpx3 Okpxky  Likpxkg le,

where, generally, ¢~ denotes the electrically charged component an ¢ doublet?,
& =&, + é is the triplet of light leptons while E; and ¢, with their chiral
counterparts E; and e, form the heavy mass eigenstates. The form of the mixing
in the heavy lepton sector is irrelevant for our considerations. Finally, V and
V§; are arbitrary unitary matrices of dimension 3 + &k and 3 + kg, respectively.
Including the "non-standard” fields '4; and e, in the model ensures the ABJ
anomaly cancellation and enables one to write down arbitrarily large Dirac mass
terms for the vector-like pairs.

The Q = 0 components of %/, and '/, naturally follow their charged SU(2).
partners during the mixing at the first stage of SSB: those belonging to £} become
equally heavy while the companions of é, become the light neutrinos, eventually
gaining mass after the EWSB.

Finally, let us have a look at the gauge LQ) interactions. Like in Section 5.1,
we assume that 1 are heavy due to the inverse seesaw which implies that the

ZNotice that 'e, # 14, ~ and ‘e # 4.
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Uy leptoquark interactions from f¥il) f4 are unimportant for the low-energy phe-
nomenology. Interactions with the other fermions can be rewritten as follows:

L= g4 (@7“4&—}-6737“463) Ui, + h.c.
_ Ve 0 "4
w L e L
@ o (43 (v ) (2]
— Ve 0 N (e
+ (dn 0]7#[0 ]1] [VR] [ER

:j‘%[[@ 0) 7M[UL] [ﬁ] + (dn 0) 7“[UR] [EZHUWH;:D

»S)

SlE S

The L; field on the last line is the heavy SU(2);, doublet containing E; as a
component. Apparently, the novelty of such extended SU(4)c models consists in
the fact that the unitary matrices Uy g, defined by the last line of Eq. (5.21), are
of dimension 3 + ki r. Using the block-form notation,

_ (W) (Up)sr _ (Wr)ss (Ur)sr
b= (Up)ry (UL)FF]’ Un = (Ur)rs (Ur)rr)’ (5.22)

only the 3 x 3 submatrices (Up g)ss are relevant for the interactions among the
SM fermions. The larger the numbers £z, g of extra lepton generations, the more
parametric freedom in (Up g)ss is available. With k;, = kg = 3, the arbitrari-
ness in Uy, Ug and my, already allows to choose any form of ”31411 (Up,Rr) ¢, which
is all that is relevant for the low-energy phenomenology at the leading order
[cf. Eq. (5.5)].

Similar models have already been studied in the literature, usually considering
the cases equivalent to (kr,kgr) = (3,0) [73], (0,3) [172] or (3,3) [L70]. In this
work, we focus on the more economical models with k; p < 3, which are less
challenging if one aims to capture all the possible NP signals in the model, but
more restrictive if parameters leading to a chosen signal (such as the b — suu
anomalies) are searched for.

Note that enlarging the dimension of Uy, g is indeed the only considered con-
sequence of extending the theory of quark-lepton unification in Section 5.1: we
assume that the extra leptons are too heavy to be observed and, like in the first
part of this chapter, we ignore the details of the scalar sector responsible for
the mixing. Note, however, that a construction of the scalar sector leading to a
chosen form of Uy,  is not a trivial task (see, e.g. [57]).

5.2.2 A note on the Z’ boson

Although one can simply assume that the low-energy effects of the gauge LQ are
stronger than those of the BSM Yukawas, another heavy field should be cared of
more deeply: the Z’ boson. Recall from Section 2.5 that Z’ can never be much
heavier than U, as it gains mass only after the U(1);pr) breaking which is a
subgroup of SU(4)¢, and that the Z’ coupling [see Eq. (2.30)] is proportional to
[B—L] —2Y sin?¢'.
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In the models of QLU, the Z’ has flavour-diagonal interactions with both
leptons and quarks. With the SU(4)c breaking scale about 100 TeV or higher,
the corresponding flavour-conserving 4-fermion operators are safely negligible.
On the other hand, in what follows we are going to study also the situations with
a much lighter LQ), i.e., with a lower SU(4)¢c breaking scale.

Lepton-flavour conserving effective semileptonic interactions mediated by Z’

could interfere with the SM amplitudes in the ¢g 227 - production in the
5 > my kinematic region. NP contributions to these processes are constrained
by the high-pr dilepton spectra measurements by ATLAS and CMS, leading to
limits around myz < 5 TeV (depending on the Z’ coupling assumed) [227, 228].
As noted in Ref. [59], these limits also indirectly constrain the mass of the gauge
LQ.

Ref. [59] further claims that "the couplings of the Z' to SM fermions are neces-
sarily flavour universal” and ”proportional to the identity matrix in flavour space”
even in the models with extra fermions because the relevant charged lepton mix-
ing “necessarily involve states with the same B — L charge”. This is, however, a
misconception arising from not-distinguishing between the gauge symmetry gen-
erator [B— L] and the difference of the accidental global symmetries B — £, as we
have discussed in detail in Section 2.4. All the fermionic fields *;, *ep, "4, 5, er n
are fully justified to be called leptons and carry the lepton number £, which is con-
served by the gauge interactions. On the other hand, only the fields 4/, and e,
which stem from SU(4)c quadruplets, are also charged with respect to [B— L],
the diagonal generator of the SU(4)c group. As a consequence of this, applying
flavour rotations on the left-handed ([B— L] — 2Y sin? ) lepton currents yields

— —~ (—1+4sin?0 0 40,
(4& 1&] [ 0 sin? 9’] 7 [1&]

- ul— e | — S1n e
= (gL LL) VL [ 0 sin29’] VLT’Y'M [LLL]
and similarly for the right-handed currents:
— —y (14 2sin?¢ 0 Yen
4 1 i
[ Cr eR] [ 0 2sin? 9’] " [leg] (5.23b)

(= =) cre [—1+2sin?¢ 0 et [ Er
= (eR ER] VR[ 0 Qsz@/] R Er)-

Finally, using the block notation of Eq. (5.22), one arrives to the following formula
for the Z’ couplings with the SM fermions:

ﬁz’u _ 9BL

Z@‘ (3/2]1 - (UL)}f(UL)ff> ’YMELZ

cos @’
+ép (23’211 sin?0’ — (UR)}f(UR)ff) Yeg (5.24)
1+s% -, 1—4s% = 1+425?= .
+ 3 @ia + 3 gy ip + dpy*dp | Z),
where §?2 = sin?6’ amounts to 0.08 at the 2 TeV scale or to s'2 ~ 0.12 in

the 200 TeV ballpark (assuming SM-like gauge coupling running up to mgz:).
Thus, the Z’ interactions with leptons in the extended SU(4)c models are not
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necessarily flavour-universal and, in general, the diagonal couplings could actually
be strongly suppressed.

Thus, the limits on the BSM gauge field masses from the high-energy dilepton
spectra may be considerably weakened for certain patterns of (Up g)ss. The
simplified reasoning of Ref. [59] mentioned above has been used as the argument
for abandoning the models with the G421 gauge group and focusing on (G4321-based
models instead when attempting to accommodate R ) which call for large NP
effects. In this respect, we note that achieving the form of (U g) ¢y from Eq. (5.3)
in the G421 framework would imply that the Z’ couplings to the light leptons are
suppressed while its couplings to 777~ are experimentally less constrained [229].
Nevertheless, the scenarios with the SU(4)c-breaking scale as low as 2 TeV require
full model specification as the effects of the new scalar and fermionic degrees of
freedom would be important.

In any case, this study is focusing on the extended SU(4)c models with kj, +
kr < 2. Such frameworks can not accommodate the R anomalies even if the
7' is completely ignored due to the residual constraints on the GLQ interaction
matrices (Up g)ss from the unitarity of U, p. As will be discussed in the next
subsection, my, is globally bounded from below to about 18 TeV in the considered
class of models. For many particular forms of Uy, and Ug, the lower LQ mass
limit is parametrically higher. For such cases, the vector-type effective operators
induced by Z’ are generally less restrictive than those originating from interactions
of the U; leptoquark which are both vector-type (Oeq, Op,) and scalar-type (Opedy)-

In this analysis, the contributions of Z’ to the WC’s are not calculated. In-
cluding them could be a part of a future study.

5.2.3 First signals of gauge leptoquark in slightly exten-
ded SU (4)¢c models

We have performed a a similar analysis to that of Section 5.1 for the extended
SU(4)¢ models with (kr, kg) = (1,0),(0,1),(2,0),(0,2) and (1,1).

With growing number of free parameters, more couplings in (Ug g)ss can be
"rotated away” to the other parts of U, r. New interaction patterns become
allowed, with lower lower limits on my,. For some cases, the bounds follow from
measurements which have not been identified as constraining the parameter space
in the basic model of quark lepton unification. Hence, naturally, the catalogue of
observables which currently constrain my, for some form of U r grows with the
growing dimensions of these unitary matrices. This is captured in Table 5.3.

While a large effort has been spent to fully capture the parametric freedom
in the cases (kr, kr) = (1,0) or (0, 1), the number of parameters for kz + kg = 2
is quite high and we admit that the corresponding lists in Table 5.3 may not be
complete.

5.2.4 Addressing neutral current B anomalies

In order to accommodate the neutral current anomalies in B-meson decays, the
elements uSLM and ufu need to be non-negligible. To avoid the scalar-type operators
Otedqq involving electrons or muons, which are responsible for the most severe
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kr =0 kr = kr =
Model dim U, = 3 dim Uy, = 4 dim U, = 5
= -
kp =0 BR(B® — ee) g§2g+ :>> §+M_2+§
d'mRU_ _ 5 see Table 5.1 BR(B; — ce) a
1 R — (5//8)[(0 EKO
_ BR(B° — ee)
dir]flRU_i 4 BR(B, — ee) SR
v (€'/e)ko
BR(Bt — KTute™)
BR(BT — KTu~e™)
kr =2 -
dim Up = 5 K
e Rieeo

Table 5.3: Possible dominant signals of the gauge LQ for some form of Uy, g in extended
SU (4)c models featuring ky, extra lepton doublets and kg extra charged-lepton singlets.
For a given cell, all observables from the cells above and to the left are implicitly
assumed to be included. The ellipses indicate that the catalogues in the relevant cell
may not be complete.

constraints discussed in Section 5.1, np = 2 generations of extra lepton SU(2) -
singlets are required.
The model with dim(U;) = 3 and dim(Ug) = 5 allows for the following setup:

0 0 e'r 00 0
U, = [eP cosy —e®2siny 0 |, (Ur)sr=10 0 0 |. (5.25)
e®siny  e¥cosy 0 0 0 e¥r

Note that a similar pattern for U7, has been suggested in Ref. [172] and also
in Ref. [62] within the SU(4)¢, x SU(4)c, x SU(2) x U(1)g framework where
the couplings to the right-handed fermions are suppressed globally.

Adopting Eq. (5.25), the best fit is close to the simple case?

y~7/4, 0~y ~0 ~Oor~0, my, = 22 TeV, (5.26)

which improves the global log-likelihood function smelli [194] by more than 14
units compared to the SM. Such a scenario accommodates well the R ;) anomaly
and also significantly mitigates the tension in the additional b — sup obser-
vables. Using the normalization factor N = %th%’;% [see (3.9)], Egs. (5.25)
and (5.26) imply

CEI)\IIZS/LM = _ngsee = _'_CEI)\IPb)sue = _C9N—§8€M - _0'24’ (5.27&)

O%F,)bsll’ = _Cg5551f (5-27b)

at the 5 GeV scale.

3The need of much lighter scalar leptoquark Ry encountered in Chapter 4 follows from the
non-interference between the NP and SM amplitudes and from the smallness of the y,, coupling
in Eq. (4.13).
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Observable Model prediction Experiment

Rk [(1.1;6) GeV?] 0.79 0.85+0.06 [128]
Ri-[(1.1;6) GeV?] 0.79 0.68+0.12 [22]
BR(B, — putp) 3.2 x 1079 (3.0£0.4) x 1072 [54]
BR(BT — K*tute™) 2.1 x107° <6.4x1079 [183]
BR(BT — K*tetpu™) 2.1 x 1079 <7.0x1079 [183]
BR(u — e7) 1.9 x 10713 < 4.2 x 10713 [96]
BR(B® — 7717) 9x 1077 < 1.6 x 1073 [222]
BR(B, — e*717) 6.4 x 1077 N/A  [54]
BR(B, — p*7¥) 6.4 x 1077 <3.4x107° [206]

Table 5.4: Predictions for several observables with important NP contribution for the
benchmark case of Egs. (5.25) and (5.26).

In comparison, the benchmark one-dimensional effective scenario with only
Copauy = —Cl0 sy = —0.53 [154] improves the log-likelihood by 18 units; the
simplified vector LQ setup in Eq. (5.3) improves the log-likelihood by 30 units as
it also accommodates R ). Notice that translating the likelihoods to the number
of sigmas depends on the number of free parameters.

Predictions for several important observables following from Egs. (5.25) and
(5.26) are given in Table 5.4. As outlined in Section 5.1.3, the LQ has been inte-
grated out at the tree level and the calculated LF'V dipole operators responsible
for . — e~y arise solely from the one-loop RGE running of the Wilson coefficients.
Thus, the predictions for the loop processes should be interpreted with caution.

In the scenarios with nonzero couplings ul,, uj,, uf, and uj, of a vector lep-
toquark addressing the neutral-current B anomalies, the strongest bounds arise
from Bt — K*tp*eT and from the the LFV loop processes like p — ey (see
Ref. [166] for a dedicated study). Generally, the constraints from the latter are
quite strong. However, in the chiral leptoquark models with unitary interaction
matrix, u — ey is suppressed by an analogue of the GIM mechanism. As the
only non-vanishing element of (Ug) sy in (5.25) is essentially irrelevant for p — e,
the same applies also to our case. Note that Ref. [166] did not consider the sub-
leading terms and hence found exactly zero contributions to u — ey for the case
ubul " = —ufuf,”. Ref. [62] considered the case equivalent to Uz from (5.25)
and Ur = 0, finding the constraint my, > 10 TeV based on the BABAR search
[230] for B — Kepu. The very recent measurement by LHCB [183] has pushed
the limit to 17 TeV for the considered interaction pattern.

Finally, let us note that although the Z’ interactions are not lepton-flavour
universal, the couplings in the particular case of Eq. (5.25) are lepton-flavour
diagonal and, hence, the Z' does not mediate any LFV processes. At the same
time, with a mass above 20 TeV, Z’ is also safely hidden to the high-energy
searches at LHC.

To conclude, the interactions of the SU(4)c gauge leptoquark in a model with
two extra weak-isosinglet charged leptons can accommodate the neutral-current
B-meson anomalies to a large extent. The setup can be excluded by future
negative searches for B — Kep at LHCB or BELLE 1T [231].
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Conclusion

Let us recapitulate the outcomes of this work in three layers.

The first layer consists in offering new views on known concepts. In this re-
spect, we have suggested a perspective (the ”SU2U approach”) relating accidental
and imposed symmetries. We have argued that the relation of fermion number
F to the Lorentz symmetry is the same as the relation of baryon number B to
SU(3)c. It has been shown that, similarly to the fact that models with a La-
grangian free of explicit fermion conjugation matrix C conserve fermion number,
Lagrangians without the color Levi-Civita tensor €,4, conserve baryon number
[25]. Similar relations have been found for other symmetries. With this formalism,
we have explained comprehensively why both baryon and lepton numbers may re-
main exactly (perturbatively) conserved even in some models with the Pati-Salam
type SU(4)c quark-lepton symmetry which necessarily feature a spontaneously
broken symmetry usually denoted by B — L.

Furthermore, identifying lepton flavour universality with the permutation
group S3, we have pointed out the complementary roles of lepton flavour wvio-
lation and lepton flavour universality violation in effective theories as well as in
models with leptoquarks.

The second layer of results consists in analysing general properties of BSM
models. Focusing on theories with extended gauge symmetry SU(4)c x SU(2) 1 X
U(1)g, we have identified the most general scalar potential in the MQLS/FPW
models of quark-lepton unification and found the resulting relations between the
masses of BSM scalars masses [25] in Chapter 2. Furthermore, we have discussed
the number of physical phases in the quark-lepton mixing matrices.

Thirdly but most importantly, two phenomenological analyses of leptoquark
effects have been presented, adopting models with SU(4)c gauge symmetry of
the Pati-Salam type.

The study presented in Chapter 4 and published in Refs. [25, 29, 30] searched
for a possible accommodation of the neutral-current B anomalies within the
MQLS and FPW models. We have found that the MQLSM is incapable of ex-
plaining the anomalies, and also its extension — the FPW model, is at (or slightly
past) the edge of exclusion. The only perhaps applicable scenario consistent with
the measured values of R ;(-) relies on a light scalar leptoquark R, predicting that
7 — ertn~ should be observed in the future at the level slightly above the cur-
rent experimental limit, and also that 7 — ey should be found at BELLE I1. We
have argued that such a setup also naturally provides an opportunity to partially
account for the deviations in R ).

In Chapter 5, possible current or future effects of gauge leptoquarks have been
studied in the theory of quark-lepton unification as well as in the similar SU(4)¢
models assuming extra generations of leptons [31]. For the former case, the cata-
logue consisting of measurements which currently set the border of the excluded
part of the parameter space has been compiled. The involved observables have a
potential to discover the gauge LQ signal even with a small improvement of the
experimental sensitivity. For the decays P° — [l; not listed in this catalogue,
we have found the future experimental bounds needed in order to further probe
the considered model.
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In Section 5.2, the gauge L(Q has been studied in the models with vector-like
BSM leptons. The catalogue of constraining observables from Section 5.1 has
been extended to include the scenarios with kj extra leptonic SU(2);, doublets
and kg extra lepton singlets. In particular, the cases with k; + kr < 2 have been
considered. Finally, it has been shown that the SU(4)c gauge LQ model with
2 extra weak-isosinglet charged leptons can significantly alleviate the tension in
the b — sup data.
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A. Single-boson SM extensions

In this appendix the catalogue of all bosons which could interact with the SM-
fermion pairs is provided. Our results are compatible with, e.g., Refs. [52, 232,
233, 234] (but not the same due to different assumptions). On the other hand,
several papers which reached different conclusions are also mentioned below.

The scalar bosons which could interact with the SM fermions have been col-
lected in Table 1.2 on page 15. Here the analogue for vector bosons is given in
Table A.1. If right-handed neutrinos are added to the SM, these tables should be
extended by Table A.2 (left and right). For the scalar fields, the same information
as in Table 1.2 is presented in a different format in Table A.3. Throughout this
appendix, the Lorentz contractions are implicit.

Concerning the BSM scalars in Tables 1.2 and A.3, their renormalizable inter-
actions with the SM Higgs ¢ would not induce new sources of B or £ violation, up
to two exceptions: A~ (1,3,1) and ¢°~(1,1,0). Their lepton number should be
L = —2 according to their Yukawa couplings (with ¢, ¢, and vzup, respectively),
but their interactions with the Higgs call for £ = 0. Furthermore, these fields
could acquire a VEV| leading to spontaneous lepton number violation in the case
the explicit LNV was suppressed.

Note that there is a fake candidate for a baryon number violating interaction
of the Ry ~ (3,2,41/6) field, which must carry B = +1/3 due to its Yukawa
interactions. This field the seems to violate B by

~ i ~ | ~ ~k
R R Ry 0l cij €apy - (A1)

However, this term is identically zero and hence Ry is safe concerning proton
decay.

Misidentification of the above term has compromised the results of Ref. [235].
This has been corrected in Ref. [236]; nevertheless, the catalogue of baryon-
number-violating scalar interactions is still not complete there: the scalar S; ~
(3,1,4/3) is missing since its two Yukawa interactions (with %z Uz and dj ep) are
formally ascribed to two different fields. Finally, the correct conclusion in this
respect has been made in [234]. In Ref. [237], two-scalar extensions of the SM are
investigated, listing those leading to |AB| = 2 but no proton decay. This work
also suffers from misinterpreting the (A.1) catch. Nevertheless, it is straightfor-
ward to verify that the main results of this work are unaffected by this issue.

Refs. [123, 238] misidentified the U, leptoquark as a potentially baryon number
violating field. In fact, it cannot have a diquark coupling since the claimed
interaction with two d-type quarks can not be written in a Lorentz-invariant way.

Ref. [239] is missing the interaction (uz*ds”)Xas of the (6,1, —1/3) scalar but
this is irrelevant for the topic of its interest — the BNV d = 5 operators built from
the SM fields and a single BSM scalar. We confirm that the list cast in [239] is
correct up to a single missing term H; (uz*dy” )Ry Cupy-

Similarly, findings of Ref. [240] regarding minimal flavour violation have not
been affected by omitting R, and Rs in the considerations.
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YP | @@y | 47 (50 drs (3)o s (-3 | @ (3o
B 50}
. B i Ula(;i. "72 ,5055'757;]' ‘/2 Aga/B'Ygij Wzéoé
qLai(_%)Ol %T (_%H U3?i] (%)—11 Wﬁam _% (2) ’YJQa& % (2) G%(g (0)8
G
N ~ t - ] Wy 68 Bé?
ur® (3)0 || Ura (-3)71 | Vaog (-5)11 GR_B (-1) o (0)5
R B 6P
G O] U (D | Vaey @1 | o 008
i B
0 (3)% || A" (-3)3 W]{(O)S
ex (-1)7 || B(0)3

Table A.1: Table of all possible interactions of the SM-fermion bilinears with vector
fields. G, W and B correspond to the gauge fields of the SM.

U(Y)P 7k (0)% v(Y)P® 77 (0)%
@ (D4 || Rl (-3)7 Tia (D) || V2 (D
T (2)3 || ST (21 u (2)8 || Ud, (-2)1
dra (D)3 || SIT(-0)3 di” (-3)8 || Ul (33
G50 || e (38 O (D% || A2 (-3)3
er (1)% o~ (-1)3 en (-1)7 || Wi (+1)3
7 (0)%) 0’ (0)5 ve (0)9 B(0)g

Table A.2: Columns to be added to Tables 1.2 and A.1 if right-handed neutrinos are

considered.
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Scalar field Yukawa and relevant Higgs interactions B L F

Leptoquarks:

Ry~ (3,2,47/6)  (Uno &7)€iRo" + (Grai er) Ro™ +1/3 —1

Ry~ (3,2,416)  (dpat7)ejiRa" + (G ) o +1/5 —1

Diquark — leptoquarks:

Ss ~ (3,3, +1/3) (@az@ﬂg) €% Sy.i5 +23 0 +2
(g7 ) S35 -1z -1 =2

Sy~ (3,1,+13)  (qinc” qL]ﬂ) eS8, + (@a£5)5a57517 +2/3 0 42
(el NS + (up® eg)Siat+ (1) S, =13 —1 =2

Sy~ (3,1, 443)  (UnoUng)e® Sy, +2/3 0 42
(ep dp®) Sty —l/3 -1 =2

Diquark — leptoquark:

Sp~(3,1,-2/3)  (dga CTRB)eO‘BVSH +2/3 0 +2
(Vrup®) St —l3 -1 =2

Diquarks:

X~ (6,1, =15) (a5 @™ )Xap + (ur di”) Xas =25 0 =2

X~ (6,1,42/3)  (dp® dn”)Xap =20 =2

X ~ (67 1, —4/3) (u}?a Up )Xaﬁ —2/3 0 -2

X ~(6,3,=13) (@™ ¢") Xapis —2f3 0 -2

Dileptons:

ot~ (1,1,1) (0 il p™ 0 -2 -2

et~ (1,1,2) (epeg)™™ 0 -2 -2

Dileptons — B& L -uninvolved:

A~ (1,3,1)! (0 07 A 0 -2 -2
Grell A e gl 0 0 0

0~ (1,1,0)! (vrvg) " 0 -2 -2
ROIY 0 0 0

B&L-uninvolved:

Gy~ (8,2,412)  (Taidi”)G2% + (Wrp ¢.°) G2V ey 0 0 0

¢~ (1,2,412)! Groidr™ 9" + Unaq™ e i)'+

+Ei€R¢i+V7R{/,jfjioi 0 0 0

Table A.3: List of all possible spinless bosons which may interact with the SM fermion
bilinears. Interactions with right-handed neutrinos are also included but denoted by

gray color. The Lorentz contractions are implicit. Fields labeled by

component which can acquire a VEV.
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B. Accidental symmetry in the
SU (5) grand unified theory

By definition, grand unified theories (GUTS) are build around a simple gauge
group. Thus, there is only a single candidate for an accidental U(1) symmetry
suggested by the SU2U approach developed in Chapter 1. Accordingly, the B — £
conserving proton decay is a well known prediction of the SU(5) GUTs.

As an example, let us consider the simple Georgi-Glashow model [241], field
content of which is summarized in Table B.1. Suppressing the coupling constants
for notational simplicity, the most interesting interaction terms read

Lac = kinetic terms + (0%4,) Hyf + (02UY) H 4peqe + h.c.
+ HIOPH + HIQLDPHE 4 i D De + DrdP D d? (B.1)
+ (HIH)? + (95 D)* + (PG, ) (HIH®) .
The fermion number is violated, but the model features a global symmetry U (1)

whose charges are also specified in Table B.1. The relation between SU(5) and
Z is established by observing that, for each multiplet,

2, w8 (SUG) medd (# upper SU(5) mdices) - (# lower SU(5) indices) (B.2)

where ¢%U0) denotes the quintility of the representation (see Section 1.2.3).

Z remains a good symmetry after the first stage of symmetry breaking by (®)
but it gets broken together with the weak hypercharge during the EWSB by (H).
In order to obtain a global symmetry respected by the vacuum of the theory, the
combination proportional to (Y)Z — (Z)Y must be considered, which yields the
anticipated result

4
B-L= —Z + Y. B.3
10 5 (B3)
Notice that Z is not directly given by the differences between upper and lower
indices used in Eq. (B.1) and that the Levi-Civita tensor is present in there.
Formally, resolving this apparent non-compatibility with the intuitive picture of

the SU2U approach would require redefining
1

Heupede = Haped < H® = 4,Habcd ghbede, (B.4)
Va Evedef = Vabedef & Yo = g%zg_ze/f ghedef (B.5)

in which case the relevant Lagrangian terms take the form?

1
Lac = kinetic terms + I(\I/@@Z)abcdef)HCd\e/f + (\P@\I/@)H@ + h.c.
1 ' T (B.6)
- * Hocde + - -

IThe derivation makes use of 1/)aHT = waégHT Vg i, 5bcdef590defHT Vq bcdech\de/ and
2
qu)gHb a ) 5acdefcba gbahij HQhZJ _ (4})2 HTCdEfq)aaZiZ(Z:Jnghlj _ (2'4)2 HT bdef(I)aH adef
where the relation ®% = 0 has been used in the last step.
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SU(5) — Gsum \ Y Z B—L
Field content of the Georgi-Glashow model

Fermions:

Ve = (d}?(,:a ij<‘5;’@') (1/3 —1/2> —6 (—1/3 —1)

\I; _ 5045’YUR ~ _qLB'L _2/3 1/6 _1/3 1/3
(10) G Eieg e 1 s 1

Scalars:
i —1/3 —2/3
mo = (%) ) - ()
o+ 169 w? 0 —5/ 0 —2/3
— g " 3"8 Rt
SO e L PRI ) R O
Gauge fields:
« (e fa
T a6
(24) Va5 W) — 50:B, 56 0 23 0

Table B.1: Fields in the simplest SU(5) GUT, weak hypercharges of their components
and generators of the global symmetry in the model. For better readability, some field
normalization factors have been omitted.
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C. Detalils of the analysis of the
gauge leptoquark signals

In Chapter 5, we have presented the aim to fully take into account the available
parameter space of the simplified model, keeping in mind that there is no prior
(Bayesian) measure on it. This is, however, impossible just with the numerical
scanning as some kind of a measure needs to be introduced in order to define
either a grid or a random distribution for choosing the points investigated, and
one should assure that the scan is "dense enough”. Hence, numerical scanning
has been augmented by studying the correlations among various predictions an-
alytically.

Note that some measure-dependent statements like "the L@ mass limit for
most forms of Uy g is set by BR(K] — eu)” correspond well to measure-free
claims like "the highest mass limits stem from BR(K}? — eu)”, as can be seen
from Fig. 5.2 on page 73.

C.1 Parametrization and scanning

For easiness, we will afford to refer to "tiny parts in the parameter space” within
this appendix, based on the naive measure [[;; dA;;zdAir in the notation of the

so-called composite parametrization of the flavour matrices Ur r. The composite
parametrization of unitary matrices of arbitrary dimension n has been introduced
in Refs. [242, 243] and its implementation in Wolfram Mathematica is available
[244]. Tt turned out to be particularly convenient for the current study. Its n?
parameters \;; consist of sn(n — 1) anlges (i < j) and in(n+ 1) phases (i > j).
For n = 3, the parametrization reads

iX11 i)\sz) PI2EE

iAs2) i)
C12¢13€ (coss12 — c12513523€752) eih22 (512823 + c12¢23513€
iAg1 i 32 pidaz+il A3z pidas+i
—C13812€M TN (190934519513 503€7732 ) eiM22 A2 (15553 — cog512513€" 32)62 sstiA
_813el>\11+M31 _61382361)\224-1%14-1)\32 6136238M31+M32+M33

(C.1)

where ¢;; = cos \;j, s;; = sin A;;. For higher dimensions, see the original literature.

Avoiding constraints from KI? — 1115 decays

In Section 5.1.2, we have presented Smirnov’s argument that due to the stringent
experimental bounds on NP in K — ee, juu, ey, a scan over close neighborhood

)\llL )\12L >\13L )\21L /\22L >\23L >\31L )\32L /\33L

T T s T s T 70 7
7 1 7 7 7 O oz 5 3
AMir A12r AR A2ir A22r A3r A3IR A2r A33R
s T 47T s s s s s s
7 16 9% 7 7 2 77 7

Table C.1: Angles and phases defining the slice of the parameter space used in Fig. 5.2.
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of the parameter subspace in which the NP contributions to these processes van-
ish is essentially sufficient in order to find the other limiting observables. This
observation is useful in analyzing the 3 x 3 matrices U r in Section 5.1 as well
as the extended models in Section 5.2 where the dimensions of Uy, g are 3 + kr g.
To this end, the complete solution of the four equations (5.14) for unitary U g
of arbitrary dimensions is obtained by fixing

T T
Aosr, — 9 Aosr — bx A2r — — 2L, Aoir — —Aar, (C-2)

in obvious notation. For kp = kg = 0, this essentially coincides with ”solution A”
from Ref. [175], which employed a different parametrization. Note that (C.2) does
not fix the magnitude of any single element of Uy, g, except for uf;R = 0 in the
ki = kr = 0 case (which is unavoidable, as explained in Section 5.1.2).

In fact, there is also another seemingly independent algebraic solution of (5.14)
in the composite parametrization: A3, = Aizg = 7/2. Nevertheless, six of the
remaining parameters in the obtained structure (which can be also fully defined
by fixing |uf| = |ufl] = 1) are redundant, and one can show that it actually
corresponds to a specific subset of the more-dimensional set obtained by (C.2).!

Note that a tricky interconnection among the relevant amplitudes implies that
the parameter subspace suppressing only K — ee and K — eu but allowing
for contributions to K — pu (which may also be of relevance since NP in the
last channel is actually less stringently constrained) is less-dimensional than the
set suppressing also the p* ™ final state, and is covered by

v

T
A3, — 9 Ao, — —A21r, Ai2p — 5 — M2rs, AL, Asarn, Aasp, — 0 (0-3)

or by (C.3) with L <> R.

Avoiding limits from y — e conversion

Another very important constraint stems from the limits on u — e conversion on
the nuclei [219]. A leptoquark with @) = +2/3 mediates this process at the tree
level by an interaction with the d quarks and also the sea s quarks in the nucle-
ons. The calculation in flavio is based on Ref. [245]. The scalar-type effective
vertices, (dgrd;)(ezpr) and (dgd;)(fizer), are predicted to trigger this process even
more efficiently than the vector-type ones. Thus, to avoid these constraints when
searching for limits from other interesting processes, the following condition must
be approximately fulfilled:

[geugy” + |ugeug,|* = 0. (C.4)

Even without imposing unitarity, it can be shown that any Up, Ur pair obeying
Eq. (C.4) together with the set of Egs. (5.14) must necessarily follow one of these

LOf course, this hassle is a result of not considering rigorously the domain of the parametriza-
tion. An analogy: among all point on the Earth surface lying on the Greenwich meridian there
is also the North and South poles. However, on the poles one can formally choose any longitude
as it is actually irrelevant.
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patterns:

e (0 e (

(Up)gr=1® 0 o|, (Ur)yy=|® 0 of; (C.5a)
0 e 0O e

(UL)ff = O [ s (UR)ff = 0 [ ] ) (C5b)
0 0 00

(Up)pgp=|o @ . (Ur)gr=|o @ ; (C.5¢)
00 o o

(U)gs=10 0 , (Ur)jr=|o @ ; (C.5d)
o o 0 0

(Up)pr = [o @ , (Ur)gr= [0 0 ; (C.5e)

where e denotes an unfixed value. Notice that only the patterns (C.5a) — (C.5¢)
can be obtained for 3 x 3 unitary matrices, while the zeros in (C.5d) and (C.5e)
require that (U g)ss is a part of a unitary matrix of dimension > 4.

Finding the unitary parametrization fulfilling both Egs. (5.14) and (C.4) is
lengthy but straightforward. The solutions in the composite parametrization
must be found for each pair of (dim Uy, dim Ug) separately, unlike for Eq. (5.14)
alone.

Notable but order-of-magnitude smaller contributions to the coherent y — e
conversion arise also from vector-type operators (triggered by u{;eudLM* and uiuﬁt*)

and well as the muon conversion on the sea s-quarks in the nucleons (such am-

- : L, R L, R
plitudes are proportional to ugug, or ugug,).

Scanning of the parameter space

In what follows, parameter point means a particular form of Uy, and Ug. Note
that for each parameter point, a range of leptoquark masses is allowed and has
to be considered (see Section 5.1.3).

For each of the models studied in Chapter 5, the presented results rely on
investigating the matrices Uy, p obtained in several different ways:

+ 103 parameter points have been obtained by random scanning of the pa-
rameter space with the measure [[,; dA;;rd AR

« About 2x 103 parameter points have been chosen by random scanning (using
the same naive measure) of the parameter space restricted by Eq. (C.2).

« More than 10* parameter points have been obtained by random scanning
restricted by Eq. (C.2) and by solutions to Eq. (C.4).

o For the basic model (k1 g = 0), also many manually chosen and tuned points
have been investigated. Considering various special parts of the parameter
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space enables one to claim with a high level of confidence that the catalogue
in Table 5.1 is complete.

Note that considering 10x as many parameter points would require a non-trivial
modification of the code since analysis of a single point currently typically takes
more than a minute.

C.2 Examples

For each observable whose measurement currently limits the gauge-L.QQ mass for
some parameter point in the basic model of quark-lepton unification (kr, kg) =
(0,0) (see Table 5.1), a corresponding example form of the Uy, g matrices is pro-
vided in Table C.2.

Notice that the form of Uy, g for which my, is restricted by BR(B? — pu) has
been highly tuned so that: (i) there is a cancellation of amplitudes for coherent
i — e conversion on d-quarks and see s-quarks in the nuclei; (ii) the LQ and
SM amplitudes to B, — uu satisfy MNP ~ -2 MM vielding BR(B, — up) ~
BR™(B, — up).

C.3 Observables included in the likelihood

The set of observables taken into account by smelli in the analysis of Chapter 5
is listed in Table C.3 In our setting, the global likelihood is a product of 5 par-
tial likelihoods, each of which considers several (tens of) observables. Generally,
smelli offers 7 more partial likelihoods but we have checked that they essentially
do not differ from their SM value in the considered scenarios. Thus, they have
been omitted in order to save the computing time.

The names of the observables are adopted from flavio. Observables in an-
gle brackets are measured in several bins of dilepton invariant mass squared
which we do not indicate explicitly. For example, the Ry« ratio, denoted as
<Rmue>(BO->K*11) here, is considered in two different bins measured by LHCB
and two other bins measured by BELLE II. For further details, see the on-line
documentation of the flavio package [117].
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CR(p — e, Au)

0
0

0

1
0
0

1

0
0
1
0
0
1

0
1

0

Re/u(KT — lv)

Re/u(ﬁJr — ZV)

Table C.2: Examples of quark-lepton mixing matrices and corresponding dominant

signals of the gauge leptoquark.
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likelihood_1fu_fccc

BR(Bc->taunu)
FLtot (BO->D*taunu)
<BR>/BR(B->Dtaunu)
<BR>/BR (B->D*taunu)
BR(pi+->enu)
Remu (K+->1nu)

likelihood_1lfu_fcnc

<Rmue> (BO->K*11)
<Rmue> (B+->K*11)
<Rmue> (B+->K11)
<Rmue> (B0O->K11)
<Dmue_P4p>(BO->K*11)
BR(B+->Ktautau)
BR(BO->tautau)
BR(Bs->tautau)

fast_likelihood_leptons

BR(tau->enunu)
BR (tau->mununu)
BR(tau->pinu)
BR(tau->Knu)
a_e

a_mu

a_tau

likelihood_1lfv

BR(B+->K*emu)

BR (B+->K*mue)
BR(BO->K*emu)
BR(BO->K*mue)
BR(B+->Kemu)
BR(B+->Ketau)

BR (B+->Kmue)

BR (B+->Kmutau)
BR(B+->Ktaue)

BR (B+->Ktaumu)
BR(B+->pimutau)
BR(B+->pitaue)
BR(B+->pietau)

BR (B+->pitaumu)
BR(BO->emu,mue)
BR(BO->etau,taue)
BR(BO->mutau,taumu)
BR(Bs->emu,mue)
BR(Bs—->mutau, taumu)
BR(BO->piemu,mue)
BR(B+->piemu,mue)
BR(KL->emu,mue)
BR (mu->eee)

BR (mu->egamma)
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BR(tau->eee)
BR(tau->muee)
BR(tau->mugamma)
BR (tau->mumumu)
BR (tau->emumu)
BR (tau->muemu)
BR (tau->emue)
BR(tau->egamma)
BR(tau->rhoe)
BR(tau->rhomu)
BR(tau->phie)
BR (tau->phimu)
CR(mu->e,Ti)
CR(mu->e, Au)

fast_likelihood_quarks
<FL>(BO->K*mumu)
<P1>(BO->K*mumu)

<P4p> (BO->K*mumu)

<P5p> (BO->K*mumu)

<dBR/dg2> (B+->K*mumu)
<dBR/dqg2> (BO->K*mumu)
<dBR/dq2> (Bs—->phimumu)
<dBR/dq2> (B+->Kmumu)
<dBR/dqg2> (BO->Kmumu)
<BR>(B->Xsmumu)

<AFB> (BO->K*mumu)

<P2> (B+->K*mumu)

<P4p> (B+->K*mumu)

<FL> (B+->K*mumu)

<P5p> (B+->K*mumu)

<P1> (B+->K*mumu)

<dBR/dq2> (Lambdab->Lambdamumu)
<AFBh> (Lambdab->Lambdamumu)
<AFB1>(Lambdab->Lambdamumu)
<AFB1h>(Lambdab->Lambdamumu)
BR (Bs->mumu)

BR (BO->mumu)

BR(Bs->ee)

BR(BO->ee)

BR (B+->K*gamma)

BR (BO->K*gamma)
BR(B->Xsgamma)

ACP (B->Xgamma)

BR (BO->K*gamma) /BR (Bs->phigamma)
BR(Bs->phigamma)
ADeltaGamma (Bs->phigamma)
S_phigamma

S_K*xgamma

<FL>(Bs->phimumu)




[ <s3>(Bs->phimumu) | | BR(KS->pimunu) |
<S4>(Bs->phimumu) BR (K+->pimunu)
<BR>(B->Xsee) 1nC(K->pimunu)
<P2>(B0O->Kx*ee) RT (K->pimunu)
<FL>(BO->K*ee) tau.n
<P1>(BO->Kx*ee) Atilden
<ATIm>(BO->K*ee) lambdaAB_n
BR(BO->pitaunu) an
BR(B+->enu) atilden
BR (B+->munu) Btilde n
DeltaM._s Dn
x12Im D Rn
S_psikK Ft (10C)
S_psiphi Ft (140)
eps_K Ft (22Mg)
epsp/eps Ft (26mAl)

BR (K+->pinunu) Ft (34C1)
BR(KL->pinunu) Ft (34Ar)
BR (KL->mumu) Ft (38mK)
BR (KS->mumu) Ft(38Ca)
BR(KL->ee) Ft (42Sc)
BR(KS->ee) Ft (46V)
BR (K+->munu) Ft (50Mn)
BR (KL->pienu) Ft (54Co)
BR(KS->pienu) Ft (62Ga)
BR (K+->pienu) Ft (74Rb)
BR (KL->pimunu) Gamma (pi+->munu)

Table C.3: The list of observables included in our version of the smelli global likeli-
hood. (The table begins on the previous page.)
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