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To the memory of my father.



“Doubt is one of the names of intelligence.”

J. L. BORGES
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Introduction

The Standard Model (SM) of particle physics is a quantum gauge theory which describes
with elegance and precision the interactions of sub-atomic particles. The phenomenolog-
ical successes of the SM are numerous, including extensive tests at accelerator facilities
performed at low and high energies which agree very well with the SM predictions. The
discovery of its last missing piece at the Large Hadron Collider (LHC), the Higgs boson,
represents one of its greatest achievements and corroborates six decades of persistent phe-
nomenological success [1,2].

However, it is well known that the SM cannot be the ultimate theory of nature. Firstly,
it does not incorporate the gravitational interaction, even though the quantum effects from
gravity become significant only at inaccessibly high energies near the Planck scale. Fur-
thermore, neutrinos are massless in the SM, in disagreement with the well established
experimental observations that neutrinos are massive and oscillate among different flavors.
There is also a growing number of astrophysical and cosmological evidences, based on the
standard model of cosmology and on general relativity, which suggest that a substantial
part of the matter in the universe is neither baryonic nor luminous. If one assumes the
validity of those theories at large scales, then particle physics should be able to propose a
new particle, which might interact by means not described by the SM of particle physics.

In addition to the experimental observations described above, which cannot be accounted
for by the SM, there are also several conceptual problems which cannot be fully understood
without introducing physics beyond the SM. While the gauge sector of the SM is surprisingly
simple and predictive, our current understanding of flavor is highly unsatisfactory. Fermions
appear in three similar copies which are only distinguished by the Yukawa interactions.
Contrary to the gauge sector, the Yukawa sector is poorly constrained by symmetry. As a
consequence, many parameters (fermion masses and mixing) must be fixed by confronting
theory and experiment. Measurements have revealed a strong hierarchy for fermion masses
and a strikingly hierarchical structure of the Cabibbo-Kobayashi-Maskawa (CKM) matrix
elements, suggesting the existence of unknown underlying symmetry still to be unveiled.
The lack of understanding of the SM flavor structure is known as the flavor problem.
Furthermore, quantum corrections to the Higgs boson mass are quadratically divergent,
thus “unnaturally” sensitive to the ultraviolet (UV) completion of the theory. This issue is
known as the hierarchy problem and it is the main motivation to searching the New Physics
(NP) effects at the TeV scale.

All of the above problems call for physics beyond the SM, and many proposals have
been made over the past several decades to address each of the above-mentioned issues.
Simplicity and beauty have been the main guidelines in the quest for NP. However, despite
the intense theoretical effort, there is no strong theoretical preference for a specific scenario
of physics beyond the SM. The community of theoretical physicists has found itself at a
crossroad, and it becomes necessary to use the modern day high energy experiments to
select among the various options for a NP scenario. The search of NP effects can proceed
via two complementary approaches: the direct searches of new particles at high energy
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facilities, and the indirect searches for NP effects in low energy observables, which will be
the main focus of this thesis.

The indirect searches, and most particularly flavor physics, have been extensively used in
the past to probe the high energy scales through low energy experiments. A notable example
was the first observation of B® — BY mixing [3], which indicated that the top quark is much
heavier than any other SM fermion years before its discovery at Tevatron [4,5]. Furthermore,
the flavor physics observables provide very useful information about physics beyond the SM.
A remarkable example is the K — K0 mixing parameter ex which, after comparing the
SM prediction with its measured values, sets a lower bound of about 108 GeV for the
scale of NP under the assumptions of O(1) flavor-universal couplings [6]. In particular,
this means that NP models with particles in the TeV range, as suggested by the hierarchy
problem, must have a non-trivial flavor structure to comply with the stringent limits from
flavor changing processes. In what concerns the indirect searches of NP, one should rely
on generic approaches with the least number of assumptions as possible. Effective field
theories (EFT) are the most efficient approach in that respect, since they provide a general
description of low energy physics without having to postulate what happens at arbitrarily
high energy scales. Another complementary approach is to consider minimal and pragmatic
extensions of the SM, preferably generic, which allow us to use the information from flavor
observables to guide the direct searches for new resonances at high energies. Such an
example is of two-Higgs doublet model (2HDM), also embedded in various supersymmetric
(or not) extensions of the SM [7]. Another possibility that became popular in recent years
is to consider the various leptoquark (LQ) states, which can arise in grand unification
scenarios and composite Higgs models, among other NP scenarios [§].

In this thesis we will extract the information on NP from the flavor physics observ-
ables. Current experiments at NA62, BES-IIT and LHCDb provide us with a rich set of data
for testing the various NP scenarios and to guide the theoretical effort towards a flavor
theory beyond the SM. The information extracted from this data will be further corrob-
orated/complemented by the future experiments at Belle-II, KOTO, TREK, (g — 2),, and
Mu2E, producing a prolific scenario for flavor physics. To interpret these results, we will
formulate effective theories which will be matched onto minimal models of NP motivated
by the recent experimental findings. The first part of this thesis is devoted to the Higgs
boson, which was the last ingredient of the SM observed in experiments. While the Higgs
boson couplings measured at the LHC still allow for large deviations from the SM predic-
tions, the direct searches have not ruled out the possibility of other light scalar particles
in the spectrum. In this first part of the thesis, we will focus on the 2HDM, and explore
the lessons on their spectrum that can be learned by using the general theoretical and phe-
nomenological constraints. The scalar masses and couplings allowed by our analysis will
then be confronted with the flavor physics observables. To that purpose we will compute
the full set of Wilson coefficients contributing to the relevant tree-level and loop induced
meson decays and confront these results with recent data. Particular emphasis will be de-
voted to the exclusive b — s£T¢~ decay modes due to the increasing experimental effort
to measure the corresponding observables at LHCb. Among the scenarios we consider, the
intriguing possibility that a light CP-odd Higgs (m4 < 125 GeV) is present in the spectrum
will be explored. Such a particle would be most welcome as a mediator between the SM and
the dark sector because the so-called pseudoscalar portal can evade the strong constraints
coming from the the null results in dark matter direct detection experiments [9,10]. We will
show that this scenario is perfectly plausible in light of current theoretical and experimental
constraints, and we will discuss the opportunities to look for this particle in Higgs exclusive
decays and in the decay modes of quarkonia.
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The second part of this thesis is devoted to the hints of lepton flavor universality (LFU)
violation in semileptonic B meson decays. More specifically, the LHCb measurement of
Rx = B(B — Ku*tu™)/B(B — Kete™) [11] and Rgx» = B(B — K*utu™)/B(B —
K*ete™) [12] in different bins of dilepton squared momentum ¢? were shown to be signifi-
cantly lower than predicted [13]. These observables are almost free of theoretical uncertain-
ties since the hadronic uncertainties cancel out to a large extension in the ratio. While these
results still need to be confirmed by an independent experiment (Belle-II), they triggered
an intense theoretical activity to understand the source of these discrepancies. Within the
2HDM scenarios discussed above, the violation of LFU is found to be negligibly small, sug-
gesting that other bosonic contributions are needed to accommodate these discrepancies.
To this purpose, we consider the scenarios containing various LQ states. While these parti-
cles are often considered to be exotic in the direct searches at the LHC, they offer one of the
prominent candidates to explain the effects of LFU violation. In this thesis, we will scru-
tinize the proposed LQ explanations of R2f,) < Ri%) and discuss the implications for the
current and future experiments. In particular, we will show that a popular scenario in the
literature is not viable, and we will propose a new LQ mechanism to explain R, < R,
through loops. Among the predictions of these models, we will emphasize the importance
of lepton flavor violating (LFV) decays, since they offer a very clean alternative allowing
to test most of the proposed New Physics scenarios. Another intriguing evidence of LFU
violation was unveiled in the processes mediated by the charged current [14], where it was
found that Rp = B(B — DW7v)/B(B — DYIv), with | = e, u, are larger than predicted
in the SM [15-17]. The possibility that the b — s and b — ¢ anomalies are generated by
the same mechanism, possibly related to flavor breaking effects beyond the SM, triggered
a lot of interest in the theory community. One should, however, be cautious because the
prediction of Rp- requires the assessment of the B — D* form factors which are still not
available from first principle computations. In this thesis, after critically reviewing the
status of the SM predictions of R, we will discuss the models that have been proposed
to simultaneously explain the ensemble of LFU violating observables. In particular, we will
discuss a minimal LQ model that we proposed to explain some of these deviations.

The outline of this thesis is as follows. In Chapter 1, we briefly introduce the SM to fix
our notation and we discuss some of the SM problems which suggest the existence of NP.
In Chapter 2, we present the flavor observables that will be discussed in the subsequent
chapters. In particular, we will overview the assessment of hadronic uncertainties entering
these quantities and give the general expressions for the relevant observables in terms of an
effective field theory. In Chapter 3, we present the general features of two-Higgs doublet
models and discuss the most relevant probes of the additional scalar particles at low energies.
In Chapter 4, we introduce the main generalities of leptoquark models and discuss how these
particle can arise from grand unification models. In Chapter 5, we discuss the tantalizing
hints of NP in lepton flavor universality ratios of B-meson decays. We attempt to overview
the viable NP explanations to these puzzles which have been proposed in the literature. In
particular, we will focus our discussion on the leptoquark models introduced in Chapter 4.
Finally, we summarize our results and conclude.



Chapter 1
The Standard Model

The Standard Model (SM) of particle physics is one of the most successful physical theories
ever concieved. Its predictions have been experimentally tested in a wide range of energy
scales and they agree very well with the data. Furthemore, the Higgs boson found at the
LHC in 2012 is the last missing piece of the SM which corroborated more than five decades
of phenomenological success [1,2]. Nonetheless, there are several phenomenological and
aesthetic reasons which indicate that the SM cannot be the ultimate fundamental theory.

The purpose of this Section is to fix our notation by introducing the SM Lagrangian and
to briefly discuss the limitations of the SM which motivate the quest for physics beyond the
SM.

1.1 The Standard Model Lagrangian

The SM is a quantum field theory that describes the fundamental electromagnetic, weak and
strong interactions based on the gauge principle. The building blocks of the SM are fermions
(leptons and quarks), which appear in three copies of chiral multiplets. The interactions in
the SM are introduced by the gauge group

Gsm = SU(3). x SU(2)L x U(1)y, (1.1)

where SU (3), is the group associated to the Quantum Chromodynamics (QCD), SU(2), to
the weak isospin, and U(1)y the hypercharge. To give masses to the SM particles, a scalar
field belonging to a SU(2),, doublet (®) is also introduced. This doublet is responsible for
the spontaneous symmetry breaking Gy — SU(3). X U(1)en via the so-called Higgs-Brout-
Englert mechanism [18-21].

The quantum numbers of the SM fields are summarized in Table 1.1. By imposing
the requirements of renormazability and gauge invariance, one can write the most general
Lagrangian for the SM in the following form

£SM = ‘Cgauge + Ematter + ‘CHiggs + ‘CYukawa . (12)

The expressions for each piece in Lgy will be described below.

The gauge sector

The SM gauge sector contains eight gluons G} (@ = 1,...,8), three electroweak gauge
bosons W (a = 1,2,3) associated with SU(2), and the U(1)y vector boson B,. These



1.1. The Standard Model Lagrangian

SU3) SU(2) UQ)y
Li| 1 2 1/2
Q.| 3 2 1/6
lr| 1 1 ~1
up | 3 1 2/3
dp | 3 1 —1/3
o 1 2 1/2

Table 1.1: Representations under which the SM fermion and scalar fields transform. For the
non-Abelian groups, the representation is denoted by its dimension.

fields transform under the adjoint representation of the corresponding gauge groups. The
gauge Lagrangian is then described by

1 1

1
Loange = — -G, G — —WI WHA — ZBWBW’ (1.3)

4 4
where the summation over the SU(N) indices is implicit, a = 1,...(N? — 1). The field
strength tensors are defined by

G, = 0,G% — 0,G5 + gs [ GLGS, (1.4)
Wy, = 0,W = 0,Wyi + g™ W Wy, (1.5)
B, = 0,B, — 0,B,, (1.6)

where £%¢ and f% are the structure constants of the SU(2); and SU(3). groups, respec-
tively. Moreover, g and g, are the couplings of SU(3). and SU(2)y, respectively. For
completeness; we also define the coupling ¢’ of the Abelian group U(1)y. The mass terms
in Lgauge are forbidden by the gauge symmetry. For the electroweak gauge bosons W=
and Z, this mass is generated by the Higgs-Brout-Englert mechanism, which will be briefly
described below.

The scalar sector

To generate the masses of the gauge bosons, the gauge symmetry must be broken. The main
idea of the Brout-Englert-Higgs mechanism is that the dynamics of the theory can be such
that a symmetry of the Lagrangian is not necessarily respected by its ground state [18-21].
In this case, the choice among one of the possible degenerate vacuum states spontaneously
breaks the symmetry.

In the SM, the most general Lagrangian in the scalar sector reads

Litggs = (D'®) (D, @) + m*d'® — ) (21®)” | (1.7)

where m? and \ are free parameters. The quartic coupling \ is positive, since the scalar
potential must be bounded from below. The covariant derivative of the Higgs doublet is

10



1.1. The Standard Model Lagrangian

defined by

g . .g/

D,® =0, — zg?WH - Z§BM D, (1.8)

where 0% (a = 1,2,3) are the Pauli matrices. In the case m? < 0, the minimization of the
scalar potential leads to the ground state (®T®) = 0, which is a singlet of the SM gauge
symmetry. To implement the Brout-Englert-Higgs mechanism, one must assume m? > 0,

in which case the minimization of the Higgs potential leads to a non-trivial vacuum,

U2

(1) = R (1.9)

where v = m/+/\ is the vacuum expectation value (vev), which induces the spontaneous
breaking of the SM symmetry SU(3). x SU(2) x U(1)y into SU(3); X U(1)er. Among the
possible vacuum states, we can choose

(®) — \}5 (:) | (1.10)

The scalar doublet ® had four degrees of freedom, three of which are the Goldstone bosons
eaten up to give mass to the electroweak bosons. The remaining scalar particle is the so-
called Higgs boson h, which was discovered in 2012 at the LHC [1,2]. In the unitary gauge,
the scalar doublet ® can be parameterized as

1 (0
v (v+ h) ' D

By inserting Eq. (1.11) in Eq. (1.7), one can then recognize three massive gauge bosons W=
and Z°, defined by

1 — 112
:WH:FZWH

Wh=_—#~___ '~ 1.12
o 7 (1.12)
and
Z, = W3cos Oy + B, sin by,
po e TEEWT BR SR (1.13)
A, = —W2sinby + By, cos by,
with masses
gu gv
MW= at M7= 5 cos Ow (1.14)

In addition to the W and Z°, there is one massless vector field A, which is related to the
photon. The fact that the photon is massless is a manifestation of the residual symmetry
U(1)em of the theory. The Weinberg angle 6y is defined by

/

tan by = L, (1.15)
g

which is related to the electric charge via the relation
e = gsinfy = ¢ cos Oy . (1.16)
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1.1. The Standard Model Lagrangian

On the phenomenological level, the electroweak vev can be determined from the muon
lifetime, which is related to the Fermi constant Gr = 1.1663787(6) x 107> GeV 2 [22] via
the relation
) 1

V2Gr
This fixes the vev to be v ~ 246 GeV. The other parameters in the scalar sector are
fixed by the Higgs boson mass m;, = v2m? = 125.09(24) GeV [22]. This value for m,,
is in good agreement with the indirect bounds' from the LEP data [24] and implies that
A =m2/(2v?) ~ 0.13 for the quartic coupling, which is therefore perturbative. Furthermore,
the relations between the different couplings and masses of the electroweak bosons are
one of the main predictions of the SM, which have been thoroughly verified at different
experiments, including LEP, Tevatron and the LHC. The current experimental averages for
the W+ and Z° masses are given by [22]

(1.17)

v

my = 80.385(15) GeV |

(1.18)
my = 91.1876(21) GeV .

These values are found to be consistent with the global fit to the electroweak observables,
to which the radiative corrections must be included. The assessment of the validity of the
SM at electroweak scale via electroweak precision tests, including the parameters S, T" and
U which permit to test it at the loop-level, is one of the most important achievements of
the SM [23].

Fermionic sector

The kinetic and gauge interactions of fermions are given by

Lonatter = Y iL;DL; + > ilrilplR; + > iQ,PQ; + > iqriDari , (1.19)
i=e,u,T i=e,l,T quarks quarks
where the summations extend over the different fermions appearing in Table 1.1 and over
family indices. Fermion masses are forbidden at this level, arising only in the Yukawa sector
via the Higgs mechanism, as it will be discussed in the following. The covariant derivatives
for the weak doublets are defined by

ig

ig
2 cos Oy

Dy = l =5 (T W W) +ieQA, — (3 — 2Qsin” Oy ) ZM] wr, (1.20)
where we have used Eqs. (1.12) and (1.13) to make explicit the physical gauge bosons. In
this expression, Y is the hypercharge of the fermion multiplet and the charge operator is
defined as Q = Y + T3. Moreover, we defined 7& = (7, +473)/2, as usual. For RH fermions,
which are SU(2)y, singlets, the covariant derivative takes a simpler form, namely,

19
cos Oy

D,br = [au +ieQA, + Q sin® OWZM] VR (1.21)

From the expressions given above, one can derive the form of charged and neutral current
interaction in the flavor basis.

IThe SM fit to electroweak data predicts mj, = 94725 GeV [23], which agrees within 1.30 with the value
measured at the LHC.
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1.1. The Standard Model Lagrangian

Yukawa sector

In the SM, the only source of flavor violation are the Yukawa couplings between fermions
and the Higgs field, defined by

Lyukawa = —(Y2)ij Li ® lrj — (Ya)i; Q; @ dr; — (Ya)ij Q; i)uRj +h.c., (1.22)

where ® = igy®* is the conjugate SU(2), doublet and Y,, 40 are 3 X 3 complex matrices in
flavor space. After spontaneous symmetry breaking, the Yukawa Lagrangian in the unitary
gauge becomes

h+v o, = _
Lyvukawa = —7 (Ye)ij lrilrj + (Ya)ij dridrj + (Ya)ij Uriug;| + h.c., (1.23)
from which one can read the interactions of the Higgs boson to fermions and the charged
fermion masses, namely,

. YfU
= ﬁ ,
where f = wu,d,{. These fermion mass matrices are non-diagonal and can then be diago-
nalized by biunitary transformations,

M, (1.24)

My =V{T MV, (1.25)

The unitary matrices V;/ and Vj can be absorbed by a redefinition of the LH and RH
fermion fields,

\IJf’L—>VgT\I/f7L7 \I/f7R—>V}{T\I/f7R. (126)

The neutral currents remain flavor diagonal under this transformation, while the charged
ones become flavor violating,

L. = —\% %:(VCKM)M Wiy Prd; W + ., (1.27)
where Voxn = Vi Vi1 is the Cabibbo Kobayashi-Maskawa (CKM) matrix. The CKM
matrix is unitary and it can be fully parameterized by three angles and one complex phase,
which must be extracted from experiment, similarly to the fermion masses. To see that,
note that any n x n unitary matrix has n? parameters, from which n(n — 1)/2 are real and
n(n 4 1)/2 are complex. Some of the complex parameters can be reabsorbed by rephasing
the quark fields. More specifically, by redefining the n down-type quarks and the n up-type
quarks, while imposing baryon number conservation, one can eliminate 2n — 1 phases (the
relative phases of the quark fields). Therefore, by taking n = 3 we obtain that the CKM
matrix has n(n — 1)/2 = 3 angles, and (n — 1)(n — 2)/2 = 1 phase. The observation that
a third generation is needed in order to have C'P violation in the SM is known as the
Kobayashi-Maskawa mechanism [25].

One of the main peculiarities of the SM is that flavor changing neutral currents (FCNC)
are absent at tree-level. These processes are only generated at loop-level, as illustrated
in Fig. 1.1. Since these phenomena are loop-induced, they are rare in the SM, which is
why they provide very useful tests of the validity of the SM and a probe of physics beyond
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1.2. Why do we need to go beyond?

the SM, as we will discuss in Chapter 2. Furthermore, it should be stressed that FCNC
processes are directly related to fermion masses and mixing because the Yukawa couplings
are the only sources of flavor violation in the SM.

qi Vik dk ﬁf q;

W W
5 Vi %V G !

Figure 1.1: Examples of loop diagrams contributing to AF = 2 (left) and AF =1 (right) FCNC
processes in the SM. For simplicity, we wrote V = VKM,

As a final remark, note that neutrinos are massless in the SM. These particles do not
acquire a mass through the Higgs mechanism since this would require the presence of gauge
singlets vg, which are absent by construction. Furthermore, a Majorana mass term for vy,
is forbidden at the renormalizable level by the gauge symmetry.

1.2 Why do we need to go beyond?

Despite its remarkable phenomenological success, the SM cannot be a final theory of fun-
damental interactions. Firstly, it does not incorporate gravitational interactions, which
should become important at energy scales near the Planck scale. The solution to this long
standing problem is one of the great open questions in theoretical physics and the lack
of experimental signals to guide us makes this task particularly difficult. In addition to
the lack of a quantum theory of gravity, the SM cannot accommodate some experimental
observations, such as neutrino masses and the observation of dark matter. While there is
no doubt that neutrinos are massive particles, the conclusion that dark matter must man-
ifest itself as new particles interacting weakly with the SM depends on the validity of the
Standard Model of cosmology. This inference must be corroborated by direct and indirect
searches for dark matter particles, which have been inconclusive until the present moment.
Moreover, in additional to neutrino masses, the SM also leaves many aesthetic questions
unanswered, such as the hierarchy and flavor problems.

In the following, we will briefly overview some of the above mentioned problems which
motivate physics beyond the SM.

1.2.1 Neutrino masses

One of the most compelling evidences of physics beyond the SM comes from the observation
that neutrinos are massive particles that oscillate among different flavors. The picture of
massive neutrinos has been corroborated by several experiments measuring atmospheric [26—
31] and solar neutrinos [32,33,33-41], as well as neutrinos produced in accelerators [42-44]
and nuclear reactors [45-48]. In 2012, the last missing angle in the lepton sector, 3 ~ 8°,
was measured by reactor experiments [49], which helped establishing that neutrinos are
indeed massive and oscillate. In addition to the mixing angles, the oscillation experiments

14



1.2. Why do we need to go beyond?

can also measure the squared mass differences Am?j = m; — mij (i,7 = 1,2,3) of the
neutrinos mass eigenstates v;, which satisfy [50]
Amj ~75x 1077 eV, and  |Am3, |~ 25 x 1070 V2. (1.28)

The ordering of neutrino masses is still unknown, which can be normal m,, < m,, < m,,,
or inverted m,, < m,, < m,,. For that reason, we define in the above equation Am3, =
Am3; > 0 for the normal ordering, and Am3, = Am3, < 0 for the inverted one.

The absolute mass scale of neutrinos remains unconstrained, since the oscillation proba-
bilities are only sensitive to the squared mass differences. Limits on m,, can be obtained by
studying the kinematics of tritium beta decay, which sets limits of the order m,, < 1€V [51].
Stronger limits on the sum of neutrino masses can be obtained from cosmology, but these
require further assumptions about the cosmological model. For this reason, those bounds
are less compelling. Based on the discussion above, it becomes clear that neutrinos are not
only massive fermions, but also that they are several orders of magnitude lighter than the
other SM particles. This mass gap is often considered as an indication that neutrino masses
might be generated by a different mechanism than the one inducing the charged fermion
masses.

On theory side, the SM is constructed in such a way that neutrinos are massless, as
discussed Sec. 1.1. Therefore, a mechanism beyond the SM is needed to generate neutrino
masses. It is beyond the scope of this thesis to review the plethora of scenarios proposed to
generate neutrino masses and to explain their smallness. Nonetheless, it is fair to say that
the minimal scenarios predict the existence of particles well beyond the reach of current
and future experiments, see for example the original proposal of the type I seesaw mecha-
nism [52-55]. To lower these energy scales, it is usually necessary to introduce new degrees
of freedom, at the price of increasing the complexity of the models, as in the so-called
Inverse seesaw scenario [56-58]. Other possibility is to fine tune the couplings. Finally, in
terms of an effective theory, the lowest-dimension operator capable of generating neutrino
masses is the Weinberg operator [59],

05 (L€ @*) (@1 L;) + hec., (1.29)

_Ji
©2A
which is the only dimension-5 allowed by the SM gauge symmetry. In this equation, f;; are
complex numbers satisfying f;; = f;; and A is an energy scale associated to the mechanism
behind neutrino masses. Moreover, the fermion conjugation of a generic fermion field W is
defined by U¢ = ~,C¥*, where C' = i72+°. The Weinberg operator violates lepton number
L by two units and gives the following Majorana mass term

J ijUQT

Lo

It should be stressed that any scenario of NP generating Majorana neutrino masses can
be matched onto an effective theory containing Os once the heavy degrees of freedom have
been integrated out.

The mechanism just described can generate neutrino masses if the lepton number sym-
metry L is violated, i.e. if neutrinos are Majorana particles. Until now, the violation of L
has still not been observed in experiments, which have been mostly focused on the search
of the neutrinoless double beta decay nn — ppe~e~ [60-62]. Therefore, despite the strong
theoretical preference for Majorana neutrinos, the hypothesis of Dirac neutrinos remains
equally plausible. If neutrinos are Dirac particles then the generation of their masses would

VLj +hC (130)
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1.2. Why do we need to go beyond?

proceed through the Yukawa interactions with the introduction of right-handed neutrinos,
in a similar to way to the mechanism for charged fermions.

1.2.2 The SM flavor problem

The origin of the flavor of quarks and leptons remains one of great open questions in
theoretical physics. The only source of flavor violation in the SM comes from the Yukawa
interactions, which break the global flavor symmetry of the SM

9o =UB)L X UB)ez x UB)Q X UB)ug X U(3)ay , (1.31)

where each U(3) transformation acts in flavor space for a fermion field in Table 1.1. The
description of flavor in terms of the Higgs mechanism is highly unsatisfactory since the
Yukawa interactions are not controlled by any symmetry principle, contrary to the SM gauge
sector, resulting in a large number of parameters that must be extracted from experiment.
In other words, the SM Higgs sector can only accommodate fermion masses and mixing, but
it does not constraint the size or pattern of Yukawa couplings.

The flavor problem arises when one inspects the very hierarchical pattern taken by the
flavor violating parameters, namely fermion masses and CKM entries. The observed pattern
does not look accidental and it is expected to be explained by a symmetry argument or
a flavor theory based on that symmetry. If for the moment we put aside fqgcp, in the
SM there are 13 free parameters in the SM flavor sector, which comprise masses, mixing
angles and one complex phase. Charged fermion masses span six orders of magnitude,
going from the very light electron with mass m, = 0.5110 MeV to the top quark mass
mP° = 173.3 £ 0.8 GeV [63], which is the heaviest particle of the SM. This hierarchy
becomes even more pronounced when one considers neutrino masses, which are known to
be m,, < O(1 eV), as depicted in Fig. 1.2. Up to now, there is no convincing explanation

~Y

of that hierarchy.

Neutrinos
de se be
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Figure 1.2: Fermion masses in the SM ammended with neutrino masses. We consider the MS
quark masses from Ref. [22] at the scale i = 2 GeV for light quarks, and at y1 = mq for ¢ = ¢, b, t.

Another facet of the flavor problem comes from the mixing parameters. CKM and
PMNS matrices have very different structures: while CKM is hierarchical, PMNS is not.
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The CKM matrix can be generically parameterized by three angles 6,5, 613 and 653, and
one phase 915 [22],

C12C13 $12C13 S13e” 18
_ 10 1)
Vekm = | —S12C23 — €12523513€"°1  C12C23 — S12523513€"1 $23C13 ; (1.32)
is is
$12823 — €12023513€"°1?  —(C12893 — S12C23813€°71%  C23C13

where s;; = sinf;; and ¢;; = cosb;; (4,5 = 1,2,3). The off-diagonal elements of the CKM
matrix are found to satisfy a strong hierarchical pattern: |V,,| and |V.4| are of order ~ 0.22,
|Vp| and |Vi,| are of order ~ 4 x 1072, whereas the elements |V,;| and |V}4] are of order
~ 5 x 1072 [64,65]. This hierarchical pattern becomes even more explicit in the so-called
Wolfenstein parameterization, which makes manifest the fact that sjo > s93 > s13 [66].
This parameterization is obtained by expanding the CKM matrix is expanded in powers of
the small parameter A = |V,,|~ 0.22 < 1,

1-— ’\2—2 A AN(p—in)
Vekm = -\ -2 AN + O, (1.33)
AN(1—p—in) —AN 1

where A, p and 7 are O(1) real numbers. > The present fits to the ensemble of flavor changing
processes result in the precise values p = 0.157(14), n = 0.352(11), A = 0.833(12) and
A = 0.22497(69) [64]. On the other hand, the leptonic mixing matrix, also called Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) matrix, shows a completely different pattern with very
large mixing angles. The most recent fits to neutrino data give, to 1o accuracy [50],

Oy > = (41.6173)°, (1.34)
b1 = (33.561075)° (1.35)
013N = (8.46 £ 0.15)°, (1.36)

where we have used the same parameterization of Eq. (1.32) and taken the results for the
normal ordering for illustration. For comparison, the largest angle in the CKM matrix is
given by the Cabibbo angle, XM = (13.00 & 0.04)°, which is of the same order as the
smallest mixing angle in the lepton sector, 01N = (8.46 4+ 0.15)°. Why are the CKM
parameters so hierarchical? Why are the mixing parameters so large in the leptonic sector?
These questions call for physics beyond the SM.

The ensemble of striking observations described above is called the flavor problem, which
requires physics beyond the SM. The fact that there is no theoretical hint for the scale of
NP responsible for the flavor breaking mechanism beyond the SM makes the flavor problem
particularly difficult to solve. Therefore, experimental hints are more than needed to guide
the theoretical efforts towards a flavor theory that could give an explanation for the observed
patterns of flavor parameters by using symmetry principles.

2The inclusion of terms O(A*) and O()N°) is mandatory for phenomenological applications. The
expansion at higher orders can be obtained by adopting the convention A = s15, AX2 = 5,3 and
AN3(p —in) = s13e7 .
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1.2.3 The hierarchy problem

The Higgs sector is the least constrained piece of the SM Lagrangian by symmetries, being
for that reason the source of many of its puzzles. We have already discussed the SM flavor
problem, which is related to the lack of a flavor symmetry in the Yukawa sector (Higgs
couplings to fermions). The hierarchy problem is related to the fact that the SM contains
a fundamental scalar with a mass term unconstrained by symmetries, which receives then
large radiative corrections from the UV completion of the theory.

In the SM, the masses of fermions and vector bosons are forbidden by the SU(2),xU(1)y
gauge symmetry. In this case, it can be shown that any loop correction to these parameters
will be proportional to the tree-level masses, which means that they are multiplicatively
renormalized. This property holds for fermions even in the absence of the gauge symme-
try, because the chiral symmetry also protects fermion masses. For the Higgs boson, the
situation is different since the limit m; — 0 does not enhance the SM symmetries. In this
case, we say that the parameters m? is additively renormalized since it receives corrections
proportional to the masses of the particles running in the loops. As a consequence of that,
the SM Higgs sector becomes highly sensitive to quantum corrections and to the cutoff of
the theory.

To illustrate the above-mentioned issue, one can compute the one loop-corrections to
the Higgs mass in the SM, which are illustrated in Fig. 1.3. By regularizing the integral
with a hard cutoff A, one obtains

3A?

om? = ——
h ™ 822

4m? —2mi, —my —m; + O <log 2) ] , (1.37)
where we recognize contribution from top quark which is proportional to m?/v?, and that
gives the most significant radiative correction to the Higgs mass in the SM. From this
expression we see that the Higgs mass is quadratically sensitive to the cutoff of the theory.
Since the only available cutoff is the Planck scale, Mp; ~ 1.22 x 10' GeV, which is much
larger than the Higgs mass m;, = 125.09(24) GeV [22], we observe that the bare Higgs
mass and its counter term must be fine tuned to an enormous accuracy to reproduce a light
Higgs mass. This statement is precisely the hierarchy problem, which arises in theories
with fundamental scalars where a hierarchy of scales m;, < A is present. In particular, the
hierarchy problem is an indication that the NP scale cannot be too large. More precisely,
for the Higgs mass observed at the LHC, the requirement of fine tuning in my, of less than
1 part in 10 implies that the scale of NP should be below a few TeV [67].

¢ W, Z b
- =~ 1 )
/, \‘ ‘o /
- e = S AR, A L Lt

t W, Z h

Figure 1.3: One loop corrections to the Higgs self-energy in the SM.

We have not yet enough information to unambiguously determine how the SM should be
extended to address the hierarchy problem. Most concrete proposals point at the existence
of new degrees of freedom in the TeV range, possibly accessible at the LHC. This observation
is in apparent contradiction with the information extracted from the flavor experiments,
which set stringent bounds on the NP scale Axyp. More specifically, FCNC processes in
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the SM are suppressed by (i) the loop factors, (ii) by the GIM mechanism [68] and (iii)
by the hierarchy of the CKM matrix, |Vi4|< |Vis|< |Vis|~= 1. Hence, the precise study of
these processes and the comparison with the experimental results allows us to impose severe
constraints on Ayp. For instance, the K° — K© mixing parameter ex sets an lower bound of
about Axp 2 10® GeV if O(1) NP couplings are assumed [6]. This apparent contradiction
between bounds on NP stemming from flavor experiments and the prejudice that NP should
emerge at the TeV scale is often called the NP flavor puzzle, and it implies that NP should
have a non-trivial flavor structure. The most popular solution to this problem goes under the
name of Minimal Flavor Violation (MFV) [69,70]. In this approach, the Yukawa interactions
are identified as the only source of flavor violation, reproducing the SM flavor structure also
beyond the SM. In this case, the bounds from flavor changing observables are lowered to the
TeV range at which we expect that the solution to the hierarchy will emerge. Nonetheless,
it is worth stressing that the MFV hypothesis is not a theory of flavor, since it does allow
us to determine the pattern of Yukawa couplings in terms of a small number of parameters
of a more fundamental theory. Therefore, the ultimate solution to the hierarchy and flavor
problems remains an open question. Experimental hints from indirect and /or direct searches
are in that respect most welcome guides of the theoretical effort to the solution of these
problems.
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Chapter 2

Flavor observables as a probe of New
Physics

The current situation of direct searches of New Physics is that no particle beyond the SM
has been found at the LHC at energies < 1 TeV, and that most theoretical speculations
about the possible scale/nature of New Physics seem to be unsound. In such a situation,
flavor physics can be very useful, since it can probe scales well above the ones attained
by the direct experimental searches. Furthermore, the constraints coming from indirect
searches can be complementary in guiding the direct searches, pointing to the observables
where New Physics could be effectively seen.

The main difficulty in the comparison between the SM predictions and the experimental
results lies in the fact that non-perturbative QCD remains not under full theoretical control.
While an analytic solution to non-perturbative QCD is still lacking, in some situations the
hadronic uncertainties can be controlled by means of numerical simulations of QCD on the
Lattice (LQCD). Over the past decades we witnessed a huge progress of LQCD simulations
which nowadays allows us to attain a precision at the percent level for certain hadronic
quantities. At the same time, the experimental precision for many observables will be
substantially improved by the new generations of flavor experiments. For these reasons,
indirect searches and in particular those involving flavor physics are a very promising route
to seek the effects of physics beyond the SM.

The goal of this chapter is to review the flavor physics results after the first run of LHC,
and the results from meson factories (CLEO-c, BES, BaBar and Belle, among others),
which experimentally established the unitarity of the CKM matrix with great precision. In
this Chapter, our approach will rely on Effective Field Theories (EFT), since they provide
the most general description of low-energy physics in the absence of new light degrees of
freedom. Particular emphasis of this Chapter will be given to the assessment of theoretical
uncertainties (mainly those of non-perturbative QCD) entering the SM predictions for the
flavor physics observables.

The chapter is organized as follows: In Sec. 2.1, we briefly introduce the concept of EFT.
In Sec. 2.2, we discuss tree-level electroweak decays of mesons and how those can be used
to search the search the effects of New Physics. In Sec. 2.3, we extend our discussion to the
FCNC processes, and most particularly to the transition b — s¢*¢~. Lastly, we conclude
the Chapter in Sec. 2.4 with a discussion of lepton flavor violation in decays of both leptons
and hadrons.
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2.1. Effective field theories

2.1 Effective field theories

Effective field theories (EFT) are nowadays widely used in all branches of theoretical physics.
The basic principle which warranties the validity of EFT method is that one can isolate
sets of phenomena with different energy/length scales and then find a suitable description
for each class of physical problems. This property is greatly responsible for the gradual
progress in physics, where one could for instance formulate the Newtonian mechanics well
before the discovery of special relativity, or understand quantum mechanics without having
to deal with the uneasy subtleties of QFT.

In the context of QFT, the relevant parameter is the distance scale. Short distance
contributions are replaced by local operators, which are obtained by integrating out the
irrelevant degrees of freedom, and by expanding in a suitable chosen expansion parameter.
The small finite size effects are then treated as perturbations. In particular, this approach
is useful for studying the effects of physics beyond the SM in a model independent manner.
More precisely, in the so-called bottom up approach, one can write the most general effective
Lagrangian consistent with the symmetries of the low energy theory which contains only
the light degrees of freedom, i.e.

Ci(j)
Adif4

,Ceff = Ed:4 + Z OZ(,M) s (2.1)
where O; are operators of dimension d; > 4, u is the renormalization scale, and C;(u)
are the so-called Wilson coefficients. The Lagrangian £,-4 describes the (renormalizable)
low energy theory, which is typically considered to be the SM. Even though L.g is non-
renormalizable, the predictiviy of the effective theory is guaranteed by the fact that the
contributions of higher dimensional operators to the amplitudes are suppressed by powers
of (p/A)%~*, where p is the typical momentum of the low energy process. Henceforth, by
working in the regime p < A and to a given experimental precision, one can renormalize the
effective theory with a finite number of counter-terms. The effects of the (unknown) short
distance physics are then encoded in the Wilson coefficients C;(u), which can be matched
onto a full theory by requiring that the amplitudes computed in the full and effective theories
coincide at large distances. The main advantage of this approach is that one can generically
describe the low-energy physics without having to postulate what happens at arbitrarily
high energy scales.

2.2 Tree-level electroweak decays of mesons

Tree-level electroweak decays of kaons, and D(,) and B mesons are induced by a tree-level
exchange of the W boson, as illustrated in the left panel of Fig. 2.1. These processes
provide a straightforward way of extracting the moduli of several CKM matrix elements,
such as [Vial, [Vusl, Vs, [Veal, [Ves| and |Vip|, which can then be confronted with the CKM
matrix V = Vogw unitarity, VI = V=1, To do so, the determination of the hadronic matrix
elements plays a crucial role. Nowadays, the level of maturity of Lattice QCD (LQCD)
simulations and the developments on the experimental side allow us to go beyond the
simple determination of CKM entries, and to use leptonic and semileptonic decays to probe
scenarios of physics beyond the SM. For instance, in scenarios with two Higgs doublets,
a charged Higgs H* can generate a tree-level contribution to these decays, as depicted
in Fig. 2.1. Therefore, the study of these decays offer a low-energy window to probe the
bosonic sector beyond the SM.
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Another motivation to search for NP effects in tree-level semi-leptonic decays comes from
the discrepancies observed by the B-physics experiments in the lepton flavor universality
ratios, namely

B(B — DYrv)
B(B — DOv)’

where [ = e, p are averaged in the denominator. The experimental value of R5® determined
by BaBar [71,72] and Belle [73] was found to be about 20 larger than the SM prediction [14].
This observation was further corroborated by the measurement of R7P [71-76] which in-
dicates a & 3.30 excess with respect to the quoted SM prediction [17]. If these deviations
are indeed generated by NP, it is likely that similar effects are present in other leptonic and
semileptonic decays. The experimental and theoretical status of R will be discussed in

Chapter 5, where we will also review some of the proposed NP explanations.
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Figure 2.1: Contributions to the semi-leptonic decay B — D*ev in the SM (left panel) and in
2HDM (right panel).

The dimension-6 effective Hamiltonian describing the transition © — dfr can be gener-
ically parameterized as !

Het = V2GrVa| (1 + gv) @, d) (Crr"v1) — (1 + ga) (@75d) (7" v

+ gs(p)(@d)(Lrvr) + gp(p)(@ysd)(Crvr) + gr(p) (U0, (1 — 45)d) (ZRUWVL)} +h.c,
(2.3)

where and u and d stand for generic up-type and down-type quarks, and ¢ = e, u, 7. The
NP couplings gy.a,s.pr are defined relatively to the Fermi constant, namely,
2

Gr_ 9 (2.4)

V2 8miy
Note that the NP couplings can depend on the renormalization scale y, and that the SM
corresponds to gv,a s.pr = 0.

The relevant decay channels can be separated into two classes of processes with different

QCD content:

o Leptonic decays: K~ — (v, D(_S) — v and B — (v;

« Semileptonic decays: K; — 7*¢v, D — K/{v and B — D/{v, among others,

'We neglect the possibility of RH neutrinos in Eq. (2.3).
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2.2. Tree-level electroweak decays of mesons

where ¢ stands for a generic charged lepton. For leptonic decays, the non-perturbative
content needed to compute the branching ratios amounts to a single quantity, which is the
meson decay constant, computed in numerical simulations of QCD on the Lattice (LQCD).
The situation of semileptonic modes is more elaborated, as it involves several ¢> dependent
form-factors where ¢ stands for the dilepton mass squared.

In the following, we will discuss the peculiarities of each of these process, including
the non-perturbative inputs needed to do phenomenology, and we will give the general
expressions for the experimentally accessible observables in terms of the effective couplings
defined in Eq. (2.3).

2.2.1 Leptonic decays of mesons

In this Section, we discuss the decay modes of the type P~ — (v, where P = K, D), B
is a pseudoscalar meson (J© = 07). For simplicity, we will write the expressions for the
decays of B mesons, but all the other modes can be obtained mutatis mutandis.

From Lorentz and parity symmetries, we know that only axial and pseudo-scalar hadron
currents can contribute to a transition of the type P~ — fv. The most general parameter-
ization of the axial hadronic matrix element reads

01ty y5ul B(p)) = ipufs, (2.5)

where p* is the 4-momentum of the B meson, and fg is the so-called decay constant. By
virtue of the axial Ward identity, the matrix element of the pseudoscalar density is given
by

2
myfB
My, + My

(0[bysul B(p)) = —i (2.6)

The decay constant fp encapsulates the non-perturbative content of the transition and it
has to be computed by numerical simulations of QCD on the lattice. The current values of
the different decay constants obtained by LQCD simulations are summarized in Tab. 2.1,
which show a degree of precision below the percent level [77].

Quantity Value [MeV]
fx 155.6(4)
o 212.2(15)
fo. 249.8(13)
/s 186(4)

I3, 224(5)
f. 434(15)

Table 2.1: Decay constants of pseudoscalar mesons computed by numerical simulations of QCD
on the lattice. These values were extracted from Ref. [77] with the exception of fp., which was
computed in Ref. [78].
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2.2. Tree-level electroweak decays of mesons

By using the Hamiltonian Eq. (2.3) and the hadronic matrix elements defined Egs. (2.5)
and (2.6), one can compute the amplitude for B~ — (u:

. N m?2
M = —is/BVig i) () [(1 0 Pupyt ap() P ] ok),  (27)
where the convention for the momenta of the particles are B~ (p) — €(k1)v(k2) and the
couplings g4 and gp parameterize the most general contributions from NP. Multiplying this
amplitude by its conjugate and after summing over the spins we get

My, + My

2
APP=2G% |V 2 fam2(m% — m2) |1 — LD — , 2.8
S;;J | #l V" fmi(mp —mi) |1 + ga 9P(M)me<mu+mb) (2.8)
so that the final expression for the branching ratio reads
GEmpmj mj : 2 2 mi :
BB~ —»/lv)=———|1—— Vi 1 — _— 2.9
(B ) = S (1 L) Ve 14 ga - gp0) B (29

We recall that the couplings gy, gs and gy do not contribute to this decay, because the
corresponding hadronic matrix elements vanish due to parity and Lorentz invariance of
QCD. We reiterate that leptonic decays are considered to be extremely clean, since the
whole non-perturbative content of these processes are encoded in a single parameter, the
decay constant.

2.2.2 Semileptonic P — P’ decays

In this Section, we discuss the decays of the type P — P'lv, where P, P' = K, Dy, B(s), B, 7.
are pseudoscalar mesons. We focus on the processes involving pseudoscalar mesons since
they require a minimal input from non-perturbative QCD. Electroweak processes with vec-
tor mesons or baryons depend on many more hadronic form factors which are more difficult
to study in LQCD. For that reason, we will disregard the semileptonic decays to vector
mesons and baryons.

In a similar way to the leptonic case, Lorentz invariance and parity guarantee that the
transition P — P’ only depends on the coefficients ggsyv,r. The hadronic matrix element
which appears in the SM amplitude is defined as

_ 2 _ 2 2 2
(D* ()|, B(p)) = <p+k>u—’”3q2%qu f+(q2)+mBquunfo(q2)> (2.10)

where ¢ = p — k is the dilepton 4-momentum, and f,(¢?) and fo(¢?) are the so-called
vector and scalar form factors. Here we focus on the transition B — D¢, but our results
can be easily translated to the other semileptonic modes. These form factors satisfy the
constraint f,(0) = fo(0), a condition which considerably simplifies the determination of
these form-factors from LQCD simulations, as well as in the phenomenological analyses
of these decays. To demonstrate this property, it is sufficient to parameterize the matrix
element in a simplest different way,

(DF (k)b B(p)) = (0 + k) ufo(a®) + (0 — k) f-(a*) (2.11)
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2.2. Tree-level electroweak decays of mesons

where f_(q?) is related to f; o(¢*) by

(@) = (my —md) [fola®) = f1(d)] - (2.12)

Since f_(¢*) is an analytic function in ¢* = 0, we directly obtain the desired relation
fo(0) = f1(0). The scalar matrix element is derived from Eq. (2.10) by applying the vector
Ward identity, which amounts to 2

mp —mp

(D*(k)|eb| B(p)) = fo(a?)

In addition to the above-defined form factors, a third one is also needed when the tensor
current is considered, namely,

(2.13)

mb_mc.

2fr(q*, 1)

D+k3 C VbB = —1 k:y_ Vk )
(D ()0, Bp) = =i, — pb) 22t

(2.14)

where fr(q?, p) is the so-called tensor form factor. An example of NP scenario where the
tensor coupling gr can be generated is the scenario with scalar leptoquark, which will be
discussed in Chapter 4.

LQCD determination of P — P’ form factors

Regarding the current status of the LQCD determinations of P — P’ hadronic matrix
elements, most lattice computations focus only on the normalization of the form factors,
f+(0) = fo(0). That results is then combined with the ¢? spectrum of the differential
decay rate, d['(P — P'lv)/dq?, with ¢ = e, u, from which is extracted |V,,,|f+(0) and
therefore V,,,,. That strategy assumes that NP does not contribute to these decays rates.
However, in the presence of NP, the ¢* spectrum of the differential decay can be modified
and therefore in order to probe the NP scenarios from the semileptonic decays it is essential
to compute the ¢> dependence of the form factors on the lattice in a way very similar to the
one used to compute f,(0). Currently, the most precisely determined P — P’ form factors
are the ones for the transition & — 7, which have been recently updated in Ref. [79] with a
precision better than the percent level for both the shape parameters and the normalization.
Similarly, the D — K form factors have computed in Ref. [80], which agree with the recent
computations reported in Ref. [81]. The B — 7 and B; — K form factors have also
been determined in Ref. [82-84] and Ref. [84,85], respectively. However, these results are
available only computed for very large values of ¢?, whereas the information experimental
information is most precise for the low values of ¢?. This fact already makes it difficult to
extract the value of V,, from the exclusive B — wfv decay modes. For that reason, we
will not attempt to constraint the NP effects from the exclusive decays based on the b — u
transition. Furthermore, the MILC and HPQCD collaborations have computed the B — D
form factors [15, 16], providing consistent results, which will be extremely relevant for the
phenomenological discussion of Sec. 5.3. Interestingly, a first result for the B. — 7. form
factors has been recently computed in Ref. [86]. The results quoted above will be considered
in the phenomenological analysis in this thesis. See Ref. [77] for a complete overview of
other form factor determinations.

2We have explicitly written the charges of the mesons since they can change the sign of this expression.

— 2 2
More explicitly, one can show that (D~ (k)[bc| B(p)) = — fo(¢®) "-2=2. This sign difference does not appear
in the final expression for the decay rates, since it is compensated by the lepton trace for conjugate mode,

so that B(B — D) = B(B — D~ ) if gsv.r € R.

25



2.2. Tree-level electroweak decays of mesons

Computation of P — P'lv

We emphasize once again that P — P'fv will be specifically replaced by the example
B — D%/p. In what follows, we assume the kinematics to be B(p) — D*(k){(pe)v(p.),
with ¢ = p — k = py + p,. Although the semi-leptonic decays are more complicated than
the leptonic ones from the point of view of QCD, they have a richer kinematic structure
which opens the possibility more observables than just the total branching ratio. The full
differential branching fractions for this decay is given by

d’B(B — D*(v)
dg? d cos b,
where 6, is the angle between the lepton ¢~ in the dilepton rest frame and the axis of flight
of the D meson in the B rest frame, as depicted in Fig. 2.2. The angular coefficients a,(q?),
be(¢*) and ¢y(q?) are functions of the effective coefficients gy g7, the form factors and the
kinematical variables.

= ag(q?) + be(q?) cos Oy + co(q?) cos® by, (2.15)

/-
0

.
D+ B

<

Figure 2.2: Angular conventions for the decay B® — Dt~ 1.

To compute as(q?), be(q?) and cy(q®), it is convenient to use the helicity amplitude
formalism. The idea is to decompose the decay as B(p) — D(k)V*(q), where V* is a virtual
gauge boson with four-momentum ¢ = p — k. This decomposition allows us to factorize the
hadronic and leptonic tensors, simplifying the computation and providing more compact
formulas for the decay rates. We define the helicity vectors of the virtual gauge boson V
as,

1
1
ey (0) = ﬁ(%o 0,90) (2.16)
1
gl\j}(t) ﬁ(%ao 0 QZ>7
where q,u, = (qoa 07 07 QZ) and
o m2B _m%)+q2 _ )\I/Z(mBamD7\/?)
Go = , q: = : (2.17)
2mp 2mp

The helicity vectors are orthonormal and satisfy the completeness relation

Z ext N = g" (2.18)
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2.2. Tree-level electroweak decays of mesons

where n,n’ € {0,t,+}, and g¢,,» = diag(1,—1,—1,—1). To define the helicity amplitudes,
we decompose the Hamiltonian (2.3) as

Gr
V2

where the leptonic tensors are defined by

Her = —= Ve (H, L' + HJ, L) + hec. (2.19)

LM = y"(1 = y5)v, LTH — g (1 — y5)v. (2.20)
The NP coefficients are incorporated in the hadronic tensors via the relations
_ .gs _
H, = 1+ gv)[cyub] +i==0,[cb],
8 T me " (2.21)
H;Tu = gT[EUW(l —75)b],

where we used the Dirac equation to recast the scalar contribution as a derivative, (Pv=
—i0"[lv,, Prv|/my, which is transferred to the hadronic current after integrating by parts.
The helicity amplitudes are then defined by

hin(q*) = e{" (m)(D|H,|B) .

hinn(q*) = {7 (m)ey,(n)(D|H,,|B) ,

where m,n € {0,¢,£}. By using Eq. (2.116), one can express the total amplitude in terms
of the helicity amplitudes, namely,

(2.22)

M(B — D) = D|H,|B)L* + (D|H]|[B)L"*" (2.23)

G
\/§ cb <
cb [Z h gmmev "‘ Z hm n gmmgnngv(m>5’/v* (TL)LZV )

from which it is straightforward to compute the differential decay rate by contracting the
leptonic traces with the polarization vectors in the dilepton rest frame (¢, = 0). For
completeness, we also give the expression of the three-body phase space,

dB(B — Dtw)  APA)?
dg?2dcos,  512mmiq
where we sum over lepton spins. The kinematic functions are defined by A\g = A(mgp, mp, v/¢?)
and Ay = A(v/q2, my, 0), with A(a,b,c) = (a®> — (b — ¢)*)(a® — (b + ¢)?).
For the Hamiltonian we consider [Eq. (2.3)], the only non-vanishing helicity amplitudes
are given by

- Z IM(B — Deu)) : (2.24)

1/2

ho(q®) = (1 + 9v)f+(612)ﬁ ;

2 2 2
hi(q®) = (1 +ov+ gsrw(mj—m)) fo(QQ)mB\/—q:lD ; (2.25)

VA

ho(q?) =i .
Ot(Q) ZngT(q )mB+mD
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2.2. Tree-level electroweak decays of mesons

By using the approach described above, we obtained for the angular coefficients *

o) = B (18 ) (Il e 2 o) (i)

1/2 2 m\* [m2 2 2% 2m 2\7 % (2
() = S8 (1= )[R (e e + 2 (%) 226

2 _3 1/2 2 ng ’ 2112 2112
a(q®) =SB (1= =1 | [4lho(@®)P—Iho(¢®)P]

where the constant By is defined by

5G% |Vcb|2

By =
O 19273m

(2.27)

In the following, we will present the observables that can be constructed from the angular
distributions given above.

P — P'Yv observables

Since there are three independent angular coefficients in Eq. (2.15), one can construct at
most three independent angular observables. The most important observable is the total
branching ratio, which is given by

d*B(B — Dtv)
dg? d cos 6

Biow = B(B — Dlv) = /mB ) dq/ d cos 6
m (2.28)

=2

a(q®) + ;C(QZ)} :

This expression can be more compactly written in terms of the effective coefficients as

2

gf (B — Dlvy) = Bo\f+(q2)!2{!1+gv!20ﬂ(q2)+|gT(u)|20?(q2) ;182;
+ by (@) Re [<1+gv>g;;<m}w
¢ Sl

(@) |1+ gv + gs(u) } (2.20)

fi(a?)

me(my — me)

where the phase-space functions cf(¢?) are given by

2 2\ 3
Y 2\ 3/2 3mé 1 mg
(7)) = A { e + 5 <(]2> } ; (2.30)
4 2\ 2 2\ 2
) 2 \1/23 Mp my mp
= Ap =21 — — 11— — 2.31
CO(q ) My Ap 2 q2 ( qz ) < m23> ) ( )

3We have checked that our results agree with the ones given in Ref. [87,88].
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2.2. Tree-level electroweak decays of mesons

cr(q®) = X/ (mp, mp, \/q>2)2(]2)2 [1 —3 (7"%)2 +2 (miﬂ , (2.32)

(mB +mp q2 q2
(2 6y 3/2 2 mj ’
crv(a) = MA (mp, mp, \/;) T2 (2.33)

A second observable commonly encountered in the literature is the forward-backward asym-
metry, which is defined as

A (g [/ dco dQB B — Dtv) / deos d2 B(B — DEV)] (¢ (2.34)

Btot dg?d cos 6 dq2 dcos® Bt

This expression can be recast in terms of the effective coefficients in Eq. (2.3) as

2 202 2
Agb(q ) Bt tB())\B < 77;6) {’1 +gq ’2m€(m22 mD) f+(q2>f0(q2>
* zRe[(l + gv)gymelme = M)

+ 3Re[(1 + gv)gy|me(mp — mp) fr(q®) fo(q®)

my — Me
+—3f{ekx;g;&q27Z§ij::Zf)fﬁ<q2>fb(q2>}- (2.35)

Notice that the only contribution which is not helicity suppressed is the one proportional
to Re[gs gi]. This contribution can be generated in several leptoquark scenarios, which will
be discussed in Chapter 4. Finally, a third independent angular observable can be defined
by taking another independent combination of the angular coefficients.

In addition to the angular observables, one can also employ the polarization of the
charged lepton to construct a forth experimentally accessible quantity. If we decompose the
differential branching ratio as

dB(B — Dtv)  dB.(B — D/v) N dB_(B — Dlv)
dq? N dq? dq? ’
where the subscripts 4+ denote the polarizations of the charged lepton, then the lepton
polarization asymmetry can be defined as

(2.36)

P(q*) = (2.37)

Biot dq2 B dg 2

To compute these observables, we define the projectors P. = (1 £ v5p)/2, where the pro-
jection is made along the lepton polarization vector,

<WW&@>, (239

my 1My |p€’

1 ldzs;(B — Dtv)  dB_(B — Déu)l

which satisfies s-s = —1 and s-p, = 0. By using these definitions, one can perform a similar
computation as the one described above with a small difference in the leptonic traces due
to the projectors, namely,

_ 1
ue(p)u(p) = 5 +m)(1 £ 75p) . (2.39)
By using these definitions, we obtained
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2.2. Tree-level electroweak decays of mesons

dB+ 1/2 m% 2 m? me *
qo7 = B\ ( 7 7(|ho<q2>|2+3|ht<q"’>|2)+2|/mt<q2>|2+ﬁ1m(hoxq?)m)(q%) ,

4m?

dB_ 1/2 o m; 2\12 o2, Ay 2\ % (2
e — BoA’q (1—q> [’ho( )] +?€yh0t<q)\ +ﬁlm(h0t(q )R (g ))] (2.40)

These expressions reproduced dI'/d¢?> = dI'y/d¢® + dI'_/dg?, as expected, and give the
following result for the lepton polarization asymmetry,

Py(q®) =

1/2 2 m? ? 3m§ 2\12
BoAg 1—? _1+7 lho(¢®)I? +T|ht(Q)|

42 (1 - 22?) \hOt(QQ)IQ—f/ﬂ;Im (hai(a*) (")) ]

B“’t (2.41)

Similarly to the observables discussed above, one can use Eq. (2.25) to rewrite this expression
directly in terms of the NP couplings,

q2

me(mp — me)

2

3Im
o (my = )P foa”)

)\B 4)\3 ZW%
+ 1+ gv|*~ —2+— Hor)f————— (1 - 2
1+ gv] qQ( )|f< P HarP s (1= 7 L)

1+ gv + gs(p)

mg)\B
mpg + mD)

- Rel(1+ 0157 f+(q2)fT(q2)}- (2.42)

In Sec. 2.2.4, we will confront the expressions presented above with current data and
give predictions for the observables which are still to be studied experimentally.

2.2.3 Brief discussion of P — V semileptonic decays

In this section, we briefly comment on the decays P — V /v, where P is a pseudoscalar
meson (J¥ = 07) and V is a vector meson (J” = 17), such as D* or J/1, for example.
Even though LQCD computations still have an insufficient control of the hadronic matrix
elements entering P — V transitions, we will comment on their parameriterization in terms
of factors, and most particularly for B — D*{v, due to the increasing theoretical activity on
this particular decay [87,89,90]. Part of this interest is motivated by the LFUV anomalies
in B — DY/ (¢ = e, pu, ), which will be discussed in Sec. 5.3. We stress once again that
our formulas are general and can be easily translated to other decays of the type P — V.

The vector /axial hadronic matrix elements for the B — D* transition can be generically
parameterized as

(D" (h, VA HBY) = ok 2L
(D" (h, Yoy sb Bp) = iy mis + mo ) As(@?) — i + Rl - q) 2T (249
% 2mD*

—igu(e" - 9) =3 [Aa(g”) — Aold)].

30



2.2. Tree-level electroweak decays of mesons

where V' (¢?) and Ag_3(q¢?) are the relevant form factors and (0, &) denotes the polarization
of the D* meson. * The form factor As(q?) is related to the others through the expression

mp + Mp+«
2mD*

mp — Mp

As(q*) Au(d®) - As(q?), (2.44)

2mD*

with A3(0) = Ay(0), which makes sure that the artificial pole at ¢* does not appear. To pre-
dict the SM rate of B — D*{v, one must compute V(¢*) and Ag_»(¢*) via non-perturbative
methods. It should also be noted that the contribution of the so-called pseudoscalar form
factor Ag(q?) to B(B — D*(v)™ is proportional to the charged lepton mass squared, which
is why it i negligible for light leptons (¢ = e, ). The matrix element of the scalar pseu-
doscalar densities can be obtained from Eq. (2.43) by applying the Ward identities, which
give

(D*(k,¢)|eb|B(p)) =0, (2.45)

2mD*

(D*(k,&)|evsb|B(p)) = —i(e - q) Ao(d?). (2.46)

my + Me
For the scalar current, it is easy to see that the matrix element vanishes since ¢ = p — k
and the tensor €,,,, is fully anti-symmetric by definition.

For a scenario of NP contributing via tensor currents, another three form factors are
needed to fully describe the hadronic matrix elements. These form factors, named Ti(¢?),

Ty(q*) and T3(¢?), are defined by

(D*(k,2)|couq"b|B(p)) = 2i€umpe™ Pk T1(q?),
(D" (k, €)leou5a"b B(p)) = [e),(my — mp.) — (67 ) (2p — 4),JT2(¢?) (2.47)

2
+ (" ) |gu — M(ﬁ + k)| To(d?) -

satisfying the relations 71(0) = T5(0) due to the formula that o** = (i/2)e"*¥7,5. From
the expressions given above, it becomes clear that the transitions P — V depend on many
more hadronic form factor than the semileptonic P — P’ transitions. In the latter case,
only two form factors coinciding at ¢> = 0 are needed to predict B(B — D{v)*™ and
these have been computed by numerical simulations of LQCD. For the transition B — D*,
only a few results concerning the normalization of the form factors have been computed
on the lattice [91,92]. The phenomenological studies of B — D*{v then require additional
information, which is extracted from experimental data by using Heavy Quark Effective
Theory (HQET) [93] or by means of QCD sum rules [94]. However, one should be careful in
using HQET in dealing with the charm quark, since the neglected power corrections might
be large. Moreover, the heavy quark symmetry fixes the form factors only at the zero-recoil
point (up to calculable short distance perturbative corrections). For this reason, the use of
B — D*lv as a laboratory to probe NP has often been controversial.

2.2.4 Phenomenological analysis

In this subsection, we derive constraints on gp, gs and g7 defined in Eq. (2.3) by confronting
the expressions derived above with the most recent experimental results for leptonic and

“In our convention, 123 = 1.
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2.2. Tree-level electroweak decays of mesons

semileptonic meson decays, cf. Table 2.2. We will focus on the decay modes based on the
transitions s — uuv, ¢ = duv, ¢ = suv, ¢ — stv, b — urv and b — clv (¢ = p,7) for
which we have a good control of hadronic uncertainties. In particular, we will not discuss
the B — 7w and B, — K semileptonic decays, since the form factors for these transitions
are only available in the high ¢? region.

New Physics scenarios

We consider two different effective scenarios:

« In the first scenario, we assume that NP enters in a single coefficient gg p7, which is
generically taken to be a complex number.

e In the second one, we consider specific combinations of effective coefficients which are
motivated by different NP scenarios. More precisely, we consider the cases where (i)
(g9s,gp) € R%,and where (ii) gs = —gp € R and gr € R are kept non-zero.

We do not consider modifications of the vector/axial couplings gy 4 since these are already
tightly constrained by studies of the unitarity of the CKM matrix [95]. The case where both
gs and gp are generated is motivated by models with an extended Higgs sector, which will be
discussed in Chapter 3. The second choice of operators is motivated by different leptoquark
scenarios, as we are going to discuss in Chapter 4, and can be understood by constructing
the operators consistent with SU(2), x U(1)y gauge invariance [96]. More precisely, the
exchange of a particle transforming under the representation (3,2)7/; generates the gauge

invariant operator
0(7/6) = E&ap (ERQQ) (’ELRL5>
2.48
= (Ppu) (uPpt) — (€Pyd) (wPyv) | 249

where we omitted flavor indices for simplicity. Moreover, the SU(2) indices a, f = 1,2
are explicitly written and e, denotes the total anti-symmetric tensor with convention
€19 = —€91 = +1. By using the Fierz relation for anti-commuting fields, c¢f. Appendix A.1,
we obtain for the second term

00/ ~ ;l(upLd) (ePv) + i (W0 Prd) (EUWPLV)} : (2.49)

from which one can easily recognize the combination of Wilson coefficients g5 = —gp = gr/4
at the scale where the heavy state was integrated-out. Similarly, the exchange of a color
triplet transforming as (3,1),/3 generates the operator

0 — 2o () (OF., Ls)

o - (2.50)
= (0PyuC) (u@Ppt) — (CPLu®) (d°Ppy) .
We will focus on the second term, which can be rearranged via the Fierz identity
00 ;[(chLuC) (Pw) + & (&0, P (z%pw)]
(2.51)
= ;[(UPLd) (EPLI/) - i (HO'M,,PLd) (KO'M,,PLV>‘| s
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2.2. Tree-level electroweak decays of mesons

where we can recognize the combination g¢ = —gp = gr/4. The sign difference with respect
to the previous scenario comes from the fermion conjugation, namely YO P = ¢Prip and
V€0, PLo® = —¢o,, Py, where ¢ = ¢(z) and ¢ = ¢(x) stand for generic fermion fields.

Experimental inputs

The experimental averages considered in our analysis are shown in Table 2.2, where we
considered the results from PDG [22], unless stated otherwise.Note that we have also con-
sidered the ratio Rp, defined in Eq. 2.2, which appears to be =~ 20 lower than the SM
predictions. In particular, we will investigate some of the implications of this result which
can be deduced by using a model independent approach. > To avoid an inconsistency in
our approach due to the fact most of these decays are used to extract the moduli of CKM
elements which are also theoretical inputs in our analysis, we conservatively vary the CKM
parameters within the 30 ranges determined in Ref. [65,95]. We have checked that increas-
ing this interval would not change significantly the constraints on the effective coefficients,
which are therefore very robust. Furthermore, we include the decay modes with electrons
in the fit, even though we disregard the NP couplings to electrons, so that these modes only
help fixing the CKM matrix elements.

Exp. average Refs.

B(KT — putv) | 2.488(9) x 107° [22]
B(K* — ") 0.0494(5) [22]
B(K; — m etv) 0.4047(28) [22]
B(KT — 7%t ) 0.0324(4) [22]
B(Kp — m utv) 0.2700(8) [22]
B(D — ptv) 3.74(17) [97]

B(D, — ptv) | 5.49(23) x 1073 [98-101]
B(D, — tv) | 5.51(25) x 1072 [98-103]
( KO%%v) | 8.72(17) x 1072 [104,105]
( ) | 3.50(3) x 1072 [105-107]
B(Dt — Ku*v) | 8.72(19) x 102 [108]
( ) | 3.45(23) x 1072 [107]
)
)

B(B — Tv) 1.43(33) x 107%  [109,110]
B(B — Duv) | 2.20(15) x 1072 [111,112]
Rp 0.41(5) [71,73]

Table 2.2: Average of experimental results considered in our phenomenological analysis.

In the following, we will highlight some of the results from our fit. The results obtained
by the one-dimensional fit of each coefficient will be summarized in Table 2.3 and 2.4.

5A full discussion of this observable as long as other lepton flavor universality tests will be made in
Chapter 5.
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2.2. Tree-level electroweak decays of mesons

Fit results and predictions

We will now present our results for the NP fits to the different transitions. As mentioned
above, we will only highlight the main results from our analysis. The full list of constraints
for real and complex Wilson coefficients is given in Table 2.3 and 2.4. Furthermore, our
notation will be such that (g§ p1)g.q, denote the Wilson coefficients associated to the tran-
sition q, — qqlv.

The constraints obtained from the kaon physics observables, B(K — uv) and B(K —
wuv), are shown in Fig. 2.3 at the scale p = 2 GeV. From this plot, we see that the
strongest constraint comes from the kaon leptonic decay, which sets limits on gp. This
can be understood by the helicity suppression which is lifted by this operator. The scalar
and tensor coefficients are only constrained by the semileptonic decay modes, which allow
for larger values of ggr. Notice, also, that these observables are consistent with the SM
predictions to lo accuracy. A similar result is obtained for the coefficients (gt'),,, with
1 =38, P, T, as shown in Fig. 2.4 at the scale u = 2 GeV. These coefficients are constrained
by the decay modes D, — uv and D — Kpuv, which also have decay rates consistent
with the SM predictions. Finally, we perform a fit to Rp by assuming that NP only
contributes to the transition b — c7v, i.e. we assume that the operators with muons have
vanishing NP Wilson coefficients. In this case, the coefficient gp is unconstrained because
the corresponding leptonic decay mode, B(B, — Tv), has not been studied experimentally
yet. The results from our fit to the coefficients (¢Z)s and (¢g7)q is shown in Fig. 2.5 at
the scale p = my. Note that the SM point (gg,g7) = (0,0) is at the border of the 20
region due to the current disagreement between the SM prediction and R;". To study the
implications of this deviation, we also show in the same plot the curves corresponding to
the combination of Wilson coefficients

(95)e = — (9P) e = i(gi)c” : (2.52)
assumed to be valid at the scale u = 1 TeV, which can appear in different scenarios with
leptoquark bosons, as discussed above. To draw these curves, we considered the QCD
running effect of the scalar and tensor density, which amount to gr(u = 1 TeV) ~ 1.3 x
gr(p =my) and gs(u =1 TeV) =~ 0.5 x gg(pt = my). The intersection between the red lines
and the allowed region in Fig. 2.5 can now be used to predict the implications of Rp for
other observables based on the same transition. We consider the ratio

R, — B(B. = n.TV) (2.53)
B(B. — n.lv)

where [ = e, u are averaged in the denominator. This observable is particularly interesting
since the relevant form factors have been recently computed in Ref. [86], offering a clean
observable to test the discrepancy in Rp. This is shown in Fig. 2.6, where we see that the
excess in Rp implies an enhancement of R, / Rsiw which can be as large as 50% in both
scenarios, being possibly within reach at LHCb. This strategy can also be employed to
other decays based on the same transition, such as B. — n.7v or baryon decays. Finally,
we have also checked that a similar enhancement can be found in scenarios where only gg
or gr are assumed to be nonzero.
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2.2. Tree-level electroweak decays of mesons
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Figure 2.3: Regions of allowed values shown in the planes (9%)us vs (¢%)us (left panel), and
(95)us = —(9p)us vs (¢4)us at the scale p = 2 GeV, compatible with experimentally measured

kaon leptonic and semileptonic decays, cf. Table 2.2. The allowed regions are shown to 1,2,3c
accuracy (from dark red to light red). The black dot corresponds to the SM.
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Figure 2.4: Regions of allowed values shown in the planes (g%)cs vs (gp)es (left panel), and
(95)es = —(g')es Vs (gf)es at the scale p = 2 GeV, compatible with experimentally measured D-

meson leptonic and semileptonic decays, cf. Table 2.2. The allowed regions are shown to 1,2, 30
accuracy (from dark green to light green). The black dot corresponds to the SM.
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2.2. Tree-level electroweak decays of mesons
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Figure 2.5: Regions of allowed values shown in the plane (g%)e Vs (97)cb at the scale p = my,
compatible with experimentally measured Rp, cf. Table 2.2. The allowed regions are shown to
1,2,30 accuracy (from dark blue to light blue). The black dot corresponds to the SM. We show in
the same plot the curves corresponding to the NP scenarios in which gs(u) = —gp(n) = £gr(p)/4
at the scale p = 1 TeV, see text for details.
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Figure 2.6: Predictions for RUC/R%VI, cf. Eq. (2.53), as a function of (g%)» computed at p = my,.
We consider two scenarios in which we impose gs(p) = —gp(pn) = gr(pn)/4 (left panel) and
gs(u) = —gp(pn) = —gr(u)/4 (right panel) at the scale p = 1 TeV. The dark blue regions are

consistent with Rj* to 1o accuracy, as shown in Fig. 2.5
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Guqa v Re [(95)gua.] Re [(95)gua) Re [(9%)gua.]

uspy | (—=5.0,5.0) x 1074 U (8.4,8.5) x 1072 (—1.3,0.3) x 102U (=2.9, —2.7) x 10! (—2.6,0.6) x 107"

cdpv | (=0.6,3.6) x 1072 U (7.3,7.8) x 1072 — —

cspv | (=28,13) x 103U (74,7.7) x 1072 (=1.1,4.1) x 1071 U (=28, -2.7) x 101 (=15, =1.0) U (—=3.0,2.5) x 10~
CSTV (—5.5,1.1) x 1072 U (1.24,1.31) - -

ubtv | (—2.2,04) x 1071 U (5.0,7.5) x 107! — —

chuv — (—5.6,4.3) x 10~ (—1.6,1.1)

chrv — (0.4,4.2) x 1071 U (1.8, 1.5) (0.1,1.1) x 1071 U (3.8, —2.7)

Table 2.3: Constraints on the couplings (gf;ﬁ S,T)quq , derived from leptonic and semileptonic decays to 20 accuracy, c.f Table 2.2. We assumed the
NP couplings to be real in this Table. Moreover, the limits on (gs) and (gr) were derived at the scale where the form factors were computed, namely,
u =2 GeV for the transitions K — m and D — K, and = my for B — D.

Quaalv | Tm[(g5) g0 1 [(95)guq.] Im [(9%) gua.]
uspy | (—6.3,6.3) x 1073 (—3.0,3.0) x 102 (—4.1,4.1) x 10~
cduv | (-8.3,83) x 1073 — —

cspv | (—1.5,1.5) x 102 (—2.1,2.1) x 10~ (—6.1,6.1) x 107!
cstv | (—=2.7,2.7) x 107! — —

wbrv | (—4.1,4.1) x 10~ - -

chuv - (—5.0,5.0) x 107! (~1.3,1.3)
chrv - (—8.8,-2.6) x 101 U (2.6,8.8) x 10~ (=2.0, —0.6) U (0.6, 2.0)

Table 2.4: Constraints on the couplings (gfg’sj)quqd to 20 by assuming them to be imaginary. See caption of Fig. 2.3 for details.



2.3. FCNC processes

2.3 FCNC processes

Physical processes driven by the flavor changing neutral currents (FCNC) are absent in
the SM at tree level. Since they only occur through loops, their measurements offer a low
energy window to the heavy particles (top quark or particles beyond the SM). In other
words, they do not only represent a fine test of validity of the SM, but they also offer an
opportunity to look for the effects of physics beyond the SM at low energies.

Historically, the study of FCNC processes has played a major role in the understanding
of both the SM and NP. A first example was the prediction of the charm quark to explain the
suppression of B(K;, — utpu~) and of the K° — K9 amplitude via the GIM mechanism [68]
years before the discovery of J/W at Brookhaven and SLAC [113,114]. Another remarkable
example was the first obsevation of B — B9 mixing, which gave the first indication that the
top quark is much heavier than any other SM fermion [3]. In what concerns physics beyond
the SM, the FCNC processes provide very useful tools to constraint the contributions from
NP particles. An example coms from the K° — K9 mixing parameter ex, which sets an
lower bound on the scale of NP to 10® GeV if one assumes O(1) NP couplings [6]. From
this limit, we learn the general message that if NP emerges at the TeV scale, as suggested
by the hierarchy problem, then its couplings should have a non-trivial flavor structure.
A well-known solution to this paradox goes under the name of Minimal Flavor Violation
(MFV) [69,70], where the CKM matrix is identified as the only source of flavor violation,
which can then lower the bound from FCNC processes to the TeV range too, as discussed
in Sec. 1.2.

A considerable attention has been devoted in the past few years to the transition b —
st ¢~ which will be the focus of this Section. This interest comes mainly from the increasing
experimental effort at the B-physics experiments at LHCb and at the B-factories, which
allowed to measure several of these decays with a great precision. While the inclusive and
exclusive processes based on the penguin-induced b — sy decay have been, and still are,
a very significant constraint to the NP model building, the processes based on b — sf*(~
allow us to access other types of contributions. For instance, the process B(Bs, — ptpu™) was
measured by the first time at the LHC and the result was found to be in agreement with the
theoretical predictions [115], providing very useful constraints on physics beyond the SM.
Moreover, several observables showed a consistent pattern of discrepancies with respect to
the SM predictions. For instance, the spectrum of B(B — Kpu* ™) has been measured [116]
and in the range of large ¢*’s it appears to be smaller than predicted [117,118]. A full angular
analyses of B(B — K*utp™) [116,119] and B(Bs — ¢utu™) [120] revealed deviations in
several observables [121], although there are several controversies about the reliability of
some of the SM predictions [122]. Finally and most importantly, the measurement of Ry =
B(B— Kutu™)/B(B — Kete™) [11] and Ry = B(B — K*u™u~)/B(B — K*ete™) [12]
in different bins of ¢* were shown to be significantly lower than predicted [13]. Those new
experimental data helped discarding several NP models and triggered an intense theoretical
activity to understand the origin of these discrepancies, as we will discuss in Chapter 5.

The most general effective Hamiltonian describing the b — sff transitions, made of
dimension six operators, is given by [123]

Har = =25V 3 (0000 + CLIOL ) + he. (254

where we have neglected the small contributions proportional to V,,;V,5. The operators
which are relevant for our discussion are given by
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2.3. FCNC processes

e

Or = g (50 Prb) P Oy = (ﬁ)zmb(s%PRb)GW, (2.55)
On = s (3 PuB 0. Os = PNt (256)
Oy = ( 46;2 (5Pgb)(£0), Op = ( 46;)2 (5Pgb) (£vsl) (2.57)
Op = (467:)2(50“,,6) (lot) Ors = @j;(EaWb) (Lo s0) . (2.58)

O, and Og are the electromagnetic and chromomagnetic penguin operator. Moreover, the
operators with a flipped chirality O’ are obtained from O by replacing P <> Pgr in the
quark current. In addition to those, there are also the charged current operators O, 5 and
the ones associated to QCD penguins O3 . It is customary to absorb the effect of the
latter operators by redefining the Wilson coefficients as [124]

1 4 20 80
C?ﬁ(ub) = C7 - §C3 — §C4 — 305 — 5067 (259)
Cs™ () = Co + Y(q?) (2.60)
Cit (1) = Cuo (2.61)

while the other Wilson coefficients remain unchangend. The function Y (¢?) at next-to-
leading logarithmic (NLL) accuracy can be found in Ref. [123], and the computation of
the next-to-next-to-leading logarithmic (NNLL) corrections to the mixing of O; and O
into O7; and Oy can be found in Ref. [125]. The values of the SM Wilson coefficients
at the scale y, = 4.8 GeV are then given by C¢f(y,) = —0.304, C$T (1) = 4.211 and
Cs(jp) = —4.103 [123-125]. In the presence of NP, the effective coefficients will receive
corrections of the form

Cet — o 160y, (2.62)

where 6C; denotes the additional contribution coming from NP. To simplify our notation,
we will drop the label “eff” in the Wilson coefficients by writing C¢f = C;. Furthermore,
when discussing the phenomenology of NP models, if confusion can be avoided, we will
write C; instead of 0C}.

In the following, we will present the generic expression for the braching ratio of the
exclusive b — sff decays. To simplify our discussion, we will neglect the tensor operators
Or(s) since they will play no role in the phenomenological discussions of Chapter 3 and 4. °

2.3.1 B, — ("0

The decay rate B(Bs — up~) is one of the most reliable quantities that can be studied
theoretically and experimentally at LHCb [115]. The only hadronic quantity entering the
Bs — ptp~ decay amplitude is the decay constant, fp,, defined in Eq. (2.5). It has been

SNote that if the scale of NP A lies well above the electroweak scale, i.e. A >> v, then the requirement
of SU(2);, x U(1)y gauge invariance for dimension-six operators tells us that Cp = Cps = 0 [126].
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2.3. FCNC processes

abundantly computed by means of numerical simulations of QCD on the lattice (LQCD)
and its value is nowadays one of the most accurately computed hadronic quantities involving
heavy-light mesons [77].

By using the Hamiltonian from Eq. (2.54), one can show that [127]

azG%mBS@g
N 1673
2 mp (mp, —4mj)
am2(my +mg)? |’

2
mBS

B(B, = ) = 7 VaVial 73 |Coo = Clo + (Cr = C)

2my(my + my)

+ |OS — Ofg|

(2.63)

where 3, = /1 —4mj/m%_. To compare Eq. (2.63) with the available experimental value,
one needs to take into account the effects of By — By oscillations, which amounts to [128]

1 + A%Fys
1—y3
where y, = A, /(2'p,) = 0.061(9), experimentally established by the LHCb Collabora-

tion [129], and A%} is a time-dependent observable defined in Ref. [128]. Within the SM
A% =1, so that the time integrated branching ratio can be compactly written as

B(B, — (+17)™® = B(B, — (+07)h (2.64)

B(B, — (+07)™ B(By — (707)™ (2.65)

1 —ys
The SM prediction for this observable to which electroweak corrections have been in-
cluded is given by [115],

B(B, — ptp™ )™ = (3.65+£0.23) x 1077 (2.66)

This value is found to be in very good agreement with the most recent LHCb determina-
tion [130],

B(By — ptp )™ = (3.0£0.6703) x 1077, (2.67)

which provides very useful constraints for model building. In particular, the scenarios
beyond the SM generating the (pseudo-)scalar operators Og p are tightly constrained by
B(Bs — p ) due to the helicity suppression which is lifted by these operators in Eq. (2.63).

2.3.2 B— K(t0

The decay mode B — K/{"¢~ has also been the subject of many theoretical and experimen-
tal studies since it provides complementary information to the B(B, — putpu~)*P. More
precisely, some operators such as (’)g) do not contribute to the latter quantity, but they can
induce potentially observable effects in B(B — K/{¢*¢~). This can be easily seen from the
general expression for the decay rate, which takes the form [127]

B - 1 ,
(B = RE0) = Il 1) PAICin + Clf

(Cp+Ch)g |

2my(my — my)

2
m
+20fol?) P my - )

Clo + C{O +
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)\B 2mb

g7 ‘ : 2 : 2
A I
+ 5 ( 3 (Co + Co) f1(q7) + (O7+C7)mB +meT(CI )
2/ 2 212 92
q*(mp — my)°f
+ | fo(®)? (Q(Wib - ny Llos+ |, (2.68)
where the normalization factor reads
oGV Vi |?
N () P= i, WVl g y1g2 (2:60)

51275m%

For shortness, in the above formulas, we again use A\g = A\(mg, mg, V/¢2) with X(a,b,c) =
[a% = (b= ¢)?][a* — (b +c)?].

The hadronic form factors entering the B — Ku*pu~ decay amplitude have been di-
rectly computed in LQCD only in the region of large ¢?’s [131,132]. For this reason, we opt
for using B(B — K M+M_)q2€[15,22] cev? to do phenomenology. Furthermore, since the bin
corresponding to ¢ € [15,22] GeV? is rather wide and away from the very narrow char-
monium resonances, the assumption of quark-hadron duality is likely to be valid [133]. By
using the recent LQCD results for the form factors provided by HPQCD [131] and MILC
Collaborations [132], the SM results are

B(B = Kiu™ i1 Jnighgz = {(10.0 +0.5) x 1078 ,(10.74£0.5) x 107®
HPQCD

MILC} . (2.70)

both being about 20 larger than the experimental value measured at LHCb [116],

B(B — Ku™ 1) 58500 aeve = (8.5 £ 0.3 £0.4) x 1078, (2.71)

This discrepancy is still not significant, but it is interesting to note that it is consistent

with the ones obtained in lepton flavor universality tests in B — K™yt~ as it will be
discussed in Chapter 5.

2.3.3 B— K¢ and By — ¢l {~

Finally, the decay modes B — K*(*¢~ and B, — ¢¢*{~ received a lot of attention in
the last years due to their rich kinematical structures, which allows us to construct several
independent observables that can be studied experimentally. We will focus on the mode
B — K*(*¢~, but the expressions for the analogous By, — ¢¢*¢~ can be obtained mutatis
mutandis. The differential branching ratio of B — K*¢*¢~ is then given by 7

iﬁ(B — K*(— Km)it(™) = i [3If(q2) + 615 (q?) — IS(¢%) — 2[5(&)] : (2.72)

where the relevant angular coefficients I;(¢?) read

IS 2\ ALQ A 2 L R 2+5£? %R ALAR* ALAR* 2.73
2(@) = [JALP+IA4 P+(L — B)] 1 g e (AfAf+AfAT) (2.73)

"We postpone the expressions for the complete angular distribution of this decay for the following
Sec. 2.5, where the derivation of these formulas will be also discussed.
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4m? .
I5(q?) = [|Ag P+ AFP] + —q; [|A2+2Re(A§AT)] + 82| As]?, (2.74)
. 5
L(¢?) = ZéHAﬂQHAH\QHL — R)], (2.75)
. A
(%) = 73<|A5|2+|A§|2), (2.76)

where here 8, = /1 — 4m?/q?. The helicity amplitudes appearing in the coefficients given
above are defined by

, , V(g? 2m ,
AT = N v/20? [ch 1O F (Cuo+ Clo)— D) - (Cr + 07>T1<q2>] ,
mp + Mg+ q
, , A, (¢? 2m ,
AL = N VBl = ) (€0 = C) F (Cu = €l 20— 4 2806 - Chymale),
N AsTs(q%)
L(R K / B1L3
AO( ) = —72mK*\/? {me(07 — 07) [(m% + 3m§{* — q2>T2(q2) — 7/’”23 — m%(*
Mg Ao (2
F1(Co— C) F (Cuo — Clo)] - [<m23 e — @) ma + ) As(g?) — ~8A2L) ] } ,
mp + Mg~
NK* 1/2 / q2 ’ 2
A== 5N [2(C10 = Clo)+ s i oy Cr Ch)| Ao,
Ag = —2Np M2 (Cs — CL) Aolq?) (2.77)
(2.78)
with
2 2 1/2
2\ * aemGF 1/2y1/2
NK*(Q ) = ‘/;bv;fs TBd—3 X 2107r5m%)\B )\q/ , (279)

where A\, = A\(¢%, m?,m?) = ¢*}.

The amplitude of B — K*utu~ depends on several hadronic quantities which have
not been fully determined by means of numerical simulations of LQCD. As of now, there
are very few LQCD results available, which were obtained only for very large values of ¢,
and still with large errors [134, 135]. The usual strategy employed in phenomenological
studies is to perform a combined fit of these form factors with light-cone sum rules (LCSR)
determinations of the same form factors in the low ¢? region [136]. It should be stressed
that assessment of uncertainties in the LCSR results for the B — K*(*{~ form factors
remains controversial. In other words, by using the form factors obtained in that way, one
runs the risk of misinterpreting hadronic uncertainties as NP effects. A safer strategy is
to focus the experimental effort on the the quantities which are only mildly dependent on
hadronic uncertainties. There are only a few of such quantities in the case of B — K*{T(~,
which can be directly deduced from the full angular decay distribution [137].
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2.4 Lepton flavor violation in lepton decays

Lepton flavor violating (LFV) decays are the last class of observables presented in this
Chapter. Contrary from the electroweak decays discussed above, these processes are com-
pletely absent in the SM, as required by the accidental lepton flavor symmetry U(1); =
U(l)e x U(1), x U(1),. Although this symmetry is known to be broken, since neutrinos
are massive and oscillate between different flavors, the smallness of neutrino masses en-
sures that all processes with LFV remain highly suppressed and basically not observable.
Therefore, these processes are very clean probes of physics beyond the SM.

In the following, we highlight the importance of experimental searches of LFV, the
observable of which would be a clear signal of physics beyond the SM. The usefulness of
LFV constraints as a probe of NP is illustrated by computing ¢ — ¢'~, with ¢, = e, u, T,
in the SM extended by heavy neutrinos.

2.4.1 [{ — (v and neutrino masses

To illustrate the generation of LF'V by massive neutrinos and to prove its smallness in the
SM amended with neutrino masses, we consider the process ¢ — (', with £, ¢' = e, p, 7. If
non-vaninshing neutrino masses are added to the SM, then LFV is generated at loop-level
by the diagrams shown in Fig. 2.7, where v; denotes a generic neutrino mass eigenstate. To
compute the contribution from these diagrams, we consider the charged current Lagrangian
modified by neutrino masses and mixing, namely,

RN -

LD -2 Uyl A Pry;,W-~ + he., 2.80
with U being the leptonic mixing matrix (or PMNS matrix), a the flavor of the charged
leptons, and ¢ = 1,...,n, denotes a physical neutrino state. The amplitude for ¢/ — ¢’ hen
becomes

/ * 692 my | _ o -
Ml = Uy) =&, om——5 |Uepe)io™ q, Prug (pz/)] > UulUpiG(2) (2.81)

3212 miy, =

where €, is the photon polarization and ¢ = py — py, and we assumed my < my in deriving
this formula. The loop-factor G, (x;) is a finite function, since the ultraviolet divergences
cancel-out among the diagrams in Fig. 2.7, and it reads ®

22% + 522 — 323
-2 20—
where, for shortness, we use z; = mZ /mg,.

By using these expressions, one can easily compute the relevant branching ratio, which is
given by [13§]

G, (z) =

;logx. (2.82)

2

V2G5, sin? Oy m?
B g El — F W 5
(6= 67) 12800, *

(2.83)

> UiUriGy(x:)
i=1

8The total ultraviolet divergences must vanish in this loop since there is no flavor violating counter-term
in the SM which could absorb it. Notice also that the loop computation is independent of the nature of
neutrinos, i.e. if they are Majorana or Dirac particles.

43



2.4. Lepton flavor violation in lepton decays

Figure 2.7: Diagrams for { — {'~ at one-loop level.

From this expression, we observe the manifestation of a (leptonic) GIM mechanism similar
to the one encoutered in AF = 1 processes. From the unitarity of the PMNS matri, we
know that the branching ratio will depend only on the mass splitting of the neutrinos,
which greatly suppresses the contribution of active neutrinos, since the corresponding mass
differences satisfy

AmZ; =m? —mi <max(m?; i=1,2,3) $1eV? (2.84)

v;)

many orders of magnitude smaller than m?,. As an illustration of the result given above,
we consider the most minimal neutrino mass model in which the SM is solely extended
by the addition of three gauge singlets assumed to be Dirac particles, i.e. the conservation
of lepton number is imposed. By Taylor expanding G.(x;) and using the unitarity of the
matrix U, one can show that

3 3
> UiUeiGy (i) = Y UgUpi [Go (i) — Gy (21)] (2.85)
=1 =2
3 1 Am? Am?
— Z;UZUM l8m%ﬂ +0 ( m%;) : (2.86)

This expression can now be combined with the squared mass differences [50]
Am3, = (7.501012) x 107° eV?, (2.87)
AmZ, = (2.524+0.04) x 1072 eV?, (2.88)

and the mixing angles determined by the neutrino oscillation experiments to predict’

By — ey)P™¢ = 3.8(1.5) x 107, (2.89)

which is well beyond reach of any current or future experiment. To quote the current limits,
the most stringent upper bound is the one obtained by MEG (at 90% CL),

By — ey)™P < 4.2 x 10713, (2.90)

This limit will be improved in the future by the MEG-II upgrade which aims at a future
sensitivity of 6 x 107 [139]. Notice that this value is still very far from the prediction
given in Eq. (2.89).

9For simplicity we considered the results from the fit performed in Ref. [50] assuming the normal hi-
erarchy. Since the value of the Dirac CP violating phase is still unknown, we scanned over the full range
d €[0,2m).
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2.4. Lepton flavor violation in lepton decays

The purpose of the exercise described above was to demonstrate that LFV processes
remain unobservable even if neutrino masses are included in the SM by hand, and therefore
their detection would represent a clean signal of NP. In the following, we review the status
of experimental searches for LFV and we discuss a scenario with heavy sterile neutrinos,
which predicts sizable effects in LF'V observables.

2.4.2 Status of current LFV searches

In this Section, we review the status of the experimental searches for LE'V. The discussion
given above can be extended to any type of LFV process, including leptonic three-body
decays such as @ — 3e, hadronic LFV decays, or nuclear processes where 1 — e conversion
could take place, which are all predicted to be completely neglible in the SM ammended
with neutrino masses.

The current limits for purely leptonic LF'V searches are listed in Table 2.5. One of
the most promising opportunities for the future are the so-called u — e conversion rates
in nuclei, which will reach an impressive sensitivity in the years to come [140-143]. For
LFV decays with hadrons in the initial and/or final state, the most constraining results
are shown in Table 2.6. Even though the limits for those decays are orders of magnitude
below the purely leptonic searches, it is important to emphasize that those searches are
complementary to the latter, especially if the NP particles have sizable couplings to quarks.
For instance, we will present in Sec. 5.3.3 a leptoquark scenario for which B(B; — /') is
orders of magnitude larger than B(¢ — ¢'7). For hadronic decays, notice that we usually
combine the rates with different lepton charges in the final state, e.g. B(B, — (*{'F) =
B(Bs — £ 0'T)+ B(Bs — (T¢'7) for { # (.

Quantity Exp. Bound
B — ey) <42x1071
B(t — ev) <33x1078
B(t — wy) <44 x1078

B(u — ece) | <1.0x 10712
B(T — eee) <2.7x107®
B(T — ) <21x1078
CR(ji— e, Ti) | <4.3x 1012
CR(p—e,Au) | <7x1071

Table 2.5: Current experimental bounds on the most relevant LF'V leptonic decays at 90% CL.
All limits are taken from Ref. [22], except for u — ey which was recently updated by the MEG
Collaboration Ref. [144].

Before entering the discussion of hadronic LF'V decays, which open a completely new
window to the flavor structure beyond the SM, we will illustrate our discussion on a simple
model where LFV can be generated at loop-level through heavy sterile neutrinos running
in the loops.
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2.4. Lepton flavor violation in lepton decays

Quantity Exp. Bound

B(t — eKg) <26x1078
B(t — uKs) <23x1078
B(t — po) <84x1078
B(K — ep) <4.7x 10712
B(Kp — 7leu) | <7.6x 1071
B(Bs — eu) <11x1078
B(B* — K'ten) | <9.1x10°®
B(BT — Kter) | <3.0x107°
B(BT — Ktur) | <4.8x107°

Table 2.6: Current experimental bounds on the most relevant LF'V decays containing hadrons
at 90% CL [22].

2.4.3 Sterile neutrinos and LFV

One of the simplest extensions of the SM that can induce observable LFV rates are scenarios
with heavy sterile neutrinos. These particles appear in many models aiming to explain the
smallness of neutrino masses and they can enhance the loop function of y# — ey and similar
processes. If the scale of these particles is low enough, then the enhancement can be
large enough to be detectable, as one can find for example in low scale realization of the
seesaw mechanism, such as the inverse seesaw scenario [56,57]. A similar enhancement
can also be found in some models with Dirac neutrinos. For example, in the the so-called
neutrinophilic two-Higgs doublet model, in which the charged Higgs contributions can play
a similar role [145, 146].

Effective model setup

We consider an effective scenario where the only remnant at low energies of the neutrino
mass generating mechanism is a sterile neutrino v, which mixes with the active neutri-
nos through the leptonic mixing matrix U € Msx4(C), generating three light neutrinos
(v1, V9, v3) and one heavy neutrino (v4) defined as v; = U},v, . The leptonic mixing matrix
can then be parameterized as,

UT = Rsy(0s4, 043) - Roa(024) - R1a(014,0641) - U - diag (o1, b1, da1) (2.91)

where R;; is the rotation matrix between ¢ and j, which includes the mixing angle ¢;; and
the Dirac CP-violating phase d;;. The Majorana CP-violating phases are factorized in the
last term of Eq. (2.91), where ¢;; = exp~¢=%5). U is the 4 x 3 matrix which encodes the
mixing among the active leptons as

Uel Ue2 Ue3
~ Un Up U
b—| “m Y2 Uus (2.92)
UT1 U’T2 UTS
0 0 0
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2.4. Lepton flavor violation in lepton decays

The upper 3 x 3 submatrix of U is non-unitary due to the presence of a sterile neutrino and
includes the usual Dirac CP phase actively searched for in neutrino oscillation facilities. In
the case where the sterile neutrino decouples, this submatrix would correspond to the usual
unitary PMNS lepton mixing matrix, Upyns. The active-sterile mixing is described by the
rotation matrices R34, Ros, R14 which are defined as

10 0 0
o |0 0 0
o 00 cos Os,4 sin Oy - €043
0 0 —sinfyy - e cos Os4
1 0 0 0
0 COS 624 0 sin 924
R24 - )
0 0 1 0
0 —sinfy 0 cosboy
cos fy4 0 0 sinfyy-e a
0 10 0
R14 - (293)
0 0 1 0
—sinfy,-€% 0 0 cos 014

The 3 x 3 sub-matrix of U identified as the PMNS matrix is non-unitary and the deviation
from unitarity is a function of the mixing angles between the active and the sterile neutrinos.

One can already see from Eq. (2.83) that the sterile neutrino can produce sizable effects
in B(p — ey) if it is sufficiently heavy to increase the loop factor G.(x), which is plotted
in Fig. 2.8. Note, however, that there is a competition between the mass enhancement of
the loop function and the condition of perturbativity, which we choose to be °

r 1
"o o 2.94
<3 (2.94)
This result gives the limit
G 4
Pl SY U< 1, (2.95)

\/§7T l=e,pu,T

which ensures that |Upyl|?, with ¢ = e, u, 7, are small for large values of m,,. Therefore,
there is an intermediate region where B(u — ey) and other LFV processes can attain their
maximal values. We will now perform a scan of parameters to quantify how large these
observables can be in this effective scenario.

10Tn a concrete scenario, the perturbativity condition would be encoded in the fact that large active-sterile
mass splittings imply small active-sterile mixing angles.
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2.4. Lepton flavor violation in lepton decays

b vl v vl e vl o o] oo vl cose ol e 4ol
10-* 10% 10* 1072 10° 10> 10*

m,, [GeV]

Figure 2.8: Loop factor G(z;) (with x; = m2 /m3y,) plotted against m,.

Constraints and scan of parameters

To estimate the maximal value of B(y — e7v) in this model, we perform a scan of parameters
in the range,

m,, € [107%,10%] GeV, 0:4 € [0,27), 8ij € 10,2m), (2.96)

while keeping the active neutrino mass and mixing consistent with the global fits of neu-
trino oscillation data [50]. Before we list the observables used to constraint the parameter
space, we need to emphasize that a price to pay for adding massive sterile neutrinos is
that the Fermi constant, extracted from the muon decay, should be redefined according

to Gp = G,/ \/ > ilUeil?|U,;|%, where the sum runs over kinematically accessible neutri-
nos. We checked, however, that for the model we consider Gr = G, remains an excellent
approximation and thus it will be used in the following.

The randomly generated points are then confronted with several constraints listed below,
which are imposed to 20 accuracy, unless stated otherwise [147,148]:

o W — (v: We combine the measured B(W — ev) = 0.1071(16) and B(W — uv) =
0.1063(15) [22], with the expression

\/iGFmW 4 m2 + m2‘ (m2 . m2v)2
B(W — ¢ — )\1/2 2 2 2 9 _ l vi ¢ Vi U2-
( l/) 247TFW ; (mfamVﬂmW) mIQ/V m%V | f2|7
(2.97)

where A(a?, 0%, ¢?) = [a* — (b + ¢)?] [a® — (b — ¢)?]. Since we do not include the electroweak
radiative corrections to this formula we will use in our scan the experimental results with 3o
uncertainties. Notice also that unlike B(W — ev) and B(W — uv), which have also been
recently measured at the LHC [149], the LEP result for B(WW — 7v) has not been mea-
sured at the LHC. For that reason, and despite the fact that the LEP result for B(W — 7v)
differs from the SM value at the 2.30 level, we prefer not to include B(W — 7v) in our scan.

e / — vv: In addition to the active neutrinos, the sterile ones can be used to saturate
the experimental Z invisible decay width, I'(Z — invisible) = 0.503(16) GeV [22]. The
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2.4. Lepton flavor violation in lepton decays

corresponding expression, which we compute by assuming that neutrinos are Majorana
fermions is given by !

1/2 2 2 2
mZ>\/ (m27myi7mw>

0Z—=w)=>)

: ( _%)ﬁaF

o 2 241
1,]=
1<j
my +mp (ml —mp)? 61,1,
X [’023’2 (2 o i - i ( i . ]) > . Re (CZ) %] , (298)
myz mz myz
where
Ciij= >, UlUs. (2.99)

ac{eu,T}

e 7 — (vv: The leptonic decays 7 — fvv (£ = e, u) represent very useful constraints as
well. We derived the relevant expression for this process and found,

dB(t — lvv) - < B %) Gi7,

dq? = Z

A2 (m2 m2, )N (gPm? mij){(|UﬂUgj,2+|UTjU;i‘2)

Py 2 ) 192m3m3q
i<j
< [3(g" = 2 = m2 ) (2 = mi)? = gt ) = A2 AP, )|

—24 Re (U2Uy;U-;Up) my,my, ¢ (m2 + mj — qz)}. (2.100)

The above formula is then combined with the average of experimental results, summarized
in Ref. [22], namely B(7 — uvv) = 17.33(5)%, and B(T — evv) = 17.82(5)%.

o Arp =r3P/rM — 1. The ratios rp = ['(P — ev)/I'(P — uv) (P = 77, K) provide
an efficient constraint, as recently argued in Ref. [150]. To that end, we combine the SM
expression for the decay rate with the experimental values to obtain Ar, = —0.004(3) and
Arg = 0.004(4), the result which is then compared with the formula,

4
2, m?)? Z|Uez“2[m12v(mi +mg) — (mi - mg)Z] )‘1/2(m2p7 mi,mﬁ)
7 =1

_m2 2 4
SN2 m2, 4 m) — (2, — m2)?] AV2(omZ, 2, )
=1

(2.101)

The constraints listed above are combined with the perturbativity condition Eq. (2.95)
and with the limits from the direct searches of heavy sterile neutrinos [151]. The allowed
regions of parameter space are shown in Fig. 2.9 in the planes my vs |Uyl|?, £ = e, u, 7. It is

HThe expression for Dirac neutrinos can be found in Ref. [148], which coincides with Eq. (2.98) in the
limit m,, — 0 V.
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2.4. Lepton flavor violation in lepton decays

worth noticing that the bounds shown in Fig. 2.9 are in agreement with those provided in
Ref. [151], although slightly improved as some of the constraints discussed above have been
updated. Since our goal is to predict the LFV rates, we did not impose these observables
as constraints at this stage. Note, however, that the bounds shown in Fig. 2.9 in the plane
my vs |Up|? remain the same after imposing the LE'V constraints, since these observables
are only sensitive to products of the type UnU,, with £ # ('.

10°

100
1072 1072
o L o0+
=] o § 1075
107 10-8
107056 0 102 10° 102 106 108 107106 10 10-2 10 10° 10% 10° T0¢
my [GeV] my [GeV]

10°° r - .:. .. 2 100 ) 3 8
107° 1077 10 10 10 10% 10° 10
my [GeV]

Figure 2.9: Result of the scan in the scenario of three active and one (effective) sterile neutrino,
displayed in the planes my vs |Uy|?. The green points agree will all constraints. Perturbative
unitarity cuts the parameter space for large my.

We are now in position to use the allowed points in parameter space to predict the rates
for B(¢{ — ('y) and B(¢ — 3(') and compare them with the experimental limits shown in
Table 2.5. To that end, we consider the expression (2.83) for B(¢ — ¢'v) and the expressions
given in Ref. [138] for the three-body LFV decays. We will focus mostly on the observable
B(u — ey) < 4.2 x 10713, since this is the most stringent LFV limit available thus far.

Predictions for LFV

Our results are shown in Fig. 2.10, where B(u — e7v) is plotted as a function of m,, for the
points allowed by our scan. The limits on B(u — ey) and B(u — eee) are only applied a
posteriori and shown with a different color, since we want to illustrate the sensitive of those
observables to sterile neutrinos. From this plot, we learn that B(y — ey) can be as large
as 5 x 107 for sterile fermions in the TeV mass range. A similar conclusion holds for the
decay mode B(u — eee), which is equally sensitive to this type of NP. Notice that the dips
in the region m,, € (1072,10%) in Fig. 2.10 come from the direct search limits on heavy
neutrinos, which constraint the elements |Up|* with £ = e, u, 7 for neutrinos with masses in
the range m,, < 100 GeV [151]. Moreover, the decrease of the LF'V rate for large masses is

~Y
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2.5. LFV in b — s exclusive decays

associated to the perturbativity limit Eq. (2.95) which constraints the active-sterile mixing
for large sterile masses, as explained above.

10_5:
10710F
osf T T
10—202_
10—252_
10—30 f_

-35t T N

105 107 102 10° 10> 10* 10° 108
m,, [GeV]

B(u—ey)

Figure 2.10: Result of the scan in the scenario of three active and one (effective) sterile neutrino
in the plane (my,,, B(n — ev)). The green points agree will all constraints, while the red ones are
excluded by the Iimits B(u — ey) < 4.2 x 10713 [144] and B(u — eee) < 10712 [152].

The conclusion of this exercise is that the current limits on LFV decays can set useful
limits on the parameters of sterile fermions, namely, their masses and/or couplings. These
results can be particularly useful if the masses of sterile neutrinos lie at at the TeV range,
as it can be seen in Fig. 2.10. In the next Section, we will discuss LFV decays of mesons,
which are complementary to the observables reported above, being mostly sensitive to other
types of NP scenarios.

2.5 LFV in b — s exclusive decays

In this Section, we discuss the exclusive decays of the type b — sl1ly, with {1, 0y = e, u, T,
using a general EFT approach. The LFV decays of hadrons are complementary to the
purely leptonic modes because they probe different LFV effective operators. Moreover,
they offer a different environment to test the result of the above-mentioned leptonic modes.
The interest on the transition b — s is partially motivated by the recent observation of
lepton flavor universality in the transition b — sf¢, with ¢ = e, u, which will be discussed
in Sec. 5.2. Interestingly, most of the concrete models aiming to explain this anomaly can
induce LFV in B decays at experimentally accessible rates [153—155].

To describe the transition b — sf1/5 in a model independent way, we extend the Hamil-
tonian (2.54) to account for operators with different leptons,

Het = —%th‘@{ ; Ci(1)Oi(p) + i§7:,8 lC’i(M)Oi(M) + (Ci(w))’ (Oz’(ﬂ))/]

FY T et 0ot 0+ () (o) || e

01,65 i=9,10,S,P
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2.5. LFV in b — s exclusive decays

where
Ot = (5 P (T 0t — (b 2.102
9 _(47r)2(8% Lb) (1y* L) s _(47r)2<8 D) (€102) , (2.102)
e _ e _
Oﬁ)ﬁZ — (471-)2 (SIYMPLb)(Elfy“’j@gQ), Ogb — (47.[.)2 (SPRb)(él’)%gQ) . (2103)

Similarly to Sec. 2.3, we neglect the tensor operators Or(s) since they are not generated by
dimension-six operators consistent with SU(2), x U(1)y gauge invariance [126]. Of course,
the Wilson coefficient Cfl& are zero in the SM for ¢; # {5. Furthermore, note that

(i) in general, for ¢, # (o, C’f 12 # C’f 2“1 which is particularly the case in the LQ models
in which LFV occurs through tree-level diagrams;

(ii) in some situations, even if C{**2 = (C{2"")* Vi, one can still generate an asymmetry
between LFV modes with different lepton charges, e.g. B(By, — u~71) # B(Bs —
+ —
wrro).

Before discussing the issue of lepton charge asymmetry one must first observe LFV, that
is why we will here combine the two charged modes, namely, B(B;, — (1(5) = B(Bs —
0703) + B(Bs — ({l5), and B(B — K®¥{10y) = B(B — KXY 63) + B(B — KW ey).

In the following, we will use the Hamiltonian defined above to derive the general expres-
sions for the decay rates and angular distributions (when possible) of the exclusive b — s
decay modes. To simplify our notation, we will write C; = C**2 (¢; # ¢5) when confusion
can be avoided. These expressions will then be used in Sec. 2.5.4 to discuss some generalities
of LFV in the the transition b — sf1/¢5.

2.5.1 B, —~ 5152

We first focus on the simplest exclusive b — sf1/5 mode, B, — {15, which is also instructive
as far as the operators contributing to the process are concerned. Of course, and after
the trivial replacements, the same expressions will be valid for B; — ¢1/5. The general
expression for this decay is then given by

2,772
BB, — 45y = 22 COF g2 [y 222 i,y )

1B,

6473 mi
2 2 / ’ mQB 2
% {[mBs = (m1+ms)7 - ’(09 — Cg)(m1 —mo) + (Cs — Cs)m
2 2
2 2 ’ ) mB
R ' - —Cp)——— 2.104
+ [mip, — (M1 —my)’] |(Cm Clo)(m1 +mo) + (Cp cp)mb e } (2.104)

where m, and my are the lepton masses. What immediately becomes evident from Eq. (2.104)
is that in the LF'V channel the lepton vector current is not conserved,

(0, (07" ls) = (may — my)lils # 0, (2.105)

and the contribution of C’é') cannot be neglected. Quite obviously, in the limit m; = my one
finds the usual expression for B(B, — ¢7¢7), cf. Eq. (2.63). Finally, when confronting theory
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2.5. LFV in b — s exclusive decays

with the experimental measurements one needs to account for the effect of oscillations in
the B, — B, system because the time dependence of the B,-decay rate has been integrated
in experiment, as derived in Eq. (2.65) to a good approximation.

2.5.2 B — K/,

The kinematics of the decay B — K/¢7 (] is defined in such a way that the main decay axis
z is defined in the rest frame of B, so that K and the lepton pair travel in the opposite
directions. The angle between the negatively charged lepton and the decay axis (opposite
to the direction of flight of the kaon) is denoted by 6, and is defined in the lepton-pair rest
frame. We can then write the differential decay rate in the following form,

dB = o / ! /
d7q2<B — Ki7l3) = WK(QZ)PX{%(QQ)\CEJ + Cyl*+¢10(¢%)|Cro + Clo*+¢5(¢%)|Cs + Cg
+ 0p(@®)|Cp + Cp|* 4000, 07(¢*)|C7 + Co*+9s(¢%)Re[(Co + C§)(Cs + C§)*]

+ 6016, 19(a”)Re[(Cr + C7)(Co + Cy)"] + pr0p(¢°)Re[(Cro + Co) (Cr + Cp)*]
(2.106)

where the Kronecker delta d,,4, accounts for the fact that the photon penguin only con-
tributes to lepton flavor conserving decays. The functions ¢;(¢?) depend on kinematical
quantities and on the form factors, as explicitly given below: '2

S07(q2) _ 2mg‘fT(q2>’2)\<mB7mK7 \/?) [1 _ (ml B m2)2 )‘(\/?7 m17m2)] :

(mp + mg)? q? - 3q*

2 232 2
o) = S B IRy - (el

A [ 2 2T

q? 3q*
2my f1(¢%) fr(q?) (m1—ma)?  AMVG2, my,my)
pro(q?) = Amg, mic, \/¢?) [1 TRl ] ,
mp+ Mg q 3q4
psp)(d?) = 221:rllfo(q2|; (mp — mi)? [1 _(mEma) ;mﬁ] ,
b — s
aps() = SO ) = e 1 - T2 2107
b — s

Finally, the normalization factor in eq. (2.68) reads

PCEVVial> N2 (VP mi, ma)
51275m% q?

Nk (¢*)*= 75, M2\ g2, mp, mi). (2.108)
Like in the previous subsection we see that due to the non-conservation of the leptonic
vector current, the new pieces emerge in the functions ;(¢?). By taking the limit m; = my
in eq. (2.107) we retrieve the known expressions for the lepton flavor conserving case,
cf. Eq. (2.68). We should also emphasize that the interference term ¢gg(g?) changes the

'2In the notation used to write the formulas for ¢, (¢*) the upper signs correspond to ¢, (¢®) and lower
to ©p(q?).
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2.5. LFV in b — s exclusive decays

sign depending on the charge of the heavier lepton. In other words, if one assumes that
the Wilson coefficients (C;)12 = (Cj)a21, then the difference between B(B — K{(i{3) and
B(B — K/{; () will be a measure of the interference term proportional to Re[CoC%].

2.5.3 B— K*glég and B, — gbglgg

These processes proceed via B — K*(— Kn)l; {5 and B, — ¢(— KK){;¢5. Since the
expression for the angular distribution of the latter decay can be obtained by the trivial
replacements in the ones for B — K*(— K- 7){; (5, we will focus on the B — K*
transition. In this Section, we will present the full computation in detail, since there were
several inconsistencies in the literature of B — K*utu~ regarding the definition of the
helicity amplitudes and the choice of angular conventions, which have been only recently
clarified in Ref. [127,156]. In these papers, we decided to adopt the same conventions
of LHCb [157]. ** Furthermore, we will present in detail a non-ambiguous method to
incorporate the (pseudo-)scalar operators in the helicity amplitude method which can also
be applied to the lepton flavor conserving case.

Angular conventions and kinematics

We adopt the kinematics of Ref. [127,156], which are fixed in such a way that they coincide
with the conventions adopted in experiments at the LHC [157]. In particular, we denote
the four-vectors by B(pg) — K*(k)V*(q) — K(px)m(p:){i (p1)¢3 (p2), where V is a virtual
gauge boson. Moreover, our angular conventions are summarized in Fig. 2.11.

Figure 2.11: Angular conventions for the decay B — I_(*Kl_ﬁ;

In the B rest frame, the leptonic and hadronic four-vectors are defined by ¢* = (o, 0,0, ¢.)
and k" = (ko, 0,0, —q,), where

_ myp+ ¢ — mi. _mp+mi. — ¢ B N2 (mg, mg-, /)
do = ’ kU — ’ and q. = )
2mp 2mp 2mp
(2.109)

13We would like to thank Roman Zwicky for correspondence which helped to clarify the inconsistencies
in the literature.

54



2.5. LFV in b — s exclusive decays

In the dilepton rest frame, the leptonic four-vectors read

P = (Eq, |pe|sin 0y cos ¢, —|pe|sin 0, sin ¢, |pg|cos b;), (2.110)
P = (Eg, —|pe|sin 0y cos ¢, |pe|sin O, sin ¢, —|pe|cos b;), (2.111)
where
2 2 _ 2 2 _ 2 2 A2(02 m2. m2
2V¢? 2V¢? 2mp
In the same way, one can write in the K* rest frame
P = (Ex, —|pk|sin O, 0, —|pk|cos Ok) , (2.113)
Pt = (E,, +|px|sin Ok, 0, +|pg|cos k) , (2.114)
where Fx, E, and |pk| are given by the similar expressions.
Polarization vectors
In the B rest frame, we choose the polarization vectors to be:
() = (0, 41,4,0), () = (0, 71,4,0),
1% \/5 ) & K \/§ » 9
1
et (0) = —=(q., 0,0, ehe(0) = —=(k.,0,0, k 2.115
V( ) \/q—(q QO) K ( ) \/k’_( 0) ( )
1
ey (t) = —=(20,0,0,¢:) ,
v VP

where V' stands for for a virtual gauge boson, as we shall describe below. These four-vectors
are orthonormal and satisfy the completeness relations

25 gnn’ = g"

o e (2.116)
Z €K*(m)€K*(m )5mm’ = _gﬂ + 2

oy Mes

where m € {0,+}, n,n’ € {0,¢, £}, and g,,» = diag(1,—1,—1,—1).

Computation of the decay amplitude

After fixing our convention for the kinematics of this decay and making it coincide with
the one used at the LHCDb experiment, we are in position to compute the B — K*(—
K~=7m){l5 decay amplitude by relying on the Hamiltonian (2.102). The first step is to
assume that the K* is decaying resonantly. Then, one can use the narrow-width approxi-
mation in the K* propagator, namely,

1 m
5(k* —m2.). 2.117
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We write now the B — K* hadronic matrix element as

(K™ ()| Tul B(p)) = €3¢ Auy (2.118)

where J* is a generic current and A,,, contains the B — K™ form factors. Then, one can
show that the corresponding B — K matrix can be expressed as [158],

(K(px)m(pe)|Ju| B(p)) = —Dic- (K)W" A, | (2.119)
with
48> m4.
| D+ (k%)= )\37/2]{5(/?2 — M), (2.120)
B
2 2
WH = (px — pa)' — %k“, (2.121)

where we write for shortness again Ag = A(mp, mg-, V¢?).

To write the B — K*(— K nt)¢; {5 decay amplitude in a compact form, it is con-
venient to use the formalism of helicity amplitudes. In the absence of the (pseudo-)scalar
operators, the total amplitude can be schematically written as

M (B — K*€I€§r> =We [Mﬁ}i gl’}/uPL£2 + M{jﬂ Zl’}/'uPRgg s (2122)

where Mﬁfﬁ) encapsulate the dependence on the effective coefficients and on the hadronic
parameters via Eq. (2.119). By describing the decay mode as B — K*V* — K*{{ (5, where
V* is a virtual vector boson, one can decompose the total decay amplitude in terms of the
helicity amplitudes,

HHER = — MR et (m)el (n) (2.123)

where €, (m) (with m,n = 0,¢,4) are the V*-boson polarization vectors, explicitly defined
in Eq. (2.115). We repeat that the above decomposition is valid as long as the scalar and
the pseudoscalar operators are not present. To incorporate those contributions one can
then apply the Dirac equation,

w I

— q — — q —
Uysly = ————4 14 lbily = ————l1y,0 2.124
17542 T 152, 1£2 e 1Vpt2, ( )

1

and absorb the (pseudo-)scalar terms in the time-like coefficients AtL (®) It should be stressed
that a similar decomposition for the scalar current cannot be made for the lepton flavor
conserving decay (¢; = ¢3). In that case, to unambiguously incorporate the C’g contribu-
tion in the helicity amplitudes formalism, it is necessary to perform the computation with
different lepton masses and to take the limit m,, = my, only in the final expression [127].
By using this approach, one can then obtain the desired helicity amplitudes and the total
decay amplitude for the lepton flavor conserving decay B — K*(1(~.
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2.5. LFV in b — s exclusive decays

The total amplitude (2.122) can be expressed in terms of the helicity amplitudes (2.123)
by using the completeness relations (2.116), which allow us to factorize the amplitude into
leptonic and hadronic tensors,

M (B = K7 65) =3 [Wexe(m)] [l (n) (HE, GyuPrle + HE, 079, Prty) |, (2.125)

where we have used W - k = 0 in writing this equation. The contraction with the K*
polarization vector is most easily computed in the K*-meson rest frame, while the leptonic
contractions can be computed in the dilepton rest frame after summing over the non-
observed polarizations and computing the traces. For completeness, we give the expression
for the 4-body phase space,

dr' (B — K*(5 (5 APALZNE
( ) _ 2B % 7K SIM(B— K 66f) P, (2.126)
dg? dk?d cos,d cos O do myq?k?  8(4m)S

from which the decay rates can be easily computed. As before and for shortness, we write
A = Nmp, Mg, Vq%), A= = XNmg-, mg, mz) and Ay = A(V/¢2, my, my).

Full angular distribution

The full angular distribution of the above decay reads !4

d'B(B — K* — (Km)(;(3) 9

= oo 1(d*, 00,0 2.127
dg?d cos 0,d cos O de 327 (q7, 00, 0, 0) ( )

with

I(q?, 00,0k, ¢) =I; (q*) sin® 0 + IT(q?) cos® O + [I5(q?) sin® O + I5(q°) cos® O] cos 26,
+ I3(¢%) sin® O sin® 0, cos 2¢ + I,(q?) sin 20k sin 26, cos ¢
?) sin 20 sin 0, cos ¢ + [I5(q*) sin® O + I5(q?) cos? O] cos b,

)

(q

+ I5(q%)

+ I7(q?) sin 20 sin 6, sin ¢ + Is(q?) sin 20 sin 26, sin ¢
(47)

+ Iy(g?) sin® O sin® 6 sin 24, (2.128)

After integrating over angles the differential decay rate is simply

dB 1

dq T4

By using Eq. (2.123), one can compute the helicity amplitudes in the B-meson rest
frame. The only ones which are non-zero read

3I5(¢%) + 613(%) — I5(¢%) — 215(c?)] - (2.129)

HL(R) _ HL(R)
AL(R) I —— AL(R HOO

1 - \/§ )
atnr_ HED 1 0
I V2 ?

14Please notice that the convention used in eq. (2.43) is such that gg123 = +1.

(2.130)
ALR) _ prLe).
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2.5. LFV in b — s exclusive decays

which can be compactly written as

, INERACE 2m
= N VI €+ G9) F (Cuo+ Clol A4, 2500+ €T
(2.131)
AP 2 ,
Aﬁ(R) = — Nk~ \/§(m2B — M) [[(Cg — () F (Cro — Cyp)] Lq} + 000, —5 e (C7 — C’7)T2(q2)] ’
mp — Mgx q
L(R N / AsTs(q?)
AO( ) — —m 5€1Z2 me(07 - 07) (m2B + 3m%(* - q2)T2(q2) - m ’
/ , AgAs(q?
+1(Co = €)% (Cuo = Gl (= e = ) -+ ) na?) — 222N
mp + Mg~

1/2 2 / l
L(R) _ /\ . ! . / q OS - OS CP C
AT = =N Ve [(Cg C9) F (Cio = Cho) + mp + M <m1 — Mo T my + me Aol

Notice that the first three expressions are the same than Eq. (2.77). In terms of the
transversity amplitudes given above, the angular coefficients I, _¢(¢*) are given by

. A+ 2[qt — (m2—m2)?]  4mym . .
B(e) = [|ALPHAR 4L - B [ 4;4 1o ma)] U Re (AfAf + ATAT).
(2.132)
4 2 2\2
c qg-—(mi—m 8mim . .
I(e?) = (1AL P+ g = g 2) U Re(A AT~ AFAT) (2.133)
m? —m2)? — ¢2(m? + m2
— ol =l SO ORI gt

I(¢*) = HA P+ A P+(L — R)], (2.134)

. A

I5(¢*) = —;Z(|A§!2+|A§\2), (2.135)

2 >\ 2 2
I3(q7) = 7[|A P—|A}P+(L = R)], (2.136)
2\ __ q Lx

L) = L Re (AL AL + (L = R)), (2.137)
2)\L/2 2,2

Ii(¢%) = \/_q; [Re(AgAﬁ* (L= R))— "“qu?Re(AtLAﬁ* +(L— R))] o (2.138)
)\1/2

I(¢%) = 2[Rl A = (L — R))], (2.139)
AN m? — m2

I§(¢*) = - pe ! - *Re(Ag A" + (L — R)), (2.140)
\/5}\1/2 2 2

I(") = = [Im(AéAL* —(L— R))+ mlq2mQIm(AﬁAtL* (L= R))] . (2.141)
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2.5. LFV in b — s exclusive decays

Ag

Is(¢?) = Im(AYAY + (L — R)), 2.142

o(¢") = ZZIm(AFAL + (L~ R) (2.142)
A * *

Iy(¢%) = ——qZIm(AﬁAﬁ + ARAF), (2.143)

Once again, by taking the limit m; — ms, one retrieves the usual expressions for the
coefficients of the angular distribution of B — K*¢*¢~. Our expressions agree with those
recently presented in Ref. [156], and are related to those given in Ref. [123] via I4679 —
—I4670. ' In order to compare with usual expressions for A, and Ag, as defined in Sec. 2.3,
one needs to identify

A= lim Ag = (2.144)

(4} - AF), i, | (a4 a8)|

my
mi1—msg \/?

2.5.4 Numerical significance

To illustrate numerically the significance of the factors multiplying the Wilson coefficients,
we use the form factors of Ref. [159] and distinguish the case of LF'V arising from the vector
operators, i.e.

_ _ 2 2
B(B — KW16) = 107 (a2 |Co + Ch| + b |Cho + Cf

2 2
+ oo |Co — Ogl)’ + di2|Cro — Cly ), (2.145)
from the case in which the LFV comes from the scalar operators,
= > 2 2
B(B = KW16) = 107 (e[ Cs + 4| + fid|Cp + Ch
2 2
+ 912 |Cs = C4| " + hiZw|Cr = Ch), (2.146)

The values of the factors multiplying the Wilson coefficients are obtained after integrating
over all available ¢*’s and are listed in Table 2.7 and Table 2.8.

0ily | all bl ca di2 al? biz 2 di2
cp | 7.8(9) 7.8(9) 34(6) 34(6) | 202) 20(2) 0 0
er |3.8(4) 3.9(4) 18(2) 18(2) | 127(9) 127(9) 0 0
pr | 41(5) 3.6(4) 18(2) 17(2) | 125(1.0) 129(9) 0 0

Table 2.7: Values for the multiplicative factors defined in eq. (2.145). The quoted uncertainties
are at the 1o level.

Notice also that the functions which are being integrated to obtain those factors have a

peculiar feature: those which multiply |Cy 19 £ C§ ;o[> are more pronounced in the interme-
diate ¢? region, whereas those multiplying |Cs p + Cs p|? are mostly receiving contributions
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2.5. LFV in b — s exclusive decays

$9.10(0P) [x 10°]

Figure 2.12:

Table 2.8: Values for the multiplicative factors defined in eq. (2.146) to 1o accuracy.

=
o1

0y | 2 12 gik hiZ er? 12 g2 hi?
e | 00 12(1) 12(1) | 26.2(4) 262(4) 0 0
et 0 0 5.5(6) 5.5(6)15.0(2) 15.0(2) 0 0
ur |0 0 5.2(6) 5.8(7)|14.4(2) 155(2) 0 0

Coefficient functions ¢9710(q2) =

10
q° [GeV?]

15

20

o
Ul

¢sp(q?) [x 10°]

©
o

=
SL

=
e

10
q° [GeV?]

15

Nk () P9,10(¢%) and ¢s,p(q?)

Nx(q? 2gpsp q> appearing in eq. (2.107), which after integration over q> give the factors a; ,

K K
Vil , el and fi7 in egs. (2.145,2.146). Full curves correspond to ¢9(q*) and ¢s(q?), while the
dashed ones to ¢19(q®) and ¢p(q?).

from the large ¢? region. To illustrate this feature, we show in Fig. 2.12 the coefficient func-
tions ©9.10(¢%) [ps.p(¢?)], which upon integration amount to a’ and b% [} and fi]. ¢

Furthermore in the case of LFV generated by the scalar operators the lifted helicity
suppression of the leptonic decay (2.104) leads to the following hierarchy among different
modes:

Cp #0,C00=0:  B(By, = i) > B(B — Kl1y) > B(B — K*l10y).  (2.147)

That hierarchy is inverted for the LE'V processes generated by the vector operators, namely

Cp=0,C0#0:  B(B, = lils) < B(B — Kliy) < B(B — K*l10y).  (2.148)

Of course the above discussion is valid as long as we do not consider the case of LFV
generated by both the scalar and vector operators, which we will not discuss in what follows
anyway.

Finally, the scenarios which satisfy C’é/) = —Cfg will be extensively discussed in Chap-
ter 4, since they are motivated by the anomalies in the b — sup transitions. In this case,

5Notice that in Ref. [123] the convention for the helicity vectors is inconsistent with the expressions
givenfor the helicity amplitudes.

16The purpose of the plots shown in Fig. 2.12 is to illustrate the shapes of ¢;(¢%) = [Nk (¢?)|?¢:(¢?) and
the uncertainties on hadronic form factors were omitted in the plots. Those uncertainties, instead, have
been properly accounted for when computing the factors listed in Tab. 2.8.
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2.5. LFV in b — s exclusive decays

it is straightforward to verify from the expressions given above that the ratios between
different modes are constant and given by

B(B, — pt) B(B — K*ur)
B(B — Kpur) 09 and B(B — Kur)

where we considered the central values for the hadronic parameters. Therefore, experimental
limits can be translated from one mode to another in these specific scenarios.

~ 18, (2.149)
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Chapter 3

Scrutinizing Two-Higgs doublet
models

After decades of restless experimental effort, a scalar particle with SM-like properties was
found at the LHC in 2012 [1,2]. Nonetheless, the nature of NP has not been unveiled in
the first runs of the LHC, leaving the hierarchy and flavor problems unsolved. One of the
minimal extensions of the SM consists in enlarging the Higgs sector and, instead of one
doublet of scalar fields, introducing an additional Higgs doublet, which comes under the
generic name of Two Higgs Doublet Model (2HDM) [7]. With a peculiar choice of Yukawa
couplings, 2HDM is embedded in the minimal supersymmetric extension of the Standard
Model (MSSM) which made it particularly popular in phenomenological applications of low
energy supersymmetry. The fact that the mass of observed Higgs boson was found to be
consistent with the SM expectations made MSSM less compelling but the 2HDM remains
a convenient framework to study the extensions of the Higgs sector in view of the current
experimental searches.

In this Chapter we will discuss the theory and phenomenology of 2HDM, focusing on
two main questions: (i) Which lessons on their spectrum can be learned by applying the
general theory and phenomenological constraints? (ii) Which are the most sensitive low
energy probes of the additional scalars in modern day experiments? To that purpose,
we will compute the complete set of Wilson coefficients to the relevant processes, which
include in particular the b — s/~ transition, and confront these results with the current
experimental results.

The Chapter is organized as follows: in Sec. 3.1 we discuss the general features of 2HDM,
and the general theory constraints on their scalar spectrum. In Sec. 3.2, we perform a scan
of parameters by assuming that the additional scalars lie above the EW scale, as motivated
by the lack of direct search signals at LHC. In Sec. 3.3, we derive the relevant constraints
on the charged Higgs contributions which can be derived from tree-level meson decays. In
Sec. 3.4, we derive the complete set of Wilson coefficients for the transition b — s¢*¢~ and
discuss the subtleties in the matching between full and effective theories when the external
momenta of fermions is kept nonzero. These results are then used in Sec. 3.5 to derive
constraints on the model parameters by relying on the exclusive b — s¢™¢~ decays. Finally,
the intriguing possibility of having a light CP-odd Higgs which escaped observation so far
is discussed on Sec. 3.6. Our proposals to indirectly probe a scenario with a light CP-odd
Higgs in modern day experiments are discussed in Sec. 3.7 and Sec. 3.8.
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3.1. General aspects of 2HDM

3.1 General aspects of 2HDM

In this Section we introduce our notation, remind the reader of the basic ingredients of
2HDM and list the main general constraints which will be used to perform a scan of the
allowed parameters of the model in the following Sections.

3.1.1 The extended scalar sector

We consider a general CP-conserving 2HDM with a softly broken Z; symmetry. As we will
discuss in the following, the Z, symmetry is imposed to prevent Higgs mediated FCNC from
appearing at tree-level. The most general scalar potential consistent with these conditions
is given by

A A
V (@1, o) = m? ®IP; + m2, @5y + mi, (] 0y + &Jdy) + 51(‘51@1)2 + ;@3‘52)2

A
+ APl DIDy + N DI D, DLD, + 55 (@]@)? + (@f21)?],  (3.1)

where ®, (a = 1,2) are the two scalar doublets and \; € R are quartic couplings. The
quadratic term m2, is responsible for the soft breaking of the Z, symmetry, and it is needed
to produce a realistic spectrum of scalars and ensure the decoupling limit. ! The weak
doublets can be parameterized as

o

Qo= , ¢ . , a=1,2, (3.2)
ﬁ(va + Pa + ”76&)

where v 5 > 0 are the two vaccum expecation values (vev) satisfying v3™ = |/v} + 03 ~

246.22 GeV. ? Three out of the eight degrees of freedom are eaten up by the gauge bosons,

while the remaining fields are to two CP-even scalars h and H, one CP-odd A, and one
charged Higgs H*. These fields can be expressed as

¢\  [cosf —sinp) (G m\ (cosp —sinf\ (G° (3.3)
T ~ \sinB cosp HY)’ 2 ~ \sinB  cosp AV .
(p1> _ (c?soz —sin a) (H) | (3.4)
P2 sina cosa h

where the rotation angles a and [ satisfy

and

1 We remind the reader that the Z, symmetry (P71 — £P1, D2 — FPo) of the Lagrangian forbids
transitions ®; <> ®5. Soft breaking of Z5 means that such transitions may occur only due to dimension-2
operators (terms proportional to m?, in Eq. (3.1)) so that Z, remains preserved at very short distances, cf.
discussion in Ref. [160].

2The case where one of the vevs vanishes is called the inert 2HDM. Although this possibility is considered
in many studies of dark matter [161,162], we will discard it in the following since it is evasive from flavor
physics constraints, i.e. the additional scalars have no couplings to fermions.
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3.1. General aspects of 2HDM

2(—miy + A
tan 8 = Y2 ’ tan 2a = (=miy + Aga5v102)

. 3.5
u1 m%2(“2/”1 — vy /vg) + A3 — Aov3 (3.5)

The tree-level expressions for the scalar masses are given by
A
m3 = M?*sin®(a — B) + ()\1 cos® avcos® B+ Ao sin? asin? 5 + %“5 sin 2a sin 25) v? (3.6)

A
m; = M?cos*(a — B) + <)\1 sin® avcos? B + A cos? asin? f — %“5 sin 2q sin 25) v? (3.7)

m% = M? — \s0?, (3.8)
A+ A
mys = M? — 4;5112, (3.9)

where the Z, breaking is parameterized by M? = m?2,/(sin 3 cos 3) and we write for short-
ness Asass = A3 + Ay + As.

Decoupling limit and alignment

Several messages can be already learned from the equations given above. Since the quar-
tic couplings are bounded by the perturbative requirement, |\;|< VA, it is clear from
Egs. (3.6)—(3.9) that the decoupling limit must be driven by the soft-breaking parameter
M?. To quantify this statement, let us evaluate cos?( — a) in the large M? limit. By using
the relations given above, one can write

9 M2 2 g2
sin(2a) = My : cos(2a) = M — My )
VME = MBy)? + 4, VME = MBy)2 + 4M,
(3.10)
where M;; = (M);; are the elements of the CP-even mass matrix,
Mo Mv?cos? B+ M?sin? 8 (Ag450% — M?) sin 3 cos 3 | (3.11)
(A3450% — M?)sin Bcos B Agv?sin? 8 + M? cos® 3
By combining Eq. (3.10) and Eq. (3.11), we obtain after Taylor expanding in 1/M?,
1 2 2ce) — sin(20) sin(2
cos?(B — a) = + cos(203) cos( a2) sin(2/) sin(2«)
3.12)
vt sin?(2 (
= 16]\4(4@[)\1 — )\2 + COS(QB)()\l + )\2 — 2)\345)} + @ (UG/MG) s
which can be rewritten by using the equations given above as
2 232
cos’(B —a) = (mHQ]\/[mh) sin?(2(8 — a)) + O (UG/MG) : (3.13)

Therefore, the alignment limit, cos(3 — ) — 0, is retrieved in the decoupling limit, M? —
+00. Furthermore, the replacement of this identity in Egs. (3.6)—(3.9) gives precisely the
decoupling limit in the large M? limit,
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3.1. General aspects of 2HDM

m; = Ao+ O <v4/M2) ,
2

2 2 2 4 2 (3'14)
miy, mey, mys = M —I—(’)(v /M ) ,
where h is identified as the SM Higgs, while the other scalars are heavy and approximately
mass degenerate. Furthermore, one can show that the alignment condition, cos( — «) & 0,
ensures that A has SM-like couplings to V' = W, Z, while the couplings of H with gauge
bosons vanish in the same limit. It is worth stressing that these conclusions are completely
independent on the values of tan 5.

3.1.2 Including fermions

In the fermionic sector, the second scalar doublet can spoil the suppression of FCNC pro-
cesses, one of the main properties of the SM, which has been extensively tested at low-
energies. To illustrate this issue, we consider the Yukawa Lagrangian terms which give
mass to down-type quarks,

LYy = —Yél) Q;®1dR; — Y}?) Q,;P2dg; +hec., (3.15)

where 4, j are fermion generation indices, and Y and Y are the Yukawa matrices. In
terms of the physical scalars, the neutral terms in the Yukawa Lagrangian can be written
as

R (0 J—
L4 D —Mbdpdr; — >y drdrief +hee. (3.16)

gogzh,H,A

where the fermion mass matrix reads,

v :
M, = 7 (Yigl) cos f + Y;-§-2) sin B) : (3.17)

while the interactions of down-type quarks depend on a different combination of the Yukawa
matrices,

1 .
yi/; - 7 (—Y;gl) sin 8 + Yi§2) Ccos 6) ,

1 .
yzhj = ﬁ (—Y;g.l) sinav 4 Y;gg) cos a) , (3.18)
Yl = \;5 (Yigl) cosa + Y,;g-Z) sin a) .

Since the matrices Y are not necessarily simultanecously diagonalizible, tree-level interac-
tions of the type Jidj ©) (with i # j) can appear after the diagonalization of the fermion
masses J\/ljlj Therefore, a mechanism is needed to supress these dangerous couplings, which
are otherwise constrained by experimental data of decays of Kaons, D and B, mesons, as
already discussed in Sec. 2.3.

The simplest possibility to suppress the tree-level FCNC in 2HDMs is to invoke a Z,
symmetry, which enforces that each quark doublet couples to a single scalar doublet [163,
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164]. Four models are then possible, which are called of type I, IT, X (lepton specific) and
Z (flipped) [7]. In the type I 2HDM, all fermions couples only to the Higgs doublet ®,.
In the type II 2HDM, ug couples to ®,, while dg and ¢r couple to ®;. The models type
X and Z are then obtained by changing the lepton interactions in the models type I and
type 11, respectively, as shown in Table 3.1. As an illustration of the assignment of the Z,
symmetry charges, the type I model can be obtained simply by imposing ®; — —®; along
with positive Z5 charges to the SM fermion. Similarly, the type II couplings are obtained
by imposing ®; — — P4, {g; — —{r; and dr; — —dg;, while the other fermions are assigned
to transform with a plus sign.

Model ugp | dp | lp

Type I Dy | Dy | Dy

Type 11 Oy | Dy | Dy

Type X (lepton specific) | &y | $y | §y
Type Z (flipped) Dy | Dy | Dy

Table 3.1: Couplings of fermions to Higgs doublets in the 2HDM based on discrete symmetries.
See text for details.

Another possibility to suppress FCNC rates is to enforce the two Yukawa matrices
in Eq. (3.15) to be collinear and hence simultaneously diagonalizable by construction, as
proposed in the so-called Aligned two-Higgs doublet model (A2HDM) [165]. Remarkably,
the models with a Z, symmetry turn out to be an asymptotic limit of the aligned scenarios.
It is important to note that the alignment of Yukawa matrices are in general broken by
radiative corrections. The Zs-symmetry models represent the only scenarios in which the
alignment is preserved at all scales [166].

Finally, the most general model is conventionally called type III 2HDM. In this case,
no mechanism is used to protect from appearing at tree-level FCNC mediated by scalars.
The FCNC Higgs couplings, which are present at tree-level, are then suppressed by ad hoc
ansatz for the Yukawa matrices or by a tuning of the parameters. We will not consider
this possibility in this thesis given the large number of couplings which undermine the
predictivity of these scenarios. See Ref. [7] for an extensive discussion about this possibility.

In the following we will focus on the Z5 symmetric models due to their simplicity. For
these models, the Yukawa Lagrangian after the spontaneous symmetry breaking can be
compactly written as

Ly =— \f H{@ (G VmaPp — GumuV PL] d+ G om Prl | (3.19)
1 0 o1
-= > ff“ﬂ? {fmfPRf} +h.c.,

v @?:h,H,A

where u and d stand for the up- and down-type quark, ¢ is a lepton flavor, f stands for
a generic fermion, V' for the CKM matrix. A specific choice of parameters (; corresponds
to the above mentioned types of 2HDM, which we also summarize in Table 3.2. Notice
that the couplings 535? appearing in the neutral Lagrangian part can be mapped onto the
charged ones via
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{j} = sin(f — a) + cos(f — ) (3.20)
S? = cos(f — a) — sin(f — )y, (3.21)
&1y = iCag, & = —iCu. (3.22)
Model Cu Ca Ce
Type I cotf | cotp cot 8
Type 11 cotf | —tanf | —tanp
Type X (lepton specific) | cot 5 | cotf | —tanf
Type Z (flipped) cotf | —tanf | cotf

Table 3.2: The expressions of the couplings (¢ for the 2HDM based on discrete symmetries.

In the next subsection we will discuss the general constraints on the spectrum of the
general CP-conserving 2HDM models, and we will describe our methodology to scan their
parameter space.

3.1.3 Model spectrum and theory constraints

The parameter space of the models we consider is composed of two angle parameters («
and f3), and five mass parameters (m3, m%, m%.., m% and M?). From these, one can fully
reconstruct the quartic couplings in the scalar potential (3.1) via the relations,

1 o -, sin®a , cosPa
)\1 = ﬁ (- tan BM + COSQBmh @mH s (323)
) 1 t25]\42+(30ch»4 2+S.in204 ) (3.24)
27 2 0 sin? 3 T 2 ﬁmH ’ '
1 9 9 sin2a , 9
1
M= (M2 +m% —2mi), (3.26)
1 2 2
o= (M? = m3), (3.27)

which are then subject to several theoretical constraints. Notice that Eq. (3.23)—(3.27) are
equivalent to Eq. (3.5) and (3.6)—(3.9).

To scan over the allowed parameters of these models, we impose the following general
constraints:

o Stability:
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To ensure that the scalar potential is bounded from below, the quartic couplings
should satisfy [167]

Ma2>0, A3 >—(MA)Y2 and A3+ M — [As]> — (M) (3.28)

Moreover, the tree-level stability of the vacuum amounts to

2

V2 Asv v 1V2
i+ 20 SR = 2, — ) 2. (3.20)
Mrd Ago?
mgy 228 A Z; [mm (O + A5)2“2] , (3.30)

which determines the parameters m?; and m2, in terms of \;_5 and M?. These
relations should be combined with the necessary and sufficient condition to have a
global minimum of (vq,v), which reads [168]

m3, (m%l — m§2m> (tanﬁ — M) > 0. (3.31)

Perturbative Unitarity:

Another important condition stems from the requirement of unitarity of the scalar
scattering amplitudes [169]. More precisely, the J-th partial wave for a 2 — 2 scat-
tering process, with center of mass energy /s, is defined by

/dCOSQPJ(cos 6)M(s.,6), (3.32)

as(s) = 327

where 0 is the diffusion angle, P;(cosf) is the J-th Legendre polynomial and M(s, 0)
is the amplitude for this process. The unitarity requirement of the S-wave component
of the partial wave decomposition implies that |ag|< 1. By applying this bound to
the eigenvalues of the scalar scattering matrix, one can obtain the following limits on
the quartic couplings [170,171]

|a:|:‘7 |b:t|7 |C:t|7 |f:t|7 |€1,2’7 |f1|7 ’p1’< 8777 (333)

where the tree-level computation gives
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3 9
a4+ = 5()\1 + )\2) + \/4()\1 - /\2)2 + (2)\5 + )\4)2,

1 1
be = S (A + ho) £ 5\/@1 — )2+ 4A2,

1 1
C4 = 5()\1 -+ )\2) + 5\/()\1 — /\2)2 + 4)\%,

e1 = Az + 2y — 35, (3.34)
f+ = A3+ 2 4 + 3Xs,

ez = A3 — As,

J-=X3+ X5,

fi =23+ A4,

p1=A3 — A

Notice that the inequalities in Eq. (3.33) give more restrictive constraints than the
naive perturbative conditions |\;|< v/4m.

« Higgs Gauge Couplings:

The Higgs couplings to gauge bosons read

0 0
EQHDM D) ng/\‘i’V WMWMQO? + ng/\‘si}V ZMZ“()O? , (335)
where ¢ € {h, H, A} and the couplings are given by
sin(B—a) if¢d=nh

X{j%/ =qcos(B—a) it =H. (3.36)
0 if o) = A

To ensure that the couplings of A ~ h°M to gauge bosons V = W, Z are consistent
with the experimental results, which point at SM-like values with an accuracy of
~ O(10%) [172], we impose the alignment condition

|cos(av — 5)]< 0.3. (3.37)

e Electroweak Precision Data:

Lastly, the additional scalars contribute to the gauge boson vacuum polarization. As
a result, the electroweak precision data provide additional constraints to the mass
spectrum. Mostly important, the T" parameter bounds the mass-splitting between H
and H* in the scenario in which h is identified as the SM-like Higgs, cf. Ref. [173],
for example. ® The general expressions for the parameters S, T and U in 2HDM can

3Conversely, if H (with myz > my) is assumed to be the SM-like Higgs, then the T parameter will
constraint the mass-splitting mpy+ — m4.

69



3.2. Phenomenology of heavy scalars

be found in Ref. [174]. To derive the bounds on the scalar spectrum and mixing, we
consider the following values and the corresponding correlation matrix [175],

ASSM = 0.05 £ 0.11, 1 0.90 —0.59
AT™M = 0.09 + 0.13, corr = | 0.90 1 —0.83 |. (3.38)
AUSM = 0.01 £0.11, —059 —083 1

The x? function is then written as

X =Y (X — XPM)(0?);1(X; — XM, (3.39)
.3
where the vector of central values and uncertainties are denoted as X = (AS, AT, AU)
and o = (0.11,0.13,0.11), while the elements of the covariance matrix are obtained
via 07} = o;corr;;0;.

In the following, the lightest CP-even state h will be identified with the scalar observed
at the LHC with mass m;, = 125.09(24) GeV. The masses of the additional scalars, m,
mp or my+, are correlated via Eqgs. (3.6)—(3.9). Therefore, if one mass is known, then the
others are fixed up to O(v) corrections. Based on this argument, we will distinguish two
different scenarios in Sec. 3.2 and Sec. 3.6 by fixing the pseudoscalar boson mass:

(i) A heavy CP-odd state, with m4 > my,.
(ii) a light CP-odd Higgs, with m4 < my,.

The first scenario is motivated by the lack of NP signals in the direct searches for heavy
scalar resonances performed at the LHC, while the latter one corresponds to the intriguing
possibility that the pseudoscalar boson escaped observation thus far. We will show that both
possibilities remain viable and that they offer different opportunities for phenomenology.

3.2 Phenomenology of heavy scalars

The simplest explanation to the lack of signals in the direct search experiments is that the
new particles are heavier than the current sensitivity at LHC. In this Section, we explore
this possibility by making the assumption that m4 > mj,. The implications of these results
for low and high-energy observables will be discussed in the following sections.

To fully explore the viable parameter space of the model, we performed a random scan
with logarithmic priors in the following ranges *

tan 8 € (0.2,50], ac (—g ;T) , M| < (12 TeV)?,

mg+ € (mw, 1.2 TeV), mpg € (mp, 1.2 TeV), ma € (my, 1.2 TeV),

(3.40)

4Notice that the upper bound 1.2 TeV is arbitrary, since the additional particles decouple from the
low-energy thoery and have no phenomenological impact above a certain threshold.
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3.2. Phenomenology of heavy scalars

where m;, = 125.09 GeV is fixed, as explained above. A scan of parameters consistent with
the constraints listed above favors the moderate and small values of tan 3 € (0.2,15]. To
see that the larger values of tan  cannot be discarded it is sufficient to examine Eq. (3.6)
in the alignment limit cos(8 — «) = 0, which exactly gives

V2(A1 + Ao — 2)345)  tanf
2 1+tan?3’

For large values of tan 3, the second term becomes small, giving my = |M|. For that reason,
and in addition to the free scan described above, we perform a second scan with my ~ |M],
which helps us probing higher values of tan 8. In the end, we combine the results of both
scans, which are shown in Fig. 3.1 in two planes: (tan /5, my+) and (ma, my=+). From the
right panel of Fig. 3.1 we observe that the additional scalars become mass degenerate in the
decoupling region (M? > v?), as it can be easily deduced from Egs. (3.6)—(3.9). Conversely,
the scalar masses are constrained to the region my, my, mg= < 700 GeV for M? < v2
The correlations on the planes (cos(5 — «), tan ) and (cos(5 — «), my+) are also shown
in Fig. 3.2, where we can see that the alignement limit, cos(f — «) = 0, is retrieved as the
heavy particles decouple, in agreement with Eq.(3.13). Lastly, we should also emphasize
that the results of our scans agree with what has been previously reported in the literature,
cf. e.g. [176-179].

m3 = M?* +

(3.41)

1200 g 1200+
— 1000+ — 1000 -
= 800; 2 800}
O, 00! O, 600
& 400" 5 400
S 200/ S 000
ot 0t w

= S N T S N NS S NS SR RS SR |
0 200 400 600 800 1000 1200

tan(,5) my [GeV]

Figure 3.1: Results of the scan as described in the text.

H | = S N FE I
-03 -02 -0.1 0. 0.1 0.2 0.3 -03 -02 -0.1 O. 01 02 03

cos(f—a) cos(f—a)

Figure 3.2: Results of the scan as described in the text.
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3.3. Leptonic and semileptonic decays of mesons

In the following, we will discuss the phenomenology of the relevant flavor physics ob-
servables. In Sec. 3.3, we will discuss the constraints stemming from tree-level leptonic and
semileptonic decays of mesons. The constraints from the loop induced processes relying
on the transition b — sé¢ will be discussed in Sec. 3.4 and 3.5, where we also present the
computation of the relevant Wilson coefficients. In both cases, the established experimental
results will provide useful limits on the charged Higgs mass and its couplings to fermions.

3.3 Leptonic and semileptonic decays of mesons

In this Section, we will present the impact of the leptonic and semileptonic decays, discussed
in Sec. 2.2.4, on the parameter space of the different 2HDM scenarios. The charged Higgs
can induce a tree-level contribution to these processes, as illustrated in Fig. 3.3 for the
transition b — cfv. Since the charged Higgs interactions are proportional to the fermion
masses, we can anticipate that the stronger constraints will come from the processes with
heavy leptons and quarks.

After integrating-out H* in Eq. (3.19), the matching with the Hamiltonian (2.3) gives®

o my Cg (muCu - mdgd)
= m%[i

_ e ¢ (mugu + ded)
m%{i

and  gp . (3.42)

Y

where u(d) stands for generic up(down)-quarks and ¢ for a generic charged lepton. In the
Z5-symmetric scenarios, the effective coefficients read

me(my, F mg) me(my, F my)

oo me(m,, & mgtan? 3) z me(m, cot? B 4 my)
9swpy = — m%ﬁ ) 9swpy = m%H ) (3.44)

where we have replaced the values of (; given in Tab. 3.2.

P
b A c
B’ D+

&

d

Figure 3.3: Contributions to the semi-leptonic decay B® — DT ¢v in the SM (left panel) and in
2HDMs (right panel).

By using the limits from Table 2.3, one can derive limits on the plane (mg+,tan ) for
each of the 2HDM scenarios. The only modes which will provide useful constraints are
the ones with 7 leptons, since the coefficients gg p are proportional to the fermion masses,
cf. Eq. (3.42). The scenario which receives the most significant constraints is the type

“We checked that our results agree with the ones presented in Ref. [180].
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3.3. Leptonic and semileptonic decays of mesons

IT model, since the couplings to the 7-lepton and b-quark are both enhanced by tanj,
assuming tan 8 > 1, as it can be seen from Tab. 3.2. The constraints coming from the
leptonic models Dy, — 7v and B — 7v are shown in Fig. 3.4, where we see that large values
of tan §# are excluded. It is interesting to note that these limits are complementary, as it
can be seen from the region with my+ < 200 GeV, which is allowed by B(B — 7v), but
excluded by B(Ds — 7v). Finally, we have checked that the limits derived for the other
types of 2HDM, namely are not significant except for extreme values of tan 5 and/or very
low values of mg+.

Type I

800
700

600}

N
]
=)

my+ [GeV]
S

300

200}

100

Figure 3.4: Exclusions on the plane (my+,tan [3) for the type I 2HDM derived from B(Ds — Tv)
(green) and B(B — tv) (red) to 20 accuracy.

As a curiosity, we also confront the different 2HDM scenarios with the value of Rp =
B(B — Dtv)/B(B — Dlv), which was found to be about 20 larger than the SM value. ©
From the discussion above, we know that the only scenario which can contribute significantly
to this observable is the type II. The allowed region in the plane (tan 3, mg+) is shown in
Fig. 3.5 to 1o and 20 accuracy, from which it becomes clear that an explanation of Rp
would require a very light charged Higgs, already in disagreement with the constraints from
leptonic modes, cf. Fig. 3.4. 7 A similar conclusion holds true for Rp-. The main reason
for this incompatibility between the 2HDM of type II and R7? is that gs < 0 in the type
IT scenario (cf. Eq. 3.43), while an explanation of R < R7P would require gg > 0, except
for the tuned region where where the interference term is compensated by a large value
of |gs|= —gs, (cf. Table 2.3). Hence, the 2HDM with natural flavor conservation do not

provide a viable explanation to the Ry puzzles. However, it is worth stressing that the

6The Rp anomaly will be discussed in detail in Sec. 5.3, along with the viable NP explanations proposed
so far.

"Furthermore, the constraints from the FCNC processes B(B — X,v) that will be discussed in Sec. 3.5
also exclude masses of the charged Higgs below 439 GeV to 20 accuracy [181].
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3.4. Wilson coefficients for the b — s¢¢ transition

Type Il

150F

140 Rp, allowed 1o

Rp, allowed 20

—

(98]

O
T

—

S

o
I

O
o
T [ T T T

tan(f)

Figure 3.5: The allowed regions in the plane (mpg«,tan3) allowed by Rp = B(B —
D7v)/B(B — Dlv) in the type II 2HDM to 1o (dark blue) and 20 accuracy (light blue). This
region is, however, excluded by the constraints shown in Fig. 3.4

discrepancies in Rp and Rp« are still experimental hints that need to be corroborated by
more data, and by the study of similar processes. The 20 exclusions discussed above are a
good indication, but not yet a clear signal that the 2HDM type II is ruled out.

3.4 Wilson coefficients for the b — s/ transition

In this Section, we will present the general expressions for the b — sf¢ Wilson coefficients
in a general 2HDM. These results will be compared to the ones available in the literature
and we will propose a general framework for the appropriate matching between the full and
effective theories in the case where it is necessary to keep the external momenta different
from zero. The results derived in this Section will be used in Sec. 3.5 to investigate the
phenomenological impact of the present exclusive b — s data on the scan of parameters
described above.

Expressions for the Wilson coefficients

The leading 2HDM contributions to b — sf¢ can be separated in four groups of one-loop
diagrams which are illustrated in Figs. 3.6 to 3.9 and correspond to 7, Z and scalar penguins,
as well as box diagrams. Before presenting the results of our computation, let us briefly
discuss the issues of the matching between the 2HDM amplitudes and Eq. (2.54).

The dimension six operators introduced in Eq. (2.54) are sufficient to match the one-
loop 2HDM amplitude when the external fermion momenta are neglected. This, however,
is not true if the computation is made with external momenta different from zero which is,
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3.4. Wilson coefficients for the b — s¢¢ transition

in general, necessary when dealing with (pseudo-)scalar operators. For example, in order
to get a correct expression for the Wilson coefficient C'p one needs to consider the external
momenta, which then can give rise to the contributions coming from the dimension-seven
operators. One class of such terms can be related to the operators of basis (2.54) by
equations of motion. For example,

I 7 < / ° (5 2
L‘TmW (5¢Prb) (fst) = L‘mﬁ’; (5Prb) (fyst) — (:T;:W (5P1b) (£s) (3.45)
:ﬁop_ ms O},ZEOP |

A complication arises when encountering the operators with insertion of p, + P, in the
leptonic current, with the convention b(p,) — s(ps)¢~ (p— )¢ (ps), where we also use ¢ =
Do — Ps = p+ + p—. A way to deal with that, adopted in Ref. [182], consists in setting
ps = 0, so that Py, =d+2, =4d= 2 and in this way one can again, like in
the previous example, use the equations of motion. That way to deal with the problem in
hands, however, leads to a wrong expression for Cp, for example. If, instead, one keeps
all the momenta nonzero, we get a correct result. At this point we just emphasize that
the matching should be performed by keeping all the external momenta different from zero
and the contributions stemming from dimension-seven operators can be neglected at the
very end of computation. We further elucidate this problem in the end of this Section,
where we also propose a general framework for the appropriate matching between the full
and effective theories in a case in which the (pseudo-)scalar bosons are explicitly taken into
account.

We are now in a position to present the effective coefficients in a general 2HDM. The
contributions from the 2HDM scalars can be recast as,

Cr =3P, (3.46)
Coy=Cg" 7+ 0y 7, (3.47)
Cro = Chy 7, (3.48)
Cp=Cpl"™ 4 07 o (3.49)
Cs=Cy" "™ 4oyt 4 og™ (3.50)

where the superscripts denote the types of diagrams that contributes to a given Wilson
coefficient, namely, the box diagrams, the v, Z-penguins and the (pseudo-)scalar penguins.
These coeflicients should be added to the (effective) ones obtained in the SM: C7 = —0.304,
09 = 4211, 010 = —4103, and ngp ~0 [183] 8

Henceforth, we neglect the s-quark mass and give all our results in the unitary gauge.
To check the consistency of our formulas, we also performed the computation in the Feyn-
man gauge. Furthermore, to simplify our computation, we expand the propagators before
integration on the fermion external momenta [182],

1 1 _p2—|—2k-p 4(k - p)?

(k’+p)2—M2—k2—M2 L2 — M2 (kQ_M2)

S|+ 0@/ MY), (3.51)

8Special attention should be paid to the scalar penguin generated by the SM-like Higgs h to avoid the
double counting, since it also appears in the 2HDM.
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3.4. Wilson coefficients for the b — s¢¢ transition

where £ is the loop momentum, p is a generic external momenta and M is the mass of a par-
ticle running in the loop. ¥ This expansion is justified, since the external momenta are much
smaller than the masses of the particles running in the loops, namely, the top quark, W=
and H*. In this way, we can directly use the analytical results for the Passarino-Veltman
functions [184, 185] with zero external momenta, which are also given in Appendix A.2. In
the remainder of this Section we present our resulting expressions for each of the coefficients
appearing in Eqgs. (3.46)—(3.50). We use the standard notation,

2 2 m
m Mo+ @?
Tqg=—5-, Tpe = —H— Ty = —5=, (3.52)
m m toom
w w w

where ¢ € {b,t}, and ¢! € {h, H, A}.

Figure 3.6: Photon penguin diagrams generated by the additional scalars.

e < penguins in 2HDM:

The y—penguin diagrams induced by the charged Higgs are shown in Fig. 3.6. The off-
shell and on-shell contributions can be matched onto the Wilson coefficients C7 and Cy,
respectively, we obtained,

O ¢ |2ﬁ [733%& — bryrx; — 877 6rprxi(3Tp — 27 pH+) (Z'Hi>‘|
! T2 (xg+t —xp)? (xg+t — @)t Ty (3.53)
e | 3rg= — 5y N 2w+ (3xy — 2 ) o < 7y ) .
S (1 — wpge )? (vy — wp+)? S\ap=) |
and

Cé\IP"Y = ’Cu‘2

£ [38@1& — Txy=a, + 4727 6(daf. — 6afa, + 327) log (l‘[.pl:) 1
108

(xg+s —xy)3 (xpgs — x)* Ty
N CZCdxtxb —372%. + 81’H:t$i—‘r 5312 N 6(2234 + 6231y — Qwgeai — 323) log (xHi> '
108 (xp+ — xy) (xg+ — xy)? Ty
(3.54)

The dominant terms in both C%\I "7 and C’g P come from the top quark contribution and
are proportional to |(,|?. The terms proportional to (¢ are suppressed by m?, thus
indeed subdominant, but numerically not necessarily negligible.

9We stopped the expansion at order O(p*/M*) for illustration purposes. In our computation, we include
the higher order terms when needed to compute the sub-leading contributions.
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3.4. Wilson coefficients for the b — s¢¢ transition

Figure 3.7: Z penguin diagrams generated by the additional scalars.

e Z penguins in 2HDM:

The Z-penguin diagrams contribute significantly to the Wilson coefficients Cp, Cy and
C1o through the diagrams shown in Fig. 3.7. The leading order expressions for Cy and
ClO read,

CyP? = CNT7 (=1 + 4sinOyy), (3.55)
2 1 T+ T+
CNPZ _ | 12 L B H 1 ( H )
10 Cul 8sin? Oy |xp+ —x; (e — x4)? 8 T4
T4y Tyt + x4 20,0 £ <$Hi >
* — 1 ) 3.56
Gl 16 sin® Oy l(mHi —x)?  (wpe —1y)3 o8 T (3.56)

Similarly, for C'p we obtain

ng’z _ C*Cd A/ LpLyp Tt [ Ty — 3$Hi —l_ 2.%%{:{: log (.I'Hi)]

C6sin? Oy | (e —x)? (e — 14)3 x4
. ’2‘/@)@ Ty 383:%# + 54x%{ixt — T9rytx; — 1089(:H+:l:t2 + 471:? + 54x§’
v 216 (g —x)3
6o + 9a3ay — 6afx, — 18a% . af + v} + 3a)) log (Z’Hi)
(xgr — )t
B 3 2% + 362320y — Togrx, — T2xgea? + 1127 + 362
2sin? Oy (xg+ — x4)3
B 62, (623 — 120220y + 6z ea? + a7 log <.I'Hi)
(rg+ — xp)* Tt '

Ty

(3.57)

e Charged Higgs boxes in 2HDM:

The box diagrams, peculiar for 2HDM, are drawn in Fig. 3.8. At low-energy they con-
tribute to the Wilson coefficients C's and C'p as,
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3.4. Wilson coefficients for the b — s¢¢ transition

Figure 3.8: Box diagrams generated by the additional scalars.

(NP box _ VTeTp Ty « ( T __Tar )
S 8(z g+ — x¢) sin? Oy G xy— 1 08 Ly Tt — 1 08 Ta*
2
. Tyt — T T+ (g — 1) ]
+ GG |1 — log x; — log x g+ 3.58
Guls [ (e —a)(w—1) > (wpe — o) (wge — 1) o (3:58)
+ 204G 10g< . ) }
T+
and
(NP.box _ VTeTy Ty « ( Tt B >
F 8(z g+ — x4) sin? Oy Ceu xp— 1 o8 Tt rpe — 1 B
. Tyt — T3 rg+(ry — 1) 1
— (y 1-— log z log x g+ 3.59
Gut [ (xge —x)(xy — 1) &t (xge —x)(xge — 1) gai=|  (3:59)

- 2 1og () }

In addition to C’g% P the tensor and (axial-)vector operators receive contributions,
which are however suppressed by the charged lepton mass, i.e. by x, = m?/m#,. These
coefficients are negligible even for decays with 7’s in the final state as it can be verified
by using the expressions provided in Ref. [186].

e Scalar penguins in 2HDM:

We now turn to the effective coefficients C’EP’A, SNP’h and C’SNP’H, generated by the

scalar penguin diagrams shown in Fig. 3.9. We recall that the total ultraviolet divergence
coming from these diagrams is proportional to the factor (14-¢,(4)(Cu—C4), which vanishes
due to the Z, symmetry, cf. Table 3.2. 'Y

The penguins with the CP-odd Higgs give rise to,

10Notice that this is not true in general. For instance, in the A2HDM the divergences are canceled by
contributions coming from the radiatively induced misalignment of the Yukawa matrices. The alignment is
only preserved at all scales in the context of Zy-symmetric models [182].
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P

zoxy Coxy [ 1 T T
CNP,A:_\/EbCE t{gutl B HE )210g( Hi)‘|

sin? Oy 224 | 2 |ogs —2  (vpe — 2y x4
N Cl [ _ Bwpray — 6rge — 227 + 51, wp(ah. — ZZEH:Q: + 6xy) log 2= (3.60)
4 (g — 1) (xgs — x¢) (xg+ —x¢)?(zgs — 1)

afe (] = 22 +4) + 307 (20, — 225+ — 1) log 2
(pe — 20)2 (2, — 1)2 1

where we have used again the properties (y € R and (1 + (,(q)(Cu — Ca) = 0 to simplify
the expressions. Similarly, the penguins with the CP-even scalars lead to

CYPh = VL T (in(8 — a) + cos(B — a)G]

sin? ew 2z,
. 2@2 h
X |g1sin(B — a) + gacos(B — a) — go—5 Air+u- |
myy
(3.61)
Tyly T :
CY™ I = Vb feos(5 — ) — sin3 - )
. 2U2 H
X gicos(B —a) — gasin(B — @) — go—5 Ay |
myy

0
where )\Z@ ;— are the trilinear couplings defined in Appendix B.1. The functions go 1,2
are given in Appendix B.2.

Comparison with other computations

We shall now compare our Wilson coefficients with the results obtained in previous studies.
Before doing so we should emphasize the novelties of our computation:

(i) The result for Cy in a general 2HDM with a Z, symmetry is new;

(ii) The subleading terms O(my) to Cg 19 have been neglected in the previous computa-
tions, and they are included here;

(iii) We provided an independent computation of the coefficients C's and Cp, and eluci-
date inconsistencies present in Ref. [182], where we propose a general prescription
for matching procedure when the external momenta are not neglected, as it will be
discussed in the following.

Cp=—Cg ~tan’ 3 N.:ngb il log (xHi> . (3.62)
48in® Oy xp+ — 24 Xy

Along the same lines, the leading order QCD corrections to the same coefficients were
included in Ref. [187]. Recently, the computation of Cs and Cp was extended to the
context of a general A2HDM, which comprises all four types of 2HDM with Z, symmetry
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Figure 3.9: Higgs penguin diagrams generated by the additional scalars.
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discussed here but without the usual assumption of large tan 5 [182]. We agree with their
general results, except for the expression for CEP’Z which differs from the one reported in
this thesis. The disagreement comes from the fact that the authors of Ref. [182] worked
with the assumption p, = 0, which appears not to be fully appropriate. ! By keeping
ps # 0 one realizes that the computation of Z-penguin leads to two independent terms, one
proportional to pg = py, + ps and the other to ¢ = p, — ps. By using equations of motion,
Cpg correctly receive contributions from the terms proportional to ¢, but not from those
proportional to pg. With ps, = 0 only one invariant appears, because py = ¢, and thus the
resulting Cp s also receive spurious contributions from pg.

Regarding the other Wilson coefficients, the first computations of C7 for a general 2HDM
have been performed in Ref. [188], then in Refs. [189,190] and [191] where the leading and
subleading QCD corrections were included too. Our results are consistent with those, as
well as with the expression for Cyg presented in Ref. [192] and more recently in Ref. [182].
The only difference with respect to those results is that we include the subleading terms in
my.

Matching procedure

In this section we discuss in more detail the matching of the one-loop amplitudes when
the nonzero external momenta are considered. We stress once again that keeping external
momenta nonzero is necessary to obtain the correct values for the Wilson coefficients Cg p.
As we mentioned above, the insertion of external momenta result in dimension-seven oper-
ators which can be simplified by using equations of motion, except in the cases when the
lepton momenta are to be contracted with the quark current and/or the quark momenta to
be contracted with the lepton current. The amplitudes which need a special treatment, to
leading order in external momenta, are:

a 1

Ay = o (5p_ = p O PO)ERL) A = T o GEO P, 9 ) Fi0)
AVE = Ajijw —PIWPHI P, A= mlw (7. P0) (Ulp, + p V" Pit)

(3.63)

where 7,7 = L, R and s,b,¢ are the fermion spinors. Note again that our convention is
b(py) = s(ps)l (p_)lT(py), and ¢ = pp, — ps = py + p—. In order to keep our discussion
general, we first extend the Hamiltonian (2.54) and include the following operators

, 4G .
=TTV X (SR O + O ) b B0
V2 TR

where

2 —_
Of' = (6) : —— (57" P,0)0" ({0, P;l),

g 1 (3.65)
ot = ia (50,5, PD) (4" P;t),

~ (4m)2m

H'We should emphasize that we were able to reproduce the expression for C’NP z reported in Ref. [182]

by taking ps = 0, which however is not an appropriate assumption as we argue in the text.
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3.4. Wilson coefficients for the b — s¢¢ transition

with 4, j = L, R. ' We reiterate that even though these operators are suppressed by 1/myy,
they are necessary to unambiguously match the loop induced amplitudes with the effective
field theory. The above choice of the basis of dimension-seven operators is convenient since
they do not contribute to B(Bs — pt ™), while for the other decays their hadronic matrix
elements are easy to calculate.

By using the Fierz rearrangement and by applying the field equations, the ampli-
tudes (3.63) are reduced to

App & =01 + 097%, (3.66)
m
AL —OTE ogﬁ, (3.67)
AVl o —0T1 4 (O’S _Or _4@“) va (3.68)
AV o7 4 ( "+ Or _40“) WT;V (3.69)
1,000+ % _20,10 ”Tvl:/ 4 & 3 o :;W (3.70)
4. o074 %% J; o WT; L+ 4;(910 WTW (3.71)
Ay o+ 5O OP:L?V + (04— 0y - 9120 e (3.72)
AVl s —OTE + ZW;QDWTW + (OS L 0p4 91 J;OT"’) QZ’;V (3.73)

To remain completely general, in the above equations we also kept the lepton mass and the
mass of s-quark different from zero. As an example we show the validity of Eq. (3.68). To
do so, it is useful to note that

[ @t (€ ) (5O @Ib)) — = 1= (pe) Pranln) Tulp-)(§, + 5, Prve(p)

(3.74)

Using p_ — py = 2p_ — q, and by the multiple use of field equations, we can write:

Ve _ gl 3 Nz _ gi 3 Pyt
ArL = mW(Sp_wPLb) (Ey"Prl) — mw(szmPLb)(M Pre)
a 1 _ - _ -
= E% [4(SPLb)(£p_PL£> — Q(S’YNPRpI_I_b)(g’YNPLE)
(57, PLb) (6" PLt) + mi(59, Prb) ((" Pot) — 2(5PLb)(p, Put))|
. 1 _ _ _
o ;mw [4m(5PLY) ([PLE) — A(SPLO)([Prp_b) + m, (57, PLb) (14" PLl)

+my (57, Prb) (04" Put) — (SPLb)(C(p, + p,) Pul) + me(SPLH) ()] . (3.75)

By applying the Fierz identity once again, we arrive at,

12Notice that we are not computing the QCD corrections to the Wilson coefficients and therefore, at this
order, we do not make distinction between the ordinary and the covariant SU(3). derivative.
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Aye gz e (O’S _ 52O OT5) — o7, (3.76)
mw 4

Clearly, for the appropriate matching of these amplitudes to the effective theory, the op-
erators appearing in Eq. (2.54) are not enough and the extended basis given in Eq. (3.64)
is necessary. Once the matching is performed, the operators from Eq. (3.64) could be ne-
glected since they are 1/myy, suppressed with respect to the dominant (dimension six) ones.
This delicate point can then be verified explicitly by computing the Wilson coefficients
C’E—f and 017%-;13 which come from the Z-penguin diagrams and the coefficients C7f = (C75)*
generated by the box diagrams. Their explicit expression is given in Appendix B.2.1.

We can now easily understand the source of our disagreement with Ref. [182]. If one
sets ps = 0 in ARy of Eq. (3.63), then just like in Ref. [182] one could write p, +p_= p, = ¢
which, by means of equations of motion, yields

q my «

= ———(5Pgb) ({(Pr — PL)l) = /2, O 3.77
hie = - (5Pab) (€Pr = PL)E) = Vi Op (3.77)
which then in the actual computation gives a contribution to C'p. With our procedure, we
understand that this contribution does not come from Cp but actually from \/x_gC';z. In

other words, and by using our definition of operators and of the effective Hamiltonian, we
find 3

(this work)

Cpetel = lcp+ VI T (3.78)

2sin2 Oy BE
Therefore the Wilson coefficient C'p of Ref. [182] contains the Wilson coefficient of the op-
erator Og?%, the matrix element of which is not equal to the matrix element of the operator
Op but is, instead, suppressed by my as we explicitly check in the next section. For that
reason the Wilson coefficient of Ref. [182] is not correct, even though the phenomenolog-
ical impact of the difference between our Cp and the results of Ref. [182] is numerically
negligible.

3.5 Lessons from b — s exclusive observables

In this Section, we confront the scan of parameters performed in Sec. 3.2 with the experi-
mentally established exclusive b — s data. To that purpose, we will use the expressions for
the effective coefficients derived in Sec. 3.5 for the various types of 2HDMs. We decided to
focus on [130]

B(By — pp )™ = (3.04£0.6703) x 107, (3.79)
and [116]
B(B = Ku 17 )58 15 0 gavz = (85 £0.3£0.4) x 107%. (3.80)

The reason for opting for these decay modes is that the relevant hadronic uncertainties are
under good theoretical control, as discussed in Sec. 2.3.

13 Notice also that the notation of Ref. [182] is such that their Wilson coefficient Cp, which we can call
Cp, is related to ours via Cp = ./xgbep/siHQ Ow .
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3.5. Lessons from b — s exclusive observables

The hadronic quantity entering the B, — pu*u~ decay amplitude is the decay constant,
fB.. It has been abundantly computed by means of numerical simulations of QCD on the
lattice (LQCD) and its value is nowadays one of the most accurately computed hadronic
quantities as far as B(s-mesons are concerned [77]. The hadronic form factors entering the
B — Kpu*pu~ decay amplitude have been directly computed in LQCD only in the region of
large ¢*’s [131,132], which explains why we use B(B — K u*u*)i’.fgh ;2 to do phenomenology.
Furthermore, since the bin corresponding to ¢* € [15, 22] GeV? is rather wide and away from
the very narrow charmonium resonances, the assumption of quark-hadron duality is likely
to be valid [133]. By using the recent LQCD results for the form factors provided by

HPQCD [131] and MILC Collaborations [132], the SM results are

B(B = Kpt i highge = {(10.0 +0.5) x 107% ,(10.740.5) x 1078
HPQCD

MILC}, (3.81)

both being about 20 larger than the experimental value measured at LHCb. '* Since the
current disagreement between theory and experiment needs to be corroborated by more
data, we decided to impose all the constraints to 3o accuracy. We will then discuss the
impact of B(B — Kpu*pu~)ys, 2 on 2HDM if the current discrepancy remains, ie. by
requiring the 2HDM to compensate the disagreement between theory (SM) and experiment
at the level of 20 and more. Notice also that the measured B(B;, — p*p™ )P is slightly
smaller than predicted, B(Bs — ptp™ )™ = (3.65 £ 0.23) x 1079 [115].

We now use the results of our scan from Sec. 3.2, require the 30 agreement between
experiment and theory, which means that we add the generic 2HDM Wilson coefficients
derived in the previous Section to the SM values. The result, in the plane (tan 8, my+), is
shown in Fig. 3.10 for each type of 2HDM we consider. We learn that both B(Bs — u* ™)
and B(B — Kpu" 1 )nign g2 exclude the low tan 5 < 1 region regardless of the type of 2HDM
considered. The limit of exclusion of low tan 3 coming from B(B — Kt 1t )pign 42 is slightly
larger than the one arising from B(Bs; — p"p~). The limit on low tan § obtained in this
way for each of our four models is given in Tab. 3.3.

Besides excluding tan § < 1, it may appear as a surprise that the large tan # are not
excluded by these data. The reason for that is the fact that the (pseudo-)scalar Wilson
coefficient, with respect to the dominant (axial-)vector one, comes with a term proportional
to (mp, /mw)? which suppresses the large tan 3 values. This feature can be easily verified
in the Type II model for which the coefficients Cg p, in the large tan § limit, are given in
Eq. (3.62). This is why only a small number of points have been eliminated from our scan
of Type II model at large tan 3 but relatively light mg=+.

Model | Type I Type Il Type X Type Z

tang | > 1.0 > 0.9 > 1.0 > 1.3

Table 3.3: Allowed values of low tan 5 (at 99% CL) for the different 2HDMs. See text for details.

Since the SM value is in slight tension with B(B — Ku"u™ )i, - at the 2.10 level, we

can now check which of the models discussed in this paper can be made consistent with

1410 the following we will average the results obtained by using the two sets of form factors obtained in
LQCD.
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0 10 20 30 40 50 0 10 20 30 40 50
tan 5 tan 5

Figure 3.10: Results of the scan given in Fig. 4.4 after imposing the constraints coming from
B(Bs — ptp~) and B(B — Kptji )pigng2 to 30 accuracy. Blue points are allowed by all ob-
servables, while gray points are excluded by B(Bs — putu™), and the red ones are excluded by
B(B — Kt i highg?-
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3.5. Lessons from b — s exclusive observables

the experimental data if any disagreement beyond 20 between theory (SM) and experiment
is to be attributed to 2HDM. It turns out that two such models are Type II and Type Z
2HDM, which we illustrate in Fig. 3.11. For the other two scenarios (Type I and Type X)
the NP contributions are either too small or already in conflict with B(Bs; — p*u™)®®.
From Figs. 3.11 and 3.12 we see that in order to explain the discrepancy one needs a
relatively light charged scalar: (i) my+ < 735 GeV and tan 5 > 2.3 in the Type II scenario,
and (ii) mg+ < 380 GeV and tan 8 > 3.5 for the Type Z scenario. Since the masses of
the additional scalars are correlated, we see that my and m, become bounded as well,
cf. Fig. 3.12. In the case of Type II and Type Z 2HDM an additional bound on the
charged Higgs has been recently derived from the inclusive mode B(B — X v). After
comparing the experimental spectra with theoretical expressions in which the higher order
QCD corrections have been included, the lower bound my+ > 570 GeV (95% CL) was
obtained in Ref. [181] (c.f. also Ref. [193]). This bound is superposed on our results in
Figs. 3.11 and 3.12, which then also eliminates Type Z 2HDM. Furthermore, we can say
that the requirement of agreement between theory and experiment to 2o, for the quantities
discussed in this Section, reduces the available space of parameters for Type II 2HDM to
my+ € (570,735) GeV, and tan 8 € (16,35), while the available range of values for the
mass of the CP-odd Higgs becomes m 4 € (145, 865) GeV.

1200 Fgasss - 1200 Figaass -
§ . Typell F
— 1000} — 1000}
% 800+ % 800
O, 600 & O, 600 &
+ L + L
T 400 T 400
= 200] = 200]
0 EODIINNNINNINAR NN NINNNNNN 0
0 10 20 30 40 50
tan B tan

Figure 3.11: Results of the scan in Fig. 4.4 after imposing the b — s constraints to 20 accuracy.
The hatched area is excluded by B(B — Xsv) at 95% [181]. See Fig. 3.10 for the color code.

1200 1200
— 1000 — 1000
% 800 % 800
O, 600! O, 600!
T 400} T 400}
S 500 g 200}

0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200

my [GeV] my [GeV]

Figure 3.12: Same as in Fig. 3.11 but in the (ma, mg+) plane.

In what follows we will assume that the 20 disagreement of the measure B(B —
K u*u*)}e:.fgph ;2 With respect to the SM prediction indeed remains as such in the future and
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3.5. Lessons from b — s exclusive observables

discuss the consequences on the decays B(By, — 7777) and B(B — K777 )pigng2 if the
Type II 2HDM is used to explain the disagreement. From Eq. (2.63) we can see that
B(Bs — TJFT?) - B(Bs — MJrPJf) |C§T|2 mZBs 3.82

B(By — 7r77)SM  B(B, — ptp= )M |CPM2 (my + mg)2 (382)
where the only remaining m, dependence comes from the last numerator in the factor
multiplying |Cs — C%|?* in Eq. (2.63). In Fig. 3.13 we illustrate the validity of the above
equality. Notice that a tiny departure from equality comes from the large tan § values which
enhance the Cg contribution. In other words, the current experimental result B(By —
)P which is slightly lower than the one predicted in the SM, is expected to lead to
B(Bs — 7777)®™P compatible or slightly lower than predicted in the SM. The cancellation
of the lepton mass in B(By — £t¢7)*PM " discussed above, does not occur in B(B —
Kt )piMs. As a result we obtain,

B(B — Krtr—)typell < B(B — Kptp~)typell
B(B— Krtr=)SM ~ B(B — Kutpu~ )M
where we omitted the subscript “high-¢?” to avoid too heavy a notation. Illustration is
provided in Fig. 3.13. We can rephrase this observation with an equivalent statement:

(3.83)

B(B — Krtr—)Tywell  B(B — Krtr=)SM

: 3.84
B(B = Kyt Jow 1 = B(B — Kyt o )™ (3:84)
To be fully explicit, we obtain
B(B— Kttr~
( T € (1.12,1.14)spr, (1.0, 1.1 1y pe 1. (3.85)

B(B = Kt i) | g2

q*e(15,22) GeV?

=
z P -
t L Typell 5 Li- Type II <
1 1 - ’
S_Qj 0.9 @ 0.9 .
2 0 Zos 7
- . e
b - -
T 07 Pk M 0.7 Pk
S B . 7 é B . P
m 0.6 | | | = 06 | | | |
0. 0.7 0.8 0.9 M . 0.7 0.8 0.9 1.
B(B;— p)/B(Bs— p)sm B(B-Kup)/B(B=Ku)sm

Figure 3.13: We show the branching fractions of the decay to T-leptons with respect to their
SM predictions, as obtained in the Type II 2HDM, consistent with experimental results for the
decays to muons in the final state.
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3.6 The light CP-odd Higgs window

In this Section, we consider an alternative scenario to the usual belief that the additional
scalars should be heavier than m3™ = 125 GeV. By keeping the assumption that h ~ h*M is
the scalar discovered at the LHC, we explore the possibility that a CP-odd Higgs A lighter
than A was missed by the direct searches performed thus far.

The following questions will be addressed in this Section:

(i) Is this scenario consistent with current theoretical and phenomenological constraints?
(ii) Which are the most sensitive probes at low and high energies to a light CP-odd Higgs?

In the following, we will describe our scan of the parameter space and the main flavor
constraints in Sec. 3.6.1. In Sec. 3.7, we investigate the possibility of probing a light CP-
odd in exclusive decays of the Higgs to quarkonia. Finally, we propose in Sec. 3.8 some
quarkonia decay which are highly sensitive to the light CP-odd contributions and can be
studied at current (LHCDb) and future (Belle-II) experiments.

3.6.1 General scan for a light CP-odd

To answer the above-asked questions, we perform a scan similar to the one presented in
Sec. 3.2 but with a different range for the scalar masses:

tan 8 € (0.2, 50], e <—7T, ”) : 02| < (1.2 Tev )2,
272 (3.86)

mg+ € (my, 1.2 TeV), my € (my, 1.2 TeV), ma € (20 GeV,my,) .

where the lower limit m4 > 20 GeV is chosen to avoid resonant contributions of the type
B(YT — vA) and B(B — K A), which are constrained by limits reported by BaBar [194-196].

In addition to the general constraints presented in Sec. 3.1, the light CP-odd Higgs can
contribute significantly to the SM-like Higgs total width 'y, which is indirectly constrained
by LHC data. More precisely, although ATLAS and CMS do not have enough mass resolu-
tion to directly probe I'j,, non-standard contributions to the tiny %™ = 4.10(4) MeV [197]
are constrained by the analysis of Higgs strength signals. ! The most up-to-date analysis
of Higgs data suggests that [198]

I, — Tysm
I = Dhsw] <0.3, (3.87)
FhSM
which will also be imposed as a constraint to our scan. For m4 < my /2, the most potentially
dangerous contribution to ', comes from h — AA, which is generated via the trilinear scalar

coupling!®

AhAa = 21)281111% [mi (cos(av — 3B) + 3cos(a + ) — 4m? sin 2B sin(a — )

(3.88)
— 4M? cos(a + B)} ,

15The term invisible width is sometimes used to describe this quantity, but it is misleading since the
non-standard contributions to I';, can be potentially observable. The term non-standard decay width is
more suitable.

16We agree with the expression derived in Ref. [199].
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which enters the Lagrangian

A
LD ’12“,“‘ hAA. (3.89)

The total rate for this decay is given by

‘)\hAAIZ 1}2 4m2
L(h — AA) = — 1— m;. (3.90)

To be consistent with current Higgs data, the coupling A\,44 has to be sufficiently small
in the region mu < my /2. This constraint is particularly strong since bosonic interactions
can be orders of magnitude stronger than the Yukawa interactions, which dominate the SM
Higgs total width. Furthermore, the channel h — Z A is also open for a very light CP-odd
scalar, i.e. with m4 < my — myz. The expression for this decay rate is given by

1 cos?(B — a) N¥2(my, mz,my)

T(h — ZA) = (3.91)

167 v? mj,

which vanishes identically in the alignment limit cos(f — «) = 0.

The constraints described above are combined with the ones presented in Sec. 3.2 to
determine the allowed parameters. It is important to mention that a scan of parameters
consistent with the constraints listed above favors the moderate and small values of tan 5 €
(0.2, 15]. Larger values of tan 3 can be probed around the alignment limit as it can be seen
from Eq. (3.6). For that reason, in addition to the free scan, we also perform a fine-tuned
scan, i.e. with my ~ |M|. We combine both results and show them in Fig. 3.14 for Type I
and Type II models. Similar results are obtained for Type X and Type Z. The constraints
coming from b — sy and exclusive b — sff are also superimposed on the same plot to 3o
accuracy, giving the allowed points in blue [181,186]. 7 From this plot we observe that the
charged Higgs cannot be infinitely heavy, since my=+ is correlated with the light CP-odd
mass my due to the theory constraints discussed above. The lower bound on the charged
Higgs, my+ > 439 GeV [181], eliminates many points in Type I and Type Z models. As
it can be seen from Fig. 3.14, among the remaining points in the parameter space of the
Type II model, the free scan prefers low tan 8 ~ 2 values, while the large tan § values
can only be accessed through the scan in the my = | M| direction. The same observation
applies to the Type Z model.

Notice also from Fig. (3.14) that one cannot simultaneously access m4 < my,/2 and have
large tan 3, except for the very tuned solutions. To see that we expand Eq. (3.88) around
the alignment limit, § = cos(a — ) ~ 0, and obtain

m3 +2m?% — 2M?  2(m} — m%)
v? v?tan 23

To suppress ['(h — AA) in the perfect alignment limit, one needs 2M? = m3 + 2m?,

which for the low my gives M? < 3m3?/4 < m?. Therefore, in order to get a small

width T'(h — AA) one needs M? < m%, which cannot be simultaneously satisfied with the
condition M = mpy, which is needed to find large values of tan .

5+ O(6%). (3.92)

Ahaa =

1"Notice that we consider bounds only to 3¢ accuracy, since the 2HDM contributions cannot explain the
deficit in B(B — Kpjt)g2c15,22] Gev?, Which is still not significant. In this case, the constraint from b — sy
becomes mpy+ > 439 GeV [181].
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1000F
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Figure 3.14: Results of the scan of parameters (3.86) after imposing constraints discussed in the
text. Darker/lighter points correspond to the free/fine-tuned scan. Notice in particular that the
red points are forbidden by the flavor bounds [181,186]. The results for the models of Type X and
Z are similar to the ones of type I and 11, as described in the text.

The conclusion of the study performed in this Section is that a light CP-odd Higgs is
perfectly consistent with current theory and phenomenology constraints in some regions of
the parameter space. In the following we discuss the most sensitive indirect probes of a
light CP-odd Higgs, which can help us to disentangle among the various 2HDM.

3.7 Seeking the CP-odd Higgs via h — P/

In this Section, we propose to study decays of Higgs to the pseudoscalar heavy quarkonia
(P), h — Ptt0~, (P € {ne,m}) processes in which the CP-odd Higgs can contribute at the
tree level and make a significant enhancement of various decay rates. The level of such an
enhancement is related to the structure of the Yukawa couplings and to the mass of the
A-state. As we shall see in the following, we find that B(h — 7.,7777) can be enhanced by
an order of magnitude with respect to its SM value, which is why we find it worth studying
in experiments.

Studies of the Higgs boson to quarkonia attracted quite a bit of attention: Radiative
decay h — J/¢~ could be used to probe the Yukawa coupling hce, a possibility which is
compromised in the case of b-quark quarkonia (T(nS)) due to cancellation of two contri-
butions to the decay amplitude [200]. A possibility to study h — PZ and h — V' Z (where
V and P stand for the vector and pseudoscalar quarkonium states, respectively) was elab-
orated in Refs. [201,202]. Finally, a possibility to search for the effects of lepton flavour
violation via h — V{105 has been proposed in Ref. [203].
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In the following, we derive the general expressions for B(h — P{T¢~) both in the SM
and in 2HDM with a light CP-odd Higgs state. The results of the scan of parameters
presented above is then used to test the sensitivity of B(h — 7.,¢7¢™) on the presence of a
light CP-odd Higgs state. We will not discuss the decays B(h — PZ) in this thesis, since
the 2HDM contributions are expected to be much smaller in this case. We refer the reader
to Ref. [204] where an extensive discussion of these decays is made.

Expressions for B(h — P(T(7)

In our notation, P denotes the pseudoscalar quarkonium carrying momentum k, while Z
flies with momentum py. The dilepton invariant mass squared in the P/*¢~ final state is
considered as ¢* = (p, + pp)?, with Pez being the momentum of the outgoing leptons.

In the SM, the decay h — P{T¢~ occurs via the diagrams shown in Fig. 3.15. The
dominant contribution comes from h — Z*Z* — P¢¢ (Fig. 3.15c), which is much larger
than the direct ones, h — Zqq — Z P (Fig. 3.15a and 3.15b), and the one generated at loop
level, h — Z*y* — P, (Fig. 3.15d). '® The contribution from the dominant diagram to
the SM amplitude reads

_ 1L/ g \* gafp q"q
h Pﬁ£%2_<> A oy 1
M(h = ) 4 \ cos Oy mz (g2 —m?%) (k? — m%) Iu m2
kY ke _
X (—g”a + - ) k, ey (95 — g47s)ve - (3.93)
7

The full expression, which includes all contributions depicted in Fig. 3.15, is given in the
Appendix of Ref. [204]. We note, however, that the contribution of the diagram in Fig. 3.15d
vanishes in the decay rate. Notice also that Eq. (3.93) must be multiplied by sin(f — «) to
obtain the equivalent 2HDM amplitude.

Figure 3.15: Diagrams relevant to h — P{T4~ decay in the SM. The full dot in the diagram (d)
indicates that the vertex is loop-induced. Its contribution to the decay rate is nevertheless zero.

Diagrams arising in the 2HDM setup are shown in Fig. 3.16, of which the first two
are numerically much less significant than the remaining three. The contributions of those
latter (dominant) diagrams to the decay amplitude read:

2m&hmbfe  cos(8 —a)
v 2m, (¢ —m) (K —m3)

hs Pty —— (52
M(h =~ ) 2 cos Oy

8Notice that the photon cannot couple directly to P because the vector matrix elements vanishes due
to parity conservation.
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qudv
X <_g,u,u+ 7;;2 ) (k’ +p) Ug’}/ (g QA%)W, (394)

z

£ q
h— POt~ ( Y ) melhy  ghfpcos(B — a)
M~ ) 2 cos Oy v (2 —m3) (k2 —m2)
k.k, L

" <_g“”+“2> @+ PY'F” Bt (3.95)

mz

q el 2
1

Y S WL LilLY UL s L
M(h — ) hAAU — F omy (@ —m2) (= mi)umg,vg (3.96)

In the limit in which I'y/m4 < 1, one can work in the narrow width approximation,
which amounts to replacing

1
(¢2 — m%)% + miT%

— 6(q2 — m2)—

(3.97)

mxI'x '

This approximation is adopted throughout this thesis both for X = Z and X = A. We
emphasize that, for clarity, we disregarded the direct contributions to the amplitude because
they are numerically much smaller and can be safely neglected. Therefore, to a very good
approximation the decay rate can be written as

I'(h— P(*¢")~T(h— PZ" — P{*0")+T(h— PA* — Plt(7). (3.98)

We checked that the interference terms are indeed very small and the above formula is useful
for the phenomenology we are interested in. For the explicit expressions of the separate
rates in Eq. (3.98) we obtain,

fEm3 :
r PZ* — Pt L [cos®(2 4sin*
(h — — PUT0T) = 3847r2Fthv6 [cos™(20w ) + 4sin” O]
¢im2 cos(f — a)\?
<g% - 2(71;7/31 o m%) A3/2(77,”17 mP7 mZ) ) (399)
D(h— PA* = PUH) —— ) P mng NP I
512721 amijv? hAAmA m v

q
+2 cos(ff — a)%‘(mh - mi)} M2 (my, mp,ma) . (3.100)

In the above formulas g{, = T} —2Qy sin® Oy, gh = T}, and we neglected the additive terms
o< m3/m?%. We emphasize once again that the above expression for I'(h — P{*¢~) should
be viewed as a very good approximation, whereas the full expressions are provided in the
Appendix of Ref. [204]. Essential hadronic quantities needed to evaluate the amplitudes
defined above are [205,206]:

oo =391 £ 4 MeV, f = 667 £ 7 MeV. (3.101)

To get the branching fraction in a 2HDM setup, one should also be particularly careful
with the width of the Higgs boson I';, which should not be much larger than its SM value,
e.g. I',/T$M < 1.4, a condition that provides a particularly stringent bound on the coupling
of h to two light CP-odd Higgses in the situation in which m4 < m; /2. Finally, since the
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Figure 3.16: Contributions to the h — P{T¢~ decay amplitude in a 2HDM scenario.

above formulas require the knowledge of the width of A, we give that expression too, in
which we include I'y =T'(A — ff) +T'(A — v7), which are given by

_ N.m? 4m?>
_ fi2 ~Yel'tf f
D(A = ff) = 00ma = 2my)|Ea” 5 ma 1—7m?4 :
) 2
aem
T'(A— ~y) = 16W302m§”4 zf:g; N. Q% zy Fy(zy)| (3.102)
where N, = 3 for quarks and N, = 1 for leptons, the electric charge for leptons, up-

type and down-type quarks is Q, = —1, @, = 2/3, Q4 = —1/3, respectively, and f runs
over all available quark and lepton flavors. In the above expression we used the notation
x5 =m7/m%, and the loop function reads

1( 1++1—4x
2 1—+v1—-4
F’Y'Y(x): v

1
—2arcsin? () otherwise
2\/x )’

Notice that I'(A — 77) < I'(A — ff) and our conclusion would remain the same even if
we neglected I'(A — ~7). For the same reason we neglect the I'(A — gg) contribution to
the full width of A.

2
]) , forz <1/4

i + log [ : \
3.103

Phenomenology

In this Section we combine the results of the scan discussed in Sec. 3.6.1 with the expressions
give above to evaluate

TT — B(h’ — anT+T_>2HDM and RMM — B(h — T]Cb,u lu_

Tcb B(h—>77cb7'+7'7)SM Mcb B(h—>77cb,u+,uf)SM )

)ZHDM

(3.104)
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where 7., means either 7. or 1,. The range of values for each of the ratios (3.104), that we
obtain by using the results of the scan for each of the 2HDM realizations are summarized
in Tab. 3.4.

Ratio RZ RZ Rv Rv RIT RIT
TypeI | (0.7,1.0) (0.7,1.0) | (0.7,1.0) (0.7,1.0) | (0.7,3.3)  (0.7,3.6)
Type I1 | (0.7,1.0) (0.3,1.7) | (0.7,1.0) (0.7,1.7) | (0.8,2.3) (0.9,130)
Type X | (0.7,1.0) (0.7,1.0) | (0.7,1.1) (0.7,1.1) | (0.7,21)  (0.7,23)
Type Z | (0.7,1.0) (0.3,1.7) | (0.7,1.0) (0.7,1.7) | (0.7,1.2)  (0.7,1.7)

Table 3.4: Resulting intervals for the ratios obtained from the scans in various types of 2HDM.

In order to exacerbate the sensitivity to the CP-odd Higgs, one should consider -
leptons in the final state. This is because the second part in Eq. (3.98) becomes important,
I'(h — PA* — P{T{™) o mZ, which can also be seen by using an approximate relation,
L'(h = nat7) &~ I'(h = napA) B(A — 77). Indeed, on the basis of the results presented
in Tab. 3.4 we see that the ratios R;” and R}" depend much more on the light CP-odd
Higgs than the ones with the light leptons in the final state. This is particularly true
for the Type I, II and X models, the results highlighted in Tab. 3.4, and illustrated in
Fig. 3.17 for Type II and X. We already stressed that the Type II model is far more
constrained than Type X because of the constraint coming from B — X,v. Yet the results
for R}™ exhibit the similar enhancement in both models, which can be traced back to
['(h — PA* — P{t(7) oc m?tan? 3, a common feature of both models. Notice, however,
that for larger values of m4, the value of B(h — 147 177) rapidly approaches its SM result,
which is why we focus on these decay modes as possible probes of the light CP-odd Higgs
(ma < my).

Finally, it is worth mentioning a correlation between R]™ and R}" in Type I and Type X
models, which is shown in Fig. 3.18. It is easy to understand its origin once one realizes
that I'(h — PA* — P{*{~) dominates the full decay rate (3.98), and since the couplings to
charm and to bottom quarks are equal in both models, |£5|= |€%|= 1/tan 3, the correlation
becomes quite obvious. Similar reasoning, but this time with respect to &7, can be used
to explain why the enhancement in Type X model (|¢}|= tan ) is much more pronounced
than the one in Type I model (|{}]|= 1/tan 3).

In conclusion, the decay rates B(h — P{¢*(¢~) can be enhanced by as a factor of ~ 3 and
even a factor of ~ 50 with respect to the SM predictions if a light CP-odd Higgs is present,
as highlighted in Table 3.4. The origin of that enhancement is due to ms < my, and it is
related to the Yukawa couplings to the CP-odd Higgs, which explains why the effect is so
pronounced in the case of 7-leptons in the final state (in contrast to the case of muons or
electrons). Therefore, these observables offer new experimental opportunities to investigate
the presence of a ligh CP-odd Higgs A and help to disentangle among various 2HDM
scenarios. Finally, we should also add that in this study we focused on the lowest lying
pseudoscalar quarkonia, but that our discussion could be trivially extended to the excited
pseudoscalar quarkonia. Strategies for their detections have been discussed in Ref. [207]
and references therein.

4
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Figure 3.17: Results of the scan of parameters (3.86) after imposing constraints discussed in the
text. Darker/lighter points correspond to the free/fine-tuned scan.
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Figure 3.18: Correlation of the ratios R)™ and R}" in Type I and Type X models arises from the
fact that the Yukawa couplings of the charm and bottom quarks to the CP-odd Higgs are equal
in these two models.
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3.8 Probing a light CP-odd Higgs through quarkonia
decays

In this Section we discuss the processes P — ¢T/~, where P stands for a pseudoscalar
quarkonia, namely, 7. or 7,. In the SM, these processes proceed through the exchange of
a Z boson or via electroweak boxes. The tree-level and the leading loop contributions are
shown in Fig. 3.19. The box diagrams with the W* and Z° bosons running in the loop are
negligible in comparison

q — q Y o
¢ AVAVAVAVAV e
ZO
g Tlq q 0~
, — N\ N \VNN———
q s q g s

Figure 3.19: Dominant diagrams for the decays n, — ¢*¢~ in the SM.

The contribution from the photon is obviously absent at tree-level due to parity conser-
vation, i.e. the matrix element (0|by*b|ny(p)) = O vanishes identically. Therefore, the SM
predictions for B(P — ¢*¢7) are very small and open the possibility for using these decays
to look for NP. In particular, a CP-odd Higgs would give a tree-level contribution to this
decay, as shown in Fig. 3.20, which can be orders of magnitude larger than the SM one for
light values of m 4.

q -

Tq

L
~
T

Figure 3.20: CP-odd contribution to the decay n, — ¢*¢~ in the SM.

In the following, we derive the general expressions for B(P — ¢T¢7) in the SM extended
with a second Higgs doublet. We use the results of the scan of parameters discussed in
Sec. 3.6.1 and check on the sensitivity of these decays to the light CP-odd Higgs.
Expressions for B(P — (/)

The total amplitude for the decay n, — ¢4~ can be decomposed as

Mo (g = £707) = Mz + Mewm + Myp, (3.105)

where ¢ = ¢, b and each of these terms is associated to one type of contribution in Fig. 3.19
and Fig. 3.20. The Z-exchange amplitude can be trivially computed in terms of the decay
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constant f,,,

2

g fqu 0 r—
M2 = 5 cos, :nQZ g4ga [up)ysv(p2)] (3.106)

where gfl = TJ‘? is the third component of weak isospin. The electromagnetic boxes have
been estimated in Ref. [208,209], giving

2
Mem = 8Q3agmf <m£> fnqmﬁ

) o [alpn)sv(p2)l (3.107)

Mg

where the loop function f(r) reads

11 1+ LBy, ™ 1=BY im, (140
o= o (155) ~om (125) T e (-15) - S s (125)]
(3.108)

with 8, = /1 — m?/m?. By using the values of the decay constants given in Eq. (3.101),
we obtained the SM predictions

Bn. — ptu")=(42402) x 1071,
By — p ) = (5.6 +2.4) x 1071 (3.109)
By, = 7777) = (4.0+£1.7) x 1077

The only experimental limits available so far for these decays are B(n, — u™p~) < 9 X
1073 [210] and B(m, — 7777) < 8 x 1072 [211], which are still orders of magnitude from the
SM values given above. Even though the electromagnetic contribution appears only at loop
level, the box diagrams give comparable contributions to the ones generates at tree-level by
a Z exchange. The suppression of the latter diagram comes from the Z propagator which
gives a multiplicative factor m;, /m7 to the amplitude.

The NP contributions to these decays can be generically written as

MNP =

2
Mg melly My, 1 -

_ a 3.110

vooov 2mg md —mi [ipr)so(p2)l ( )

where the couplings ££ were defined in Eq. (3.19). By combining the expressions given
above, we obtain for the decay rate

Jm2 —4m? 2
D(n, — (7)) = X" ¢ (f%””)

2
81 m;.

2 4 ¢ 2
80202 Wj i 2y, 4 My, §4éa
q“‘em mg 02 9ga9a 202 m% _ m124 :
q
(3.111)
Notice that we neglect tthe mixing of 7., with A on the above expression since the range

of my is chosen to be my € (20 GeV,my,), see discussion following Eq. (3.86).

Phenomenology

We are now in position to combine the results of our scan described in Sec. 3.6.1 with the
branching ratio formula (3.111) to investigate the impact of the different 2HDMs on the
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decay channel n, — ¢¢. To that purpose, we define the ratios of the decay rates with respect
to the SM ones,

R B, — )
W By — O

Our results for the different 2HDM realizations are summarized in Table 3.5, where we
can see that B(n, — p*p~) and B(m, — 7777) can be exacerbated by five orders of
magnitude in comparison to the SM values given in Eq. (3.109). This happens only in the
type II scenario due to the tan 5 enhancement of the CP-odd Higgs couplings ﬁi’g both
to down-type quarks and leptons. For the other scenarios, the CP-odd contribution turns
out to be indistinguishable from the SM. Furthermore, we have also checked that the NP
contributions to 1. — £T¢~ are negligibly small in all the scenarios we consider here. This
can be understood from the fact that the up-type quark couplings, given by &% = 1/tan j3,
cannot be large due to the stringent constraints on low tan 8 values coming from By — ™t p~
and B — Ku*pu~, as discussed in Sec. 3.5.

(3.112)

Ratio | Ry Ry, up Ry, —srr

Type I ~ 1 (1,1.1) (1,1.2)
TypeII| ~1 | (1,5.1x10% | (1,3.4 x 10°)
Type X | ~1 (0.75,1) (0.5,1)

TypeZ | =~1 (0.75,1) (0.5,1)

Table 3.5: Resulting intervals for the ratios Ry, ¢ = B(ng — £707)/B(ng — €7¢7)3M obtained
from the scans in various types of 2HDM.

In Fig. 3.21, we plot the dependence of the ratios R, ¢, on the CP-odd Higgs mass
my and tan 8. We found that a large enhancement is present even for the parameters
without fine-tuning. For the fine-tuned scenarios, the enhancement is more pronounced for
ma > my/2, since the light A is not constrained by the Higgs total width in this case, as
shown before in Fig. 3.14. Interestingly, the large enhancement is not present only in the
mode with 7-leptons in the final state, but also in the channel 7, — p* . The latter decay
mode is more accessible experimentally, since it avoids the complicated reconstruction of the
7’s. This feature can be more easily seen in Fig. 3.22, where we plot R,, .. as a function of
Ry, - The strong correlation between these channels can be understood from Eq. (3.111),
since the lepton mass appears as an overall factor in the decay rates, i.e. T'(n, = £707) o< m3.
There is a residual dependence on my in the loop factor f(mj/m?), but this effect is very
mild in comparison to the overall factor m2.
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Figure 3.21: Results of the scan of parameters (3.86) for Ry ¢ = B(ng — (147)/B(ny —
¢+¢7)SM after imposing constraints discussed in the text. Darker/lighter points correspond to the
free/fine-tuned scan.
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Figure 3.22: Correlation of the ratios Ry, ., and Ry, ., for the type II model, cf. Eq. (3.112).
See Fig. 3.17 for the color code.
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In conclusion, the processes n, — p*pu~ and 1, — 7777, which have been scarcely
studied in experiments thus far, can provide additional information about the scalar sector
beyond the SM. The SM rates for these processes are negligibly small, since the pseudoscalar
quarkonia at tree-level decay to two leptons only weakly. For that reason, the observables
B(n, — ptp~) and B(n. — ptp~) are sensitive to the light CP-odd Higgs contributions,
which contributes at tree-level to the amplitude of this decay. Clearly, the contribution
from the light CP-odd is more pronounced for light values of m4. We have showed that
these processes can be enhanced by almost five orders of magnitudes, being possibly within
reach of current (LHCb) and future experiments (Belle-II), and providing complementary
information to the de cays h — 77—, which were discussed in Sec. 3.7.

Comments on V — y(1(~

Before closing this Section, we will briefly comment on other proposals to probe a light CP-
odd Higgs by using the decays of quarkonia. An attempt has been made in Ref. [212-215] to
consider the processes T — ~v¢*{~, with £ = u, 7, where it is claimed that these processes are
highly sensitive to the contribution of a light pseudoscalar. We will argue that this statement
in implausible, since the authors of Ref. [212-215] neglected an important contribution for
the SM.

For these decays, the only NP contributions stems from QCD structure dependent dia-

gram shown in Fig. 3.23.
N
1
AO
T _

)+

Figure 3.23: CP-odd contribution to the decay T — ~v{T{~.
A similar diagram where the photon is emitted by a lepton is obviously forbidden by parity

symmetry. The light-CP odd diagram should be added to the dominant SM contributions
shown in Fig. 3.24.

7 e p ¢ 2 Vs
Y Y 8 Z
T O>wvw<\4 T M T
4 a s
Figure 3.24: Leading contributions to the decay Y — v¢T¢~ in the SM.
By comparing the diagrams 3.23 and 3.24, it becomes clear that the observable B(T —
vt07) is insensitive to the CP-odd Higgs contribution. This conclusion comes from the

fact that the first diagram in Fig. 3.24 is a tree-level electromagnetic contribution, thus
orders of magnitude bigger than the one generated by NP. In Ref. [212-215], the SM decay
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rate was estimated by making the approximation,

D(T — 70T 07) 2 T(Y — ymy) x Bl — €H07). (3.113)

The study of T — /¢~ proceeds through the dominant electromagnetic tree-level con-
tribution, which is huge compared to the CP-odd contribution. Disentangling the NP
contributions from the large SM contribution becomes therefore complicated. In particular,
even if ones manages to subtract a part of bremsstrahlung, the validity of Eq. (3.113) is
very questionable.
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Chapter 4

Leptoquarks at low and high energies

Leptoquarks (LQ) are hypothetical bosons with simultaneous couplings to leptons and
quarks. They emerge in most scenarios aiming to unify the SM fermions in the same
representation of a gauge group larger than Ggy. Examples of such scenarios are provided
by Grand Unified Theories (GUT), where LQs appear as gauge bosons of the unified group,
or as additional (colored) states in the scalar multiplets. The interest in scenarios with light
LQs was recently renewed by the indications of lepton flavor universality violation (LFUV)
in B meson decays, which can be accommodated by LQs lying around the TeV scale. In
the viable LQ scenarios, LFUV can imply significant LFV signatures as it will be described
in Chapter 5.

This Chapter is organized as follows: in Sec. 4.1 we discuss the general aspects of models
with LQs. In Sec. 4.2, we present a concrete example of a SU(5) unification scenario with
light LQs. In Sec. 4.3, we derive the effective Lagrangian for the LQ that will be considered
in the next Chapter. Finally, the status of the direct searches for LQs at the LHC is briefly
reviewed in Sec. 4.4.

4.1 Introduction

LQs are fields which admit simultaneous interactions with quarks and leptons via renor-
malizable operators [8,216]. These states can be scalar or vector particles and they were
firstly considered in the context of unifed models based on the gauge group SU(5) [217] and
the Pati-Salam group [218]. ! In addition to unification scenarios, LQs naturally arise in
composite Higgs models [219-221] and models aiming at explaining the origin of neutrino
masses [222] and other phenomena.

LQs with baryon number violating couplings must be very heavy in order to avoid
proton decay constraints, as it was originally thought in the first grand unification papers.
However, in scenarios with baryon number conservation, L.QQ masses and couplings have to
satisfy much weaker constraints, which allow them to be considerably lighter, as explored in
recent publications [223-225]. The phenomenology of TeV-scale L(Q) states is very rich and
it includes sizable effects in rare meson decays and processes with LF'V| as well as potential
signatures in direct searches performed at the LHC [8].

There exist 12 LQ states which can be classified by their spin and by their transformation
under the SM group. Since quarks are color triplets, the SU(3). gauge invariance imposes
that a simultaneous interaction to leptons are possible if and only if LQs belong to the

!The Pati-Salam gauge group is SU(4) x SU(2)z, x SU(2)r which can be embedded in SO(10).
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representations 3 or 3 of SU(3).. A similar reasoning can be used to determine all the
SU(2)r x U(1)y representations allowing gauge invariant and renormalizable interactions
to leptons and quarks, as listed in Table 4.1. We adopt the notation of Ref. [226] and
specify the LQ states by their quantum numbers with respect to the SM gauge group,
(SU(3)., SU(2)1)y, where the electric charge, @ =Y + T5, is the sum of hypercharge (V)
and the component of the third weak isospin (73). Moreover, these states can be classified
in terms of the fermion number F' = 3B + L, where B is the baryon number and L is the
lepton number defined in such a way that B = 1/3 for quarks and L = 1 for leptons.

(SU(3)e, SU(2)L)u1)y | Spin  Symbol BNC F
(37 3)1/3 0 S X -2
(3,1)as3 0 S, X =2
(37 L)13 0 S X -9
(3,1)_2/3 0 Sy X =2
(3,2)7/6 0 Ry v
(3,2)1/6 0 Ry v
(3, 2)s5/6 1 %) X -2
(3,2)_1/6 1 Vs X =2
(3,3)2/3 1 Us v 0
(3, 1)5/3 1 U, v 0
(3,1)2/3 1 Uy v 0
(3,1)-1y3 1 U, v 0

Table 4.1: Classification of scalar and vector LQs. The column BNC refer to baryon number
conservation. See text for details [8].

Throughout this Chapter the flavor indices of LQ couplings will refer to the mass eigen-
states of down-type quarks and charged leptons, unless stated otherwise. In other words,
the left-handed doublets are defined as Q; = [(VTur); dp;]* and L; = [(Uvy); £1:]7, where V
and U are the Cabibbo-Kobayashi-Maskawa (CKM) and the Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) matrices, respectively. The fields wuy, dr, ¢; are the fermion mass eigen-
states, whereas v, stand for the massless neutrino flavor eigenstates. Since the tiny neutrino
masses play no role for the purpose of this thesis, we may choose the PMNS matrix to be
the unity matrix in the phenomenological discussion, U = 1. Right-handed field indices
will always refer to the mass eigenbasis.

4.1.1 SU(5) unification and light leptoquarks

The equality of electron and proton charges |Q,|= |Q.| is one of the great mysteries of the
SM. Gauge theories do not constraint the quantum charges of an Abelian group, which can
be any real number. The fact that the U(1)y charges of the SM fermions are such that |Q),|=
|Q.| appears to be a very unpleasant coincidence. A well-known solution to this problem
is to embed the SM gauge group Ggy in a larger non-Abelian semi-simple group G, where
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leptons and quarks are included in the same representation of G. The non-Abelian nature
of G implies then that the U(1)y charges of fermions are rational fractions, as observed in
nature. This idea also agrees with the reductionist trend of theoretical physics of unifying
the forces in simpler interactions, as it happened with Maxwell electromagnetism and the
electroweak theory of Glashow and Salam. Notice, however, that the naive extrapolation
of this historical feature might be a theoretical prejudice which is not necessarily satisfied
in nature.

The first model unifying leptons and quarks was proposed by Pati and Salam in 1974
[218]. The minimal simple group containing Gsy is SU(5), as it was shown by Georgi and
Glashow in the same year [217]. Unification models based on the gauge group SO(10) are
also possible [227,228], but these have a huge number of degrees of freedom, which reduce
considerably the predictivity of these scenarios. In all these models, vector LQ) states appear
as gauge bosons of the unified group and scalar LQs appear as degrees of freedom in the
scalar multiplets. The purpose of this Section is not to cover the vast literature on GUT,
but to discuss whether LQs coming from unification scenarios can be light enough to be
observed in low and high energy experiments. We will consider SU(5) as our gauge group
due to its simplicity and we will illustrate the viability of this type of GUT scenario in
Sec. 4.2 with the concrete model introduced in Ref. [229].

We follow the notation of [230] and denote the SU(5) representations by their dimen-
sions. The SM fermions are embedded in three ten-dimensional representations (10); and
three five-dimensional representations (5); of SU(5), where 4, j denote family indices. More
precisely, for each fermion generation

10 = (17 1)1 S5 (37 1>—2/3 S (37 2)1/6 = (6%7 u%? Q) )

) (4.1)
5= (1, 2),1/2 D (3, 1)1/3 = (Lvég) )

where one can recognize the left-handed SM fermion multiplets. The representations with
lowest dimension containing LQ states are listed in Tab. 4.2. By analyzing all the possible
SU(5) contractions with the fermion representations, one can show that only the 5-; 10-
, 15-, 45- and 50-dimensional scalar representations can couple to SM fermions at the
renormalizable level. On the other hand, the only representations that can get a vev without
breaking color and electric charge are 5-, 15-, 24- and 45-dimensional representations.
Among the representations mentioned above, only the 24-plet does not contain scalar LQs
(see Table 4.2), but this representation does not couple to SM fermions. Therefore, we can
state that at least one scalar representation containing LQs is needed to generate electroweak
symmetry breaking and to give mass to fermions. Moreover, the vector LQ V5 = (3,2)s /6
appears in the adjoint representation 24 for every SU(5) scenario. > By combining these
facts, one can say the that there is in general at least one scalar and one vector L@ in any
SU(5) unification model [8].

In the original SU(5) model of Georgi and Glashow, the scalar sector consists of an
additional 5, which contains the SM Higgs, and a 24 representation used to spontaneously

break SU(5) down to Ggu,

24y = (8,1)0® (1,3)0 D (3,2)-5/6 D (3,2)5/6 © (1, 1)o,

’ (4.2)
by = (1, 2),1/2 P (3, 1)1/3.

It is customary in the SU(5) literature to call X and Y the states in the V5 multiplet with electric
charge 4/3 and 1/3, respectively.
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The particles in the 24 representation acquire masses at the unification scale Aqut > v,
having no phenomenological impact at low-energies. The scalar LQ (3,1);/3 coming from
5y is assumed to be much heavier than the SM Higgs to not disturb the proton stability, as
it will be discussed in Sec. 4.1.2. To achieve this large mass splitting in the 55 multiplet,
a fine-tuning of the parameters in the scalar potential is needed, which is known as the
doublet-triplet splitting problem.

Despite its elegance and simplicity, it is well-known that the minimal SU(5) model de-
scribed above [217] is no longer viable. It suffers from several issues including: (i) doublet-
triplet splitting; (ii) Yukawa relations in disagreement with experiment; (iii) massless neu-
trinos; and perhaps most strikingly, (iv) fails to achieve unification. However, with the
exception of the first problem, there are straightforward, non-supersymmetric extensions
of the original model which can solve each of these issues. The fermion mass relations
can be addressed using higher-dimension operators [231] or a Higgs in the 45 representa-
tion [232], while the addition of singlet right-handed neutrinos allows for neutrino masses
via the Type-I seesaw [52-55]. Furthermore, there exist several models which introduce
additional split multiplets in order to achieve gauge coupling unification consistent with
the current experimental measurements [233-237].

Before presenting a viable SU(5) unification scenario with light LQs in Sec. 4.2, we will
briefly discuss the generalities of proton decay in GUT models.

(SU(3)e, SU(2) L)1)y | Symbol SU(5)
(3,3)1/3 Sy 45,70
(3,1)a/3 Sy 45
(3,1)13 S,  5,45,50, 70
(3,1)_9/3 Sy 10, 40
(3,2)7/6 R, 45, 50
(3,2)1/6 Ry 10, 15, 40
(3,2)5/6 Vs 24, 75
(3,2)_1/6 Va 10, 40
(3,3)23 Us 35, 40
(3,153 U, 75
(3,1)2/3 U, 10, 40
(3,1)_1/3 Uy 5, 45, 50, 70

Table 4.2: List of LQ states and the corresponding lowest dimension SU (5) representations. [8].

4.1.2 Proton stability

One of the most important constraint on unification scenarios comes from the proton stabil-
ity. The proton decay can be induced both by scalar and vector LQs if these states violate
baryon number, as listed in Table 4.1.

The issue of matter stability is directly related to the presence of the diquark couplings,
which violate both baryon and lepton number. To illustrate the impact of experimental
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bounds on the proton lifetime 7, we consider the decay mode p — 7% " which is illustrated
in Fig. 4.1 for both vector and scalar LQs. For vector LQs, the rate for this process is
estimated by naive dimensional analysis to be

|glg2| m5

L(p— 7™ ~ , (4.3)
miq 7

where m,, is the proton mass and g1,2 are the gauge couplings shown in Fig. 4.1. By taking
g1 = g2 = 1/2 and the limit 707, , > 8.2 x 10% years (90% CL) [238] , we obtain the naive
bound myq > 10'® GeV. For the scalar mediated proton decay, we can write

Iyz\2
m

I(p — 7)) ~ ",
LQ

: (4.4)
where y and z denote the Yukawa couplings appearing in Fig. 4.1 for the quark-lepton and
quark-quark pairs, respectively. For couplings of the same order than the up-quark Yukawa
(Jy]= |z|= 107°), we obtain the bound mrq = 2 x 10" GeV, which is about five orders
of magnitude weaker than the limit obtained above for vector L.Qs. These lower bounds
on the LQ masses are rough estimates, but they give an idea of the spectrum of particles
and unification scales needed in order to be consistent with current experimental limits
on the proton lifetime. These estimations can certainly be refined for concrete unification
scenarios, like the one we will present in Sec. 4.2.

d

Figure 4.1: Illustration of proton decay mediated by vector V (left panel) and scalar A (right
panel) LQs.

Besides the usual types of proton decay which proceed via dimension-6 operators gen-
erated by diquark couplings, as discussed above, the proton decay can also be induced via
higher dimensional operators. To be more precise, in the Ry = (3,2)1/6 scenario, the gauge
symmetry allows for the following interaction term

£ Xey (HIA;) (AlAL) (4.5)

where H denotes the SM Higgs, A the doublet LQ and X is a generic coupling. We remind
the reader that A = igyA* is the conjugate SU(2) doublet. Note also that, we explicitly
wrote the color indices (i, j, k). After integrating out the LQ particles, this coupling gener-
ates dimension-9 operators which induce the decay p — 7w tevv, as illustrated in Fig. 4.2.
The naive estimate of this decay rate gives

Q‘Ay3|2

I(p— ntnte vy
(p ) mi%g

(4.6)

P

where y is a generic Yukawa coupling to down-type quarks and leptons. In this case, there
is no dedicated search for this specific decay mode. The best limit that can be used is
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TP > 8.2 X 1033 [239], which was obtained independently of proton the decay channel.
Note that this limit is considerably lower than the one quoted above for p — 7%™. By
taking A = 1 and once again y = 107°, we obtain the bound myq = 960 GeV, which is
orders of magnitude lower than the ones obtained above. Interestingly, this lower limit on
the LQ mass falls precisely in the mass region which is being studied at the LHC. Therefore,
from a phenomenologically point of view, this type of proton decay is not as problematic
as the decays induced by dimension-6 operators, which were discussed above, but it offers
different opportunities for future proton decay experiments.

Figure 4.2: Proton decay p — nta T~ vv induced by the coupling (4.5) for the scalar LQ
Ry = (3,2)1/6-

4.2 A concrete SU(5) realization with light leptoquarks

As an illustration of a viable GUT scenario with light LQs, we consider the model proposed
in Ref. [229], which is an extension of the minimal SU(5) model of Georgi and Glashow.
The main interest of this model comes from the lightness of the leptoquark masses, which
are not only a possibility, but the key assumption which leads to unification. Therefore, this
unfication scenario might be within reach of the current low and high energy experiments,
such as the LHC and the meson factories, a possibility which is rarely encountered in the
standard GU'T literature.

The idea behind this model was originally introduced in Ref. [233], as an attempt to
achieve SU(5) gauge unification without relying on supersymmetry. In this paper it was
shown that the introduction of two (3,2);/6 scalar LQs and a second Higgs doublet at the
electroweak scale can be used to achieve gauge coupling unification. The original proposal
faces several difficulties, including a low unification scale (= 5 x 10 GeV) potentially
in tension with the bounds from Super Kamiokande, as well as additional contributions
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to proton decay mediated by the light LQs. In this Section, we show that the model of
Ref. [233] in fact still remains viable when confronted with the latest experimental con-
straints. Firstly, we point out that extending the model to introduce splitting in the 24
Higgs can preserve unification, while also allowing one to significantly raise the scale of uni-
fication. Furthermore, we discuss how dangerous contributions to proton decay, mediated
by the light leptoquarks, can be forbidden by a U(1)pg symmetry.

4.2.1 Model setup

As anticipated above, the setup of the original model is a minimal extension of the Georgi-
Glashow model [217]. The scalar sector of this model is extended to include an additional 5
Higgs Hz, as well as two new scalars, CD%) and @%, transforming in the 10 representation.
Experimental bounds on the proton lifetime provide a lower limit (my = 10 GeV) on the
masses of the colour-triplet Higgs in the 5 and 5, leading to the well-known doublet-triplet
splitting problem. These triplet scalars are therefore assumed to acquire GUT scale masses.
This motivates the assumption that such splitting could in fact be a generic feature of the
scalar sector, which then opens new avenues to achieve unification.
The decouplets, @1, can be decomposed under the SM gauge group as

10=(3,2)16® (3,1)-23® (1,1)1. (4.7)

Splitting of the 10 is assumed such that the LQ states A = (3, 2),/ can remain light, while
the rest of the multiplet acquires GUT scale masses. A similar splitting is also considered
for the 5 multiplet by assuming that the additional Higgs doublet remains light. These are
the key assumptions that lead to unification in this model.

Departing from the original model, we will also consider the case where there is a
splitting of the Yo, Higgs by lowering the mass of the (8,1) and (1, 3)o,

24H = (8, 1)0 S (1, 3)0 5>, (3, 2)—5/6 S (g, 2)5/6 S (1, 1)0 . (48)

Naively, one would expect this additional splitting to disrupt unification. However, if the
octet and triplet are approximately degenerate in mass, then their combined effect on the
RGEs is such that unification can be preserved. As we shall demonstrate in the following
section, splitting of the 24-plet then provides a straightforward way to raise the unifica-
tion scale. Such behaviour was first pointed out in the context of supersymmetric, string-
motivated models in Ref. [240]. However, in the case where Y4 is the field which obtains
an SU(5) breaking vev, it should be noted that the octet and triplet cannot be arbitrarily
light. If their masses lie significantly below (Xo4), one finds that I'(X3 — hh)/ms, > 1.
In the remainder of this paper we take the triplet/octet mass, mss, to be a free parameter.
It should be understood that in the case mgs/(X94) < 1, these states are assumed to arise
from an additional 24 multiplet, not associated with the breaking of SU(5). *
The Yukawa Lagrangian of the model is given by

2
Ly = ya Vo Hs U5 + y, U5y Hy Uyo + 3 YO T T; + hc. (4.9)
a=1
where (Wz + Wyg) corresponds to a single generation of SM fermions and there is an im-
plicit sum over generations. Other Yukawa terms in this Lagrangian are forbidden by the

3In this case, for example, a potential of the form m2®2, + \'Tr ([224,@24}2>, with (Xo4) =

V diag(2,2,2,—3,—3), can give GUT scale masses to the rest of the ®5, while the octet/triplet are tuned
to be light with msg = m.
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U(1)pq symmetry, which will be discussed in Sec. 4.2.4. When considering the low energy
phenomenology, we will be particularly interested in the couplings of the light LQ states
A, (with a =1, 2),

2
Ly > VY eqsdrAlLY + hc.
a=1
) ) (4.10)
= Z Y;g-a)dpd' [Agﬁl/:;)l/Lj - AgZ/B)ng + h.c. y
a=1

where «, 8 are SU(2) indices, Y@ are two generic 3 x 3 complex matrices, and A, are mass
eigenstates satisfying ma, < ma,. In the second line we decompose the weak doublets
in terms of the fields A("Y/%) and A/3) where the superscripts denote the corresponding
electric charge. Notice that the matrices Y@ should be anti-symmetric in flavour indices if
dr; and Ly; belong to the same SU(5) multiplet 5. However, this is not always the case as
suggested by the violation of the GUT relations my = m. and m, = m,, [241]. Finally, one
can also read the Yukawa interactions of the two Higgs doublets from the first two terms
in Eq. (4.9), which coincide with the couplings of a type-IT 2HDM.

4.2.2 RGE equations

The two-loop renormalisation group equations (RGEs) for the gauge couplings take the

form [242]

dg;  big} g (< )

_ i i Biig* |, 4.11
M~ 1672 T (1672)2 \ &= 709 (4.11)

where the relevant coefficients b;, B;;, are given above each mass threshold by

1 1
10 10 30 0
bi=|—-2|+O—mu)| s |[+20(m—ma)| 3 | +O(—mz)|2], (4.12)
—7 0 3 1
and
199 27 44 9 9 1 3 8
50 10 5 50 10 150 10 15
By=|32 2 12 [+Ou-—mg)|L 2 0[+20k-—ma)| & £ 8
L9 _gg 0 0 0 1 3 2
(4.13)
0
+O(u—mss) [0 0|,
0 42

where my is the mass of the second Higgs doublet, ma is the mass of the two light LQs and
mss is the mass of the states (8, 1) and (1, 3)o, as defined previously. We have assumed two
mass degenerate LQs in Eqgs. (4.12) and (4.13). The extension of these expressions to the
non-degenerate case is straightforward. There are also two-loop contributions proportional
to g2 Tr(y'y). However, even in the case of the top quark Yukawa, these do not have a
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significant impact due to their smaller numerical coefficients. We therefore neglect them in
order to avoid introducing dependence on tan /5. We use the following values for the SM
parameters, defined at g = my in the MS scheme [22]:

as(myz) = 0.1181 £ 0.0011,
asl(my) = 127.950 +0.017 (4.14)

em

sin® Oy (my) = 0.23129 £ 0.00005 .

Taking the mass of the second Higgs doublet to be my = 3TeV, along with the light LQ
masses ma, = ma, = 3 TeV, and the triplet-octet mass mggs = 10 TeV then leads to
unification at a scale Aqur = 1.2 x 10'% GeV, as shown in Fig. 4.3.

60
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_ 40
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Figure 4.3: Running coupling constants with myg = ma, = ma, = 3 TeV and mgg = 10 TeV.
See text for details.

4.2.3 Scan of parameters

To fully explore the viable parameter space of the model, we performed a random scan over
the masses in the ranges

ma,, Ma, € [400,107] GeV, my € [480,107] GeV, mgs € [10°,10'] GeV,  (4.15)

using logarithmic priors. The lower bound on the mass of the second Higgs doublet is
motivated by constraints on the charged Higgs mass from B — X,y [193], while the LQs
are constrained by direct searches, to be discussed in Sec. 4.4. The model parameters for
which unification is achieved (within 20 uncertainties on the gauge couplings) are shown in
Fig. 4.4. From the left panel, it is evident that unification leads to an upper limit on the
mass of the lightest LQ, A;. This is attained for degenerate LQ masses, ma, = ma,, and
when my takes its minimum value. This case is shown by the red shaded band in Ref. 4.4.
We therefore find that unification requires at least one L(Q to have a mass below < 16 TeV.
Furthermore, it is clear from the right panel of Fig. 4.4 that the second LQ, As, cannot be
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arbitrarily heavy. The upper limit on ma, is determined by the minimal allowed values for
ma, and my, which are constrained by experiment. Finally, note that the scale of gauge
coupling unification Agyr, denoted by the colour of the points, is strongly correlated with
mgss and only mildly sensitive to the other mass thresholds.

1015
Agur < 5x10% GeV
1013 s\ 5x101 GeV = Agyr = 1016 GeV
. : Aqur > 100 Gev |
% 10" %
[l ; [l
o 10 o
S S
10°
103 S 103 C -
103 10* 10° 106 103 10* 10° 106
my, [GeV] my, [GeV]

Figure 4.4: Regions of parameter space in which unification is obtained. The (green, blue)
points correspond to a unification scale AguT > (5 x 10'°,1016) GeV, respectively, while the grey
points satisfy Aqut < 5 x 101 GeV. The dark (light) red shaded band shows the region where the
couplings unify at 1o (20) in the case of degenerate LQ) masses, ma, = ma,, and mg = 480 GeV.

Let us now comment on the minimal case, where the 24-plet is instead described by
a real scalar containing a single triplet and single octet degree of freedom. Repeating the
above analysis, we find results qualitatively similar to those shown in Fig. 4.4. However,
in this case the upper bound on the lightest leptoquark mass becomes stronger, giving
ma, S 5TeV. Perhaps more interestingly, the unification scale is now restricted to lie below
4 x 10 GeV. While still consistent with existing bounds on the proton lifetime, this lower
unification scale could potentially lead to observable proton decay at future experiments,
such as Hyper Kamiokande [243].

4.2.4 Unification scale and proton decay

Even in cases where the unification scale is beyond 10'® GeV, this model has a potentially
disastrous problem due to rapid proton decay. This is because in addition to the usual
dimension-6 operators obtained by integrating out the X and Y SU(5) gauge bosons, the
light LQs (3,2)1/6 can also mediate the proton decay, as discussed in the previous Section.
This occurs via the following terms in the scalar potential

L D N Hg ®1P19P19 + N H P19P19P1o + hec., (4.16)
D Neijp A*APA°H + hee.,

where i, j, k are colour indices and we omitted SU(2) indices. Proton decay then proceeds
via the 5-body decay p — nTnTe vr [244]. Although this decay corresponds to a dimension-
9 operator, it might still be problematic as the suppression scale is only ma ~ TeV.
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This proton decay channel was not originally identified, but was subsequently believed
to be a strong reason to disfavour this model [8]. However, we wish to point out that the
terms in Eq. (4.16) can be forbidden by imposing a U(1)pq symmetry. Such a symmetry
has additional motivation in the context of the strong CP problem and was originally
considered as motivation for introducing the additional 5 Higgs. By choosing the U(1)pq
charge assignments

Q(Hs) = Q(H5) = Q(®ly) = -2, (4.17)
we clearly forbid the dangerous terms. The assignment () = 1 for the left-handed quarks
and leptons (¥z + W), then ensures the Yukawa terms in Eq. (4.9) are allowed by the
symmetry. After PQ symmetry breaking, the terms in Eq. (4.16) will be generated by
higher dimension operators, suppressed by A%Q JME ~ 10718 — 107!2. Substituting this
value for \ into Eq. (4.6), it is clear that the proton remains sufficiently long-lived to satisfy
the existing bounds. It would however be interesting to perform a dedicated search sensitive
to decays p — e vv, as this could be expected to improve the current limit by several
orders of magnitude.

Of course, proton decay can still proceed via the usual dimension-6 operators and ex-
perimental bounds on the proton lifetime can then be used to place a lower bound on the
unification scale. Focusing on the decay channel p — 7%*, the partial width is given by

D(p—nlet) = 24 (gmxy) (fete.d) (=l (wd)unlp)[* + [ele. &) (x°) ud) )] )
(4.18)

where ggur is the unified coupling evaluated at the mass of the X and Y gauge bosons,
mxy. The coefficients c(e®,d) and c(e,d®) depend on the fermion mixing matrices and
are defined in Ref. [245]. Finally, the factor A accounts for running of the four-fermion
operators from mxy down to ~ GeV and is given by

6

az(ma) az(mgs) az(mx,y)

where Agep ~ 1.2 includes the effect of running from my to @ ~ 2.3 GeV, and the light
LQs are assumed to be degenerate in mass. For the hadronic matrix elements we use the
lattice determined values from Ref. [246], which gives (7°)(ud)rur|p) = (7°|(ud)ur|p) =
0.103(41).

In Fig. (4.5) we again plot the results of the parameter scan, showing the scale of uni-
fication Agyr, for different octet/triplet masses. Notice once again that the unification
scale is only mildly dependent of the masses of the LQs and second Higgs doublet. Fur-
thermore, for octet masses close to the LHC lower bound of 1.5 TeV [247], the unification
scale can be pushed all the way up to ~ 2 x 10*® GeV. The dashed line shows the lower
bound on the unification scale derived from the Super Kamiokande limit on the proton
lifetime, 7(p — 7%T) > 1.29 x 10** years [248]. For simplicity, we have neglected pos-
sible threshold corrections from fermions and scalars with masses near mxy, such that
Agur = 6_1/21mx7y ~ 0.95 mxy-.

Fig. 4.5 suggests that triplet/octet masses below ~ 10 GeV are required in order
to satisfy the bounds from Super Kamiokande. However, it should be noted that the
precise bound on myy also depends upon the details of the model at the GUT scale.
This dependence is contained in the coefficients c(e®, d) and c(e, d°), which take the values
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Figure 4.5: Unification scale as a function of the octet/triplet mass. The grey (blue) points
correspond to a real (complex) octet and triplet. The dashed line shows the bound from Super
Kamiokande (1, > 1.29 x 103* years at 90% CL.) [238], assuming c(e®,d) = 2 and c(e,d®) = 1. In
evaluating (4.18) we have used the same masses as 4.3, however both the value of gguyr and the
factor A defined in (4.19) are approximately constant across the parameter space.

c(e®,d) =2 and ¢(e, d®) = 1 in the Georgi-Glashow model. These particular values also yield
the maximum partial width in Eq. (4.18) that is consistent with unitarity of the fermion
mixing matrices. However, at the very least we know that the relation Yp = YZ for the
Yukawa matrices must be broken, which leads to some freedom in the mixing matrices.
This issue was investigated in detail in [249], where it was shown that it is possible to
forbid the decay p — 7™, along with all decays into a meson and anti-neutrinos. The
leading decay mode is then into second generation fermions, p — K°u™, and is suppressed
by the CKM angle sin? §;3. The bound on this decay channel from Super Kamiokande is
1.6 x 103 years, which leads to the most conservative bound on the mass of heavy gauge
bosons mxy = 7.4 x 10'3 GeV.

Finally, we comment on the low and high energy signatures of the light LQ states.
The LHC constraints on L(Q masses are very model dependent, since they depend on the
couplings to fermions, which are free parameters in the Yukawa Lagrangian (4.9). By
reinterpreting the bounds from the direct searches, one can show that LQs as light as
~ 400 GeV are still allowed by current data [229]. We will overview the current status of
the LHC searches for LQs in Sec. 4.4. Furthermore, the couplings to fermions in (4.10)
can induce signatures in several low-energy observables provided these are non-negligible.
Among the interesting signatures, the light LQs can induce sizable contributions to AF =1
processes, such as B — K®¢¢ ({ = e, u,7) and B — K® vy, and to several LFV processes,
such as 7 — p¢ and B — K purt, which are being studied experimentally [155].

The model presented above served as a illustration of a viable unification scenario with
light LQs. The novelty of this model is that unification implies that the lightest LQ must
have a mass in the range ~ 0.4 — 16 TeV. This unification scenario is therefore of particular
interest as the LQs may be within reach of current and/or future experiments. In the
following Sections, we will leave aside the unification scenarios and consider the LQ) states
in a model independent approach. Our focus will be their phenomenology at low-energies.
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4.3 Specific leptoquark states

In this Section, we describe in details the models containing the LQ states that will be used
in the following Sections, and we derive the corresponding effective Lagrangians which will
be relevant for the low-energy phenomenology.

@) R2 == (3, 2)7/6:

We start our discussion in the scenario with a LQ state transforming under the SM gauge
group as (3,2)7/6. The relevant Lagrangian for this model reads,

= _ (@61
Lacre) = (yR)ijQzAWG)ij + (yL)ijUri A L; +h.c.

= (VyR)ijaLigRj A(S/B) + (yR)ichLiéRj A(Q/g) (420)
+ (yLU)ijﬂRiVLjA(z/g) — (yL)ijﬂRingA(E)/g) —|— h.C. y

where yr,r) denote the Yukawa coupling matrices and A = ioo A* is the conjugate
SU(2)r, doublet. Color indices are omitted for simplicity. In the second line we decom-
pose the weak doublet in terms of the fields A®/3) and A®/3) where the superscripts refer
to the electric charge of the two mass degenerate LQ states, ma = ma/s) = Mae/s). ©
To determine the effective Lagrangian, we write the full Lagrangian of our model °

L= Low + Laww + (DFAT) (D,ATO) — 2 ATDIACH), (4.21)

By integrating out the heavy LQ fields, we obtain

oL

oL _ 3£A<7/6)
0A

—mQAAJr + A

=0, (4.22)
where for shortness we use A = A/ The derivative appearing in the above equation
reads

8£A(7/6)

IA = (yR)ijQi,agRj + (yL)ijﬂRiLj,ﬁ EBa (4-23)

where we have explicitly written the SU(2) indexes «, 3 = 1,2. Moreover, ¢;; denotes
the total anti-symmetric tensor with convention €;5 = —e9; = +1. The replacement of
Eq. (4.23) in Eq. (4.22) after neglecting the kinetic terms allow us to obtain the effective
Lagrangian in a gauge invariant form °

o _ Wr)aWrliy (Quaty) (Try Qi) + ()i (e )iy (Lytine) (L)

2 2
ma ma

4Note that the electroweak oblique corrections do not allow for large splittings between the two states

of the doublet [8,250,251].

°In principle, the quartic couplings to the Higgs doublet such as (ATA)(HTH) should also be included

in the Lagrangian. We will neglect these terms since they play no role in the phenomenology that we are
considering.

6This result for the effective Lagrangian can be more rigorously obtained by integrating-out the LQs in

the path integral approach.
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N [(yR)z’j(yL)ffj/
ma

3 €af (Qi,aéRj) (Ej/auRz‘/) + hC] (424)

One can then use the Fierz rearrangement for anti-commuting fields to write the effective
Lagrangian as

u%u dﬁu v u~>u 'vv!

where the terms contributing to neutral currents read

7/6 (WRr)ij(YR)jj /= ~
ﬁz(i—/m)'ee' = _W (di’Y“PLdi'> (gj/’YuPjo) ) (4-26)
(weU)iyr (yrU)3; _
‘Cvgl/)i)’uu’ == 2:712 : (uiﬁyuPRui’) (Vj/quPLVj) ) (427)
A

£/ {(WJ(WJ

) . 1 .
u—u' bl — 2m2A [(UlpRul/) (gj/Pjo) + 1 (UZ‘O'M,PR’LLi/) (gj/O'“ PRKJ)‘| + hC}

_ m)ium)iy (@ Pruz) (GryuPrt;) rletynliy

— U; Lp i g‘/ Pris) .

(4.28)

Similarly, the contribution to charged currents reads

c0s W)l
d—ull! 2m2A

_ 1,-
[ (dzPRuz/) (ﬂj/PR@) + Z (dio-“yPRui/) (I/j/O"uVPjo)] + h.c..
(4.29)
From Eq. (4.26), one can see that the only non-zero Wilson coefficients, relevant to
b— sl ], are
2

Chte — ot — _ T (Wr)se (YR)be, 4.30
L (430

which correspond to the chirality non-flipped operators in Eq. (2.54). The operators
appearing in Eq. 4.29 can contribute significantly to the transition b — c7v, which
will be discussed in Sec. 5.3. The other contributions turn out to be less relevant for
phenomenology because there are few experimental results for the transitions u — u/¢¢'
and u — u'vV/, the only exception being the strong experimental limits B(D® — uu) <
6.2 x 1072 and B(Dt — 7up) < 7.3 x 1078 [252,253].

Rg = (3, 2)1/6:
The model containing the state (3, 2);/s was originally proposed as a viable explanation
of R3P < RM in Ref. [118]. The Yukawa Lagrangian reads,
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- (1/6)t
EA(I/G) = (yL)ideZ-A Lj + h.c.

4.31

= (yLU)zj CZiPLVj A(_l/g) - (yL)ich,-PLEj A(2/3) + h.c. s ( )
where y;, is a generic matrix of couplings. © In the second line we explicitly write the
terms with AC1/3) and A®/3) where the superscripts refer to the electric charge of the
Y = 1/6 LQ states. As before, the masses of the two physical states are assumed to
be equal for simplicity, mas) = ma1/s9 = ma. Notice also that we have neglected
the possibility of having RH neutrinos when writing Eq. (4.31). The latter case will be
discussed in Sec. 5.3 along with the models proposed to simultaneously explain Ry
and RD(*)'

The effective Lagrangian for this model can be deduced in the same way as in the
discussion above. We obtained

o = Wil (p ) (L) (4.32)

ma

which can be rewritten as

(yL)i'(yL); it (7 7
ng/(i) 2J7’112A 2 (di’YMPRdi/> (fj/’YIuPij)
N (yrU)ii(yrU )iy

2
2mi

(4.33)

(Jify“PRdi/) (Dj/’y“PLVj) .

From this equation, one can identify the chirality flipped operators from the b — s¢; (5
effective Hamiltonian (2.54), with the corresponding Wilson coefficients given by

2

05152 / _ 08162 _ ™ (yL)SZI (yL)ZEQ ) 434
( 9 ) ( ) 2V Vit lem mA (4.34)

The phenomenology of this scenario will be discussed as a particular case of the model
introduced in Sec. 5.3.

Sl = (ga), 1)1/32
Being an electroweak singlet, this scalar LQ model is the simplest one. Its Lagrangian
is given by,

Laam D (yn)iQCima LAY 4 (yr)uSilr; AV + hic.

i (4.35)

= AI(Vyp)i;u€ Pt — (yr)idS Puv; + (yr)iul Prl;| + e,
where the superscript C' stands for the charge conjugation, which is defined as ¥¢ =
Y CT* with C' = iyy7p. ® In addition to terms shown in (4.35) one can also write terms
involving diquarks, namely,

"The matrix yz, should not be confused with the one appearing in Eq. (4.20).
81t should be clear that y, r in Eq. (4.35) are entirely different couplings from those appearing in

Eq. (4.31) or in Eq. (4.20).
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CA(1/3) D) (ZL)ijQigLaQLjﬂA(l/?’) *5o¢6 + (ZR)ij@ideA(l/g) *5(16 + h.c. s (436)

which are manifestly gauge invariant. These terms violate baryon and lepton number
if they coexist with the ones present in (4.35). To avoid a conflict with the stringent
proton decay bounds those couplings must be negligibly small. If we neglect the diquark
couplings, the effective Lagrangian of this model becomes

(1/3 1/3) (1/3) 1/3)
LEHY = L8 + L3 + L (4.37)

U—u

where the different terms are given by

()i (yr)iy 7
£08y = - G (1, (439
A

+ M (W Prd;) ([,pLVA) ot (U0, Prd;) (E»/UMVPL]/) + h.c.

2m2, J j 1 Iz J j )
car _ We)iWe)iy (dor" Pudy) (77 Poy) (4.39)

d—d'vv’ QmQA v v J I/
and

5(1/3) o (V*yL)Z](V*yL):(/j/

(wyy" Pru;) (?j/’y“PL@)

u—u' bl 2m2A
Yr)ij(URr)jrjr 7
X W (@ Prus) (14" Prt;) (4.40)
yr)i(V*yr)ii [, 5 L 7. oM
_ {( R) J2<m2A L) : [(uz/PRul) (gj/PRE]) - Z (ui’a,uVPRui) (gj/o'“ PREJ)] + hC} ’

In deriving these equations we have used the Fierz identity and the following fermion
conjugation properties

VOPLYS = OPLip,
W%LPL(bC = _aﬁ)/,uPRwa (4'41)
WUMVPL¢C = _$UWPL¢ )

where 1 = ¢(z) and ¢ = ¢(x) stand for generic (anti-commuting) fermionic fields.

Finally, notice that this LQ does not contribute to the transition b — sf; /5 at tree-level.
The b — sf¢ Wilson coefficients appear only at one-loop level via box diagrams with LQs
running in the loop [254,255]. The phenomenology of this scenario will be discussed in
Sec. 5.2.4.
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4.3. Specific leptoquark states

Remarks on sign “ambiguity” in deriving L.g

Before moving to the next Section, let us comment on a subtle point regarding the derivation
of Leg in models with leptoquark states. As we are going to show, one should be careful
when computing the effective Lagrangian by using Feynman rules to account for an extra
minus sign coming from the anti-commutation of the operators.

To illustrate this issue, let us consider the model (3,2)7/s and derive the effective La-
grangian for b — sf1¢5 by using Feynman rules instead of the approach describe above. The
Feynman rule needed to this computation is given by

d;

A(2/3)

- — 5> — i(yR)ijPR
2

The amplitude for the process b(py) — s(ps)¢7 (p1)ls (p2) is then given by ?

M(b — sty l3) = i(yr) i, [Us(ps) Proe, (p2)] qQ_ng i(Yr)be, [Ue, (p1) Pruy(pe)]
A
R, (Yr) s,
Nl
ma
— (YR)be, (YR) e,

= ZW [t (ps )Y Prus(po)] [te, (p1)V" Proe, (p2)]

[@s(ps) Proe, (p2)] [e, (p1) Prus(pe)] (4.42)

where the Fierz identity for spinors was used in the last line, cf. Appendix A.1. By com-
paring this equation with the Lagrangian (4.26), we realize that Eq. (4.26) would generate
an amplitude with a different sign. We will show in the following that the missing minus
sign in the computation we just described comes from the anti-commutation of the fermion
fields and from the choice of asymptotic states, which must be specified in this type of
computation.

To elucidate this apparent paradox, let us compute the S-matrix for the following effec-
tive operator

O = (59" Ppb) (417, Prls) . (4.43)
We define the fermionic fields in terms of creation (annihilation) operators as
U(w) = / 7& > lalp, o)ulp, 0)e™" + b(p, o) v(p, 0)e™] (4.44)
(27T)32Ep o

where o denotes the spin of the field. In the following, we will omit the o dependence on
the spinors and operators to simplify our notation. To compute the S-matrix, we will adopt

9For simplicity we will write spinors for the quark fields. It should be clear that this computation
is just an illustration and that one should appropriately treat the hadronic matrix element in a realistic
computation.
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the following convention for the asymptotic states

’b> = V 2pra2(pb)’0> ) (4'45)

and

(€5 (p2) 1 (p1)s(ps)|= (Olbey (p2)ae, (pr)as(ps)y/2Ep, 2 Ep, 2, (4.46)

where the subscript in the operators denote the type of fermion we are considering. Note
that a different ordering of the fermionic operators could lead to a different (global) sign of
the amplitudes. By using these conventions, the S-matrix at leading order reads

Sy = (05 ()t (p)s(po)| [ Ao (57 PLb) (uPata) : 1b(py)) (4.47)

where : O : denotes the normal ordering of the operator. By replacing the fermion fields,
one can show that

4
Sp=i [ A [] [ == ¥ \[2B,,2E,, 28, 2F
f Z:Hl \/M Z \/ Py P2
X (Olbe, (p2)as, (p1)as(ps) < [al(ky)aa(kn)e™ | A Py ay (ko) (ko )e 2]
(b, (ks)iig, (ks )e™ ™| 4 Pr Bl (ka)oe, (ka)e™+ ] - al(p)]0),
which gives, after integration and contracting the fermionic operators,
Spi = 1(2m)*0(py — ps — Pey — Pea) [Us(Ps) ¥ Prun(py)] [ty (P1)7" Prve, (p2)] (4.49)

This is the result we expected. Note that our choice of initial states was such that no addi-
tional sign due to the anti-commutation of the creation (annihilation) operators appeared.

Let us perform now the same computation but after applying the Fierz transformation
to the operator O. In this case, we can write

The corresponding S-matrix is then given by

Spi = =2 (p2)13 (p1)3(ps)] / d'zi: (5Prle)(LPLh) : [b(ps)

pr2Eps 2Ep1 2Ep2

_—Qi/dxg/\/m > 2 .
% (0]be, (p2)ae, (p1)as(ps) : [as(kl)us(kl)e“ﬂ'ﬂ Pr {bzz(/ﬂ;)v@(h)eik‘*ﬂ
(b, (ks)iie, (ks)e™> | Py [ay(ka)up(ka)e™™> ] - aj(py)|0) .

To simplify this equation it is necessary necessary to permute the anti-commuting fields,
which generates an extra minus sign in the final result:
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(01es (p2)ae, (pr)as(ps) = |al (k)b (ka)af, (ks)ay(k2) | : aj(py)|0)

- _ 65(3) _ (3) _ (3) _ (3) _ (4.52)
= (27T>5 (ps k1)5 (pb k2)5 (pl k3)5 (pz ky) .

Therefore, the final result is

sz’ = 7:(271')4(5(])6 —Ps — Pe; — p€2) Q[fbs(ps)PRUb (p2)][ael (pl)PLub(pb)] : (453)

where an extra minus sign appears due to the definition of the asymptotic states. This result
coincides with Eq. (4.49) after performing the Fierz transformation for spinors, cf. Appendix
Al

The conclusion of this exercise is that one should be careful when matching operators
with amplitudes where the fermion ordering is different, since an extra sign due to the anti-
commutation of the fields appears. To be more explicit, in order to match operators of the
type (¥,1'%2)(3'104) onto amplitudes of the type (uy, [y, ) (U, Ty, ), one should add an
extra sign coming from the choice of the final states. An unambiguous way of avoiding this
issue is to perform the Fierz at the operator level and then match the amplitudes, which
have now the same ordering of the fermion fields.

4.4 Direct searches at the LHC

In this Section, we summarize the status of direct searches for LQs performed by CMS
and ATLAS by using data collected at /s = 13 TeV. For LQs with perturbative Yukawa
couplings, the dominant production mechanism at the LHC is pair production via gluon-
gluon fusion processes, gg — AA, which are fully determined by the strong interactions
and by the LQ mass ma. In particular, the pair production rates are independent of the
Yukawa couplings of the LQ states. The branching ratio of a LQ decay into a lepton and
a quark is the only model dependent quantity that needs to be estimated. In practice, the
experimental searches can set limit limits on the products

o(g9 — AN) x B(A@ — quark + lepton)?, (4.54)

where @ € {—1/3,2/3,5/3} denotes the LQ charge, which fixes the possible quarks (up-
type or down-type quarks) and leptons (v or £ = e, i, 7) in the final state. '° Therefore, for
a given LQ branching ratio, which depends on the Yukawa structure of the model, one can
directly determine a lower bound on the LQ mass from the experimental limit.

We will focus on a pair of LQ)s decaying mostly to second and third generation fermions,
since the LQ couplings to the first generation are already highly constrained by several low
energy observables, such as atomic parity violation [8] and the kaon physics observables,
which include B(K — pv) and limits on B(K™ — n7vw) [22]. As a curiosity, we quote
the lower bounds on first and second generation LQs obtained by ATLAS [256] and CMS
[257,258], which give ma 2> 1130(1165) GeV, assuming a 100% branching ratio A%/3) —
eq(pq), where ¢ = d,s. These bounds are considerably smaller if the LQ) states decay
into heavier fermions, since the corresponding searches have a much smaller sensitivity. In
the case of third generation LQs, the CMS collaboration released improved bounds on LQs

10Tn principle, one can search for a pair of LQs decaying into a distinct quark-lepton pair. However, most
of the experimental limits derived so far focus on a pair of LQs decaying into the same final state.
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decaying into b7, obtaining a lower bound on the LQ mass of 900 GeV, with the assumption
B(A®R) — br) =1 [259,260]. Searches with third-generation quarks and neutrinos in the
final state have much weaker bounds. By assuming again 100% branching ratios for the
decay channels AC1Y3) — by and A®/3) — tv, the ATLAS collaboration obtained the limits
ma < 625 GeV and ma < 640 GeV, respectively [261]. Similarly, CMS excludes LQs
decaying into t7 with masses ma > 685 GeV if B(AY/3) — t7) = 1 [262]. Note that, with
the exception of Ref. [260], these searches currently only make use of the 2015 dataset and
we can therefore expect these bounds to improve in the near future, using the significantly
greater integrated luminosity collected in 2016.

In most realistic scenarios, the limits quoted above must be reinterpreted to account
for LQ branching ratios smaller than one. The exclusions on ma for different branching
ratios are shown in Fig. 4.6 for the decays A®/3) — 7b, AR - 7 A3 5 by and
ACY3) 5 tr where we see that the upper bounds on ma drop considerably for branching
ratios smaller than ~ 50%. One should have in mind that branching ratios of O(50%) can
appear even in the scenarios with only one non-vanishing Yukawa coupling. For instance, in
the scenario where a doublet LQ couples to a doublet of leptons, the couplings contributing
to B(AR/3) — 7b) and B(AT/3) — by) are related by gauge invariance, giving comparable
contributions. In Sec. 5.3.3, we will give a concrete example in Sec. 5.3.3 where the bound
ma = 900 GeV coming from A®/3) — br searches can be considerably lowered for the
complete model to ma = 600 GeV, while being consistent with other searches and indirect
constraints. The lesson from this exercise being that one should carefully reinterpret the
limits quoted by ATLAS and CMS for concrete scenarios, by using the rescaled limits similar
to the ones shown in Fig. 4.6.

Before closing this section, we should also mention that another possibility to probe LQ
contributions is to study the indirect LQ effects in the tails of the kinematic distributions
of pp — 00, with ¢ = p, 7. This strategy has been used to constraint four-fermion effective
operators of the form ¢¢bb in Ref. [263,264], which can then be translated on constraints
on LQ couplings. The constraints on LQs derived as of now are still very limited, but the
situation will change with more data accumulated at the LHC.
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Figure 4.6: Exclusions on mp as a function of the branching ratio of LQs decaying into A2/3) —
b, AR sty ACY3) 5 by [260,261], and ACY3) - tr [262].
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Chapter 5

Lepton flavor (universality) violation

Even though the direct searches at LHC did not unveil the NP particles, the B-physics
experiments at LHCb and at the B-factories point at very intriguing effects of lepton fla-
vor universality violation (LFUV). These discrepancies appeared in both the neutral and
the charged B meson semileptonic decays, and they cannot be accounted for by minimal
extensions of the SM. The observed pattern of deviations triggered a considerable interest
in the theory community since it could be a first manifestation of flavor breaking effects
emerging beyond the SM. The purpose of this Chapter is to critically review the theoretical
and experimental status of these anomalies and to describe the viable NP explanations
proposed thus far.

This Chapter is organized as follows: In Sec. 5.1, we define the relevant observables and
review the current status of these puzzles. In Sec. 5.2, we discuss the interpretation of the
LFUV puzzles in neutral currents by using an EFT approach, which is then matched onto
several concrete scenarios. Finally, we extend our discussion to the anomalies in tree-level
decays in Sec. 5.3, where we also comment on the attempts to simultaneously explain all
the LFUV hints.

5.1 Introduction

Lepton flavor universality (LFU) is an accidental symmetry of the SM gauge sector which
is broken in the Higgs sector by the Yukawa couplings. Experimental studies of LFU offer
then a fine test of validity of the SM, since most models of NP introduce additional LFU
breaking effects. Furthermore, the LFU ratios have the advantage that some of the hadronic
uncertainties and the dependence on the CKM matrix cancel out in these ratios, providing
theoretically clean observables.

The first LFU experimental tests of the SM started many years ago with pion, kaon and
7 leptonic decays. For instance, the following ratios of decays to different charged leptons
were mesured [22]

B(K — ei
0.976240.0028,  and 1l = BEE D) o 46840.009)x1077
B(K — uv)
(5.1)

which were found to be in quite a good agreement with the precise theoretical predictions
RSM = (0.972559 £ 0.000005) [265] and rﬁ’(SM = (2.477+0.001) x 1075 [266,267], which will
be improved by NA62 and Belle-1I in the near future.

B(T — pvv)

= B(t — evv)
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Despite the success of the SM in describing the observables based on the first two
generations of quarks, the couplings to the third generation were poorly constrained before
the advent of the B-factories and LHCb. These new experiments allowed us to measure
with great precision many transitions related to the b quark, where the LFU discrepancies
appeared in both the tree-level and loop-induced B meson semi-leptonic decays. More
specifically, the LHCb Collaboration measured the partial branching ratios of B™ — Kt/
in the bin ¢* € [1,6] GeV? and found

B(Bt — K*puu)

x = B(B+* — Ktee)

= 0.745 £0094 £0.036, (5.2)
q2€(1,6) Gev?

which lies 2.60 below the the clean SM prediction R3M = 1.00(1) [13,268]. The choice
of low values of ¢? is wisely made to avoid the narrow charmonium resonances which are
notoriously non-perturbative and cannot be described by first principle computations. This
observation of LEUV was recently corroborated by the most recent LHCD results [12],

B(B — K*M#)q2e 0.045,1.1] GeV?2

Rlow —
B(B — K*ee)pe [0.045,1.1)Gev?

= 0.660 0550 £0.024

B(B — K* 2 2
Reentral _ ( PIgeli L6 Gov? _ o eor L0113 40 047 (5.3)
B(B — K*ee) 2epi6 cev?

thus again ~ (2.2 — 2.4)0 below the Standard Model (SM) prediction, as illustrated in
Fig. 5.1. When combined in the same fit, these results amount to a discrepancy with
respect to the SM at the 40 level [269]. Since the hadronic uncertainties largely cancel out
in Ry, if confirmed, these would be an unambiguous manifestation of NP. Nonetheless, it
should be stressed that the electron-channel measurement has a lower statistics and larger
bremsstrahlung effects in comparison to the muon channel. Therefore, the confirmation
from an independent experiment, which will be Belle-11, is mandatory before claiming that
these deviations are indeed NP effects.

(10| —— e T 1o S

5 0.8 % 5 O.8+ }

o 06 | 06 :

04} sv 04 M

0.2 LHCbh | 0.2 LHCb |

T T M e e S
9° [GeV] 9° [GeV]

Figure 5.1: Experimental results of R and Ry~ in the low and central ¢* bin.

Another intriguing observation of LFUV comes from the tree-level decays based on
the transition b — c7v. The average of the experimental results from the B-factories
reads [71,73],

125



5.1. Introduction

B(B — D1v)

0 =58 D) -y

= 0.41 +0.05, (5.4)

where the average in the denominator is taken over the possible light lepton in the final
state. The theoretical situation of Rp is different from Ry, since the 7-lepton mass is
not negligible in comparison to the energy scale of this problem, mpg. For this reason,
the hadronic uncertainties associated to the shape of the form factors do not fully cancel
out in the ratio (5.4) and it becomes necessary to reliably assess those by nonperturbative
methods. By solely relying on the lattice QCD data for both the vector and the scalar form
factors, recently presented in Ref. [16], we obtain BRI = 0.286 & 0.012 which turns out to
be ~ 2.50 lower than the experimental measurement (5.4), as shown in the left panel of
Fig. 5.2. This result is corroborated by the experimentally established [14]

B(B — D*1v)
B(B — D)

Rp- = = 0.310 £ 0.015 + 0.008, (5.5)

l=e,u

which appears to be 3.30 larger than the SM prediction, RFM = 0.252 4+ 0.003 [17], as
illustrated in the right panel of Fig. 5.2. Note, however, that the theoretical estimate of
R3M relies strongly on experimental information extracted from the differential distribution
of dT'(B — D*{v)/dq¢* (with £ = e, ;1) and on the validity of leading order Heavy Quark
Effective Theory (HQET) in evaluating the pseudoscalar form factors. The LQCD result
for the full set of B — D* form factors is still not available, and those are mandatory to
reliably predict Rp«, as it will be discussed in Sec. 5.3. From the experimental point of
view, the combined fit of the anomalies indicates a ~ 40 deviation with respect to the SM.
However, the experimental situation is still not clear since Belle results for Rp) and the
most recent LHCD result for Rp« agree with the quoted SM predictions. Since 7-leptons
are complicated objects to deal with in particle detectors, the final verdict on the b — clv
anomalies will depend on the effort to reduce the experimental uncertainties and to have a
better understanding of the theoretical uncertainties. In particular, a very promising route
would be to focus on decays for which the hadronic uncertainties can be more easily tamed
by LQCD simulations, such as By — D(,fv and B, — n.fv. As discussed in Sec. 2.2.2,
the SM predictions for these decays depend only on two form factors which satisfy the
condition f,(0) = fy(0) at large-recoil, which is especially useful in constraining the slope
of fo(¢?)/f+(a%)

Despite the intense theoretical effort to understand the b — ¢ and b — s anomalies,
very few concrete and fully viable solutions have emerged so far. The main challenge
is to formulate a model which can explain these results while being consistent with the
plethora of flavor constraints and with the limits from the direct searches performed at
the LHC. Therefore, the theory community is at crossroads: (i) either one chooses to
introduce different sets of new particles to address the current anomalies, producing rather
complicated and sometimes even unappealing models, or (ii) one decides to focus on a subset
of deviations by renouncing to explain the others. We will prefer to adopt the minimalist
approach by following the latter route, since the experimental situation of theses anomalies
still needs further clarification.
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Figure 5.2: Experimental results for Rp and Rp+ obtained by LHCb [74,270], Babar [72] and
Belle [73,75, 76] compared to the SM predictions [14,17].

5.2 Lepton flavor (universality) violation in b — s/1/,

In this Section, we will focus on Ry and discuss the implications if these hints of NP persist
in the future. We start our discussion with an effective description of the experimental
results in Sec. 5.2.1. In Sec. 5.2.2, we briefly overview the concrete models proposed in the
literature to explain the observed deviations. We focus then our discussion on leptoquark
models by exploring the possible tree-level solutions in Sec. 5.2.3 and the ones proposed at
loop-level in Sec. 5.2.4 and Sec. 5.2.5.

5.2.1 Effective description of the deviations

In this Section, we use a model independent approach to explore the consistency of the
observed deviations in Ry ) with the established experimental data for the exclusive b —
spp processes. To that end we consider the effective Hamiltonian (2.54) and assume that
NP contributes only to the transition b — sup. In other words, we assume that the
NP contribution to the b — see effective coefficients are negligible. This assumption is
motivated by the observation that the measurement of B(B — Kpuu) in the high ¢* bin was
found to be about 20 lower than predicted, as discussed in Sec. 2.3. This small deviation is
consistent with the discrepancy found in R if the deficit is coming from the muonic rate.

In the following, to simplify our notation we will denote the NP contribution to the
Wilson coefficients by simply C; instead of dC;, as defined in Eq. (2.62). In other words,
the SM case corresponds to C; = 0 Vi in our notation. We consider then two effective
NP scenarios: (i) in Scenario I we assume that Cy and Cyy are the only non-zero Wilson
coefficients, while (ii) in Scenario II we consider the flipped coefficients (Cy)" and (Cig)’
instead. The fit to the experimental data leads to stringent bounds on the Wilson coefficients
we are interested in, and ultimately provides Rk g+ < 1 for some combinations of the Wilson
coeflicients, as we shall see below.

Low-energy fits

In the first fit to the b — sup data, we use the two most reliable decay modes, as far as
hadronic uncertainties are concerned, namely B, — pp and B — Kpupu. More specifically,
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to compare the measured [130]

B(By — ptp )™ = (3.0£0.6703) x 1077, (5.6)

with theory, the only needed quantity is the decay constant fz, which has been computed by
many lattice QCD collaborations. The most recent average value is fp, = 224(5) MeV [77],
cf. Table 2.1. Similarly, the lattice QCD results for the B — K form factors have been
computed at large values of ¢ by two collaborations [131,132]. Their results agree and can
be used to compare with the measured [116]

B(B — Kuru )%P =(854+0.3+0.4) x 1075. (5.7)

q2€[15,22] GeV?

We refer the reader to Sec. 2.3, where we provide a more extensive discussion about the
theoretical robustness of these observables. The result of this procedure will be called “Fit
A”. Tt is important to stress the difference between our approach and the usual global fits
considered in the literature, where observables for which the hadronic uncertainties are not
fully under control are also included in the fit [271,272]. For instance, the form factors
needed to compute the amplitudes of B — K*(*¢~ and B, — ¢*¢(*{~ in the low ¢* bin
are not available from LQCD. The situation is even worse for some angular observables of
B — K*u*p~ which strongly depend on the unknown c¢ contribution, as we will comment
on in the end of this Section. We prefer to choose a more conservative set of observables in
order to avoid a misinterpretation of hadronic errors as a signal of NP.

The results of our first fit are shown in Fig. 5.3 for both NP scenarios. The specific
realizations C’é/) = C’fg) are disfavored by current data, while the scenarios with an opposite
sign, C’é/) = —Cﬁ]), can give a substantial improvement with respect to the SM. We obtained
from the one-dimensional fit to 20 accuracy

Cy=—-Ch € (—070, —004) , (58)

Fit A

and

(Cy) = —(Cho) € (—0.60,0.03)| (5.9)

Fit A

where the predictions for B(B — K1) 2¢(15,29] cev? Obtained with the form factors com-
puted in Ref. [131] and Ref. [132] were combined in average.

Another possibility is to, in addition to the above two quantities, also consider a few
“clean” quantities extracted from the study of the B — K*uu decay mode. In particular,
the measured [119]

B(B = K" 17) 52 15.10) qeve = (1.95 £0.16) x 1077 (5.10)

can be combined with form factors computed on the lattice at large values of ¢* [134].
Furthermore, the three observables obtained from the decay’s angular distribution, all three
depending only on the so-called transverse amplitudes, A, 1(¢?), with respect to the spin of
the on-shell K*. These quantities, which also appear to be very mildly sensitive to hadronic
uncertainties [137], are known as A%, AL and A%™ | are translated into P, 53 in Ref. [273],
the notation also respected by the experimentalists. ! More specifically,

! Note that, Py = A, P, = AL /2, Py = — A™ /2, where we take into account the correct signs [156]
to correctly compare with experimental results.
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Figure 5.3: Regions in the plane (C§",C{§") (left panel) and ((C§"), (CL"))" (right panel) in
agreement with the experimental of B(Bs — pp) and B(BY — K i) 400 g2 to 1o (dark green)

and 20 (light green) accuracy. The dashed lines correspond to the scenarios Co = +Cg and
(Cg), = :i:(ClO)/.

LR2_ | gL.R|2
P = <|Ai =14 > PP = {0.08(25)10w g2, —0.50(10)hign g2 }
(JALR P4 ApR2) o o
L ALx R ARx*
P=- <Re<{j§;12+;ﬁ> D Py = {=0.16(T)iow 2 0-36(3)nign 2}
P (Im [AL AL~ — ARAR*])
(1AL R+ A7)

’ Pgexp = {0.21(14)lowq27 0~08(6)highq2}’ (511)

where the full expressions for A = Aj 1(¢*), in terms of form factors and Wilson co-
efficients, can be found eg. in Ref. [127]. In the above notation, (...) means that the
numerator and denominator have been partially integrated over a specific window of ¢
The experimental values for P53 in two (wide) bins, corresponding to ¢* € [1.1,6] GeV?
and ¢* € [15,19] GeV?, which are referred to as “low ¢?” and “high ¢*”, are extracted from
Ref. [119]. Thus, from the fit in which we use

B(Bs — pp), B(B — KMM>q2e[15,22] GeV2s

B(B — K*Mﬂ)q2€[15,19} ceves (P1, Py, P3)10Wq2’ (Pr, Ps, P3)highq27 (5.12)

to 20 accuracy, which will be referred to as “Fit B”.
By using the second procedure, we obtained the following interval to 20 accuracy for
the scenario Cy = —C'y,

Co=—-Ch € (—070, —016) , (513)

Fit B
which is in very good agreement with the result from Fit A, cf. Eq. (5.8). The two-
dimensional fit on the plane (Cy, Cyg) is shown in Fig. 5.4, where we see again the preference
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for the combination Cy = —C'g over the combination with a plus sign. For the scenarios with
primed operators, we found that the NP cannot substantially improve the SM description
of data when the B — K™ “clean” observables are also included in the fit. The reason
for that is that there is a &~ 20 discrepancy in (/%)) ;2 Which can only be explained by a
contribution to Cy. Therefore, the Fit B seems to favor the scenarios with Cq and C; over
the scenarios with primed operators. Notice, however, that any conclusion drawn from the
B — K™ angular coefficients depends on the theoretical input for the c¢ contributions to
Cy, which is still not under full theoretical control. For instance, if the contributions of the
tails of the charmonia resonances to the bin ¢? € [1,6] GeV* are underestimated, then the
conclusions from Fit B would change. For this reason, the conclusions drawn from Fit A
are more robust than the ones obtained from Fit B. Nonetheless, as we are going to see,
the scenarios with primed operator cannot accommodate the LEUV ratios R (), for which
the unknown non-perturbative cc contribution cancel out to a large extent.

- Fit B \\ 1
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Figure 5.4: Regions in the plane (C§*, C{§') in agreement with the experimental of B(Bs — ),
B(B* — K" ppi)iarge 2 and the B — K* angular observables discussed in the text to 1o (dark
green) and 20 (light green) accuracy. The dashed lines correspond to the scenarios Cy = +C1y.

Predictions for LFU ratios
We can then use the results for Cy = —C4y and (Cy)’ = —(Cp)" obtained by the two fits

described above, and compute
R B B(B — K(*)Mu)q2€[q%7q§]
K B(B — K(*)ee)(ﬂe[q%ﬁ] ’

(5.14)

by relying on the expressions given in our Refs. [127,155], and for three separate intervals
in ¢>. To make the comparison with experiment easier we consider three intervals: ¢ €
[0.045,1.1] GeV?, [1.1,6] GeV? and [15, 19] GeV? and call them low, central and large ¢-bin,
respectively. ? In Fig. (5.5), we plot Rg and Rg- in the central bin for the choices of Wilson

2The LHCb Collaboration considers ¢* € [1,6] GeV? instead of ¢ € [1.1,6] GeV? as the central bin for
Ry, a choice that we also adopt. Notice, however, that the difference between the two is immaterial.
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coefficients favored by the clean observables B(Bs — pu) and B(B — Kpp) 2eps 09 Gev?s
ie. Cyg = —Chp and (Cy) = —(Chp)’. From this plot, it is clear that Cy = —C'q is the only
scenario which provides a reasonable explanation to both Ry and Rg~+. This is corroborated
our second fit to which the somewhat clean B — K* angular observables are include, as
discussed above. For this reason, we will focus on this scenario in the following.

— 1.0/ |14
= i = i
ol B 100
T 0.9- 1 = 1.2:
o 0.8f 1% 1.0
") ")
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Figure 5.5: Predictions for Ry, in the central ¢*> bin as a function of Cy = —C1o (left panel)
and (Cy)' = —(Cho)" (right panel). The thicker line correspond to the results from the fit A,
cf. Egs. (5.8) and (5.9). See text for details.

In Fig. 5.6 we plot the resulting Rx and Rg- in the three ¢? bins by relying only on
the effective theory and on the value of C§* = —C1{' obtained from the fit with the data as
discussed above. We see that in the central bin our results are in very good agreement with
experiment, at the 1o level, regardless of the C§* value we use, Eq. (5.8) or (5.13). The
situation is not as favorable in the low ¢*-bin, in which the agreement between ours and the
measured values of Rk~ is not better than 1.50. This, however, is a very good agreement
too. Notice also that the low ¢? bin is more sensitive to form factor uncertainties, since
dl'/dg? varies quickly near the muon threshold in a flavor non-universal way [13]. The
values shown in Fig. 5.6 are also listed in Tab. 5.1. The high ¢? bin has not been explored
experimentally yet for Rx and R+, but it will serve as an additional test to the observed
anomalies. Another interesting measurement that would be very useful to corroborate this
picture is the measurement of Ry in the low ¢? bin, since a deviation larger than Ry~ is
expected in this case, as well as other ratios based on the b — sff transitions, such as

Ry = B(Bs = ¢ptp~)/B(Bs — ¢eter).

In conclusion, the scenario with effective coefficients Cy = —C4¢ is strongly favored
by current b — sup exclusive data. By making this minimal assumption for the effective
coefficients, one can use the most reliable data for the transition b — s to determine these
coefficients and predict Ry, which are in good agreement with the most recent LHCb
findings. We have also checked that this conclusion is corroborated by studies with more
observables which are not as safe as B(Bs — uu) and B(B — K ,u*,u_)zg(g[wm] Gey> from
the point of view of hadronic uncertainties. The other combinations of Wilson coefficients
are disfavored by the b — spuu fits and/or cannot accommodate the deviations observed
by LHCb. In Section 5.2.2, we will discuss the specification realizations that have been

proposed to generate the allowed combination of Wilson coefficients to explain Ry ).
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Quantity Fit A Fit B

Rk (low ¢?) | [0.64,0.96] [0.66,0.91]

Rk (low ¢2) | [0.83,0.92] [0.84,0.91]

Ry (central ¢%) | [0.66,0.98] [0.69,0.93]

Ry (central ¢?) | [0.67,0.98] [0.69,0.93]

Ry (high ¢?) | [0.65,0.98] [0.68,0.93]

Ry (high ¢%) | [0.64,0.98] [0.67,0.92]

Table 5.1: Intervals of Rx and Rk~ obtained solely from the values for the Wilson coefficient
Ch' = —C1l' obtained from the Fit A [Eq. (5.8)] and Fit B [Eq. (5.13)], as discussed in the text.

Anomalies in B — K*utpu~ angular distributions?

Before closing this Section, we need to comment on the other discrepancies related to the
transition b — sup that have been reported in the past years. The most significant one
is the so-called P%(q?) observable proposed in Ref. [274] and constructed from the angular
distribution of the decay B — K*u*u~,

I5(¢%)
VA () 3(¢?)
where the angular coefficients I;(¢?) are defined in Eq. (2.127). The measurement of this
quantity in the interval ¢ € [4.3,8.68] GeV? by LHCb [157,275] turned out to be about
40 away from the SM prediction <P5’>[S41f§_8'68} = —0.90(5) [121,276], a result that was also
confirmed by the Belle experiment [277]. Even though the experimental situation seems
to be under control, the theoretical prediction of P! in these bins is the source of many
controversies which are mostly related to various sources of hadronic uncertainties. Most
importantly, the estimate of the cc contribution to the b — s transition is crucial in order to
reliably determine the SM predictions. Currently, there is no first principles computation
of these contributions, which are so far evaluated by QCD sum rules [278]. Interestingly,
the authors of Ref. [122] showed that the current discrepancies in P! can be explained by
the unknown charm correction to the effective coefficient C§™. Therefore, the question that
must be answered is if the needed contribution to Cy originates from underestimated charm
corrections or from NP. While the interpretation of these discrepancies remains subject of
controversies, it is nevertheless intriguing that these deviations can be accommodated by
the same NP scenarios needed to explain R, < R%I\(I*), which are largely independent on
hadronic uncertainties. *

Pi(q*) =

(5.15)

3We focused our discussion of Ry on the choice of effective coefficients Cy = —Cg < 0, since these
appear naturally in several NP scenarios. Nonetheless, one can see from Figs. 5.3 and 5.4 that an explanation

relying only on Cy < 0 is equally possible, a choice which also predicts R?g) < Ril\f[*) [269].

132



5.2. Lepton flavor (universality) violation in b — sl1(s

Low qz Central C]2
Lo Fit A 1O Fit A 4
Fit B - Fit B
0.9 / 0.9
08 - 08
07 0.7
0.6 0.6 s
05 05 .7
04 04
04 05 06 07 08 09 10 04 05 06 07 08 09 10
RK RK
High ¢*
Lo Fit A d
Fit B
09
08
& 0.7
0.6
05 7
04"
04 05 06 07 08 09 1.0
Rk

Figure 5.6: Results for Rx and Ry~ obtained solely from the values for the Wilson coefficient
Ch' = —CI§" obtained from the Fit A [Eq. (5.8)] and Fit B [Eq. (5.13)] as discussed in the text.
The shaded area correspond to the measured values to 1o and 20, cf. Eqs. (5.2,5.3). The thick
dot corresponds to the SM result.

5.2.2 Proposed explanations of Ry and Ry

Several concrete models have been proposed to explain Rx and Rg+. The strategy usually
adopted is to introduce new heavy particles that generate the effective coefficients C§* =
—Cl§" or CE" at low energies, after being integrated out. The great majority of these models
can be separated into two general classes: (i) models containing heavy neutral vector bosons
Z' or (ii) scenarios with light scalar or vector LQs.

In the first class of models, the Z’ particle is considered to be the gauge boson associated
to a new gauge symmetry. Several suitable non-anomalous Abelian gauge symmetries have
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been proposed in the literature, such as L, — L, [279-282], B— L [283], B3 —3L,, [284], and
the so-called Branco-Lavoura-Grimus (BGL) group [285]. Proposals based on an additional
Abelian symmetry related to a dark sector have also been made in Ref. [286,287]. Moreover,
some groups based on non-Abelian symmetries have been proposed, cf. Refs. [288-292].
An interesting possibility is that the needed Z’ particles are associated to the mechanism
of generation of fermion masses. This route was considered in Ref. [293], where it was
shown that a scenario with Yukawa generated dynamically can acommodate R?& < Rihf[*),
while explaining the quark and lepton Yukawa patterns. Note that, in all of the above-
mentioned scenarios, the flavor violating couplings to b and s are generated at tree-level
either via mixing with vector-like quarks [279], or by the rotation from the flavor to the
mass basis [153]. A different possibility is to couple the Z’ boson to a heavy particle which
generates the current JY' = sy*Prb via loops, as recently considered in Ref. [294]. The
advantage of this scenario is that the masses of the heavy mediator Z’ is considerably
lower, and thus accessible at the LHC. Finally, it should be clear that to distinguish among
the plethora of viable Z’ scenarios, it will be essential to have additional experimental
information from other types of indirect searches, and also from the searches of heavy
reasonances at the LHC. Among the indirect signatures, searches of LFV B meson decays
can be particularly helpful [127,153, 154]. Furthermore, the study of high-py dilepton tails
can provide complementary information to the searches performed at low energies [264].

Models based on LQ states have also been extensively proposed in the literature. For
instance, vector LQs have been considered in Ref. [295,296]. Tt should be stressed that one-
particle extensions of the SM with (massive) vector LQs are non-renormalizable. Therefore,
the loop processes cannot be computed in these effective scenarios, a fact that reduces con-
siderably their predictivity unless a UV completion is explicitly specified, see discussion in
Ref. [297]. Note that a partial UV completion to one of these scenarios has been recently
considered in Ref. [298] by extending the minimal composite Higgs model. On the other
hand, models postulating the existence of scalar LQs are simpler since they are renormal-
izable. As we shall discuss in detail in Sec. 5.2.3, the only LQ state that can explain both
Ry and Rg- via a tree-level exchange is the SU(2), triplet (3,3)1/3 [299,300]. However,
in order to ensure the proton stability one needs to devise an extra symmetry to forbid the
diquark couplings. * The scenario with the weak doublet (3, 2), /6 has been also proposed to
explain Ry, but it has been disfavored by the recent measurement of Ry+, as we shall dis-
cuss below. Another viable possibility is to consider scenarios where the LQ contribution to
b — sll appears only at loop-level. There are two proposals which postulate the existence
of a scalar singlet (3,1);/3 [254] or a scalar doublet (3,2)7/6 [155]. The phenomenology of
these scenarios will be discussed in detail in Sec. 5.2.4 and Sec. 5.2.5, respectively. The
models that contribute to Ry through loops require relatively light masses for the LQs,
due to the loop suppression factor, being for this reason phenomenologically more appealing
and possibly within reach at the LHC. Furthermore, there are more non-minimal models
that postulate the existence of both new fermions and scalars [302,303]. In this case, the
contribution to b — sf¢ arises via box diagrams, which can reduce the tensions with the
experimental findings if the new particles are light enough.

Departing from the usual assumption that the boson responsible for the LFUV is much
heavier than the electroweak scale, the authors of Ref. [304] have considered the intriguing
possibility that the Z’ boson has a mass of a few GeV, giving a resonant contribution to
B — K™t~ In this case, they predicted a strong ¢>-dependence for Ry (., that will be
tested in the near future by the measurement of Ry~ in the high ¢? bin, where they predict

4See Ref. [222,301] for an example of such a mechanism within a SU(5) model.
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no observable effect. Finally, there have been also proposals to accommodate the LFUV
hints in other classes of models, such as scenarios with a warped extra-dimension [305,306]
and composite Higgs model [307,308].

In the following, we will focus our discussion on the various LQ scenarios proposed to
explain Ry, since there are fewer possibilities for LQs than in the Z’ case. In Sec. 5.2.3,
we will discuss the scalar Q) models that can explain Ry (. at tree-level. The models which
contribute to b — sff at tree-level will be discussed in Sec. 5.2.4 and Sec. 5.2.5.

5.2.3 Tree-level leptoquark models for Ry

In this Section, we discuss whether the Wilson coefficients needed to describe RL, < R,

can arise from the exchange of light LQs. We will focus on the scalar LQ scenarios and
assume that the SM is extended by only one LQ state. Vector LQs will be disregarded,
since these models are not renormalizable and become problematic when computing the
loop induced processes. Observables such as B(t — ) and the B, — B, mixing amplitude
arise only at loop-level in LQ) scenarios, but these are known to impose severe constraints
on any attempt to address the LFUV puzzles. Therefore, the predictivity of these models
is compromised unless a renormalizable and gauge invariant UV completion is explicitly
specified which is quite a nontrivial task as discussed in Ref. [297].

We will consider modifications only of b — supu, as suggested by current data, and use
the absence of diquark couplings as a criteria to choose the viable models from Table 4.1.
The models that can contribute to the transition b — sf1f5 at tree-level are listed in
Table 5.2 along with the Wilson coefficient combination generated at the effective level and
the implications for Ry and Rg+. From this table, we see that only the scenario with a
scalar triplet (3,3);/3 can accommodate Ri" < RPM and RiY < R through the effective
coefficients C9g = —C'p. Nonetheless, this model violated baryon number via the diquark
couplings [8],

Laam D (yn)yQCimT - A Ly + (21);Q%m(T - A)TQ, + h.c. (5.16)

where we omitted color indices. This Lagrangian can be expanded in terms of the charge
eigenstates, giving [8]

Laasm D =(yrl)iydGve; AV — V2(yp)isdF b AU

V2V Ty U)iuGn; ACYD — (VTy ) ufl ;AL

— (2 V)igdGur; AV £ V2 (V2 V) yuGu; AV
— ﬂ(ZL)ijT%dLj A(_2/3)* - (VTZL)ijT%dLj A(1/3) * + h.C. y (517)

From this equation, we can see that the decay p — Kv is induced at tree-level via the
coupling z;, VT and y;, as illustrated in Fig. 5.7. The decay p — w%* is protected at
tree-level by the anti-symmetric nature of z;, in flavor space, which implies that (z1);; =
(VIZ V1)1, = 0. However, this decay is induced at one-loop level by box diagrams. In
conclusion, the introduction of an additional ad hoc symmetry is mandatory to forbid the
diquark couplings.
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Figure 5.7: Contribution at tree-level for the proton decay in the (3,3), /3 scenario.

(SU(3)e, SU2)1)u(1)y | BNC  Interaction Eff. Coefficients Ry /RP' Ry /R

1/3 X  QCinT-AL  Cy=—Cy <1 <1
4/3 X dGALR (Co)" = (Cro) ~ 1 ~ 1
7/6 v QAlR Cy = Cyy > 1 > 1
" v GA'L () = —(C) <1 > 1

Table 5.2: List of LQ states which can modify the transition b — suu at tree-level. The conser-
vation of baryon number (BNC), the interaction term and the corresponding Wilson coefficients
are also listed along with the prediction for Ry . Couplings to electrons are set to zero.

Regarding the other scenarios, the weak doublet (3,2);/5 can accommodate Ry" <
RSM and it has the advantage of not disturbing the proton decay by diquark couplings.
This model will be described in detail in Sec. 5.3 along with the proposed explanations
of Rpe. Nonetheless, it predicts R+ to be slightly larger than the SM prediction [118,
229], in contradiction with current experimental results. The states (3,2)7,6 and (3,1)4/3
induce tree-level contributions which are either too small or incompatible with observations,
cf. Fig. 5.3. Finally, another possibility is to consider L.QQ scenarios for which the leading
contribution to b — sff appears only at loop-level, as it will be discussed in Sec. 5.2.4
and 5.2.5

5.2.4 Loop induced leptoquark models: A first attempt

The first attempt to explain the b — suu anomalies via LQ loops was proposed in Ref. [254].
The authors of this paper claimed that the singlet LQ state (3,1); /3 with ma =1 TeV and
O(1) left-handed couplings could simultaneously accommodate the observed LFU violation
hints in Rx and Rp). The main idea in this paper was to explain the puzzles in tree-level
decays, Rp), via tree-level LQ contributions and the ones appearing in loop processes,
Ry, via loop-level contributions. This claim was soon realized to be incorrect in Ref. [155],
where a complete flavor analysis showed that this scenario cannot make Ry significantly
smaller than one, without running into serious difficulties with other measured quantities,
namely, the ratio RY® = B(B — Duv)/B(B — Dev). After the measurement of Riy-
by LHCb, this model was revived in Ref. [309] where it was shown that one can avoid
the constraints introduced in Ref. [155] by significantly increasing the LQ mass and by
choosing a different pattern of Yukawa couplings. However, this proposal cannot make
Ry compatible with the 1o intervals of R, reported by LHCb, as we will show in this
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Section.
The Lagrangian for the model (3,1);/3 was already given in Eq. (4.35) and we rewrite
it here for the reader’s convenience,

Lawm D ()i QFim LAY + (yg)juGlr;, AP + hee.,
_ - _ (5.18)
= Ay, iuS PLt; — (y1)idS Puv; + (yr)iul Prl;| + e,

where ypp) are generic Yukawa matrices with flavor indices ¢,j. In addition to these
terms, one should included diquark couplings which mediate the proton decay and must be
forbidden by hand to make the model viable. To discuss the phenomenology of this model,
we consider the following pattern of left-handed Yukawas,

0 0 0 0 Vus (gL)sp, + Vub(?JL)bu vus(yL)ST + Vub(yL)bT
yrL = 0 (yL)su (yL)ST ) VyL =10 Vrcs (gL)su + ‘/cb(yL)bu %S(yL)ST + ‘/;b(yL)bT )
0 (yL)bu (yL)br 0 Vts(gL)su + V;b(yL)bu Ws(yL)sr + th(yL)br

(5.19)
where the first matrix connects down-type quarks to neutrinos, and the second up-type
quarks to charged leptons. > Notice that the couplings to the first generation of leptons
are assumed to be zero for simplicity. They are tightly constrained by the limits on © — e
conversion and the atomic parity violation (APV) experiments [8]. In our approach, the
couplings to the d quark are also set to zero, since their nonzero values can induce significant
contributions to processes such as K — mvv and the K° — K mixing. Even though we fix
(y£)an = (yr)ar = 0, from Eq. (5.19), we see that the couplings to the u quark are generated
via the CKM matrix. Therefore, constraints from the kaon and the D-meson sectors should
be taken into account too. For the right-handed couplings, which were assumed to be small
in the original proposal, we adopt the ansatz introduced in Ref. [309], namely,

0 0 0
yr=10 0 (yL)CT . (520)
0 (yR)tu 0

With this choice of flavor couplings, one aims at explaining R via large couplings (yr)er,
while the coupling (yg):, must remain small to satisfy the bounds on B(7 — py) and to be
consistent the b — suu exclusive modes.

The effective coefficients C5'*2 4 C13** are loop induced and the results are given by [254,
255]:

my 1 v? (v - yT)b
04162 o 04162 -t V* * V* . L)bs/ 1 .
9 10 87Taemm2A( yL)tél( YL )t Gdran m2A ViV (Y - YL) ey 5
2 2
010 010 my * ma
Cgl 2 + Cl[l) 2 — m(yl%)tél (yR)tKQ llog Wg —_ f(l‘t)‘| (521)

1 1)2 (yL : yz)bs +
647Taem mQA ‘/;b‘/;’; (yR ’ yR)flb 5

5We reiterate that the PMNS matrix U is set to unity since the neutrino masses are neglected in this
study.
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where z; = m?/m#, and

fla) =1+ — <log$t - 1) . (5.22)

th—l .Z't—l

As discussed in Sec. 5.2.1, the combination C§* 4+ C1{" is disfavored by the current b — sup
exclusive data, so that the coefficient (yg), must be small. Furthermore, notice that the
term in Cg'®? — C1* proportional to m? comes with a positive sign, which is also disfavored
by the the b — supu fit and by the experimental results of Ry ), cf. discussion in Sec. 5.2.1.
Therefore, the contribution proportional to |(yr):.|* should be compensated by the second
term in Eq. (5.21), which must come with a minus sign. This was the main reason that
led to the conclusion that this model is not phenomenologically viable for ma ~ 1 TeV. In
this case, a large coupling (yr)., is needed to produce C§* + C' < 0, which would be in
disagreement with the constraint R%° = B(B — Duv)/B(B — Dev) that will be described
below [155].

We will now describe the constraints on this model considered in our analysis. One of
the most important constraints comes from the By — B, mixing amplitude. We obtain

Amig, myr - v}k
AmB! 32GEmiy Vi Vis *npSo(w)mi

(5.23)

where 17; = 0.82(1) accounts for the QCD running from p = ma ~ 1 TeV down to p = my,
So(z¢) is the Inami-Lim function, and np encodes the short distance QCD corrections.
We combine the experimental value Am%E? = 17.7(2) ps~' [310], with the SM prediction
AmPr = 17.3(17) ps™!, to get AmEP/AmiM = 1.02(10) [127]. Another very important
constraint at loop-level comes from the partial decay widths of the Z boson, which have
been precisely measured at LEP [22],

B(Z — pp)®® = 3.366(7) %, B(Z — 11)%® = 3.370(8) % . (5.24)
We computed the full amplitude for the decays Z — ¢1f5 and matched it onto the effective

Lagrangian,

9

— mc‘;ﬁz Oy Py 2" + (L — R), (5.25)

‘Ceff

obtaining the following expressions for ¢ = ¢ = (5,

3 m? m?
o0 2 t t
Cyr = _W{’@L)t(fl m2 (1 + log mQA>
((n)ee® mz (| 48 (1007 4 on L) _ S 20
— e 2 —— | |log—=2 +ir+ - | — =%
3 mi 3 8 m?% 3 9 |’
3 m? m?
w 2 Ty i
Cvg = +167T2{|(?/R)te| m2 (1 + log WLQA)
|(yr)eel* my [ 4shy mA 1\ _siv 20
= Z (- log —2 +im + = | — W
3 mi 3 my 3 9

which agree with the expressions given in Ref. [254].
In addition to the loop constraints described above, there are several observable to which
the LQ state contribute at tree-level. A very important constraint stems from the ratio
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R,, = B(B — Kvv)uy/B(B — Kuvv)sy, which should satisfy RSP < 4.3, as established
by BaBar [311,312]. By using the effective Lagrangian (4.39), one can show that, in this
model, this observable is modified as follows,

1 cul 1 ol i
Ro—1 Rel(yL yL)sb] o (Yr - yr)ss(Yr - yr)w (5.28)

e Nm2 C3M)2 |N[2mi ’

where N = GV ViiQem /(V27), and C$M = —6.38(6) as defined in Ref. [313]. Furthermore,
a peculiarity of this model is the modification of (semi-)leptonic meson decays. By matching
the Lagrangian (4.38) to the effective Hamiltonian (2.3), we obtain the Wilson coefficients

1 (YL )we (YL ) vy

- _ = 5.29
gv ga d—ulvy 4\/§GFVud m2A ’ ( )
1 (YR)we(YL)dv,
gs(p=ma) = —gp( = ma) oty _4\/§GFVd ;;12 £ (5.30)
u A
1
gT('u - mA) d—ulvy - _ng('u - mA)’d—m&/Z/ ’ (531)

where u and d stand for a generic up- and down-type quark flavors. These expressions
can be inserted into the expressions for decay rates, explicitly given in Chapter 2, cf.
Egs. (2.9) and (2.29). We should stress that LQs can induce new contributions in which the
neutrino has a different flavor from the charged lepton. One should therefore sum over the
unobserved neutrino flavors in order to compare with the experimentally measured rates,
e.g. B(B — Dlv) =Y, B(B — Dlyy), with ¢’ € {u,7}. Considering the ansatz given in
Eq. (5.19) for the Yukawa matrix, the relevant leptonic modes for our study are K — puv,
Dy — (pu,7)v, and B — 7v. We consider the experimental values given in Ref. [310] and
we use the values for the decay constants computed in lattice QCD, which are summarized
in Sec. 2.2.1. In addition to the leptonic constraints, it is crucial to also consider the
semileptonic ratio

B(B — Duv)
B(B — Dev)’

which is constrained by the Belle measurement RY/® = 0.995(22)(39) [314]. © Tt is well
known that large values of this quantity would be implausible, since the B(B — Devr) and
B(B — Duv) data have been successfully combined in B-factory experiments to extract
G(1)|Vap|. In Ref. [316] it was argued that such a deviation from lepton flavor universality
cannot be larger than 2%, which is considered as a constraint in our analysis. It should
be stressed that this limit is the main constraint for masses ma ~ 1 TeV, as argued in
Ref. [155], where it was shown that an explanation of Ry as originally proposed in Ref. [254]

R = (5.32)

would imply unacceptably large values for R*LL,/ °. Finally, useful constraints stem from the
experimental limits B(T — py) < 4.4 x 1078 [317] and B(D® — ptp~) < 7.6 x 1072 [253].
We computed the LQ contributions to these decays and obtained

l (lol*+lorl) (5.33)

Qem(Mm2 —m

B(r — =T
(T—=wy)=r Tm?

6A similar ratio has been also measured with a D* meson in the final state, yielding R/" = 1.04(5)(1)
in good agreement with /e universality [315].
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with
Nem, I . m2
OL(R) = —ZM{(wa))w(yR(L))w = o W) (re) i [14 +8log (mi ,
(5.34)
and

2,,3 2
B0 = 00 = st (52) v ottt 539

| L) en R+ W) (2o — Qmmf [90)en )i+ (R)en(yr)i

where m,. = m.(ma) is the running charm quark mass.

To assess the viability of this model, we combine the above-mentioned constraints to
20 accuracy with the perturbativity condition, |(y)i;|< V47, and look for the parameters
which would simultaneously satisfy the observed R%" and Rp{Y. We vary the LQ mass in
the region ma € [1,5] TeV and impose the flavor ansatz of Eq. (5.19) and Eq. (5.20) for the
Yukawa matrices y; and yg. The results from our scan are shown in Fig. 5.8, where Rk in
the central bin is plotted against Rp. As it can be seen from this plot, we were not able to
find parameters that would result in values for Ry consistent with the 1o region reported
by LHCb. This model can only somewhat reduce the tension with respect to the SM for
this specific observable. On the other hand, the deviation in Rp can be easily acommodated
by this LQ state, a fact that was already demonstrated years ago in Ref. [318]. From the
same plot, we also learn that a simultaneous improvement of both observables is difficult,
since an improvement of Rx compromises the explanation of Rp. This fact can be better
understood in Fig. 5.9, where Rk is plotted against the LQ mass ma. To substantially
reduce the value of R, the LQ masses must be larger than ~ 4 TeV, in order to avoid the
constraint from R’f)/ ¢ described above. This observation is the source of disagreement with
Ry, since an explanation of the latter requires relatively light NP (ma ~ 1 TeV) with
sizable couplings. Finally, we plot the correlation between (yr )y, and ma in Fig. (5.10).
In the same plot, we highlight the parameters which would be consistent with Rg and
Ry~ in the central bin at the 1.50 level. As it can be seen from this plot, to produce this
improvement in the description of Ry, one should have ma 2 4 TeV and |(yr)pu|~ VA,
saturating the perturbativity limit.

5.2.5 A viable leptoquark explanation of R < 1 through loops

In this Section we discuss another scalar LQ model proposed to accommodate R?}i) < Rf(%)

via loop-level contributions [319]. This model invokes the doublet Ry = (3,2)7/6 LQ state
and it was inspired by the singlet scenario described above. Differently from the singlet
scenario, where there was no tree-level contribution to b — sf¢, this state contributes to
this transition at tree-level, but it cannot accommodate Ryf, < R7A., as discussed in
Sec. 5.2.3. The new idea introduced in Ref. [319] is to impose a flavor ansatz that will
forbid the tree-level contribution to b — sff. As we will show in this Section, the loop-level
contribution to b — sf¢ will generate the combination Cy = —C'o, which can then explain
the experimental findings. Notice, however, that this model cannot simultaneously explain

Rp, the fact that was already (implicitly) shown in Ref. [224].
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Figure 5.8: Rp is plotted against Ry in the central bin. The allowed points are compared with
the experimental values (green and grey bands) at lo.
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Figure 5.9: Rk in the central bin is plotted against the L@ mass ma. The allowed points are
compared with the experimental value for R (green band) at lo.

Before introducing our model and its phenomenology, we would like to emphasize the ad-
vantages of this scenario in comparison to the singlet model presented in Sec. 5.2.4. Firstly,
this scenario conserves baryon number by construction, as shown in Table 4.1. Therefore,
no additional ad-hoc symmetry is needed to preserve the proton stability. Furthermore, in
our model, the top quark contribution naturally induces C§* = —C%' < 0, as needed. In
the singlet scenario, the dominant top-quark contribution generates C§* > 0, so that it
was mandatory to compensate that effect with a very large charm-muon Yukawa, which
induces problems in other observables, or by increasing the LQ mass, which lies far beyond
the current sensitivity of LHC. These limitations are not present in the scenario we will
describe below.
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Figure 5.10: Projection of the allowed points from Fig. 5.9 in the plane (yr)p, vs. ma. We
highlight in red the points which can be consistent with Rx and Ry~ in the central bin to 1.50
accuracy.

Description of the model

The general Yukawa Lagrangian for this model was already given in Eq. (4.20) and reads

7/6
O hee,

L = (yR)ijQiA(WG)ERj + (yL%]‘ﬂRZ‘/A\/
= (Vygr)ijti Prl; AP 4 (yg)i;d; Prt; A3 (5.36)
+ (UyL)ijﬂiPLVj AP _ (yL)i]‘l—L,’PL@ AG/3) + h.c.,

where yr, g are the matrices of Yukawa couplings, that we assume to be

0 0 0 00 O 00 Vyk
yr=10 o y7 |, yr=100 0], Vyr=[0 0 Vupyi |,  (537)
0y yi 0 0 yg 0 0 Vayg

which is the main peculiarity of our model. The superscript in A®/3) and A®/3) refer to the
electric charge of the two mass degenerate leptoquark states, as before. The above choice of
Yukawa couplings, and in particular y5 = 0, means that the contributions of the leptoquark
A/6) to the transitions b — s€¢ can only be a loop effect and not generated at tree level.
The only diagram contributing (in the unitary gauge) is the one shown in Fig. 5.11.

We computed the corresponding amplitude, matched it onto the effective theory (2.54),
and found

's u'ly

O£1£2 — _05152 —
9 10 Z ViVt YL,

u,u’ €{u,c,t}

Vi Vo (41)" Flu, zur) (5.38)

where z; = m?/mj;,, and the loop function reads,
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Figure 5.11: The only diagram contributing b — sf1fy decay in the L(Q) scenario considered
here. In a non-unitary gauge there is an extra diagram similar to the one depicted above, with W
replaced by a Goldstone boson.

/Tyl Ty (T — 4) log N xy (T, — 4)logz,
27 | (T — 1) (2 — xw) (0w —xa) (T4 — 1) (0 — 2,) (2 — zA)

F( Xy, ) =

B za(xa —4)logza
(xan — 1) (za — 20) (A —200) | (5.39)

We checked that the above result is finite and gauge invariant by doing the computation
in both the Feynman and the unitary gauge. The loop function vanishes when sending
the quark mass to zero, and therefore the dominant contributions are those coming from
u = u' = t, and the one in which u = ¢, ' = ¢, latter being CKM enhanced. This closes
our discussion of the Ry model with our particular setup specified by the structure of the
yr,.r matrices, as given in Eq. (5.37).

Phenomenology: Low-energy constraints

The model described above can induce important contributions to some observables which
have already been accurately measured. In other words, we check which quantity can be
particularly sensitive to our model and then use its measured value to constrain the non-zero
entries in the matrices yr, g (5.37).

First of all, by switching on the couplings to the leptoquark of the top quark and to u
and to 7 leptons, one necessarily generates an extra term to the 7 — pvy decay amplitude. In
order to comply with the experimentally established upper bound, B(t — py) < 4.4 x 1078
[317], we checked the expression derived in Ref. [8,320] with which we agree, and write:

O‘em(mz - m%)g
B(r = ) = o gt (| +Howl) | (5.40)
with
a1, = 0 y
3im, | o 2m br m? (5.41)
VR y > [y% +§mij‘/;1byR <1+410gm2>] :
q€{ct} A
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Figure 5.12: Contributions to the Z — {102 decay amplitude generated in our Ry model, where
A = AG/3) . Another set of diagrams, similar to those shown above is obtained by replacing t — c.

Since we need a significant value for ¥/ and 3 to describe the exclusive b — suu decay
rates, the above condition proves to be a severe bound on y%, due to the m;/m, enhance-
ment.

Another important constraint comes from the contributions to the muon s g—2. Current
deviation between the measured and the SM values is Aajj® = P — a = (2.8+0.9)x107?,
where a, = (g9, — 2)/2, as usual. Since the SM estlmate of thls quantlty is not yet fully
assessed [321], we require the leptoquark contribution to be smaller than 20 error on Aag®.
To do so we use the expression [8]:

Aa, =

X R[S s ) — Sz fmd)]
qe{ct}
r+1 rlogw 22 —5r —2 xlogw

=22 20 —a)p Jr@) = =19 Taa—

87T2

fs(z) = (5.42)

A very efficient constraint on y* and y£* comes from the branching fractions B(Z — ¢£),
which have been very accurately measured at LEP [22], cf. Eq. (5.24). In our model the
diagrams contributing to Z — ¢¢ (or, more generally, to Z — {1/{5) are shown in Fig. 5.12.
We computed the full amplitude, matched it with the effective Lagrangian,

Log = —2——CH2 0,y Ppl, 2" 5.43
f = 2cos<9W 177 LLt2 ) ( )

and obtained, for {1 = {5 =/,

3 2 m2
C’£1€2 — 0 tlox t 1 1
T {?/L Yr, m + log —5- 2
4 cly  clox mQZ 22 mz 1 1
+9 Yo st m—QA sin” Oy | log 7mA — T — ' + = sl (- (5.44)

The top contribution in the above formula agrees with the result of Ref. [322] while the
contribution arising from charm is new. Using the Lagrangian (5.43), we then obtain

B(Z — tt) =

gzgﬁf; v ! —2Re(1+Cy )cod20w0-+2-+coq4ewq}. (5.45)

In practice, we find it more convenient to consider

B(Z — ()

o
B2 =Bz >

(5.46)
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Figure 5.13: Allowed values for the couplings y,* and y,** consistent with all the constraints
discussed in the previous section. Plots are provided for ma = 650 GeV and ma = 1 TeV.
Highlighted regions correspond to the values of the couplings that ensure the 1.50 agreement of
Ry and Ry~ with experiment in the central ¢*-bin.

and to use the values (5.24) to 20 accuracy.

Finally, the major constraint on the model comes from the exclusive b — sup decays,
for which we will consider the constraint (5.8), as obtained in Sec. 5.2.1. Before closing this
section we believe it is worth emphasizing that the model we consider here does not give
any contribution to the By — B, mixing amplitude (at the one-loop level).

Phenomenology: Rx and Rk~

We next focus on our model and beside C{* = —C1{' obtained in Egs. (5.8) and (5.13) we
also use the constraints discussed in the previous section. These constraints appear to be
quite severe. Consistency with C§* requires rather large values of the muonic couplings to
the leptoquark. For that reason, the experimental bound on B(7 — p7) will necessarily
restrain y% to very small values. The values of 4% [y/7] and y3* [y$7] are then saturated by
Aa,, and by the required consistency with the measured B(Z — uu) [B(Z — 77)].

We performed several scans of the model parameters. We first fixed the mass of lep-
toquark to either ma = 650 GeV or to ma = 1 TeV, and varied all the couplings within
|y%€ =< VArn. As we anticipated above, the allowed values of y¥ are indeed negligibly small,
and for our phenomenological purposes this coupling can be safely neglected. In the follow-
ing we set it to zero. On the other hand, constraints on the couplings to muon result in the
regions shown in Fig. 5.13. Clearly, for larger ma the couplings grow and for reasonable
values of ma (less than a few TeV) the only coupling that hits the perturbativity bound is
y" while the other ones remain well bellow /4.

Notice also that in Fig. 5.13 we highlight the regions of couplings that are needed to
provide a 1.50 compatibility of Ry and Ry with experimental results in the central ¢-bin.
In other words, to get close to the measured values of R%" and R%Y the values of couplings
yi* and y/* indeed need to be large (larger than 1). The values for Rx and Rg- obtained
with our model are given in Tab. 5.3. We see that the situation regarding the agreement
with experimental values (5.2) and (5.3) remains similar to the discussion based only on
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Ci", i.e. our values for R and R+ are compatible with experiment in the central ¢*-bin
to 1.10, while in the low-¢*-bin the agreement of our Ry~ with the value in (5.3) is at the
1.80 level.

Quantity ma = 650 GeV | ma =1 TeV
Ry (low ¢?) [0.80, 0.96] [0.82,0.96]
Ry (low ¢%) [0.88,0.92] [0.88,0.92]

Ry (central ¢?) [0.82,0.98] [0.85,0.98]
Ry~ (central ¢?) [0.82,0.98] [0.85,0.98]
Rk (high ¢?) [0.81,0.98] [0.84,0.98]
Ry (high ¢%) [0.81,0.98] [0.83,0.98]

Table 5.3: Intervals of R and Ry~ obtained in our model by using all the constraints discussed
in the text, and C{" = —CI§' in Eq. (5.8) in particular.

As a curiosity we can now proceed the other way around and perform a scan of param-
eters by leaving ma as a free parameter, and then check how large one can take ma and
still remain e.g. 1.50-compatible with Rx and Ry~ reported by LHCb in the central ¢-bin.
The result of this exercise is shown in Fig. 5.14, from which we see that ma < 1.2 TeV.

4 4
> T >
(] C [} £
B Bl
q2F q2F
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1 f N 1E -
E 2 "-" o E . ¥ . "
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Ry (central bin) Ry~ (central bin)

Figure 5.14: Results of our scan of parameters consistent with all constraints discussed in the
previous section in which the leptoquark mass ma is varied too. We see that the 1.50 consistency
requirement with the values of LHCb for Ri and Ry~ in the central ¢*>-bin (shaded area) results
inma < 1.2 TeV.

We now enumerate the predictions of this model:

1. Like we mentioned before,ithis model does not induce the tree-level or the one-loop
contribution to the By — By mixing amplitude.
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2. Using Eq. (5.38) and by taking into account the constraints on the couplings g7 p, we
were able to compute C§” = —C7j from which we computed the branching fractions
B(Bs — 77) and B(B — K(*)TT>1argeq2. We obtain, —0.46 < C§7 < 0.06 for ma =
650 GeV, which then gives:

< 1.03,

(
BEB — KTT)q2e[15,19] GeV? <103,

b= KTT)SZI’Vé[w,lg] Gev?
0.77 < B(B — K*TT)q2e[15,19] GeV?

~ B(B — K*TT)S%\/éumg] Gev?

< 1.03. (5.47)

For ma =1 TeV, we obtain, —0.17 < C§7 < 0.03, which leads to:

< 1.01,

(
BEB — KTT)q2€[15,19] GeV? <1.01,

SM
B — KTT)qu[15,19] GeV?

2¢[15,19] GeV?

i <1.01. (5.48)
q2€[15,19] GeV?

3. Our model allows for lepton flavor violation, as in most scenarios aiming to explain
the LFUV effects [153]. Again, after inserting the values (intervals) of the couplings
y/" and y/" into Eq. (5.38), we obtain

B(B = Kpr) ${(4.6 x 107)m,—gs0cev » (1.5 X 107" )1 mov } (5.49)

whereas the branching fractions for similar decay modes can be obtained from the
ratios (2.149) which are independent on the Wilson coefficients [127]:

B(B — K*ur) B(Bs — )
~ 1. _
B(B — Kur) 8 and B(B — Kur)

~ 0.9. (5.50)

Since the LFV and lepton flavor conserving modes are related by the same model
parameters, there is obviously a correlation between various rates. A typical one is
shown in Fig. 5.15, where we see that the LFV mode can be significant even for
B(Bs; — 77) perfectly consistent with its Standard Model value.

4. Another interesting LFV mode is Z — ur. The expression given in Eq. (5.44) is
trivially extended to the LEV case by simply replacing y%y%* — y2y92*. We obtain
that the maximal allowed values can be quite large, namely,

B(Z — pr) S {(4x 1077 ) a—gs06ev » (21 X 107 ) —imev } (5.51)

and could be an opportunity for future experiments.
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Figure 5.15: Correlation between B(Bs — 77) and B(B — Kput) as obtained in our model.

5. We have checked that our model provides a very small contribution to B(t — brv),
which is well within the experimental error [323].

6. We also computed the Wilson coefficient relevant to B(B — Kvv) and found that our
model can bring only a small reduction with respect to the Standard Model value, i.e.

B(B — Kvv) <1, (5.52)

0.94 <
~ B(B — Kvv)SM —

the reduction being more pronounced for smaller leptoquark masses, namely ma =
650 GeV.

Comments on Direct Searches

So far we have assumed the value of the leptoquark mass to be either ma = 650 GeV or
ma = 1 TeV, both being consistent with direct searches, cf. Sec. 4.4. We find that the
experimental bound, ma 2 650 GeV, is very conservative and the reason for this can be

understood from the assumptions made in the LHC searches. So far the attempts for direct
detection of the leptoquark states, present in our model, only included the decays [261,262]

AP sty and AGP ot (5.53)
for which they assumed B(A®/®) — tv) = 1, and B(A®/®) — t1) = 1. The resulting bound,
ma 2 650 GeV, would be considerably lower if one also considered

AP ey and AP 5t er, ep, (5.54)

and then used the fact that the branching fractions of the above-mentioned modes are less
then one. With our couplings we can compute the relevant decay rates. We derived the
necessary expression for the decay of A(?/35/3) namely,

2 2\2
T(A2/3) ) =T AB/3) 2 2M 5.55
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Figure 5.16: Branching fractions of the dominant decay modes of A®/3) as obtained from the
constraints on the relevant couplings discussed in the body of this paper.

where u € {c,t} and i € {u,7}. Notice that we neglect the contribution proportional to
g% due to its smallness. Furthermore, the decay rate I' (A(Q/ 3 br) is indeed completely
negligible. From the above formulas it is then easy to reconstruct the relevant branching
fractions for the modes searched experimentally. The net result is that the bound on
mpa becomes lower. In other words, the values we use, ma > 650 GeV, are in fact very
conservative. Note also that the modes with the charm quark are experimentally very
challenging at the LHC.

In Fig. 5.16 we show the possible values for B(A®/3) — t1) and B(AG/3) — tu), con-
sistent with all the constraints discussed above. This information can be used in the forth-
coming attempts at LHC to detect the leptoquark through A®/3) — t;; channel.

5.3 Lepton flavor universality violation in b — c/v

In this Section, we discuss the current status of the discrepancies R and we will elaborate
on the possible connections with the observed deviations in Ry ), which were discussed in
the previous Section. These observables are defined as,

B(B — D®71v)
B(B — D®y) ’

l=e,u

Rpey =

(5.56)

where light leptons have been averaged in the denominator. There are several phenomeno-
logical differences between Ry and Rp). Firstly, the SM predictions of R depends
on hadronic parameters and most particularly on the shape of the form factors, which was
not the case for Ry .. This comes from the fact that the 7-lepton mass is non-negligible
in comparison to mpg, introducing a large LFU breaking already in the SM. Therefore, we
stress once again that the determination of shape of the form factors becomes a crucial point
to reliably estimate RSD%), as implicitly stated in Sec. 2.2.2 and Sec. 2.2.3. Furthermore,
in terms of the viable NP explanations, B — D™ (v are tree-level decays with relatively
large predictions in the SM. To satisfactorily explain the large deviations which were ob-
served, NP must be relatively light and/or have large couplings. This is not necessarily
the case for Ry, where the tree-level explanations remain perturbative all the way up to
Axp = 30 TeV. In other words, the hints Ry ) and Rp) point at different scales for the
NP or at very different ballparks for the NP couplings. *

TAn interesting possibility is that this hierarchy of couplings comes from a flavor symmetry which
enforces the new bosons to couple mostly to third generation fermions [316].
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The remainder of this Section is organized as follows: In Sec. 5.3.1, we describe the
SM predictions for Rp and Rp- focusing on the potential sources of hadronic uncertainties.
In Sec. 5.3.2, we discuss the attempts proposed so far in the literature to simultaneously
explain Ry and Rp»). We conclude in Sec. 5.3.3, where we propose a minimal model
that can explain Ry and R but which cannot account for Rg«. This last Section will
serve as an illustration of the difficulty to conceive simultaneous explanations to all LFUV
hints which remains consistent with the plethora of constraints from flavor observables.

5.3.1 Standard Model predictions for Rp and Rp-

Regarding the SM prediction for these observables, the B — D decays seem to be under
good theoretical control as the scalar and vector form factors have been computed on the
Lattice by two collaborations and their results are found to be consistent [15,16]. The SM
prediction is then obtained by combining the LQCD results with the B — Div (I = e, u)
experimental distributions, giving [77]

RM = 0.300 £ 0.008, (5.57)

which is about 20 lower than the experimental results, cf. Eq. (5.4). The value obtained
by MILC, by solely relying on LQCD estimates, would be Rp = 0.286 £ 0.012 [15]. This
value is slightly lower than (5.57), but still perfectly consistent with it. Therefore, the
determination of REM is quite robust and it is independent of the information extracted
from experimental data.

In contrast, the determination of the B — D* matrix elements are not as solid as
the one for B — D. As already mentioned in Sec. 2.2.3, there are no available LQCD
results at non-zero recoil for the relevant form factors. Only normalization [ha,(1)] has
been computed on the lattice while the shapes of the helicity amplitudes were extracted
from the angular distribution of B — D*(— Dm)lv. Those values are then combined with
the leading order HQET formulas to fix the value of the scalar form factor and then predict
B(B — D*tv,). Extraction of the form factors from the full angular distribution received
quite a bit of interest recently. In Refs. [324,325] the paramatrization used to extract the
values and shapes of form factors was questioned, and the value of the scalar form factor
which was used in the theory paper in which the SM prediction was provided [93] has been
recently questioned in Ref. [332] . For all of these reasons, it is fair to say that the value of
RSM is not nearly as robust as that of R3M, at least not to the claimed accuracy.

We remind the reader that the decomposition of the matrix elements relevant to the
semileptonic B — D* transition, in terms of form factors, reads

2V (q?)

(D" (k, e)|ey"b| B(p)) L ————

(D*(k,e)|ey"ysb| B(p)) = ie™ (mp + mp+)A1(q®) — i(p + k) (" - q)mfiquzw (5.58)

2mD*

“q) e [A3(q2)—f40(q2)]a

ES

—ig"(e

where ¢#(0, ) stands for the polarization of the D* meson. Similar decomposition in HQET
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looks as,
(D*(v',)[ey"b|B(v)) = hy (w)e"* v,k

_ _ (5.59)
(D™ (V' e)|ey"v5b| B(v)) = tha, (w)e™ (w + 1) — i (e - v) [ha, (W)0" + ha, (w)o™]

where at leading order in the heavy quark expansion hy(w) = ha,(w) = ha,(w)
where the universal Isgur—Wise function depends on the relative velocity w = v - v
(m% +m2. —¢*)/(2mpmp-), and it is normalized to unity at the zero recoil, £(1) = 1, by
virtue of the heavy quark spin/flavor symmetry.

By expanding around the zero recoil, it appears that the form factor h4, (w) is the best
suited form factor, i.e. closest to the Isgur-Wise function even when the heavy quark power
corrections are included. ® Furthermore it appears to be a very good approximation to
retain only the two non-trivial terms in the expansion:

g

Ew)=1-p*(w—1)+c(w—1* —  ha(w)=ha,(1) {1 — oo, (w—=1) + ca, (w — 1)2} :
(5.60)
Notice that we keep h 4, (1) since its value is in principle different from unity due to the small
power corrections. Using the analyticity and unitarity of QCD one can use the dispersion
relation for the form factors in order to relate the slope p%, and the curvature ca,. In
Refs. [326,327,331] the authors derived such constraints on the shape of the form factor

+1
Ay (w) = wTRD*hAl(w), (5.61)

in the z-space, i.e. on the disk of radius unity which corresponds to the whole ¢? (or w)
after applying the conformal mapping

_VuFi-2
_\/w—l—l—f—\/g'

Unitarity and analyticity then tightly constrain c4, which can be expressed in terms of pil
so that in the end one has

Ay (w)
Aq(1)

z(w) (5.62)

=1-8p°2z + (53p® — 15)2% — (231p* — 91)2°. (5.63)

As for the other form factors that enter the expression for the differential decay rate, by
factoring out |A;(w)|?, one deals with the following ratios

Ry(w) = ; LRp- Xl((lfv)) , Ro(w) = 2 ;“ 'Rp- ﬁii‘w"i L (5.64)
Ro(w) = = ;_ 1RD* j?glwl}; )

where, again, ¢> = m% +m%. —2mpmp-w. The shapes of the functions R;(w), i € (0,1,2),
cannot be fully inferred on the basis of HQET and additional phenomenological information

81t is also protected by the so-called Luke theorem which states that the leading order power corrections
are absent and only the second order corrections in heavy quark expansion can modify the form factor
ha, (w). This is in fact the equivalent to the Ademollo-Gatto theorem in the kaon physics.
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is often used. In particular, in Ref. [327] the authors heavy relied on HQET and after
expanding around w = 1 they suggested an expansion

Rl (w)

Ri(1) — 0.12(w — 1) 4+ 0.05(w — 1),
Ry(1) +0.11(w — 1) — 0.06(w — 1), (5.65)
Ro(w) = Ro(1) — 0.11(w — 1) +0.01(w — 1),

&
E
I

thus only two extra parameters are needed to be extracted from the fit with the angular
distribution of the B — D*lv [l € (e, p)] data, namely R;(1) and R2(1). Even though the
authors argued there are also uncertainties in slopes of Ry(w) and Ry(w), the experimen-
talists used only the central values in the fit. In such a way, for example Belle collaboration
reported in Ref. [328]:

ha, (1)|Viy| = (34.6 £ 1.0) x 1073, p* =1.214 +0.035,
Ry(1) = 1.401 +0.038 Ry(1) = 0.864 £ 0.025 . (5.66)

The fact that the slopes of Ry(w) and Ry(w) were fixed to the values (partly) dictated by
relying on HQET was strongly criticized in Refs. [324,325], mostly because the HQET pre-
dicts Ry(1) = 0.80, which is about 20 smaller than the value determined by Belle. In other
words fixing the slopes by using HQET can be misleading as the tests elsewhere suggest
significant deviations at the level of the aimed precision. After the recent publication of the
unfolded data by Belle [315], theorists were able to perform the fit to experimental data
by leaving these parameters free in the so-called Boyd Grinstein Lebed (BGL) parameteri-
zation [331]. The authors of Ref. [324,325] found then that the values for Ry(w?) become
systematically larger than the ones obtained in the CLN parameterization. Moreover, the
CLN and BGL parameterizations lead to quite different results for |V |, While the for-
mer predicts the value |V,,|“"N= (38.71 & 0.75) x 102 [14], which disagrees with the value
determined from the inclusive decays, |V|™= (41.98 £ 0.45) x 1073 [14], the fit with the
BGL parameterization leads to values which are perfectly consistent with |V, | [324,325].
Since the fits to the experimental data are equally good, we cannot say that one specific
parameterization is better than the other. However, this disagreement is a clear indication
that the hadronic inputs entering the Rp« prediction need to be better understood.

As for Ry(w), which enters the prediction for I'(B — D*7rv), its value has been obtained
in Ref. [93] in a manner similar to what has been advocated by the authors of Ref. [327],
but also by fixing the value of Ry(1) following Ref. [329, 330]

Ry(1) = 2 =7) ?lr_[ljc;gl)(l 1) =2 7. (5.67)

valid to leading order in the power expansion 1/my,., where we also for shortness wrote
r = mp+/mp. In that way the result reported in Ref. [93]

Ro(1) =1.14£0.11, (5.68)

where the 10% error is a simple guesstimate. Note that this value is consistent with the
HQET result Ry(1) = 1.22. Very recently that result has been revisited by the authors
of Ref. [332] who employed the QCD sum rule technique applied to the HQET correlation
functions, and found

Ro(1) =1.174+0.02. (5.69)
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This value too should be tested by making the explicit computation of the ratio of the form
factors on the lattice.

In the following, we will assume that the observed discrepancies in Rp.) are due to
NP. We will focus our discussion on the possible connections between the anomalies in
b — ctv and b — sfl. As already anticipated in the introduction of Sec. 5.2, the proposed
solutions have a compromise between the simplicity of the model and the capability to
explain all deviations. We prefer to opt for the latter possibility, since the LFUV deviations
in neutral currents still need to be confirmed by another experiment, which will be Belle-II,
and because the experimental situation of Ry still needs to be clarified.

5.3.2 Simultaneous explanations of Ry and Ry

So far several models have been proposed to simultaneously describe Ry ) and Ry, see
Ref. [333] for a recent review. While many authors considered effective scenarios, very few
concrete solutions to the puzzle of B-physics anomalies have been proposed [334-336]. By
using a set of gauge invariant operators the authors usually assume that only the coupling
to one generation in the interaction basis is non-zero so that the LFUV comes from the
misalignment between the interaction and mass bases [153,334]. The set of SU(3). X
SU(2);, x U(1)y gauge invariant operators usually considered is given by

O™ = Q" Q) (L' L) ,

g _ _ (5.70)
O = Q"o Q) (Liy" o L),

where 4, j, k,l are family indices and 0% (a = 1,2,3) are Pauli matrices. Interestingly,
the operator O3 generates both charged and neutral currents, which could explain the
ensemble of LFUV observations for an appropriate choice of couplings, as first pointed
out in in Ref. [334]. ® One should, however, be cautious because the renormalization
group running from the NP scale to the relevant low energy scale can generate sizable
contributions to others operators, such as the ones contributing to the Z-pole observables
and to leptonic 7 decays. The authors of Ref. [337] argued that an EFT explanation of
Rp by means of the operators described in Eq. (5.70) would induce large contributions
to B(t — pwvv)/B(t — evv) that would be in conflict with current experimental results,
disfavoring a simultaneous EFT explanation based on this set of operators.

The main challenge to build a concrete model to accommodate the b — s and b — ¢
anomalies is that we observe in both cases O(10%) deviations compared to the corre-
sponding SM amplitudes, which are induced at tree-level for the transition b — cfr and
at loop-level for b — s¢¢~. As a consequence, an explanation of R would require
tree-level bosonic mediators in the TeV range, while a tree-level explanation of Ry, with
similar couplings would point at much larger scales, in the ballpark of ~ 30 TeV [338].
Therefore, a mechanism is needed to explain this hierarchy between the needed contribu-
tions. A very appealing solution would be to reproduce the same pattern found in the
SM, i.e. to explain R via tree-level contributions and Ry through loops. Nonetheless,
no fully viable model has been proposed along these lines thus far. ! Another interesting
possibility, which is certainly easier to implement, is to introduce a hierarchial pattern for

9This can be easily seen from the identity afjazl = 204655 — 030k
10A first attempt in this direction was made in Ref. [254] by using the LQ state (3,1) /3, but we showed
in Ref. [155] that this model is not viable, as discussed in Sec. 5.2.4.
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the NP couplings to fermions. In this case, the new bosons would couple mostly to the
third generation fermions, also providing an explanation for the good experimental agree-
ment found in LFU ratios with kaon and pion decays. This strategy has been followed in
Ref. [296,298,316,339] by introducing a minimally broken flavor symmetry Gr which, after
an appropriate assignment of quantum charges, enforces that only operators with third gen-
eration fermions are allowed. The operators containing first and second are then generated
by a suitable breaking of this symmetry, which would explain why the effects observed in
b — cTv are larger than the ones found in b — spupu.

One of the first concrete proposals to explain the observed excess Rp) were the 2HDM
of different types, including the aligned 2HDM [180] and the (fine-tuned) model of type
IIT [340]. These models face now severe constraints stemming from the B. meson life-
time [341-343] and from the studies of high-pr 7-leptons tails at the LHC [263]. ! Nonethe-
less, as it was implicitly stated in Sec. 3.4, the only LFUV contributions in 2HDM to
b — stt{~ come from the scalar and pseudoscalar operators, which are not enough to explain
the observed deviations in Ry ). Therefore, these models cannot simultaneously explain
Ry and Rpe. Among the models containing color-singlet particles, another proposal is
the one of vector-boson weak triplets with hierarchial couplings to fermions [290,316]. In
these scenarios, the Z’ and W’ bosons contribute at tree-level to the transitions b — s¢* ¢~
and b — cTv, respectively. A very comprehensive analysis of this model was performed in
Ref. [316], where it was shown that its minimal realization is ruled out by the LHC searches
of heavy resonances decaying into 7 pairs.

Several scenarios with hypothetical light LQ states have also been proposed. While
the scenarios with vector LQs are the easiest ones [295,296, 298| they become problematic
when computing the loop corrections unless the vector LQs are promoted into the “light”
gauge bosons O(1 TeV), in which case one runs into contradiction as such gauge bosons are
supposed to be associated with a gauge group relevant to the scales of grand unification.
Otherwise the loop corrections in a theory with a light vector LQ are UV-cutoff depen-
dent unless the UV completion is explicitly specified. This fact considerably reduces the
predictivity of these scenarios, since loop observables which pose severe constraints on LQ)
scenarios, such as the B, — B, mixing amplitude and B(7 — ), cannot be computed.
Concerning the light scalar LQ scenarios, instead, they do not exhibit such a problem but
in their minimal form they are suitable to either describe Ry [300] or Rpe [224], but not
both. The only possibility left is to consider non-minimal models where the existence of
more than one scalar LQ) is postulated. This route was taken in Ref. [344] by considering
the pair of scalar LQs (3,1);/3 and (3,3)13 in the context of a minimally broken flavor
symmetry. Similarly, the authors of Ref. [301] postulated the existence of two light scalar
LQs transforming as (3, 2)1/6 and (3, 3)1/3 in a concrete GUT realization. Interestingly, the
problematic diquark couplings of the LQ triplet are forbidden in this latter scenario by a
suitable choice of the SU(5) quantum charges.

Finally, we attempted to simultaneously address the b — ¢ and b — s anomalies by
minimally extending the model with the scalar LQ (3,2),/6. By postulating the existence
of light right-handed neutrinos we showed in Ref. [345] that this model can satisfactorily
explain Rg” < R and R7%) > R}, However, the recent measurement of Ry~ by LHCb
disfavored this scenario, since it predicts Rg~ to be slightly larger than the SM prediction.
In the following Section, we will describe this model to illustrate the situation in model
building in flavor physics: it is a very challenging task to propose a minimal model capable

HSee Ref. [343] for a recent and comprehensive analysis of effective scenarios aiming to explain R via
scalar operators.
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of explaining both Ry ) and R while being consistent with the plethora of constraints
coming from the flavor physics observables.

5.3.3 (3,2)1/6 and light right-handed neutrinos

The model containing the state (3,2);/s was originally proposed as a viable explanation
of REP < RSM in Ref. [118]. In this Section, we will show that the minimal inclusion of
light RH neutrinos to this scenario induces new contributions to charged current processes,
which can acommodate R7E) > R [345].

In the presence of three gauge singlets vg; (j = 1,2, 3), the Lagrangian (4.31) becomes

L _
Laae = (Yr)idriA L; + (yR)ijQiA(l/ﬁ)VRJ +h.c., (5.71)

where y;, p are generic 3 x 3 Yukawa matrices. This expression can be further developed in
terms of the fermionic mass eigenstates

'CA(I/G) = (yLU)ij ERiVLj A(_1/3) - (yL)ijaszLj AP

5.72

+ (Vyr)iTrivr, AP + (yr)idrive AT + hee., 57
where U denotes the leptonic mixing matrix, and A(?) denote the LQ mass eigenstates with
electric charge Q, as before. From this expression, we observe that a coupling between up-
type quarks and neutrinos is induced by the RH couplings which could potentially contribute
to the b — ctv decays and to Ry in particular. To study the charged currents with RH
neutrinos, we find it convenient to define the effective Lagrangian

Log = —2\/§GFVud[(ﬂmudL)(Zw“VL) + 96 () (@Ldr)(CLvr)

_ 5.73
-+ gIT%(,u)(ﬁLUWdR) (@LO"“VVR)} + h.c. , ( )

where u/d stands for a generic up- /down-type quark, while g&, = gST‘ ougy AT€ the effective
couplings induced by New Physics. This equation should be compared to Eq. (2.3), where
the possibility of having RH neutrinos was not considered.

In the following, we assume that the neutrino masses are negligible in comparison with
the hadronic mass scales, so that it is legitimate to take U = 1 for the PMNS matrix. We
consider neutrinos to be Dirac particles, even though this issue is immaterial in the limit of

— 0. > We describe below the effective Lagrangian of the (3,2);/6 scenario extended
Wlth RH neutrinos, and we discuss the phenomenological implications.

Effective Lagrangian

The low energy effective theory obtained by integrating out the heavy A has the following
Lagrangian

d%d’@é’ d—d'vv d%ufu u—u'vv’
£eﬁ — £ ‘Ceff E eff (574)

Y

where the piece affecting the b — suu transition described in Eq. (4.32) remains unchanged:

12Notice that the effective Lagrangian for b — ¢t would be the same for Dirac and Majorana neutrinos.
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Ed—)d’%’ W (CL”Y“Pde) (ZZWPLKJ) : (5.75)

The novelty of our model is the presence of the following terms

Vyr)(u)s [ _ 1 _
‘Cd—mﬂv _ (yIZn]Q(yL)kl [(UZPde) (ElPRl/j) + 1 (uio'm,Pde) (Elg“VPRl/j)‘| + h.c., (576)
A

which are induced by the right-handed couplings. This Lagrangian can modify the transition
b — clv, with £ = e, u, T, as mentioned before. Notice that the flavor of the neutrino is
generic in this expression and one should compare the experimental results with

U=e,u,T
where a similar expression should also be used for leptonic decays. Finally, the last two
pieces in Eq. 5.74 are given by

"oy ya 7, ya 7 77
cpte =y Welulieli i (A" (1 = Pa)di) (7, Povy)
a=L,R A (578)

) ) ) )]

where two new terms induced by the couplings (yg)re appeared, and by

/) Vv i \% _
gﬁ—m 27 ( yR;;’E yR)kl (Uz")/'uPRuk) (VZ’Y/LPLV]') , (579)
A

which is not phenomenologically interesting, since there are no compelling experimental
results regarding this transition. '* These expressions will be used in the phenomenological
discussion below.

Flavor physics constraints

Similarly to the discussion of Sec. 5.2.5, we take the couplings to the first generation to be
zero in order to avoid the potential problems with the atomic parity violating experiments,
as well as the experimental limits on B(K — wvv) and B(Bs; — pe). We will assume the
following structure of the matrices of Yukawa couplings:

YrL.r = 0 (yL,R)su (yL,R)ST ) (580)

13To our knowledge, the only available experimental limit is B(J/¥ — vv) < 3.9 x 1073 [311], which is
still significantly away from the SM prediction.
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which implies that

0 Vus(yR)su + Vub(yR)bu Vus(yR)ST + Vub(yR)bT
VyR =10 ‘/cs(yR)s,u + ‘/;b(yR)bu ‘/cs(yR)ST + ‘/cb(yR)bT . (581)
0 Vis(Wr)sy + Vao(Ur)op  Vis(Wr)sr + Vio(Yr)or

Although the couplings to first generation fermions are set to zero in Eq. (5.71), it is clear
from Eq. (5.81) that contributions to the leptonic and semileptonic decays of kaons (s — u)
or B-mesons (b — u) are not absent. Therefore, constraints involving the up quark, such
as B(Bt — 77v) and B(K* — ptv) must be taken into account.

The values of the couplings (yr r);;, which we take to be real, are varied within the
perturbative limits, |(yzr)ij|< V47, and are subject to many constraints of which the
following ones are found to be particularly relevant:

o b— suu:

As described in Sec. 5.2.1, we consider the cfrom the experimentally established
B(Bs; — pu) and B(BY — K*pu) in the large ¢ bin, which imply the constraints
(CE"Y = —(C§) € (—0.44,—0.12) to 1o accuracy. This results can be translated as
a constraint on the combination (yr)s.(yr)i,/ma by using Eq. (4.34). The allowed
values lead to the prediction Ry = 0.88(8), consistent with the experimental value
found by LHCb, cf. (5.2). This model also predicts R = 1.11(9) which is slightly
larger than the SM prediction. Therefore, this model would be ruled out if Rg+ < 1
is confirmed, cf. Eq. (5.3).

J AmBS:

Another important constraint stems from the B, — B, amplitude. We computed
Rp, = Amp,/Am3M in our model, which reads

B m 12 1 T\2
Ry, =1 x|y 5n-
B * 16GEmiy (Vs Vis) 18 So () mA [(yL Yia + Q(yR i
2
3 m Bs(m
— 1= (Y Y5 )bs(UR - Y)os ( - ) ilom)

2 my(mp) +ms(my) ) Bi(my)

], (5.82)
where we use the standard notation for Am3M, n; = 0.82(1) and 74 = 4.4(1) account
for the QCD evolution from p ~ 1 TeV down to g = m;. After combining the lattice
QCD values for bag parameters By 4 [77,346], with the experimental R” = 1.02(10),
we obtain a rather stringent constraint on the couplings shown in the brackets of
Eq. (5.82).

o T — l:
The experimental upper limit B(7 — u¢) < 8.4 x 107 [310] can be used to constraint
(yr)su/ma and (yr)s-/ma via the expression

2

foms (1—2)(1+2 — 222), (5.83)

o12nl;

(yL)m'(yL):u

2
LN

B(r — n¢) =

where x = m?/m? and f, = 241(18) MeV [347]. The terms proportional to m?,/m?2
were omitted in this equation.
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e B— Kvu:

The experimental upper limit on B(B — Kvv) [310] turns out to be a very important
constraint too. The relevant expression for this process computed in the SM extended
by the effective Lagrangian is

|N|2)‘1/2 2\12 LJ ij |2 ij |2
B(B — Kvp;) = 384Wa{m(q P25 [|CFy + CLpl+|CERP]
2412 3¢° 2 2N\2(vij |2
+1fo(g7)] (mp —mi)*|Cg L] (5.84)

2(mp — my)?

2
Pl r}

(mp +m

where N = e GrVipVy:/(v/27). After summing over the neutrinos states, the auxil-
iary coefficients in the given above read

oSy 1
%:\CL]L + CPRl’ = 3\C§M’2 QN—LL Re(yr - yL)sb + W@L yL>SS(yL yL)bIN

y y 1
Z|CSJ,LL|2 = 162:|CTJ,LL|2 W(ZUL yL)ss(yR yR)bln (5-85)
ij

1]

where C$M = —6.83(6) denotes the SM contribution, as before [348].

e Leptonic decays:

Also useful are the constraints coming from the (semi-)leptonic meson decays. Using
the Lagrangian (5.73), one can easily compute the decay rates for various leptonic
processes. For example, we obtained

G2 ma
r Ds 5, ‘/cs 2\2, 2 1 R)2 Ds )
( - V) 87rmD ’ ’ fD ( mf) my + ‘gS‘ m%<mc + ms)2 ) (5 86)
where the matching of Eq. (5.73) and (5.76) gives
(Vy )C] S*
= —= 5.87
(gs)c—)sfil/j 4\/_GF‘/CSmA ( )

at the scale u = ma ~ 1 TeV, which is via the QCD running related to the scales
where the LQCD simulations are performed, namely, gs(u =1 TeV) ~ 0.5 X gg(p =
my) &~ 0.37 x gs(n = 2 GeV). Note that if we replace g5 — g¢¥, then Eq. (5.86)
coincides with Eq. (2.9) except for the interference term which does not exist for
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RH neutrinos. Since neutrinos are unobserved, one should sum over all possible final
states. The absence of interference term allow us to define

2 2
G5), ] =16 ]+ 6D,

which can be directly used in Eq. (5.86) to obtain B(Ds; — (v) = B(Ds — (v,) +
B(Ds — {lv;). The same expression can be applied mutatis mutandis for the other
leptonic decays, namely, B(K — uv), B(t — Kv) and B(B — 7tv), for which the
relevant decay constants are summarized in Tab. 2.1. Experimental results are taken
from Ref. [310]. We do not include constraints from semi-leptonic decays in our
analysis, since these are superseded by the analogous leptonic modes. This can be
understood from the helicity suppression which is lifted by the scalar Wilson coefficient
g% in Eq. (5.86).

2

(5.88)

R%/e:

An important constraint for NP scenarios with couplings to u’s is the ratio

B(B — Duv)

Rﬂ/e —
b B(B — Dev)’

(5.89)
which was first considered in Ref. [316] and then also used in Ref. [155] to challenge
a putative simultaneous explanation of Rx and Rp, cf. Sec. 5.2.4. The relevant ex-
pression for the differential branching ratio, obtained by using the Lagrangian (5.73),
is given by

2

B 2 2)|2 2 2 o | J 2
1z B = D) =BolVallf (@) {cﬂq )+ loi et (a?) fiﬁflgﬂ
5.90)
fo(d?)

4
q 0f 2
1 R|2
R e A L {le

2
f+(a) } 7
where B, = G%.75/(19273m?%), as before, and the coefficient functions are given again
by Eq. (2.30). Using the form factors from Ref. [16] and requiring R < 1.02 [314,
316], we obtain a powerful constraint our the couplings,

(Vyr)? yb

=——" 7= 5.91
b—cl;7; 4\/§GFVcbm2A ( )

gip=ma)|, =4gf(p=ma)

b—cl; Uj

where the QCD running accounts for gi(u = 1 TeV) ~ 1.3 X gi(u = my) ~ 1.4 x
g% (1 = 2 GeV), and the tensor form factor is taken from Ref. [349]. We stress once
again that modes with different neutrino flavors should be added to obtain the rates

B(B — Duv) = Y B(B — Duvy), (5.92)

U=p,t

which can be effectively done by redefining the effective coefficients gng similarly to
Eq. (5.88).
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Other observables, such as leptonic decays of ¢(nS) and Y(nS), could in principle
provide useful bounds on the LQ couplings, but the derived limits turn out to be less
significant at this point. Flavor conserving leptonic decays, such as Y(nS) — 77, are
dominated by the very large tree-level electromagnetic contribution which undermines their
sensitivity to NP. LFV modes, such as T — pu7, are in principle sensitive to the LQ
contribution but the current experimental limit B(Y(1S5) — pu7)™P < 6 x 107° [350] is still
too weak to be useful. Moreover, an additional suppression to the decay rates comes from the
larger width of the vector quarkonia. For instance, the width of T, I'y = 54.02 £+ 1.25 keV,
is many orders of magnitude larger than the width of B, mesons [22],

Tras) g8, (5.93)
FBd(s)

This can be easily understood from the fact that B(,-meson decays proceed through elec-
troweak interactions, while Y(nS) can decay directly through strong and eletromagnetic
interactions. Therefore, potential NP contributions to electroweak decays of quarkonia are
always diluted in the branching ratios by the large total width. Therefore, we can say on
general grounds that any search for NP effects in quarkonia decay modes would require a
much better accuracy than the one needed for instance in the By system.

Finally, we have also checked that the experimental limit on B(T — py) < 4.4 x 1078
[317] does not provide any additional constraint to this model because of an accidental
cancellation of terms o< 1/m3 in the loop function [155]:

Nemém, [5 m?
o =0, oL/ = _Z<yL)bM(yL)bTW [2 + log (5)] : (5.94)
ma ma

where we use the same notation as in Eq. (5.40). * This expression should be compared to
Eq. (5.41), where the leading contribution is proportional to 1/m%, instead of 1/m}, and
where the top quark mass can enhance the loop-function.

We are now in a position to combine the ingredients given above in order to constraint the
Yukawa couplings (yr, r)i;, which are then used to compute the effective coefficients (5.91).
After inserting those couplings into Eq. (5.90) we can compute Rp = B(B — Dtv)/B(B —
Dlv). The result is shown in Fig. (5.17) where we see that with all of the constraints
discussed above, our model not only gives Rx = 0.88(8) compatible with the experimental
finding, but we are also able to find parameters which are compatible with R7® at the
~ 1.10 level. In this scan, we kept the leptoquark mass fixed at ma = 650 GeV and also
required consistency with the direct search limits [259,261], which will be discussed at the
end of this Section. We plot the correlation between the allowed couplings (yr.)ur, (Yr)br
in Fig. 5.18, where we see that one needs |(yr)y-|Z 1.4 to reduce the tension in Rp. The
RH coupling (ygr)sr can help reducing the tension in Rp, and it has an anti-correlation
with (yr)pr, i.e. large (ygr)pr implies small (y)p-. In the same plot, we highlight the points
consistent with R to 1.50 accuracy (in black), which seem to be uniformly distributed.
The correlation between (yr,)p, (YL )sr is also shown in Fig. 5.17, where we see that they can
take any value, but small values are preferred for a better description of RRT, as expected.
Finally, we use the expressions encountered in the literature for the B — D* form factors

to estimate Rp~/R3M in Fig. 5.19, c.f. discussion in Sec. 5.3.1. Nonetheless, if one believes

4 Notice that for the same reason (g—2) » remains highly suppressed and experimentally indistinguishable
from its SM prediction.

160



5.3. Lepton flavor universality violation in b — clv

1.0

:mA)
S
oC

R
25" ey (U
=
B

0.2

0.0
0.0 0.2 04 0.6 0.8 1.0
R
8gs |b—>c,uv (u=mpy)

Figure 5.17: The ensemble of points (all colors combined) correspond to our model in the case
ma = 650 GeV after applying all the constraints on Yukawa couplings discussed in this Section
except for the R%/ © constraint. They are shown in the plane gg|b Serp V. g§|b —cpis Against
the green regions which represent Rp at 1-, 2- and 3-0. Red and blue points are selected after
imposing consistency with R%/ ©. Finally the red points alone indicate the compatibility with Rp
to 20.

in these expression for the form factors, then this model can produce an enhancement of
about 5% in addition to the quoted SM error. This statement needs to be confirmed by
computing the B — D* form factors on the lattice.

We also performed a second scan of parameters by leaving ma as a free parameter, and
then checked how the prediction of Rp changes as a function of the leptoquark mass. We
considered the range ma € (500,3000) GeV and applied the direct searches constraints
for third-generation LQs that will be described at the end of this Section. The result of
this exercise is shown in Fig. 5.20, from which we learn that the 20 compatibility with
R7? implies ma € (590,1200) GeV. Larger LQ masses are excluded by the perturbative
conditions, which is taken to be |(yz.r)|< V4, while smaller masses are in conflict with
the bounds obtained from the direct searches [259,261].

Predictions

With the Yukawa couplings constrained in a way discussed in the previous Section, we
could show that we are able to accommodate Rg® < RM and R, > RYY,. In this
Section, we discuss several predictions that could be used to test this scenario in modern

day experiments. In the scenario ma = 650 GeV, we obtained that:

o The value of B(Bs — 77) can be both larger and smaller than the SM one since the
sign of the Wilson coefficient (C7])" is not fixed by the flavor constraints. We found
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Figure 5.18: Correlations of allowed couplings in the planes ((yr)vr, (yr)sr) (left panel) and
((yr)bu» (yr)br) (right plane). The red points are consistent with Rj* to 20 accuracy, as in
Fig. 5.18. We highlight in black the points with a consistency with R* at the 1.50 level.

that

0 < B(Bs — 77)

< BB, 5 < 1 (5.95)

which is still far from the current limit B(Bs — 77) < 6.8 x 1072 (95% CL) obtained
by the LHCb collaboration [352]. '

o Using the expressions presented in Section 2.3, we also computed the lepton flavor
violating decay rate B(B — Kur) and found that

8x 107 < B(B — Kur) <5x107°, (5.96)

which is shown in Fig. 5.21. Notice that the similar LF'V modes are easily inferred
from the bounds given above, by using Eq. (2.149).

o Similarly to Rp > R, we find that the ratio R,. = B(B. — n.7v)/B(B. — n.lv)
can be larger than its SM value. Using the recent B. — 7. decay form factor val-
ues computed on the lattice . [86] and the results for gg‘b_)d _ discussed above, we

iVj

obtained

R,
SM
R

1.06 < <1.22, (5.97)

which is also plotted in Fig. 5.21.

5Notatice that one could have B(Bs; — 77) = 0, since the NP contribution to Cjgcan interfere destruc-
tively with the SM one.
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Figure 5.19: Correlation of Rp/ R%M and Rp-«/ RSDl\f for the allowed points. For simplicity, we
only show the central values for both observables. See Fig. 5.17 for the color code.
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Figure 5.20: Results of our scan of parameters consistent with all constraints discussed in the
previous section in which the leptoquark mass mp is varied too. We see that the combination of di-
rect search limits with the 20 consistency requirement with R}* results in ma € (590, 1200) GeV.
See Fig. 5.18 for the color code (gray points are not shown in this plot).

163



5.3. Lepton flavor universality violation in b — clv

o A very interesting feature of this model is not only that the different leptonic decays
of B, are modified differently, but the fact that B(B. — 7v) we obtain is strictly
larger than the SM value:

B(B. — Tv)
2.2 < <5.0 5.98
~ B(B, — Tv)SM T 7 (5.98)
which offers another possibility to experimentally test the validity of our model. On
the other hand, the value of B(B. — pv) that we obtain can be either equal to its
SM value or enhanced by up to a few orders of magnitude.

As extensively discussed in Section 5.2, scenarios with primed Wilson coefficients cannot
accommodate the hints of REF < R3M. If confirmed, this result would exclude the model
discussed above as an explanation of the muons anomalies, since it predicts Rgx+ to be
slightly larger than the SM prediction. Nevertheless, it remains a viable model to describe
Rp. This also illustrates the current situation in model building in the flavor physics
community. Many new experimental data help either corroborating an hypothesis or to

select among various models. Therefore, we indeed use data to do physics.

Implications for Direct Searches

Finally, we comment on the attempts to detect the LQ states of this specific model at the
LHC. Since the explanation of R requires large couplings to the third generation, (yr,)-
and/or (yr)p-, the main decay modes of our model are

AT S py and AR bz tw. (5.99)
Other possible final states are

A(_l/g) — SV, bV, and A(Q/g) — Sit, b:uv ST, CV, <5100)

depending on the structure of the Yukawa matrices y;, g. ' The expression for the relevant
decay rates of A®/3) are

(2/3) ) - Mma 2
DA™ = dity) = 7wl (5.101)
m m2 \?
DA® - up) = 2> (1 Vyr)al? 5.102
( — w;V) 167 w2, k:z/;ﬁ’( YRkl ( )
and similarly to the state A(=1/3),
_ m
DAY = dw) = ﬁ Z {|(yL)ik|2+|<yR)ik|2} ; (5.103)
I=KT

where i, j are flavor indices. We only kept the up-type mass in the above equations, since
my is the only fermion mass which is not negligible with respect to ma.

16The decay A/3) — wv is also possible, but it is Cabibbo suppressed in our model.
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So far, the most stringent limit on third generation leptoquark is ma > 900 GeV,
which was obtained by the CMS collaboration with the assumption B(A — 7b) = 1 [260].
Similarly to the discussion at the end of Sec. 5.2.5, this bound becomes considerably weaker
in a more realistic scenario where other decay modes are also allowed. For instance, we
rescaled the limits from Ref. [259] in the case where B(A®/®) — 7b) is smaller than one,
cf. discussion in Sec. 5.3.3. The result was shown in Fig. 4.6, where we can see that the
bound drops considerably to ma > 500 GeV if B(A®/3) — 7b) = 0.5, for example. We
showed in the same figure a similar recast of the searches performed in Ref. [261] for a pair
of LQs decaying into A®?) — 7v and ACY3) — by, We stress once again that all these
limits were considered in the scans of parameter space presented above, from which we
extracted the interval ma € (590, 1200) GeV, which is consistent with direct and indirect
limits on LQs.

Finally, we should mention that the LQ model presented here is still perfectly consistent
with the limits derived on Ref. [263] by studying the tails of high-pr 7-leptons at the
LHC. By considering the ¢-channel LQ contribution to bb — 777, they derived the limit
|(yL)or |< 3 for ma =~ 650 GeV, which is still perfectly consistent with the results shown in
Fig. 5.18. Note that the situation might change in the future with more data accumulated
at the LHC. These searches have the potential to confirm or refute this scenario as an
explanation of Rp) since the couplings |(yr)s-| are bounded from below, as discussed
above.
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Figure 5.21: Colors of the points are the same as in Fig. 5.19: the blue points are obtained by
subjecting the Yukawa couplings of our model to the constraints discussed in the text, and the red
ones are selected from the blue ones after requiring the compatibility with Rj* to 20. We plot
our predictions for three selected quantities: limits on the LFV decay mode, i.e. its B(B — Kurt),
the ratio between R, = B(B. — n.7v)/B(B. — n.lv) predicted by our model and its SM value,
and a similar ratio of B(B, — Tv) which appears to be strictly larger than its SM estimate.
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Conclusion

In this thesis we aspired to extract information about physics beyond the SM by using the
flavor physics observables. Our ultimate goal was to formulate a theory of flavor based on
the experimental results which could explain the Yukawa structure in terms of fewer and
more fundamental parameters. To that purpose, we used the experimental findings as the
main guideline to choose the preferred NP scenarios. A first part of this thesis is dedicated to
2HDM. The Higgs sector was the last piece of the SM fixed by experiment, and the current
level of precision still allows for observable signals both in indirect and direct searches related
to the scalar sector. We discussed the general lessons that can be learned on the spectrum
of 2HDM by using the theoretical and phenomenological constraints, and we explored the
repercussion of the new degrees of freedom in different low energy observables, including
tree-level and loop-level meson decays. In particular, we discussed the scenario with a CP-
odd Higgs lighter than the scalar boson observed at the LHC which escaped observation
thus far, and we propose strategies to probe this particle in modern day experiments. Such
a boson would be most welcome as a new mediator between the SM and the dark sector.
A second part of this thesis was devoted to the phenomenon of lepton flavor universality
violation observed in the exclusive decays based on the transitions b — s¢™¢~ and b — c7v.
If confirmed, these signal would be a legitimate manifestation of NP which could be related
to the flavor breaking mechanism beyond the SM. Within the 2HDM scenarios these effects
are found to be small. To accommodate the observed LFUV we introduced the various
scalar LQ scenarios, which provide one of the best candidates thus far. We scrutinized
the proposed solutions, showing that one of the popular scenarios in the literature is not
viable, and we proposed minimal models which can accommodate some of the observed
discrepancies by relying on new mechanisms. Furthermore, we explored the possibilities of
searching for signs of LF'V through similar decay modes, which offer a clean alternative to
test most of the NP explanations. The main results discussed in this thesis are summarized
below:

e We discussed the general limits that can be derived on the spectrum of 2HDM by
applying the general theory and phenomenology constraints. The allowed parameters
were then confronted with the constraints from leptonic and semileptonic meson de-
cays, which constrains the tree-level contribution from a charged Higgs. Furthermore,
we showed that 2HDM scenarios with a light CP-odd Higgs (m4 < my) are perfectly
plausible with current theory and phenomenology constraints.

e We computed the complete set of Wilson coefficients for the transition b — s¢™¢~ in
the context of 2HDM devised with a Z, symmetry [186]. Regarding the scalar and
pseudoscalar operators, we elucidated the issue of appropriate matching between the
full and the effective theory when keeping the external momenta different from zero
is necessary. To that purpose, we introduced an extended basis of operators which
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include the ones suppressed by 1/my, that must be used for the unambiguous match-
ing. Finally, we confronted our results for the Wilson coefficients with the measured
B(Bs; — ptp~) and B(B — Kp'p1 )pigh—q2, and derived the repercussion for the
various 2HDM.

We proposed new strategies to investigate the presence of a light CP-odd Higgs in
indirect searches: (i) We showed that the exclusive Higgs decays B(h — n.,7777) can
be an order of magnitude larger than the SM prediction for the models of type II and
X [204]; (ii) We proposed the observables B(n, — putp~) and B(n, — 7777 ) as a new
probe of light pseudoscalar particles, since they can be enhanced by several orders of
magnitude in the type II 2HDM. The experimental study of these observables, which
have been scarcely explored so far, can help disentangling among the various 2HDM
scenarios.

We revisited a SU(5) scenario where the unification of gauge couplings is achieved via
the simple addition of light scalar LQ (3, 2); /¢ from two 10 multiplets [229]. We found
that the lightest LQ state is required to have a mass in the range ma € (0.4,16) TeV,
being possibly accessible at the LHC. Furthermore, we addressed two shortcoming
of the original proposal: (i) We demonstrated that a mass splitting in the 24-plet
preserves unification and provides a straightforward way to raise the unification scale,
which can then avoid the current limits on the proton lifetime; (ii) We showed that
a U(1)pq symmetry can be used to forbid a term in Lagrangian which would induce
the proton decay via dimension-9 operators.

We derived the expressions for the full decay rates of the decay modes B, — (i(F
and B — K®¢ET with 04,0, = e, i, 7 by reyling on a general EFT. We used these
expressions to explore the connection between LEFUV and LFV in explicit scenarios,
including Z’ models [127] and the scenarios with the various LQ states [155]. As a
by-product of our work, we also clarified some inconsistencies in the expressions for
the B — K*u*p~ angular observables found in the literature [127].

We explored to what extent the observed LFUV in Ry ) and Rp-) can be explained
by LQ scenarios. By performing a complete flavor analysis, we argued that the singlet
LQ state (3,1), 3 cannot provide a simultaneous explanation to the LFU puzzles in
tree-level and loop-induced decays [155]. We proposed a new scalar LQ model which
can explain the deviations in Ry through loop contributions [319]. This model is
based on the state (3,2)7/6, to which a specific flavor ansatz on the Yukawa matrices
is imposed to forbid the tree-level contributions to b — s¢*¢~, which only appear at
loop-level. We reinterpreted the limits from the direct searches performed at the LHC
and showed that this scenario is consistent with those, as well as with the ensemble
of indirect constraints. Furthermore, we predict that the mass of this L(Q) satisfies
ma S 2 TeV, a fact that can be directly tested at the LHC.

We proposed a scalar LQ model which includes the light right-handed neutrinos that
can explain the deviations in Ry and Ry [345]. This model has been disfavored
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since the measurement of Ry~ by LHCb, but it remains a viable model to explain
Rp. Among the predictions of this scenario, we showed that strong signatures can
be observed in LFV B meson decays, By — p*7F and B — K® 7% Furthermore,
we predict an enhancement of B(B, — 7v) and R, = B(B. — n.7v)/B(B. = n.lv)
(I = e, pu) which can be tested at the LHC and at Belle-II in the near future.

It should be clear that the solutions to the problems addressed in this thesis remain
a work in progress. Firstly, the question of whether the Higgs boson is the one predicted
by the SM remains unanswered, the answer of which will require a combined effort of
indirect and direct experimental searches. Furthermore, while the updated LHCDb results
on Ry and Rpe and the Belle-II determination of the same observables are waited,
the issue of LFUV remains an open question. One should also keep in mind that the
anomalous magnetic momentum (g — 2) u Presents a ~ 3.60 discrepancy with respect to the
SM [353]. This discrepancy will be soon confirmed or refuted by the joint effort between the
experimental groups at Fermilab and the LQCD community, which are working on reducing
the experimental and theoretical uncertainties. To propose a minimal scenario which can
simultaneously explain the observed deviations while complying with the plethora of direct
and indirect constraints is a very challenging task to which no convincing solution has
emerged yet. Furthermore, it remains not clear if the observed pattern of deviations is a
manifestation of flavor breaking beyond the SM, or other mechanism of NP possibly related
to the one of the SM problems.

Hopefully, the answer to these above-mentioned questions will soon be provided by
the collective effort of the flavor physics experiments at NA62, BES-III and LHCb with
the future ones at Belle-II, KOTO, TREK, (g — 2), and Mu2E, which will provide us
with an unprecedented amount of data. The combination of these results with the direct
searches performed at the LHC will serve as a guide to the theoretical effort towards a
better understanding of the flavor breaking mechanism beyond the SM and will possibly
help solving some of the long standing problems in theoretical physics.
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Appendix A

Useful identities

A.1 Fierz identities

The Fierz identities used in this thesis are listed below:

(Pr)ij(PL)w = ;(PL)il(PL)kj + é(UMVPL)il(O-IWPL)kj : (A1)
(POs(Pr)us = 50" Pr)a(s Pe)is (A2
(v PrL)ij (Y Pr)ie = —(vuPr)a(V* Pr)kj (A.3)
(VuPrL)ij (Y Pr)r = 2(Pr)a(PRr)k; - (A.4)

The sign changes due to fermion field ordering are not included. The identities with a
flipped chirality can be obtained by the trivial replacement P p — Prr.

A.2 Passarino-Veltman Functions

In this appendix we list the analytic expression for some of the Passarino-Veltman (PV)
functions. The scalar PV functions are defined in d = 4 — ¢ dimensions by the expres-
sions [185]

Ag(md) = BT [t ! (A5)

B (vt i) = U2 [k ﬁ LT+ n; g (A0

Co (T%O,Tﬁ,r%,mo,ml, ) = (2;/;)6 /ddk H 0 +7“32 m] (A.7)

Dy (Tfo, 1o, T3, 305 Tog, T1z, Moy - - - » M3 ) _ (QZ;;;)E /ddk 11;[0 1 7"52 R (A.8)
where r;; = (r; — 1) V4,7 € {0,1,...,n — 1}. By convention rq = 0, so that r3 = r?.

These integrals can be computed by using dimension regularization in d = 4 — ¢ dimensions,
and by using the Feynman trick. The general results for the first two functions are given
by
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m2
Ay <m2) =m? (A€ +1—log ,u2> : (A.9)
(1 — _ 2
B o) =, [ o [ o 0]

where p is the renormalization scale and A, = 2/¢ —yg +log(4m) contains the UV divergent
piece in d = 4. The three and four point PV functions are finite and given in general by

1 1—y 1
Co (r%o,ré,rgo,mg,mf,mg = —/ dx/ do ———, (A.11)
Ac(z,y)

l1—x l—x— y 1
Dy (T%O,T%Q,rgg),7“%0,7“30,7“%3,7710,..., / d[L’/ dy/ Ap@ g (A.12)

where the functions in the denominators read

Ac(z,y) =mi(l —x —y) +ami +ym3 — (1 — x)riy — y(1 — y)rd, (A.13)
+ 2y(riy + 13 — 731)

and

Ap(z,y,2) =mi(l —x —y — 2) + ami +ymj + 2zm3 — x(1 — 2)r3, (A.14)
—y(1 = y)ryy — 2(1 = 2)riy +ay(ryg + 11y — 731)

+ 22(riy + iy — 131) + yz(rig + 150 — 13) -

The analytical computation of the finite integrals given above can be particularly difficult
for non-zero external momenta r;. We give below the results when r =0Vuq,y:

m2logm — m? logm?

By (0,m2,m?)=A.+1— 2 A.15
0( 7m07m1) + m%_m% ) ( )
1 1 tilogt, tylogts
Cy (0,0,0,m2, m? m2) = —— — A.16

0(7 ) m07m17m2) m%tl—tg tl—l t2_1 ’ ( )
1 t2logt,
Dy (0,...0,m2,...,m2) = 1
0 ( 0 3) 2m3 [(h —1)(t1 — ta)(t1 — t3)
t2log ty t2log t3 (A7)

T D)t — )t —ts) | (s — D)t — )t — )

where t; = m?/m3 for i = 1,2, 3.
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Appendix B
2HDM

B.1 Feynman rules for 2HDM

In this Appendix we collect the Feynman rules used in our computation. For the couplings
between the gauge bosons and the scalars we have

(') 14
ing/\I%/jl}"'W— g” ) (Bl)
where A, - = sin(8 — ), M.~ = cos(8 — ) and A{}.y,— = 0. Similarly, we also have
N N H+
p+\: S
PIVAVAVAV AV, ie(p— — po)*, (B.2)
PA o7
’ /Hf
/
W$
Py .
— > L9\ @) 7
_____ iEAHiW$ (prr= + pcp?) ; (B.3)
PHEA 99?
O H*
v
where Mo+ = cos(8 — ), M.+ = —sin(8 — a), and Aj.,+ = Fi, depending on the
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charges of the initial particles. For the trilinear scalar interactions, we have

N H-
AN
AN
N 0
- TNy - (B.4)
’ 0
’ Py
JOHT

where the trilinear couplings read

N _ mj[3cos(a+ ) + cos(a — 33)] + 4sin(23) sin(8 — a)mF. — 4M? cos(a + f5)
HrHT 202 sin(2/3) ’

N m%[3sin(a + B) + sin(a — 38)] + 4sin(206) cos(8 — a)m?. — AM? sin(a + )
HrH= = 20?% sin(23) ’

Nysg-=0. (B.5)

These results agree with the ones given in Refs. [182,199] after the appropriate change of
basis and/or conventions. '

B.2 Auxiliary functions

In this Appendix we give the expressions for the functions (f; and g¢;) used in this thesis.
The auxiliary functions go ;2 used in Eq. (3.61) are defined by [186]

g = 4(:6113—%){% left_ —log (”f) - 1] (B.6)
e [ () + e}

p=—3+ O —— [1 - o (xjt)] (B.7)
n |C“|22(fot_ — lZUH:N:Z—i- T xzfi—m;t log (:E:Ziﬂ |

92 = Ca(CaCy + D) firlme, we) + Ca (60 ol wae) + CalCul® fs(ae, )
+ Gl Gl falme, mme) = GGl fo(@e wp=) + Cufs(m, zms) — G fr(m, zgs),  (B.8)

with
1
filzy, xge) = ————[—xp+ + 2y + s logrgs — xlogxy], (B.9)
2(xg+s — xy)
1 T+ Ty (ZEH:E)
_ _ 1 B.10
fala i) 2(xgs — xy) T e —a, 2\ g, ’ (B-10)

!Notice that our A is —\ of Ref. [182].
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1 2.1 2 - 1
f3($t;$Hi) =5~ |%TH:r — o + It( T xt) o8t ) (B‘ll)
2(xg+s — xy) THt — Tt THt — Tt
1 ) 1 2 (3r s — 1) r3.m | ([L’Hi) (B.12)
Ty, T+ ) = - 0 .
Al 4(1’]{:‘: — ﬂft)Z 2 Tyt — Tt & Tt ’
1 ri(rys —3zy)  xgra(rygs — 214) <$Hi>
= — 1 B.13
fB(xt’ zHi) 4(1’].[1 — $t)2 l 2 THy — Xy 8 T ’ ( )
1 xy(x? — 3wgea, + 9r gt — day — 2)
- = B.14
Jolwe o) = 505 [ Az, — 1) (B.-14)

ry+(ryrx, — 3w+ + 2x,) log r
2(xy+s — 1) (xygs — x¢)
N xhs (=223 + 627 — 9y + 2) + Bwgra(af — 2oy + 3) — 27 (22} — 327 4+ 3z, + 1)
2(xy — 1)3(xgs — )

log Tt

1 (22 + 2y — 8)(wy+ — 1)  wp+(THs +2)
= — 1 B.15
fr(@e, vp+) e [ o 1) e 1) 0BTHE (B.15)
e (23 — 327 + 3wy + 2) + 3(xy — 2)2} log 2,
(s —1)°

Notice that in the above expressions we assumed the couplings (; € C in order to keep
our formulas as general as possible, although in the body of the paper we consistently used
¢ rE€R.

B.2.1 Wilson Coefficients for the Derivative Operators

In this subsection we present the explicit expressions for the Wilson coefficients relevant to
the derivative operators given in Eq. (3.65). From the Z-penguins we obtain,

Tory [ (2% — brg+x; — 277) 18z jy+ 22 T+
O = g o Nohe St Z200) Aot (1)

(T — x¢)3 (xgs — x¢) Ty

— 2sin%6 Taye — Sryex, — 8y _ 62 =2, (2x g+ — 31y) lo <$Hi>

) (e —)? (e —w0)! Ty (B.16)

* \/Tbxt 3(xHi - th) 6$Hi (xHi — 2{L't) T+ .

+ (,Cd Sy log ()

24 (Tp+ — 1) Tyt — Ty T
+ 4Sin2 0W 5xt - 31’Hi n 2$Hi (21’Hi — th) o <$Hi> 7

(xg+ — x4)? (Tpe — a0)3 7,
1

and C}d = O (1 ) Similarly, from the box diagrams we get

 2sin? O

CTZ — _C C* \/x_éxt o 1 ;[;Hi<1 — -THi)IOg.Z't
LL u Z4 (.CCH:E—l) (fL‘Hi—It)((L‘t—]_)(xHi_l)

(i +1— 2$Hi)10g$Hi‘|

(xp+ — xy) sin? Oy

(B.17)

(xg+ —xy) (s — 1)2

and C’LT,f = (C’Zﬁ)*.
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B.2.2 Wilson Coefficients Suppressed by my

In addition to the Wilson coefficients given in Section 3.4, in the computation of the box
diagrams one gets contributions suppressed by the lepton mass. For completeness, we give
these contributions here. We obtain:

CNP,box _ C*Q \V LoLplt

TG) 32(z g+ — ;) sin? Oy (B.15)
[ 2, log 2 B T+ log T+ z, — log xy — 1]
(v — V) (zgs — ) (wgr — 1) (vge — ) (xp — 1)2 ’
and
NP, box Lyt 2 2 1 T (IHi)
, _ 3 _ 1 B.19
Co 16 sin? GW{K 1G] [ Tt — Tt + (vp= — x4)? 08 T ] ( )
- 2Re[c C*][ (v +2)logzy  (xpx +2)logwy=: 1}4—2\/:7Re (Cﬂ)
SO (e —a)(m — 1) (zge — 2)(zge — 1) ¢ L)
NP, box Loy 21~ 12 1 Tt (xHi>
= — <\ — 1 B.2
C1o 16 sin? QW{K Il [ TH+ — T¢ + (xg+t — xp)? 0% Ty ] (B.20)
(xy — 2) log x; (xg+ —2)log xpy+ ] }
+ 2Re[(, () — )
Gu] l(xHi —x)(xy — 1)  (xgr —x)(rge — 1)
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Résumé en Francais

Le modele Standard (MS) de la physique des particules est une théorie de jauge quan-
tique qui décrit avec élégance et précision les interactions des particules subatomiques. Ses
prédictions théoriques ont été testées dans les accélérateurs de particules a basses et hautes
énergies, en montrant un excellent accord avec les données expérimentales. En partic-
ulier, la découverte au LHC de la derniere particule manquante dans son spectre, le boson
de Higgs, représente une de ses plus importantes prouesses et corrobore six décennies de
succes phénoménologiques persistent [1,2].

Néanmoins, le MS ne peut pas étre la théorie ultime de la nature. Premierement, le
MS n’incorpore pas les interactions gravitationnelles, bien que les effets quantiques de la
gravité deviennent importants seulement a des échelles d’énergie pratiquement inaccessibles,
pres de I’échelle de Planck. En outre, les neutrinos sont des particules sans masses dans
le MS, ce qui contredit les observations expérimentales selon lesquelles les neutrinos sont
massifs et oscillent entre différentes saveurs. Il existe aussi un nombre croissant d’évidences
d’origine astrophysique et cosmologique, basées sur le modele standard cosmologique et sur
la relativité générale, qui suggerent qu'une partie substantielle de la matiere dans I'univers
n’est pas barionique, ni chargée par les interactions électromagnétiques. Si on suppose la
validité de ces théories aux larges échelles, on en déduit que la physique des particules doit
proposer des nouvelles particules qui interagissent par des moyens non décrits par le MS de
la physique des particules pour expliquer ces phénomenes.

En plus des observations expérimentales évoquées ci-dessus qui ne peuvent pas étre
décrites par le MS, il existe aussi plusieurs problemes conceptuels qui ne peuvent étre
entierement compris sans postuler I'existence de la physique au-dela du MS. Alors que le
secteur de jauge du MS est étonnamment simple et prédictif, notre compréhension actuelle
de la saveur est tres insatisfaisante. Les fermions sont organisés en trois copies identiques
qui se distinguent uniquement par leurs interactions de Yukawa. Contrairement au secteur
de jauge, le secteur de Yukawa est peu contraint par des symétries. Par conséquent, de nom-
breux parametres (masses des fermions et parametres de mélange) doivent étre déterminés
en confrontant les prédictions théoriques avec les mesures expérimentales. En particulier, les
mesures des masses fermioniques ont montré une frappante hiérarchie de valeurs, comme
montre la Fig. B.1. De méme, une structure tres hiérarchique a été observée pour les
éléments de la matrice de Cabibbo-Kobayashi-Maskawa (CKM) qui devient manifeste dans
la paramétrisation de Wolfestein, a savoir, [66]

1-4 A AN (p—in)
Vorum = ) Ry AN + O\, (B.21)
AN —p—in) —AN 1

ou A, p et n sont des nombres réels d’ordre O(1). ? Ces motifs hiérarchiques suggerent

2Les études actuels des observables de la physique de la saveur nous ont permis de déterminer p =
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I'existence des symétries sous-jacentes au MS qui restent a étre dévoilées. Le manque
de compréhension de la structure de saveur du MS est connu comme le probleme de la
saveur. De plus, les corrections quantiques a la masse du boson de Higgs ont des divergences
quadratiques, elles sont ainsi paradoxalement sensibles aux détails de la théorie ultraviolette
qui complete le MS. Ce probléme est connu sous le nom de probléeme de hiérarchie et
constitue la principale motivation pour rechercher les effets de la nouvelle physique (NP) &

I’échelle du TeV.

Neutrinos

de se be

—_— ue ce te

ce (OT®

10°2 1071 1078 10°¢ 1074 1072 10° 10?
my [GGV]

Figure B.1: Masses des fermions déterminés par la comparaison entre la théorie et I’expérience.
Nous prenons les masses de quarks dans le schémas MS a I’échelle u = 2 GeV pour les quarks
légers et & 1 = mgy pour g = ¢, b, t [22].

Tous les problemes décrits ci-dessus requierent 'existence de la physique au-dela du
SM, et de nombreuses propositions ont été faites au cours des dernieéres décennies pour
résoudre chacun de ces problemes. En particulier, la simplicité et la beauté ont été les
principaux guides dans la quéte de la NP. Cependant, malgré I'intense effort théorique, a
I’heure actuelle il n’existe pas de préférence théorique pour un scénario spécifique de la
physique au-dela du SM. Il devient donc nécessaire d’utiliser les expériences modernes pour
choisir parmi les différentes options de scénarios de la NP. La recherche des effets de la
NP peut se faire par deux approches complémentaires : la recherche directe de nouvelles
particules dans des accélérateurs a tres hautes énergies, et la recherche indirecte des effets
de la NP dans les observables a basses énergies. La derniére approche a constitué 'objet
principal d’étude de cette these.

Les résultats des recherches indirectes, et plus particulierement ceux de la physique de
la saveur, ont été largement utilisés dans le passé pour sonder les hautes échelles d’énergie
a travers des expériences a basse énergie. Un exemple notable est la premiere observation
du mélange des mésons B — B [3], qui a indiqué que le quark top devrait étre beaucoup
plus lourd que les autres fermions du MS avant sa découverte au Tevatron [4,5]. En outre,
les observables de la physique des saveurs fournissent des informations tres utiles sur la
physique au-dela du SM. Un exemple remarquable est le parametre de mélange ex pour
les mésons K° — KO qui, apres la comparaison des prédictions théoriques du MS avec
les mesures expérimentales, nous permet d’établir une limite inférieure d’environ 10® GeV
pour l'échelle de la NP — sous I'hypothese de couplages d’ordre O(1) universels [6]. En

0.157(14), n = 0.352(11), A = 0.833(12) e A = 0.22497(69) [64].
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particulier, cela signifie que les modeles de la NP avec des particules aux alentours de
I’échelle du TeV, comme le probleme de la hiérarchie suggere, doivent avoir une structure
non-triviale de la saveur. En ce qui concerne les recherches de la NP, on s’appuie sur des
approches génériques avec le moins d’hypotheses possibles. Les théories des champs effectifs
(EFT) sont I'approche la plus efficace a cet égard, car elles fournissent une description
générale de la physique des basses énergies sans avoir a postuler ce qui se passe a des
échelles d’énergie arbitrairement élevées. Une autre approche complémentaire consiste a
considérer des extensions minimales et pragmatiques du SM, de préférence génériques, qui
nous permettent d’utiliser les informations issues des observables de la saveur pour guider
les recherches directes de nouvelles résonances a hautes énergies. Un tel exemple est celui
des modeles aux deux doublets de Higgs (2HDM), aussi intégrés dans diverses extensions
super-symétriques (ou non) du MS [7]. Une autre possibilité qui a gagné en popularité
ces dernieres années est de considérer les différents bosons leptoquark (LQ), qui peuvent
apparaitre dans les scénarios de grande unification et dans les modeles composites de Higgs,
parmi d’autres scénarios de la NP [§].

Dans cette these, nous avons extrait l'information de la nouvelle physique a travers les
observables de la physique de la physique de la saveur. Les expériences en cours a NA62,
BES-III et LHCb nous ont fourni un riche ensemble de données pour tester les différents
scénarios de la NP et pour guider Ueffort théorique vers une théorie de la saveur au-dela
du MS. Les informations extraites de ces données seront corroborées/complétées par les
expériences futures, a savoir, Belle-II, KOTO, TREK, (g — 2), et Mu2E, en produisant
un scénario tres prolifique pour la physique de la saveur. Pour interpréter ces résultats,
nous avons formulé des théories efficaces des champs qui ont été mises en correspondance
avec les modeles minimaux de la NP motivés par les récentes découvertes expérimentales.
La premiere partie de cette these est consacrée au boson de Higgs, la derniere particule
prédite par le MS a étre observée expérimentalement. Alors que les couplages du boson de
Higgs mesurés au LHC permettent toujours des larges déviations des prédictions du MS,
les recherches directes n’ont pas encore exclu la possibilité de l'existence d’autres partic-
ules légeres dans le spectre. Dans la premiere partie de cette these, nous nous sommes
concentrés sur les 2HDM, et nous avons exploré les lecons qui peuvent étre tirées des con-
traintes théoriques et phénoménologiques sur ces modeles. Les masses et couplages des
particules scalaires permises par notre analyse basée sur les contraintes génériques ont été
confrontées avec les observables de la physique de la saveur. A cette fin, nous avons calculé
I’ensemble complet de coefficients de Wilson contribuant aux désintégrations des mésons
pertinentes au niveau de I'arbre et au niveau des boucles. Ces résultats ont été confrontés
avec les résultats expérimentaux pour dériver des contraintes sur le spectre des 2HDM. Une
attention particuliere a été accordée aux modes exclusifs de la désintégration b — s¢*¢~ en
raison du grand effort expérimental consacré a 1’étude de ces observables au LHCb. Parmi
les scénarios que nous considérons, la possibilité intrigante qu'un Higgs CP-impair léger
(ma < 125 GeV) soit présent dans le spectre a été explorée. Une telle particule serait la
bienvenue en tant que médiateur entre le MS et le secteur sombre. Cela provient du fait
que le portail pseudoscalaire peut échapper aux séveres contraintes provenant de ’absence
de signal dans les expériences de détections directe de la matiere noire [9,10]. Nous avons
montré que ce scénario est parfaitement plausible a la lumiere des contraintes théoriques
et expérimentales actuelles, et nous avons discuté des stratégies pour rechercher cette par-
ticule dans les désintégrations exclusives de Higgs et dans les modes de désintégration de
quarkonia.

La seconde partie de cette theése a été consacrée aux signes de violation de I'universalité
de la saveur leptonique (LFU) dans les désintégrations semileptoniques des mésons B. Plus
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précisément, la mesure par LHCb de [11]

B(B — Kutp~
Ry = B “+5) , (B.22)
B(B _> K@ e ) qge[l,ﬁ} Gev2
et plus récemment de [12]
B(B = K*'u'p~)
R = , B.23
VBB oK) peg 5

dans différentes régions de moment leptonique carré ¢? étaient significativement plus basses
que prévu par le MS [13]. Ces observables sont presque exempts d’incertitudes théoriques
puisque les incertitudes hadroniques s’annulent dans le rapport. Tandis que ces résultats
doivent encore étre confirmés par une expérience indépendante (a savoir, Belle-1I), ils ont
déclenché une activité théorique intense pour comprendre les possibles origines de ces
écarts. Dans les scénarios 2HDM discutés ci-dessus, la violation de LF'U est négligeable,
qui suggere que d’autres contributions bosoniques soient nécessaires pour expliquer ces ef-
fets. Pour ce faire, nous considérons les scénarios postulant 'existence de divers états LQ
a basses énergies. Alors que ces particules sont souvent considérées comme exotiques dans
les recherches directes au LHC, elles offrent I'un des candidats les plus proéminents pour
expliquer les effets de la violation de la LFU. Dans cette these, nous avons examiné les
explications de R?a) < R%\f{*) a travers les états LQ et nous avons exploré les implications
de ces scénarios pour les expériences actuelles et futures. En particulier, nous avons montré
qu'un scénario trés populaire dans la littérature n’est pas viable, et nous avons proposé
un nouveau mécanisme LQ pour expliquer R, < Ril\{[*> a travers les boucles. Parmi les
prédictions de ces modeles, nous soulignerons I'importance des désintégrations avec la vio-
lation de la saveur leptonique (LFV), car elles offrent une alternative tres propre qui permet
de tester la plupart des scénarios de nouvelle physique proposés.
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Figure B.2: Résultats expérimentaux pour Ry et Ry~ obtenus par LHCD [11,12].

Une autre évidence intrigante de violation de la LFU a été observée dans les processus
médiés par le courant chargé [14], ot il a été constaté que

B(B — DYrv)
B(B — DWIv)’

avec | = e, i1, sont plus élevés que prévu dans le MS [15-17]. La possibilité que les anomalies
b — s et b — csoient générées par le méme mécanisme, peut-étre liée aux effets de la brisure
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de la saveur au-dela du MS, a suscité beaucoup d’intérét dans la communauté théorique.
Il faut cependant étre prudent, car la prédiction de Rp+ nécessite encore de 1’évaluation de
I’ensemble des facteurs de forme B — D* qui ne sont toujours pas disponibles par les calculs
basés sur les premiers principe. Dans cette these, apres un examen critique du statut des
prédictions MS de R ), nous avons discuté des modeles qui ont été proposés pour expliquer
simultanément 1’ensemble des observables qui brisent la LFU. En particulier, nous avons
proposé un modele LQ minimal qui nous permet d’expliquer certains de ces écarts.

BaBar
Belle LHCb
LHCb17 (prel)
Babar — o Belle (sl)

. , Bellel6 (prel)
o Belle (had)
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Figure B.3: Résultats expérimentaux pour Rp and Rp+ obtenus par LHCb [74,270], BaBar [72]
et Belle [73,75,76], ainsi que les prédictions du MS pour ces observables [14,17].

Il est clair que les solutions aux problemes abordés dans cette these restent un travail en
cours. Tout d’abord, nous ne savons pas encore si le boson scalaire observé au LHC est celui
prédit par le SM. La réponse a cette question nécessitera un effort combiné de recherches
expérimentales directes et indirectes. En outre, tandis ce que les nouveaux résultats de
LHCD sur Ry et Rp- et la détermination de Belle-IT des mémes observables sont encore
attendus, le probleme de la LFUV reste une question ouverte. Il faut aussi garder a 'esprit
que le moment magnétique anormal (g — 2), présente un écart d’environ 3.60 par rapport
au MS [353]. Cet écart sera bientot confirmé ou réfuté par l'effort conjoint des groupes
expérimentaux au Fermilab et de la communauté de QCD sur réseau, qui travaillent pour
réduire les incertitudes expérimentales et théoriques pour cet observable. Proposer un
scénario minimal nous permettant d’expliquer simultanément les écarts observés tout en
respectant la pléthore de contraintes directes et indirectes est une tache tres difficile pour
laquelle aucune solution convaincante n’a pas encore émergé. De plus, il n’est pas clair si
le motif observé pour ces écarts serait une manifestation de la brisure de la saveur au-dela
du MS, ou d’un autre mécanisme de NP possiblement lié a I'un des probléemes du MS.

Nous espérons que les réponses aux questions mentionnées ci-dessus seront bientot
fournies par l'effort collectif des expériences de physique des saveurs a NA62, BES-III et
LHCb avec les futures a Belle-1I, KOTO, TREK, (g — 2),, et Mu2E qui nous fourniront
une quantité de données sans précédent. La combinaison de ces résultats avec ceux des
recherches directes effectuées au LHC servira de guide pour l'effort théorique vers une
meilleure compréhension du mécanisme de violation de la saveur au-dela du MS et aidera
peut-étre a résoudre certains des problémes de longue date en physique théorique.
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