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Resum

Davant de convincents observacions experimentals que ens diuen que el model estandard és
incomplet, és just i necessari considerar la manera d’anar més enlla. Dos exemples d’aquestes
observacions son la quantitat de materia fosca i 1’asimetria barionica observades a 1’univers,
fet que ens permet afirmar que I'univers no pot ser copsat només amb el model estandard 1
la relativitat general. Aixi doncs, poden existir noves particules que interactuin amb el model
estandard, tant si tenen fases CP per explicar 1’asimetria barionica, com si reuneixen les condi-

cions suficients per ser candidates a materia fosca.

Aquestes particules podrien ser descobertes en futurs experiments, ja sigui a través de la
seva produccid directa als col-lisionadors a escales d’energia entre 11 10 TeV (ATLAS i CMS
al LHC), o de forma indirecta a baixes energies per mitja de processos de sabor (LHCb, Belle
IL, Bes IIT i NA62). Els processos de sabor permeten explorar efectes de nova fisica molt més
enlla del limit cinematic dels col-lisionadors, perd en general no permeten identificar la seva
font concreta, encara que ens permeten posar els fonaments per saber per on hem de comencgar

a construir models de nova fisica.

De fet, estem vivint en temps molt interessants en el camp de la fisica de sabor perque re-
centment s’han observat tensions respecte el model estandard en tests de universalitat de sabor
del lept6 als col-lisionadors, proporcionant indicis experimentals a baixes energies de possibles
efectes d’una nova teoria a altes energies. Aquestes tensions son conegudes com les anomalies
de sabor, i per aquesta rad, en aquesta tesi ens centrem en 1’estudi de I’impacte de les anomalies
de sabor (o anomalies B) dins del sector de sabor del model estandard de fisica de particules.
Després d’una breu introduccié sobre els objectius 1 la motivacié d’aquest treball, al Capitol 2
introduim el model estandard de fisica de particules, tot explicant les tensions rellevants de la
teoria amb els experiments tant en els decaiments de b — syt~ com b — cTv, comentem
breument les possibles solucions que involucren nova fisica, aixi com els seus principals avan-

tatges 1 inconvenients.



Primer de tot ens centrem en un model amb nous escalars i fermions pesats, on només tenim
en compte acoblaments tipus esquerra amb les particules del model estandard. Considerem dos
possibles models: el primer, amb un nou escalar i dos fermions vectorials, mentre que el segon
conté dos escalars i un fermi6 vectorial. L’ objectiu d’aquest model és explicar les tensions en les
dades de b — sptp~ juntament amb el moment magnetic anomal del mué a,,, ambdds induits
a nivell d’un bucle en sengles models. Llistem els lligams rellevants i mostrem que els models
son capacos de resoldre les anomalies a 20, baldament es necessita un acoblament gran dels
muons. En el cas de b — sut i, lligams severs provinents de les oscil-lacions B, — B, poden
ser alleujats si els nous fermions s6n de tipus Majorana. Aquesta part correspon al Capitol 3.

Posteriorment, ja que no es pot explicar a, només amb acoblaments tipus esquerra, al
Capitol 4 construim un model amb nous escalars 1 fermions, permetent la presencia de acobla-
ments tipus dreta, i llistem els coeficients de Wilson rellevants per b — spt ™ aixi com també
els observables que actuen com a lligams per qualsevol nombre de noves particules. Per tal
d’il-lustrar aquest model generic, presentem un model de quarta generacié de quarks i leptons
del model estandard, i utilitzem tots els observables calculats de forma generica per aquest.
Amb aquest model podem explicar les tensions amb I’experiment de b — su*p~ i de ay,, sorte-
jant tots els lligams amb la for¢cosa presencia tant d’acoblaments tipus esquerra com tipus dreta.

El segon tipus de model que explorem al Capitol 5 és una extensi6 del model estandard amb
leptoquarks escalars. En aquest cas, calculem les contribucions dels decaiments Z — (¢ and
W — fv per cada leptoquark escalar amb I’aproximacié més enlla del logaritme, i mostrem
que els termes finits suposen un 20% del total de la contribucié per masses del leptoquark de
ma < 1.5 TeV. A més amés mostrem el seu impacte fenomenologic en un model amb un singlet
Sy iun triplet S3. A part d’aixd, també comentem que 1’oscil-lacié B, — B, s’ha d’implementar
amb cura ja que és un dels lligams més importants, i també ho il-lustrem el seu paper clau en el
model amb S + S5. Per acabar construim tres models diferents amb 57153, i fem un ajust del
model a les dades experimentals actuals després de la conferencia de Moriond 2019.

Finalment realitzem un escrutini del procés b — s¢¢ en el marc d’un model de dos doblets de
Higgs. Calculem tots els coeficients de Wilson rellevants 1 efectuem una comparacio de la teoria
a altes energies i a baixes energies, mostrant que €s necessari mantenir els moments externs
diferents de zero pels operadors escalar i pseudoescalar. Realitzem una analisi fenomenologica
del model amb Br(B, — pu~)iBr(B — KuTu™) ag? alt, on tenim controlades les incerteses

hadroniques. Aquesta part la desenvolupem al Capitol 6.
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Abstract

With compelling experimental evidence that the Standard Model is incomplete, it is necessary
to consider how it should be extended. Two examples of such evidences are the amount of
dark matter and baryon asymmetry observed in the Universe, which point towards a Universe
that cannot be understood solely in terms of the Standard Model and General Relativity. Thus,
new particles interacting with the Standard Model ones may exist which carry out CP phases to
explain the baryon asymmetry or gather the required conditions to be dark matter candidates.

These new particles could be discovered in future particle experiments, either as directly
produced at colliders at the energy scales between 1 to 10 TeV (ATLAS and CMS at LHC), or
indirectly observed at low energies via flavor processes (LHCb, Belle II, Bes III, and NA62).
Flavor processes can probe new physics effects well beyond the colliders kinematical limit, but
typically cannot identify their specific source although they set guide-lines in order to build new
physics models.

Actually, we are living interesting times in flavor physics because recently lepton flavor
universality tests in colliders have reported tensions with the Standard Model, providing an
experimental hint at low energies of the effect of a new high energy theory. These tensions are
known as flavor anomalies and that is why in this thesis we focus on the study of the impact
of the flavor anomalies (or B-anomalies) on the flavor sector of the Standard Model of particle
physics. In Chapter 2 we first introduce the Standard Model of particle physics and list the
relevant tensions of the theory with the experiments in the b — sy~ and b — crv decays,
commenting in a brief manner the possible solutions involving new physics, as well as the main
advantages and inconveniences of each new physics scenario.

We first focus in a model with new heavy scalars and fermions were we only account for
left-handed couplings to the Standard Model particles. We consider two possible models: one
with an additional scalar and two vector-like fermions and another with two additional scalars

and one vector-like fermion. The purpose of this model is to solve the tensions in b — su™ ™

vii



data, together with the anomalous magnetic moment of the muon a,,, which are induced at loop-
level in both models. We list the relevant constraints and show that the models are able to solve
the anomalies at 20 level, albeit a relatively large coupling of the muons is required. In the case
of b — sput ™, stringent constraints arising from B, — B, mixing can be relaxed if the new
fermions are considered Majorana particles. This part is explained in Chapter 3.

Then, since we cannot explain a,, with only left-handed couplings, in Chapter 4 we construct
a model with new scalars and fermions allowing also for right-handed couplings, were we list
the relevant Wilson coefficients of b — sut ™ as well as the relevant observables acting as
constraints for any number of new scalars and fermions. In order to illustrate this generic
approach we supplement the Standard Model with a fourth generation of quarks and leptons,
using all the computed observables for this concrete model. With this model we can explain
b — sptp~ data and a, avoiding all the constraints if we have the presence of both left- and
right-handed couplings.

The second kind of model that we explore is an extension of the Standard Model with
scalar leptoquarks, and it can be found in Chapter 5. In this case, we compute the Z — (¢
and W — (v contributions for each one of the scalar leptoquarks at next-to-leading-logarithm
approximation, and show that the finite terms can account for 20% of the total contribution
for leptoquark masses of ma < 1.5 TeV. We also show their phenomenological relevance in
a model with a singlet S; and a triplet S35, where our computation pushes the fit towards a
better explanation of data. Besides, we comment on the fact that the B, — B, mixing has to be
implemented carefully as it is one of the main constraints that was missing in earlier studies of
these kind of models, and we also illustrate its key role in the S; + S5 model, since it spoils the
pure left-handed scenario with 2018 data. At the end we construct three different models with
S1 and S3, and show that it is possible fit them to the present data after Moriond conference
2019, since the new value for R+ is closer to the Standard Model.

Finally, we scrutinize the b — s¢/ process in the framework of a two Higgs doublet model.
We compute all the relevant Wilson coefficients performing the matching of the full theory with
the low energy theory showing that it is necessary to keep the external momenta for the scalar
and pseudo-scalar operators. This is the first time computation of a proper matching including
all the relevant operators. We perform a phenomenological analysis of the model with the
Br(B, — putp~) and Br(B — Ku'p™) at high ¢?, where we have control of the hadronic

uncertainties. This scenario is developed in Chapter 6.
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Chapter 1
Introduction: Aim and Motivation

The Standard Model (SM) of particle physics is, without any doubt, one of the greatest theories
in science. No other theory has been tested with such a precision, scrutinized so intensely that
even the loop corrections have been experimentally verified to unprecedented accuracy, and no
other theory has such a predictive power. Among all of the successes the recent Higgs boson
discovery by ATLAS [1] and CMS [2] at CERN signified the closure of the SM particle content.

However, the SM is not the final theory of nature. The first clear phenomenon that SM can-
not explain is gravity, as it only encompasses electromagnetic, weak and strong interactions. We
know for certain that our Universe exhibits gravitational interaction, and the recent observation
of gravitational waves implies that there has to be a connection of gravity and quantum physics
which goes beyond the scope of the SM.

Another proof that the SM is not complete is that it cannot account for the presence of dark
matter and dark energy. During the last century, cosmology and astrophysics, via very different
experimental inputs, starting from imprints in the cosmic microwave background radiation to
the large scale structures, galaxy clusters, dwarf-spheroidal galaxies and even in our own Milky
Way, have shown that approximately 85% of the matter that interacts gravitationally is not
predicted by the SM, nor interacts via known strong, weak or electromagnetic interactions.
That is why it is called dark matter and its particle nature remains unknown. Moreover, the
Universe is in continuous accelerated expansion related to the vacuum energy, the amount of
which the SM cannot explain with current observations. The energy needed for the universe
to expand is called dark energy, and to explain this phenomena one has to go beyond the SM
(BSM).

An additional issue that cannot be explained within the SM is the asymmetry between parti-
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cles and anti-particles in the Universe. At some point of the history of the universe, the number
of particles became larger than the number of antiparticles in such a way that the universe that
we see is made of baryonic matter. This predominance of matter is quantified through the
baryon-to-photon ratio g ~ 6 x 1071° via cosmological observations. The SM indeed predicts
the CP violating processes that set such an asymmetry via the Cabibbo-Kobayashi-Maskawa
(CKM) matrix phase and the quantum chromodynamics (QCD) vacuum angle, but again, the
amount of CP violation is too small to reproduce the actual quantity of matter observed in the
Universe. Hence, there must exist new sources of CP violation beyond the SM that can explain

this asymmetry.

However, the most clear signal that the SM has to be extended in what the particle physics
is concerned is that neutrinos have been reported to be massive experimentally. While the
SM predicts only left-handed massless neutrinos, the experimental observation of oscillations
among different types of neutrinos proves that they should have mass, suggesting that there
should be some kind of new physics (NP) related to the existence of right-handed neutrinos,
or any kind of physics BSM that provides mass to the neutrinos. Besides, the mechanism that
gives mass to neutrinos remains unknown, and the models attempting to solve this problem
predict these particles to be of Dirac type or Majorana, as the nature of the neutrino as a Dirac

or Majorana fermion is yet to be discovered.

The neutrinos are also a key piece in another theoretical problem of the SM which is often
referred to as the flavor puzzle. This issue refers to the pattern of the fermion masses (quarks
and leptons) in the SM that have different types of a quantum number called flavor, which rely
among very different energy scales. As an example, the top quark has a mass of order 10°
MeV while the lightest quark, the up quark, is of order of MeV. Something similar occurs in the
leptons where the tau lepton is much heavier than the electron or the neutrinos. The origin of
the apparent mass hierarchy is unclear and it is not explained by the SM, as it takes the fermion
masses (related to the so called Yukawa couplings) as an external input of the theory. Since
this fact is quite problematic, many theoretical physicists have struggled to find a model of NP
which could explain the masses of the fermions and their values, as well as the mixing among
different families of quarks (via CKM matrix) and leptons (via Pontecorvo—Maki—Nakagawa-
Sakata (PMNS) matrix). We also do not understand why there are three families of fermions.
These flavor puzzles have been studied since many years assuming the principle of so called
minimal flavor violation (MFV) [3, 4, 5, 6, 7] which assumes that all of the CP violating effects

and mixing comes from the Yukawa terms of the SM. In the past decade, however, a series of



measurements in the flavor sector (including lepton flavor universality (LFU) tests) related to
the B-meson decays, carried out in the LHCb [8, 9, 10, 11] and Belle [12, 13] experiments,
reported tensions with respect to the SM predictions, setting for the first time a strong hint of
lepton flavor universality violation (LFUV), thus questioning the reliability of MFV. This set of
observables that do not agree with the SM predictions are known as the flavor anomalies and

their possible theoretical explanation via NP models is one of the main goals of this thesis.

In general, the effects of NP can be experimentally explored via direct and/or indirect
searches. In direct searches a new particle needs to be produced in an accelerator, and hence it
can be detected by a peak or by an excess in various spectra, due to the mass of the new particle.
This is how the W and Z have been detected, as well as the Higgs boson in the first run of the
LHC in ATLAS and CMS. The indirect searches consist in looking for a deviation of a certain
observable in an established theory such as the SM, which predicts a certain value for a given
observable, and if a discrepancy between theory and experiment is observed, it can be attributed
to the effects of BSM physics. This has already been done in the past with the Fermi theory of
weak interactions [14], where in order to explain the observed neutron to proton decay, the W
boson was predicted (but not directly observed) to be the mediator of that decay, with a larger
mass than the neutron and the proton. Similiarly the observation of B® — B mixing at low
energy scales (1~5 GeV) was a clear indication of a very large top quark mass (A ~ 170 GeV),
long before Tevatron was able to reach the t¢-production threshold. In order to construct new
interactions we perform an operator product expansion (OPE) [15] in powers of the NP scale

1/A. For example, if we consider the SM an effective theory we could make an expansion as
C;
Lo =Lsm+ Y 50 (1.1)

where the ¢; are the effective coefficients or Wilson coefficients and O; are the operators of
mass dimension six. The following terms in the expansion are operators of higher dimensions
further suppressed by an extra 1/A? term. The leading NP effects are expected to come from
terms proportional to 1/A%. The great advantage of the effective theory is that one can deduce
the effective coefficients c;/A? from experiment, and then look for a NP model capable of
explaining their value. In our case we will make use of a low-energy effective field theory
below the electroweak (EW) scale which is formed by 4-fermion operators. This means that
the heavier degrees of freedom such as the top quark and the massive gauge bosons will be

integrated out. An example of an amplitude of a certain process involving NP contributions
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obtained from L. in (1.1) would read

A= Cj—f + C/I\“—g , (12)
where the first term encodes the SM contribution from Lgy with v = 246 GeV, while the
second term accounts for the NP effects at energies £ < A, where the ¢; coefficients are
represented with a single NP coupling cxp . It is thus appealing to find observables in the SM
wich are forbidden at tree-level or CKM-suppressed, ensuring that cgyy ~ 0, such as flavor-
changing neutral current (FCNC) transitions between quarks and leptons or meson mixing.
These low energy observables can then probe, via quantum effects, NP scales up to v/,/csu.
As an illustration, the B, — B, oscillation in the SM is proportional to Vesm ~ |Vis|/4m ~ 1073,
which means that assuming the NP contribution with cxp ~ 1, one could probe up to A ~ 10?
TeV. That strategy is the one followed in this thesis to describe the flavor anomalies.

This work is structured as follows: We first remind the reader of the general aspects of the
SM and explain the flavor anomalies in both the b — s and in b — ¢ transitions. Interpreting
flavor anomalies in terms of NP is discussed in the next chapters. The possible explanation of
some of them via the addition of new heavy scalars and vector-like fermions is elaborated in
Chapters 3 and 4, and in terms of scalar leptoquarks (LQs) in Chapter 5. Chapter 6 is related to
the study of b — su™p~ decays in one of the most famous extensions of the SM, the so called
two Higgs doublet model (2HDM).



Chapter 2

Standard Model and Flavor Anomalies

As mentioned in the introduction, from 2013 to this day, the measurements of the exclusive
b — sutp~ processes at LHCb and Belle revealed tensions by several standard deviations
between the SM predictions and the experimental results. Angular analyses of B — K™t p~
and B, — ¢utp~ [16, 17], as well as the LFU tests Ry = Br(B — K®putu~)/Br(B —
K (*)e+e‘), indicated important departures from the SM [8, 10, 11, 18]. Combined global fits
to the available b — syt p~ data [19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32] suggest
that these tensions might have their common origin in NP. i.e. physics BSM. Furthermore,
from 2012, in the exclusive b — c7v channels, the measured observables R = Br(B —
D™ 71v)/Br(B — D™/(v) have been reported to be larger than predicted in the SM [33, 12, 34,
35, 36]. These measurements are in tension with the SM and are often referred to as the Flavor

Anomalies or B-anomalies, since the b quark decays are involved in all of them.

These anomalies can be classified in two groups: the b — s anomalies, which are mediated
by the FCNC and loop suppressed in the SM, and the b — ¢ anomalies, which are revealed in
the charged current processes and occur at tree-level in the SM. The aim of this chapter is to
introduce the SM of particle physics and summarize its features, taking special attention in the
flavor sector. In the second part we explain the two types of flavor anomalies, and discuss their

theoretical impact.



Chapter 2. Standard Model and Flavor Anomalies

2.1 Standard Model

The SM of particle physics is a gauge theory based in the interactions generated by the SM
gauge symmetry group
Gsy = SU3). x SU2), x U(1)y 2.1

where the SU (3).. group accounts for strong interactions and the ¢ stands for color, the SU (2), x
U(1)y accounts for EW interactions, with the L standing for left-handedness and the Y for hy-
percharge. At lower energies, the SU(2),, x U(1)y symmetry is broken to U(1)e, which is the

abelian group that describes the electromagnetic interaction.

2.1.1 Gauge Sector and Electroweak Symmetry Breaking

In the SM each interaction requires the existence of a spin-1 gauge field, which is often referred
to as the interaction carrier or the gauge boson mediator. For SU(3).. there are 8 gauge bosons
called gluons which account for the strong interactions and are massless, while the strength of
this interaction is encoded in the gauge coupling gs. The SU(2), x U(1)y requires 4 massless
gauge bosons, with the couplings g and ¢’ respectively. Since this group is broken due to the
Higgs mechanism [37] (also known as Brout-Englert-Higgs Mechanism), we end up with three
massive gauge bosons W and Z, mediating the weak interactions, and the massless gauge
boson mediating the electromagnetic interaction, the photon.

The physical process that gives mass to some gauge bosons is called the EW symmetry
breaking and the key piece for that to occur is the spin O scalar particle Higgs boson. The Higgs
boson is a colorless SU(2), doublet and has a hypercharge of Y = 1/2.

The Lagrangian of the SM gauge sector is written as
1 i N
Loange = —ZTr(FWF Yy (2.2)

and encodes the kinetic term as well as the self-interactions of the gauge bosons where F;iv
stands for the field strength tensor. The interactions of the gauge bosons are defined with the
covariant derivative N
. a ~q . 0j 7 .
D,=0,+ zgngH + zg;WH +ig'YB,, (2.3)

where the first term accounts for the kinetic term, the second term accounts for SU(3).. inter-

actions, with GZ denoting the 8 gluon fields (¢« = 1,...,8) and A\, are the Gell-Mann matrices
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acting in the color space. The last two terms stem for the EW interactions with the le being
the three gauge bosons of SU(2);, and o; the Pauli matrices (¢ = 1,2, 3), while the B,, is the
U(1)y gauge boson with Y being the hypercharge of the field in which the covariant derivative
is applied. The field strength tensor F/ ;U in Eq.2.2 can be defined then through the covariant
derivative _

Fi, = é[pu, D], (2.4)

with g; = {gs, 9, ¢'}. In particular, for each interaction this tensor reads

B, = 0,B,—0,B, forU(l)y, (2.5
Wi, = 0W,—=0,W,+ ge;WIW}F  for SU(2), and (2.6)
G, = 0,G—0,Gi + gy faurcGEWS  for SU(3)... 2.7)

In order to define the massive gauge boson Z,, and the massless photon A,, after EW symmetry

breaking, we implement the rotation

A, = sinbyW? + cosbw B,

Z, = cosOy W) —sinbyB,, (2.8)
with the Weinberg angle defined as tanfy, = ¢’/g, and we also redefine the W boson to its
mass basis Wf = (W; F Wi) /+/2. This simple rotations do not give mass to the gauge fields,

thus in order for the Z and the IV to acquire mass, let us define the Higgs Lagrangian with the

complex scalar field ¢

A
Luiggs = (Du9) (D"0) + 11°0'¢ — 7(8'9)* (29)

with ¢ = (¢, ¢°) being the components under SU(2) .. Since p and \ are defined positive the

Higgs acquires a vacuum expectation value (vev) that can be parametrized as
(@) = (0,0/V2) (2.10)

where v = 246 GeV sets the EW scale. This parametrization of the vev allows to redefine the
Higgs field as
¢ = (6", v/V2+h) (2.11)
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with (¢7) = (h) = 0. The vev is the responsible for the gauge bosons to acquire mass. Indeed
after an appropiate rotation of the gauge fields defined in (2.8), the mass terms for the gauge
bosons read ) .

L gange mass = Zzﬂg?WjW*“ + 5v?(g2 +9*)Z, 2" + h.c, (2.12)

where the mass terms of the Lagrangian are my, = gv/2 and my = /g% + ¢’*> v/2, whereas

photon field A, does not acquire mass.

2.1.2 Fermion Sector and Flavor Physics

The fermion content of the SM consists of three types of quarks of spin 1/2
Qp = (ur,dp) = (3,2,1/6)  diy=(3,1,—-1/3)  uf=1(3,1,2/3), (2.13)
and also three types of leptons of spin 1/2 (considering non-interacting right-handed neutrinos)
Ly = (vp,er) =(1,2,-1/2)  ep=(1,1,-1), (2.14)

where the numbers in the parenthesis stem for the representation of the field under (SU(3).,
SU(2)r, U(1)y), while the i label is the family or generation index (often referred to as flavor
index), and in the SM i = 1,2, 3!. Before the EW symmetry breaking, the fermions of the SM

are massless and the Lagrangian encoding the kinetic terms and interactions reads

£fermion =1 Z /(Ezm W ) (215)

fermions

where the sum includes all the quarks and leptons with flavor i” and ) = D,7*, with v* being

the Dirac matrices. From this Lagrangian we can define a global symmetry such as
Gr=U@B)g, XUB)u, XxU(3)ap x UB)r, X U(3)ey (2.16)

since we have 3 identical copies of each fermion. This is the flavor symmetry of the SM, which
we know that it is broken since the experiments have measured remarkable differences among

fermion masses. This breaking is induced by the Yukawa terms arising from the interaction of

I'The flavor quantum number gives also names for the quarks or leptons in diferent generations: d* = {d, s, b},
u* = {u,c,t}and e’ = {e, u, 7}
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the fermions with the Higgs field
Lyuiava = (Ya)ij Qo dp + (Ya)iy Qo ug + (Yo)iy Lydep + hoc., (2.17)

where the Y, 4. Yukawa couplings are matrices 3x3 in the flavor space. Here we can rotate all

the fields in order to diagonalize the Yukawas using unitary transformations U such as

Y = Uy, Yr — Uypptr, (2.18)

and for each yukawa matrix
Yo = UgyaUl,  Yu—=UgyUl, Vo= UyyUl, (2.19)

where each y is a diagonal matrix. Introducing these rotations to the Yukawa Lagrangian and

setting, without loss of generality, Ug, = Uy, and Uy, = U,, we have
Lyaawa = (Ya)ij Quod &% + (US, Uuyy)ij Qoo vl + (US, Ueyye)ij Lid el + hoe., (2.20)

where we can define V(;KM = U ;L U,, which is the Cabbibo-Kobayashi-Maskawa matrix*.
Then, after the Higgs acquires its vev, the mass terms of the fermions are generated after one

single rotation of the upper SU(2), component of quarks u; — VgKMu L’

‘ag\u]\lgvl?a = %deR -+ %’IZLUR + %éLeR —+ h.c. s (221)
where the masses are now diagonal matrices defined as myy 4} = Y{u,d,e}?V / v/2. The rotation
implemented in Eq. 2.21 has a phyiscal impact in the gauge part only in the IV interaction with

the fermions also known as charged currents (CC)

Loo = Z—QQVCKMW%LWZL +he. (2.22)

7

whereas the interaction of fermions with the Z boson or neutral currents remains flavor diago-

nal. All in all, the SM flavor sector is completely unconstrained and is described by 6 quark + 3

2If we were considering right-handed neutrinos we would also have an analogous matrix Upyng = U, JL Ue,,
which is the Pontecorvo-Maki—Nakagawa—Sakata matrix.
3The same rotation applies in the up component of the lepton doublets if we have right-handed neutrinos.
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lepton masses + 4 CKM parameters = 13 parameters without PMNS and neutrino masses. The
goal of flavor physicists is to find a symmetry realized at high scale that make us understand the

structure of the flavor sector. We can summarize the SM fermion content in the following table

SUB) SUR), U,

Q. 3 2 1/6

UR 3 1 2/3 (2.23)
dr 3 1 -1/3

Ly 1 2 —1/2

er 1 1 -1

2.2 Flavor Anomalies

As we stated in the introduction of this Chapter, some tensions in flavor observables have been
reported by many experiments referred as flavor anomalies or B-anomalies. Our purpose in
this section is to describe these anomalies by dividing them in two types b — s and b — ¢
anomalies. We explore their scope and define proper effective Hamiltonians in order to account

for possible NP scenarions.

2.2.1 b — s Anomalies

b — s transitions can only be generated through loop diagrams in the SM. The corresponding
loop suppression makes all the related observables very useful in order to probe for new particles
exchanged in the loops therefore to test for possible presence of NP. With the purpose of testing

LFU, the community proposed to measure Ry ) [38]

Br(B — K®utu)
K® Br(B — K®ete™)

(2.24)

where the two partial branching ratios are integrated between the dilepton invariant masses
q? and ¢3 , with ¢> = (pp — pg=)?. In the SM, Ry is very close to one, and since it is
constructed as a ratio of branching fractions in the low ¢?-region, the theoretical error due to
non-perturbative QCD is very reduced because of the cancelation of hadronic form factors.

LHCDb measured Ry in Run 1 [8] and in Run 2 combined with more Run 1 data [11] obtaining

10
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on average
Ri” = 08465 (stat) 1 (sy5t) (225

where the first uncertainty accounts for the statistics and the second refers to systematic error
and the invariant dilepton mass is in GeV2. This is to be compared with the theoretical estimate
RM = 1.000(1) [38, 39] where most of the error bar stems from the QED corrections. This
measurement has therefore a 2.50 discrepancy with respect to the SM, starting an intriguing

tension on b — s LFU tests.
LHCDb also measured R~ in two different bins in Run 1 [10]

RIS — 0.66010:110(stat) + 0.024(syst) ,
RN — 068510113 (stat) £ 0.047(syst) , (2.26)

which amounts to an average tension of above 2.40 and 2.50 with respect to the SM, respec-
tively. On the other hand, Belle collaboration [40, 41] reported other measurements of Ry«
where the central value is closer to the SM, but with considerably larger error bars that do not
affect the tension observed by LHCb.

Interestingly, there are some observables such as Br(B — K*u ™) and Br(B — ¢utu™)
which also have been reported to have a tension of ~ 20 with respect to the SM [16, 17].
These observables are more difficult and involved to compute in the SM because one has to
take care of non-perturbative QCD effects and a careful treatment of the hadronic form factors
is required. In procesess such as B — K*u™p~, the K* meson usually also decays to K
mesons, becoming a 4-body decay. This fact allows for scrutinizing B — K*u*u~ decay
with not only its branching fraction but also the full angluar distribution, allowing to define
new observables such as P, P, P; or Ps/ which have mild hadronic uncertainties[42, 43, 44],
making them very useful to probe for NP. Concretely, the angular observable P has also been

measured [9, 40] with a discrepancy of ~ 3o with respect to the SM.

There is also the parity conserving process B; — ptpu~ for which the branching fraction
is also very clean from theoretical error and because of that it becomes a key observable when

performing experimental fits. The world average of the branching fraction is [45]

Br(B, — ut ™)™ = (3.1+£0.6)107?, (2.27)

11
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Figure 2.1: Standard Model contribution to b — s¢/ via loop level.

while the current SM averaged branching fraction is [46]
Br(B, — ptp )™ = (3.57£0.17)107°. (2.28)

Also very recently, LHCb collaboration was able to perform the analysis of the baryonic decay
A) — pK (¢ which also involves a b — sp™u~ transition [47], with the difference that the
process involves Aj-baryons instead of B-mesons. They reported

Br(A) — pK~ete™)

= 2.2
Hok = Br(R) = pK ) (229

measured in the ¢°> = [0.1,6] GeV? bin. The prediction in the SM for this observable is
R i ~ 1, while they find the ratio to be R ; = 1.177(}§ & 0.07, which is compatible with
the SM, although the central value points towards the same direction of the other b — su™p~
anomalies. Nonetheless, the theoretical error is huge due to the lack of knowledge of the A*

baryon resonances entering in the invariant mass m(pK).

2.2.2 Effective Theory Description of b — sf¢

With all the experimental results one may interpret data as a hint of the presence of BSM
physics. To that effect, it is very useful to construct an effective theory in a model independent
way, using 4-fermion vertices as depicted in Fig. 2.1 which encode all the relevant information
on the b — s/ transitions. The most general Hamiltonian containing the 4-fermion dimension

6 operators reads

4
Heg = —%thv,;; > (Cioi + c;og) +he. (2.30)

7

12
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where G'r is the Fermi constant that sets de strength of weak interactions, V};, V;} being the CKM

matrix factor that appears in the SM contribution, with

Qv — 6% _
Oy = %(E'}%PL()) (y"e), Oy = %(EVHPLZ?) (" ys0)
Q — 0% _
Og = %(EPRb) (20), Op = %(%b) (yst),
Or = Ojlﬂ(EaWb) (Zo™ Prt), (2.31)
m

where ¢ = e, i, T are the three lepton flavors and agy the fine structure constant. Besides, One

has to take into account the electromagnetic and the gluonic penguin operators

O7 = ——myS0™ PpbFy, O = —my5,0™ PpT:bsGe,, . (2.32)

1672 1672

Here, F,, and G}, are the field strength tensors of the photon and the gluon field, respectively,
and m;, is the mass of the bottom quark. The primed operators are obtained by interchanging
L and R. The C; effective vertices are known as Wilson coefficients and encode all the short
distance (high energy) information about the 4-fermion interaction. To consider NP scenarios,
it is very useful to define

C; = M 4+ CNP (2.33)

with the exception of the coefficients that are already zero in the SM, for which we omit the NP
label. Fitting all of the b — s¢¢ data results in constraining the Wilson coefficients and gives
a theoretical direction on which kind of NP scenario we need to consider. In that respect, the
one dimensional fits (fits to one parameter) are the most stringent for considering different NP
scenarios. Fits in [19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32] contain more than 40
such observables, and their results provide useful hints to possible NP scenarios. Currently a
combined discrepancy of more than 40 with respect to the SM is reported by all groups. The

I-dimensional fits of Ref. [28] prefer the following two scenarios

1. G4 = —1.03+0.16 ,

2. NP = —ct NP = —0.50 £ 0.09

13
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Figure 2.2: Standard Model contribution to b — c7v; via tree level.

The best fit is achieved when NP is coupled to the muon sector*?, although some LFU con-
tribution to NP is also allowed. The second scenario is very attractive under the theoretical
point of view because it is generated by left handed vector currents, which usually relates to
a simpler and more elegant explanation than other scenarios involving right and left handed
currents. Note, however, that the multi-dimensional fits suggest the presence of a little vector
right-handed contribution (C’“NP Ciy NPy, specially if one takes all the observables. In the
models presented in this thesis, we will work assuming the second scenario Cy NP - NP,

although we allow for small right-handed couplings in Chap.4.

2.2.3 b — c Anomalies

In 2012 BaBar experiment reported on a deviation with respect to the SM in the charged current

processes b — crv [33], following on the observables Rp and Rp-

Br(B — D®r=p,)
Br(B — D®i-1)

RD(*) = (l =e, ,u) . (234)

In the same way as Ry (), these observables have little theoretical uncertainties from the fact
that they are constructed with ratios. They are build to test LFU in charged currents which occur
at tree-level in the SM as we can see in the diagram in Fig. 2.2. The values found by BaBar

were respectively [33]

Ry, = 0.440 4 0.058(stat) == 0.042(syst)
Rp. = 0.33240.024(stat) + 0.018(syst) . (2.35)

“We will refer to Cg(ll\g as C 10) or simply Cy(10) in some chapters in order to ease the notation, as we will
only generate effects to the muon in general. In any other case it will be specified.

SIn Refs. [27] and [28], they also suggest the interesting possibility for LFU NP affecting all the leptons plus a
LFUYV part affecting the muons. In this thesis we only consider LFUV NP.

14
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Intriguingly, in 2016 the Belle Collaboration [12] also found some discrepancy in these observ-
ables with respect to their SM value. In 2019 Belle presented another measurement which was
still in tension with the SM [13], although the world average discrepancy was a bit reduced. All

in all, combining all of the currently available experimental results for R, we obtain

Rp =0.340 £ 0.027(stat) £ 0.013(syst) ,
Rpe = 0.295 = 0.011(stat) % 0.008(syst) . (2.36)

In the SM, these processes are carried out via a W boson exchange. Contrary to Ry (), the
value of Rp ) is not 1 in the SM because the tau lepton is much heavier than the electron or the
muon. The results in the SM are [48]

RSM = 0.299 £ 0.003,
RM = 0.258 £ 0.005 . (2.37)

After comparing these numbers with the ones given in Eq. (2.36), we see that these observables
present a tension with the SM of 3.1 . Moreover, LHCb reported a new measurement related

to b — clv decays which is [49]

Br(B. — J/¢Y17 ;)
Br(B. — J/yu-v,)

Ry = =0.714+0.1740.18, (2.38)

which is also larger than predicted in the SM R ;/, = 0.283 4= 0.048 computed in Ref [50].
This set of deviations motivates phenomenologists to construct an effective theory for b —

cTv in order to assess the amount of the possible NP contribution to these channels.

2.2.4 Effective Theory Description of b — cfv,

With the same spirit as in the b — s¢/ effective theory, one may construct an effective theory
involving b — clv, decays. The most general Lorentz invariant parity-conserving effective

Hamiltonian for these transitions reads at the bottom scale

4G
HY = ZZv, (14 gv,)Ov, + 9v,.Ovi + 95, Os, + 95,05, + 9707 | +hc.,  (2.39)

\/5 c

The discrepancy before the last Belle update in 2019 was of 3.80.
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where V,;, is the CKM factor and the 4-fermion operators governing these transitions are given
by

Ov, = (e, Prb) (04" Pri) Ov,, = (¢, Prb)(t+*Prvy)
Og, = (PLb)((PLyy) Os,, = (ePrb)(IPL1y)
Op = (€0,,b) (Lo PLyy) (2.40)

The couplings g; are Wilson coefficients which encode the contribution of NP for ¢/ = e, pior 7
since their SM values are gZSM =0, forall i = (Vy, Vg, Sr, Sg,T), by construction. Assuming
that the NP is present only in the decay to 7, the one dimensional fits [51, 52, 53, 54, 31, 55, 56,
57, 58], allow for a V' — A scenario beyond the SM with the presence of a single coupling gy, .
This feature is similar to the one in b — s anomalies where a left-handed scenario is actually
also preferred. Nonetheless there is also the possibility to obtain a good one dimensional fit
by imposing the combination gg, = $4gr to the NP at the TeV scale, allowing for real or
imaginary couplings, which can be achieved via right-handed couplings, although this option is

slightly disfavoured in the light of the new Belle result.

2.2.5 Simple Models for the Anomalies

With all the experimental information given in the previous sections one may not claim a dis-
covery of NP since none of the mentioned observables deviates more than 50 from the SM,
however the B-physics anomalies are probably the largest coherent set of deviations with re-
spect to the SM we have ever seen. For that reason, simplified models attempting to explain all

or some of those flavor anomalies soon appeared on the market.

Those simplified models can address other problems in physics such as the flavor structure
of the Yukawa couplings including the origin of massive neutrinos, try to explain dark matter
abundance, relate the QCD strong CP problem, or solve other tensions of current data with
respect to the SM predictions. This fact makes the work of the community worth the effort to
think of a model that explain the anomalies, even if they end up vanishing. In what follows we
list some of these models that arise from different theoretical motivations and some of which

try to accommodate all the anomalies and others just a subset of them.
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Leptoquarks

LQs are colored objects which can be scalar or vector bosons. They appear naturally in many
grand unified theories (GUTs), as well as in composite models. Since the Ry ) and Ry
anomalies indeed refer to the semi-leptonic decays, some involving quarks and leptons, LQs
are good candidates to solve the anomalies, and for that reason they draw the attention of the
flavor community from past years to present [59, 60, 61, 7, 62, 63, 64, 65, 66, 67, 68, 69, 70,
71,72,73,74,75,76,77,78, 79, 80, 81, 56, 82, 83, 84, 85, 86, 87, 88, 89] . Their contribution
to b — sutu~ is depicted in the left side of Fig. 2.3 where LQs have to couple to the second
generation of leptons and the 3rd and 2nd generation of down quarks. As for b — c7v the LQ
contribution arises from the right diagram in Fig. 2.3, and in this case it has to couple to the
third generation of leptons, the third generation of down quarks and the second generation of

up quarks.

What concerns the b — s anomaly, one needs to generate C} NP — —C{‘ONP which can be

achieved by LQ with left-handed couplings to the quarks and similar happens with the Ry
anomaly. The problem arises when we try to solve both anomalies at the same time. In Ref. [56],

it has been shown that in order to address the anomalies, the only candidate considering one sin-

SM
K )

at the same time using only left-handed couplings while passing all constraints arising from

gle mediator is the U; vector leptoquark, that can account for Rp.) > RSD%) and Ry < R

direct searches. This fact has triggered a lot of activity in designing a possible UV comple-
tion , given that U is a vector particle not associated to a gauge symmetry realised at O(TeV)
scales. Such examples are the so called PS® model and the 4321 model [76, 84] which besides

B-anomalies try to address other problems related to flavor physics.

Scalar LQs are a very good alternative in constructing simple models since their scalar
nature makes possible to cancel all the divergences without any explicit UV completion. There
are plenty of works on solving one of the anomalies or just solving a part of them, since they are
not able to account for all the anomalies at the same time when considering one single mediator.
However, the abovementioned cancellation of the divergences has been exploited in order to
construct models with two scalar LQs which can account for the two types of flavor anomalies.
From that point of view there are two combinations of scalar LQs which can accommodate both

types of the B-anomalies:

"In general, LQs adress the anomalies at loop level although there are some cases where the b — syt pu~
anomaly is addressed via loop diagrams [90, 91]
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Figure 2.3: Left: Leptoquark contribution to b — su*u~ via tree level. Right:Leptoquark
contribution to b — ¢7v, via tree level.

e A model with S3 and R, scalar LQs, with the structure of Yukawa couplings that can be
embedded in a SU(5) GUT scenario [56].

e The combination of S3 and S; scalar LQs, which cannot be embeddded ina SU(5) GUT
scenario but it can accomodate the anomalous magnetic moment of the muon, (g — 2),,,

depending on the structure of the Yukawa couplings [74, 80, 92].

Apart from explaining the anomalies, one can explore these models further to explain dark
matter canidates, neutrino masses and CP problems, specially in the UV complete theories

where many new particles need to arise.

Scalar and Fermionic Loop Models

There are many solutions which only focus in one type of anomaly. In this case the so called
scalar and fermionic loop models only try to account for b — s~ anomalies [93, 94, 95].
The proposal of these kind of models is to generate the contribution to b — sut ™ at the loop
level via box diagrams, as in Fig. 2.4, with at least 3 new particles: two scalars and one fermion
or viceversa. This fact resembles the SM behaviour where the FCNC contributions enter at loop
level. In general, these models require introducing a number of new particles extending the SM
and can account for solutions involving left-handed and right-handed couplings, to verify all the
experimental constraints at low and high energies.

As in the LQ case these models are also built to explain other problems such as the muon
anomalous magnetic moment, a,, = (g — 2),,/2 with a possible chirality enhancement due to
the inclusion of right-handed couplings and some dark matter investigation has been carried out
with neutral scalars or fermions that can accommodate for direct searches limits and dark matter

abundances.
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Figure 2.4: Example of box diagram contributing to b — su ™~ at loop level within a generic
model with new scalars and fermions.

Two Higgs Doublet Models

When the Higgs boson was first detected in the LHC in 2012, the idea to extend the Higgs
sector with a 2HDM as embedded in the supersymmetric extensions of the SM, such as Minimal
Supersymmetric SM (MSSM) and next-to-MSSM (NMSSM), triggered a considerable activity
in the community to look for the particles that arise in the 2HDM models. When the flavor
anomalies appeared, this simple extension of the SM was considered by many model builders
with intentions to study the anomalies and predict or constrain the possible mass of other Higgs
particles mediating the interaction. It turns out, however, that with this model it is not possible
to accomodate Ry ) < R%\fﬂ) at low ¢ unless one allows for the presence of right-handed
neutrinos [96, 97, 98]. However, since there are many types of these models which are famous
due to Supersymmetry (SUSY), it is interesting to analyse the b — sy ™~ anatomy and explore
which are the constraints imposed to diverse kinds of 2HDM. Moreover, if the tension of 12 (-
with respect to the Standard Model is reduced, there is the possibility that the branching ratio
of B, — ptu~ can be explained with pseudo-scalar operators, making the 2HDM a viable
and attractive scenario of BSM physics. The diagram structure contributing to the b — su™ p~
process are depicted on the left side of Fig. 2.5.

In these kind of models, the contribution to b — c¢7v can be achieved via the interaction of
a charged Higgs (/{7) as in the right picture of Fig. 2.5 which can accommodate the anomaly
with both left and right handed couplings.

Z"and W'

One simple way to extend the SM is to add vector bosons that act as mediators of the iteractions

that we want to address, in this case a Z’ for the b — su* .~ anomaly and a W’ for the b — c7v
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Figure 2.5: Left: Example of box diagram contributing to b — su* ™ at loop level in a 2HDM.
Right: Example of a tree-level diagram contributing to b — s7v, in a 2HDM. In both cases it
is a charged Higgs contribution.

Figure 2.6: Z' contribution to b — su™ ™ at tree level and W’ contribution to b — s7v, also at
tree level.

process Fig. 2.6. The presence of the new gauge bosons requires the addition of a new gauge
symmetry which has to break into SU(3). x SU(2);, x U(1)y and hence the addition of new
scalars acquiring a vev at the NP scale [99, 100, 101, 102, 103, 104, 105, 106, 107, 108, 109,
110, 111, 112, 113, 114, 115, 116, 117, 118, 119, 120, 121, 122].

There is also the possibility of only explaining the R (.) anomaly with the Z’ which requires
only an extra U(1) symmetry, simplifying the scenario but paying the price of not being able to
explain [?j.). One remarkable feature of these models is that in principle the gauge coupling
to the SM fermions should not be flavor universal, and hence they should have different charge
under the new gauge group. This fact however can be avoided by the addition of a 4th family
of new heavy vector-like fermions which couple to the Z’ boson, and at the same time couple
to the SM fermions, generating a b — sp ™~ contribution with LFU couplings.

These new Z’ bosons are very constrained in direct detections due to their tree-level contri-

butions, this fact also makes Z’ models very sensitive to many other indirect constraints.
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Chapter 3

Left-Handed Scalars and Fermions at One

Loop

As stated in the previous Chapter, the FCNCs in the SM arise at loop level. One can use this fact
to motivate building a NP model where the contribution to b — su™ i~ anomalies also appears
at loop level. We want to stress that in this chapter we do not aim to explain b — ¢ anomaly,
1.e CC anomaly, since it is impossible to give a sizable effect at loop level, and therefore if this
anomaly is confirmed, one should assume that it comes from another NP source. Explanation
of the anomalies via loop effects, on the other hand, typically leads to correlated imprints on
other observables like the anomalous magnetic moment of the muon (a,,). It is thus appealing
to investigate the possibility of a simultaneous solution of the b — s anomalies and the long-
standing tension in (g—2),, at the loop level, for example by light Z’ bosons [123, 124, 125, 126,
127, 128, 129, 130, 131, 132], leptoquarks [133, 134, 90] or new fermions and scalars [135,
136, 137, 138, 139, 140, 141, 142, 143, 93, 144].

In this chapter, we examine in detail the possibility proposed in Ref. [93] that the anomalies
in the b — sy p~ data and (g — 2),, are explained by loop effects involving heavy new scalars
and fermions that couple to the SM fermions via Yukawa-like interactions. In order to generate
the Wilson coefficient Cy, the new particles must couple to the left-handed SM quark doublets
. We study the minimal setup in which the new particles do not couple to right-handed SM
fields, implying Cy = —C'y which is one of the favored patterns for the solution of the b —
sp™ i~ anomalies as pointed out in Sec. 3.2.1. We explore in more detail the phenomenological
consequences in a general class of models: We consider those representations which are realized

in the SM (singlet, fundamental and adjoint) and study also the case of the fermions (scalars)
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Chapter 3. Left-Handed Scalars and Fermions at One Loop

being Majorana particles (real scalars).
The chapter is organized as follows: In Sec. 3.1 we define the model and classify the var-
ious representations under the SM gauge group for the new particles. In Sec. 3.2 we give the

formulae for the Wilson coefficients and the observables relevant for our numerical analysis in
Sec. 3.3.

3.1 Setup

In the spirit of Ref. [93], we introduce new heavy scalars and vector-like fermions in such a way
that a one-loop box contribution to b — su* 1~ is generated (see Fig. 3.1) in analogy to FCNC
processes in the SM. We will assume that the new particles only couple to left-handed SM
fermions. This assumption minimizes the number of free parameters and is phenomenologically
well motivated because the resulting pattern Cy = —C' is one of the scenarios that are suited
best for the description of b — su™p~ data. To draw the diagram on the left-hand side of
Fig. 3.1, we need a new scalar ® that couples to both quarks and leptons, and two different
fermionic particles (with different color quantum numbers), one of them coupling to quarks and
one of them to leptons. Alternatively, exchanging the roles played by the scalars and fermions,
we get the diagram on the right-hand side of Fig. 3.1. Therefore, we construct the following

two distinct models:
1. One additional scalar ® and two additional fermions W and W, with interactions de-
scribed by the Lagrangian

£

9 —T9,P,Q;® + -0, P,L:® + hec.. (3.1)
2. Two additional scalars ®; and ®, and one additional fermion ¥ with interactions de-

scribed by the Lagrangian
)

D =TPUP,Q;®o + TEUP,L®, +hec. (3.2)
In Egs. (3.1) and (3.2), Q; and L; denote the left-handed quark and lepton doublets with family
index i. The box-diagrams contributing to b — s¢*¢~ and b — s for the model classes a) and
b) are shown in Fig. 3.1. Notice that these diagram structure is the one also depicted in Fig. 2.4

in Chapter 2. Analogous box diagrams induce B, — B, mixing (see upper row in Fig. 3.3).
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3.1. Setup

One-loop contributions to b — s¢*¢~ can also be generated by the crossed box diagrams
shown in Fig. 3.2. Whereas the standard box contributions in Fig. 3.1 derive from the La-

grangian Lo <£b) ) with @ () coupling both to quarks and to leptons, crossed boxes are

nt int
induced by a variant Efriz (Ef;)t) of the Lagrangian where ® (W) couples to quarks and the
charge-conjugated field ®¢ (V) to leptons. Therefore, in the case of a neutral scalar & = ¢
(Majorana fermion ¥ = U°) one has £, = £2) (£, = £)), and both crossed and uncrossed
boxes are present. In the other cases, it turns out that the primed Lagrangians lead to a very sim-
ilar phenomenology' as the unprimed ones, and so we will only consider the two cases E?gt and
£fr)lt in the following, including the possible situation of neutral scalars (Majorana fermions).

Through EWSB, the SM fermions acquire masses, giving rise to the chirality-flipping pro-
cess b — sy and to non-zero contributions to the anomalous magnetic moment of the muon.
The corresponding diagrams are shown in Fig. 3.4. Note that we do not introduce any additional
source of chirality violation beyond the SM. In particular, the Higgs mechanism does not con-
tribute to the masses of the new heavy particles which are supposed to be exclusively generated
from explicit mass terms in the respective free-particle Lagrangian.

Moving from the weak to the mass eigenbasis of the quarks results in a rotation of the
couplings F? in flavor space in Egs. (3.1) and (3.2). This rotation is unphysical in our setup
where we consider the couplings FZQ as independent free parameters. In the mass eigenbasis,
we denote the couplings to muons, bottom- and strange-quarks, as I',,, I', and I';, respectively.
We further assume negligible couplings to the first fermion generation. This assumption allows
for an explanation of the Ry (. anomaly and moreover weakens the bounds on the masses of
the new particles from direct searches.

Let us now discuss the possible representations for the new particles under the SM gauge

group. To this end, recall that the SM fermions carry the following gauge quantum numbers:

(3.3)

N a2 O

e

IPredictions for observables involving only quarks or only leptons are identical for the primed and unprimed
Lagrangians. For b — s¢* ¢~ the impact on our phenomenological analysis consists in a sign change of the Wilson
coefficient Cy = —C';¢ which can, however, be absorbed by a redefinition of the product of couplings I':T'.

23



Chapter 3. Left-Handed Scalars and Fermions at One Loop

b (0] L b 1% L
—_— o — > | i >
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\I/Q U, (T>Q * + 0y

| |
— e« — I < | | <
S (0] L S 1% L

a) b)

Figure 3.1: Box-diagrams contributing to b — s¢*¢~ and b — svv in case a) and b).

In the case of the non-abelian groups we label the respective representations by their dimension.
Applying this notation, the fundamental representations of SU(3) and SU(2) are indicated by
3 and 2 in the table above, while the corresponding adjoint representations would be labeled as
8 and 3, and singlets are marked as 1.

In the SM, all particles transform under SU(2), and SU(3) either as singlets, in the fun-
damental, or in the adjoint representation. We thus only consider these three possibilities also
for the transformation of the new heavy particles. The requirement of gauge invariance of the
Lagrangian in Eq. (3.1) or Eq. (3.2) further acts as a constraint on the allowed combinations

of representations for the three new particles. We end up with the following possibilities with
respect to SU(2) and SU(3):

SU((2) | Vg, g Uy, & &0

I 2 2 1 SU(3) | Ug,®q VU, &, &,

II 1 1 2 A 3 1 1

IIT 3 3 2 B 1 3 3 (3.4
A% 2 2 3 C 3 8 8

1% 3 1 2 D 8 3 3

VI 1 3 2

The hypercharge Y can be freely chosen for one of the new particles. We define Y3 = X for
the particle ® in model class a) and Yy = —X for the particle ¥ in model class b). The values

for the other two particles W, , respectively @  are then fixed from charge conservation in the
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3.2. Observables and Bounds on Wilson Coefficients

Lagrangian (3.1) or (3.2):

Y | 0o 00 W@ 0,0

(3.5)
L 1/6+X 124X -X

Motivated by the SM charges, we will assume X to be quantized” in units of 1/6 with —1 <
X < 1. After EW symmetry breaking, the electric charge ()., derives from the hypercharge
and the third component of SU(2) according to

Qem =T5+Y . (3.6)

As we have found six possibilities (denoted by I, 1, I11,IV,V, V) for the SU(2) representa-
tions, and four possibilities (denoted by A, B, C, D) for the SU(3) representations, there are in
total 24 scenarios for each model class a) and b). In addition, in each of these scenarios one can
freely choose the value of X.
The primed Lagrangian Efﬁz (Efrll)t) in principle allows for all SU(2) representations, but
only representation I and IV can give non-zero contributions to b — su™ u~ processes since the
corresponding group factors vanish for the other representations. Concerning SU (3) all options
A, B,C, D are permitted (with 3 — 3 for U,, ®, in the cases B and D). The hypercharge of
U,, &, would change to 1/2— X. Therefore, the cases with SU(2) € {I,IV}, SU(3) € {A,C}
and X = 0 allow for ® (¥) being a real scalar (a Majorana fermion) contributing to b — su™*pu~
and B, — B, mixing. We will put a special emphasis on this situation in our numerical analysis
in Sec. 3.3 because the presence of additional crossed boxes in b — s¢¢ and B, — B (see

Fig. 3.2 and second row in Fig. 3.3) can lead to interesting phenomenological consequences.

3.2 Observables and Bounds on Wilson Coefficients

In the previous section we constructed two classes of NP models aiming at an explanation
of the b — sptp~ anomalies through one-loop box contributions. The relevant free model
parameters governing this transition are the couplings I'y, I'; and I', together with the masses of
the three new particles, mg, My, My, in case a) and my, Mag, Ma, in case b). Unavoidably,
the Lagrangian in Eq. (3.1) (in Eq. (3.2)) also generates contributions to b — svv/, b — sy and

B, — B, mixing, and in particular the latter sets an important constraint on the subspace spanned

2The assumption on the quantization of X has no impact on the phenomenological discussion.
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\I/Q ;% \Ijé

Vo)l
h
VAll
h

Figure 3.2: Crossed boxes contributing to b — s¢*¢~ and b — sv in case a) (b)) if @ (V) is a
real scalar (Majorana fermion).

by the couplings I';, I's and the masses mg, My, (M, Ma,). Furthermore, depending on the
coupling I';, and the masses ms, my, (mw, Mme,), a contribution to the anomalous magnetic
moment (g — 2),, of the muon emerges that could have the potential to solve the long-standing
anomaly in this observable. A complete phenomenological analysis must take into account
all these processes. In this section we thus provide the Wilson coefficients needed for their
theoretical description in the models under consideration and derive the experimental bounds

on them.

321 b— sputp~

In our models, the only relevant NP contributions to b — su™ ™ transitions reside inside a

subset of the effective Hamiltonian in 2.30

- 4G
G = —7§thv;: (CoO4 + C1oO10) 3.7)

with

QEM _ QOEM _ _
Og = — [5v" Pob] [vn] O = — = [3v"Pub] [imy°n] (3.8)
4T 4
as defined in the previous chapter. These operators receive NP contributions from box diagrams,
photon- and Z-penguins. Since we do not introduce any additional source of SU(2) breaking
compared to the SM, Z-penguin diagrams are necessarily suppressed by m?/M% and we will

neglect them in the following.
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3.2. Observables and Bounds on Wilson Coefficients

The box contributions are depicted in Fig. 3.1 for both case a) and b). If the new scalar ®
(fermion W) that couples both to quarks and leptons is in a real representation with respect to
all gauge transformations, i.e. if it is a singlet or in the adjoint representation with respect to
SU(2) and SU(3) and has hypercharge X = 0, one can consider the possibility that it is a real
scalar (Majorana fermion). In this case, also the crossed diagrams (shown in Fig. 3.2) exist and

have to be taken into account. In the models of class a) and b), we have

T, |, |2

Cy™ = O = N 1 (o — MM F (yg, we)
327rozEMm¢, (3 9)
box, b box, b I'; Fb’F ‘ .
Gy = —Og"Y = Nt (nF (wg, @) = x"n"G (wg,20)

with yo = quQ /MG, ye = my,/mg and zq = m@Q /M, x¢ = mg,/my, respectively. More-

over, we have introduced the abbreviation

4G R

7%

The dimensionless loop functions are defined in Appendix C.1 in order to ease the notation of

N =y (3.10)

this chapter. Here we only write their value in the limit of equal masses
1
F(1,1) =-G(1,1) = 3 (3.11)

The SU(2)- and SU (3)-factors n, ™™ and y, x™ are tabulated * in Tabs. 3.1, 3.2 and Tab. 3.3,
respectively. The term involving the G-function in Eq. (3.9) stems from the crossed box and
is only present if ® (W) is a real scalar (Majorana fermion). If ® (V) is a complex scalar
(Dirac fermion), Y™ and n™ are zero. We have cross-checked our formulae Eq. (3.9) against
Ref. [145] where results had been given for the gluino-squark and the chargino-squark box in

Supersymmetry, corresponding to our representations C-I and A-IV, respectively.

The photon penguin induces a contribution to Cy, whereas it does not generate C' because

3Note that for both the SU(3) and the SU(2) generators we use the canonical normalization [T°, T] = §%° /2,
and that we do not absorb a normalization factor into the couplings I'y,I's,I",,. This convention has to be kept in
mind when comparing for instance with SUSY results in the literature since Supersymmetry dictates the normal-
ization of the gluino-squark-quark coupling to be ﬂgsTi‘;
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SU (2) n oM=nNs o ) s
T 1 1 T 1 1
I7 1 ~ 0o - 1
111 | 5/16 - 1/4 — 5/16
v 5/16  1/16  1/16 5/16 5/16
1% 1/4 - 1/2  — 5/16
VI 1/4 - 12 - 1

Table 3.1: Table of the SU (2)-factors entering the Wilson coefficients for the processes involv-
ing box diagrams. Results are given for the six representations I-VI defined in Eq. (3.4).

SU (2) Uk N7 s Na,, ﬁau N3 N3
I -I+X X 1 -1+4X @ -X 1 0
11 t+X —3-X 1 —14+4X —3-X 0 1
I R S B S P P SRR N
1 3 1 3 3 1 3 1 3 1
v g 3X X g X X g
1% 243X £-3X & —5+X —-i-X 0 1
VI s+X  —1-X 1 -I+3x -3Xx 1 —3

Table 3.2: Table of the SU(2)-factors entering the Wilson coefficients for the penguin diagram
processes. Results are given for the six representations I-VI defined in Eq. (3.4).

of the vector coupling of the photon to muons. For the cases a) and b), the Cy contribution reads

. I .~ ~ ’ I,y -
Cy )= N2m£ X7 [U?FQ(QQ) —mGo(ya) |, Cq Y= NQmé,) X7 [mrFy(zq) — 171G (zq)]

(3.12)
where Fy, ﬁg(ﬂf), Gg and ég are defined also in Appendix C.1, where in the simplifying limit of

equal masses we have
Fy(l) = —— Go(1) = <. (3.13)

The terms proportional to Fy and ﬁg in Eq. (3.12) stem from the diagram where the photon is
emitted by the scalar @), whereas the terms proportional to Gy and Gy stem from the diagram
where the photon is emitted by the fermion ¥ (). The SU(2)- and SU(3)-factors 17, 77 and
X7 can again be read off from Tabs. 3.1,3.2 and 3.3. In the case where the new scalar and the
new fermion are singlets under SU(2), n; and 7j; are simply given by the charges of the new

particles, 7; = qo and 17 = qu, = —1/3 + qo for case a), 77 = qy and 77 = qa, = —1/3 + qu
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SUB) | x=xr X" x5 xBs Xs Xs Xa.= Xz
A 1 1 1 1 1 0 1
B 1 — 1 — 0 1 3
C 4/3  4/3 11/18 1/9 —1/6 3/2 8
D 4/3 - 11/18 — 3/2 -1/6 3

Table 3.3: Table of the SU (3)-factors entering the Wilson coefficients for the various processes.
Results are given for the four representations A-D defined in Eq. (3.4).

for case b). For higher SU(2) representations, 7j; and 77 in addition take care of summing the
contributions from each isospin component of the new particles. For the representations C-I
and A-IV, the results of Eq. (3.12) have again been checked against Ref. [145].

Unlike the box contribution, the photon penguin does not involve the muon coupling I',, but
exclusively depends on the combination I':T",/ mé(\p) constrained from b — sy and B, — B,
mixing. We will explicitly demonstrate in Sec. 3.3 that the resulting bounds, together with the
requirement of perturbative couplings I'; and I',, typically render Cyj negligibly small. The same
statement applies to the Wilson coefficient C; of the magnetic operator operator O, (discussed
in Sec. 3.2.4) that contributes to b — s¢™ ¢~ transitions in the effective theory via tree-level
photon exchange. Therefore, to a good approximation a solution of the b — su™ 1~ anomalies
must proceed in our model via the pattern Cy = Cy™ + Cf ~ C¢™* = —C}* = —Cyp and
C7 < Cy. The current bounds on the generic scenario Cy = —('j, obtained from the combined

fit to b — sutp~ data, are taken from [28]

—0.59 S Cg = _OIO S —0.41 (at 10') s

These ranges are consistent with the other ones determined in the literature.

322 b — svv

Following Ref. [146], we write the relevant effective Hamiltonian as

viv; 4G i g ij
W = 2Ly v 00 where og:f

NG 1 5 Pl [, (1-9") ). (3.15)
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Due to SU(2) invariance, b — svv is linked to b — s¢*¢~, implying

:T|T, |2
O227a) = — Sb—ﬂ _ M, M F 316
t N327TaEMm§D (Oene = xnz’) F(yave) (3.16)
T[T, 2
CrY = N =l (i F e/ Iae! 3.17
L 32mapym?, (X77L (zq,me) +2x "0y, (33Q,:C@)) , ( )

with the functions F' and G defined again in Appendix C.1 and 7., n¥ and x, xM given in
Tabs. 3.1, 3.2 and 3.3.
Since the different neutrino flavors in the related decays B — K™ v are not distinguished

experimentally, the total branching ratio, normalized to its SM prediction, reads

3 ..
> |CsMsi 4 O

~ ij=1
ey = , (3.18)
K 3|CPM)

‘ 2

where CPM ~ —1.47/sin* 0y, = —6.35 with fy being the weak mixing angle. The current
experimental limits for B — K ) yw are [147] (at 90 % C.L.)

RY <39, RY <27. (3.19)

While C7, given in Eq. (3.17), involves the muonic coupling I',,, any other coefficient Czj
with (7, 7) # (2,2) would depend on the couplings I, I of the new particles to electrons or
tauons. Since we do not want to make any assumptions on the size of these couplings, we will

implement the bound from B — K )y according to

A e
)1 + cen < ]Z:l 69 + e <129 (at90% C.L.), (3.20)
leading to the following bound on C%2:
—16.5 < 0% <292 (at90% C.L.). (3.21)

Since this constraint is more than an order of magnitude weaker than the bound in Eq. (3.14)
on the SU(2)-related coefficient Cy of b — sut ™, we will not consider it in our numerical

analysis.
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Figure 3.3: Loop contributions to B, — B, mixing in the case a). The crossed diagrams only
exist if @ is a real scalar. The case b) is obtained by the replacement & — Vg and U — P.

3.2.3 B, — B, Mixing

Contributions to B, — B, mixing arise from box diagrams mediated in models of class a) by
the scalar ® and the fermion W and in models of class b) by the scalar ®¢ and the fermion ¥
(see Fig. 3.3). If @ is a real scalar (or ¥ is a Majorana fermion), also the corresponding crossed
boxes have to be taken into account. Since the new particles only couple to left-handed SM

fermions, the effective Hamiltonian only involves one operator:
HEP = Cpp(5a7"Prba) (557" Prbg) (3.22)

where «v and [ are color indices. The NP contribution to the Wilson coefficient reads at the TeV

scale )
a .1
oy = LLG) ;’) > (xBnBE — Xp5M8s) F (Vo va)
1287m2my (3.23)
b) (FsFZ)Q M M '
C (xzanesF (xq,1q) + 2X5aMEEG (1, 20))

BB 12872m2,
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with the loop functions F' and (G defined in Appendix C.1 and ngz3, 77%[3 and x5, Xl‘g 5 given in
Tabs. 3.1, 3.2 and 3.3. For the representations C-I and A-1V, Eq. (3.23) agrees with the results
of Ref.[148] for the gluino-squark and the chargino-squark boxes.

To derive bounds on the Wilson coefficient C'z 5 at the bottom scale, we define the ratio

AM® (i)
s — |14 BB 3.24
Av T e ) 529

where in this case we compute the coefficients at the bottom scale p;, as

G2 M?2
Coglm) = ZWQWA?n(Mb,Nt)So(th) and  Cpp(m) = nlp, prev)Cpp, (3.25)

where \; = V% V}, is related to the CKM matrix, So(m?/m3,) = 2.46, and the n(j1, p2) encode
the running of the high scale 15 down to the lower one 1;. We perform the computation at the
fy scale since we can wirte 14y, prev) = 1(y, fe)1 (4, firrev) Which allows for a cancellation
of the running of the top to the bottom scale, giving

AMSCXP =1+ n(:ut::uTeV)CBB
AN GG,
Ag2 UV

(3.26)

thus we are only left with the running from the TeV to the top scale which can be computed at

leading order as

as(1TeV)

2/7
) =0.95 with 6 flavors. (3.27)
Qs (Nt)

1(pe; prrev) = (
Here for the SM prediction AM, SSM we use the results of Ref. [149], where they take into ac-
count the SM average from FLAG 2019 [48] for the hadronic matrix element f7 Bp, averaged
with the HPQCD collaboration computation of AMSM [150] and with another computation
using QCD sum rules [151]. With this value, we find
AMCXP

AMZM =0.98+£0.02, (3.28)

i.e. the experimental value A MP is below the SM prediction AMSM by a bit less than 1o. For
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Y

Figure 3.4: Loop contributions to b — s and the anomalous magnetic moment of the muon.

the bound on C'z5 we finally get

Cpp € [-0.6,0.2] x 107°TeV~? (at20),

(3.29)
Cpp € [-0.8,04] x 107°TeV > (at30).

Note that the SU(2), symmetry of the SM links the up-type couplings I, to the down-type cou-
plings through a CKM rotation. Therefore, non-vanishing couplings to up-quarks are generated

in our model, namely
', =V, I's+Vely and T, = V. I, + V,ly. (3.30)

These couplings control the size of the contributions to Dy — Dy mixing. The corresponding

coefficient C'p j is obtained from Cz5 by replacing I'y — I', and I'y, — T in Eq. (3.23).

Since a precise SM prediction for Dy — Dy is lacking, we constrain the NP contribution to
Cpp by the requirement that it does not generate a larger mass difference than the one measured
experimentally:

ICpp| < 2.7x107"TeV™? (at20),

(3.31)
ICpp| < 34x107"TeV™? (at3o).

To obtain these bounds, we used the recent results for the Dy — D, system in Ref. [152] and
lattice inputs from Ref. [153].
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324 b — sv

In our models, b — s is affected by NP contributions to the effective Hamiltonian

4GF
Hlg = — Vi Vi (C7O07 + C5Os) 3.32
off 3 eV (C707 + C50s) (3.32)
with the operators defined in 2.32 as
(& _ v - Js — v a a
07 = 1672 mbsa“ PRwaj, 08 = 167T2mb8a0u PRTaﬁbgle. (333)

While the operator O; generates the process b — s at tree-level, the operator Og contributes

via its QCD mixing into Oy.

In the cases a) and b) we find the Wilson coefficients

. | N A o LIy 1< =
ey = N2m2b X7 [U7F7 (yq) — mkx (?JQ)] ; cy = Nﬁng [X8F7 (ve) — xst% (yQ)} ‘
2 ®
(3.34)
and
FSF* o~ FSF* - =~
b = N2m2b X7 [777F7 (xq) — m k7 (-TQ)] ; Y = N2m2b "8 [X8F7 (rq) — XsF7 (mQ)} ,
2 v
(3.35)

where the loop functions are given in Appendix C.1, taking the value F,(1) = F(1) = 1/24 in
the limit of equal masses. For the SU(2)- and SU (3)-factors 17, 77, ns and x7, xs, Xs We refer
the reader to Tabs. 3.1, 3.2 and 3.3 as usual. As in the case of C’g , we identify 77, n; with the
charges of the new particles if they are SU (2) singlets. Our results of C; g for the representations
C-I and A-IV are in agreement with the ones of Refs.[154, 155] for the gluino-squark and the

chargino-squark contributions in Supersymmetry.

The most recent experimental result [45] and SM prediction [156, 157] for the branching
ratio of b — s+ are given by

Br(b — s7)*™ = (3.3240.15) x 107*,
Br(b— s7)™ = (3.36 £0.23) x 107*.

In order to implement the constraint from b — s on the NP coefficients C;, Cs (defined at the
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high scale uy = 1 TeV), we introduce the ratio 4

Br(b — s7)%®

Br(b = o) 1=—-287[C7;+0.19Cs] = (—0.7 £ 8.2) x 1072 ,(3.36)
T

Rb—>s'y

where the combination C'; + 0.19 Cy takes into account QCD effects [156, 157]. Adding the
statistical and the systematic experimental error in quadrature, and combining it linearly with

the theory error linearly, we find —0.17 < R, < 0.16 at the 2 o level, being equivalent to

IC; +0.19Cs| <0.06 (20). (3.37)

3.2.5 Anomalous Magnetic Moment of the Muon

The anomalous magnetic moment of the muon, a,, = (g—2),,/2, also receives a NP contribution

in our setup. Using the effective Hamiltonian (see for example [158])

e

Het = —a,—— (po™ w) F,, (3.38)
M4mu I
we find
a) mi’FuP ~
Aay) = 5 Xay | T, F7(ye) = e, F7(ye) |
o 8m2myg
9 19 (3.39)
b) m,LL’F)u'| ~
Aau = mxau [naﬂﬁ}(w) — ’I]aMF7(ZL‘g)i| )
The group factors 7),,,, 74, and x,,, are again given in Tabs. 3.1, 3.2 and 3.3. If the new particles
are SU(2) singlets, we have 7,, = g¢ and 1,, = qu, = —1 + ¢g for case a), and 7,, = qu
and 7,, = ¢, = —1 + gy for case b). Our result for Aa, has been cross-checked for the

representation A-IV by comparison with the chargino-squark and the neutralino-squark results
in Refs. [159, 160].

The experimental value of a;® = (116592091 & 54 4 33) x 10711 (where the first error
is statistical and the second systematic) is completely dominated by the Brookhaven experi-
ment E821 [161],but improvements by experiments at Fermilab [162] and J-PARC [163] (see
also [164]) are expected in the future. The SM prediction is given by [165, 166, 167, 168, 169,
170, 171, 172, 173, 174, 175, 176, 177, 178, 179, 180, 181, 182, 183, 184, 185, 186, 187,

*C- s in Egs. (3.34,3.35) are given in the same sign convention as C’?}}f in Refs. [156, 157], where C8M () =
—0.197 and C$M(pgr) = —0.098 at leading order in QCD.
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188]° aEM = (116591 821 +59) x 10~!!, where almost the entire uncertainty is due to hadronic
effects. The difference between the SM prediction and the experimental value,

Aa, = a®® — oM = (270 £ 85) x 107, (3.40)

2 T

amounts to a 2.7¢ deviation®.

The measurement of Rx by LHCD hints towards lepton-flavor universality violation. In
global fits to the full set of b — s/~ data this manifests itself as a preference for scenarios
with NP contributions |C§| < [C¥| [190, 191]. In our model this pattern transforms into
| < [T

presence of a non-zero I, the transition p — ey is generated in a similar manner as a,, and the

, and for simplicity we assume I'. = 0 in our phenomenological analysis. In the

measured branching ratio sets a constraint on the product I',,I';.

The decay ;. — ey is described by the effective Hamiltonian
Heg'™ = =Crumseymy(€0™ Prpt) Fry, (3.41)

from which the branching ratio is obtained according to

5

B _ m# 2
r(p—ey) = ETM|CM—>67| : (3.42)

where 7, denotes the life-time of the muon. In our models, the Wilson coefficient C),_, is

directly related to the NP contribution to the anomalous magnetic moment of the muon as

*
o _ eI
u—ey — 2 Tx
mg, F#

Aay,. (3.43)
The experimental upper limit [192] is currently given by

Br(p — ey)™ <42 x 1077, (3.44)

which translates into
m2|Chusey| < 3.9 %1071 (3.45)

SHere we do not take into account the very recent result of [189] where the value of the SM is compatible with
the experiment, since it carries another problems in EW precision observables.
®Less conservative estimates lead to discrepancies up to 3.6 &
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for the Wilson coefficient. The relation Eq. (3.43) between a,, and ;1 — ey then implies that
a solution of anomaly in a, requires a strong suppression of I'. with respect to I',,. Already a
minimal shift Aa, = 61x 10~ as needed to reduce the tension from 2.7¢ to 2.0, is consistent
with the bound from y — ey only for |T'./T,| < 2 x 107°.

3.2.6 Zuptu~ Coupling

Exchanging the photon in the diagrams of Fig. 3.4 with the Z boson, effective Z¢;q; and Zp "~
vertices are generated. Note that our model does not break the SU(2);, symmetry of the SM and
that the Z boson acts like a U(1), gauge boson in neutral-current processes in the absence of
SU (2)-breaking sources. For this reason the QED Ward identity holds for the NP corrections
to the Z¢;q; and Zptp~ vertices and it follows that the vertex correction and the fermionic field
renormalization for on-shell fermions cancel in the limit ¢> — 0 with ¢ being the momentum
carried by the (off-shell) Z boson’. This implies that the NP contribution exhibits a ¢*/m3,
suppression when the vertex is probed for ¢* < mé(‘y), rendering the Z-penguin contribution
irrelevant for B decays where ¢*> = O(m3). At LEP, however, the couplings of the Z boson
have been measured for ¢*> = M2 and the less severe suppression of the NP contribution at this
scale together with the high precision of the LEP data could lead to relevant constraints for the
model.

The LEP bounds are most important for the Z ;" 1~ coupling because this coupling has been
determined most accurately and, moreover, the corrections involve the coupling I',, which is re-
quired to be large to solve both the b — su*p~ and the a, anomalies. As mentioned above, the
Z boson behaves like a heavy photon in the Z penguin contribution and the corresponding for-
mula is thus related to the one of the photon penguin in Eq. (3.12). The correction proportional

to |T',,|? to the left-handed Zp 1~ coupling is given by

597 1 1 e e _
i (q®) = 5 ( 5 ) ——|Cul’xz |12 Fo(ye) — nzGo(ye) |,
9L 3272 \ 1 — 2s3, ) my (3.46)
(59?M 2 1 1 q2 .
= —— T, % F, — G

where 17, = 13+ 257 1,, and 71z = 73+ 257 7,,,. The group factors x 7, 13, 73 are again given in

"The correction to the self-energy of the Z boson does not cancel but involves the weak gauge coupling and
not the potentially large new couplings I'y 5 ;.
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Tabs. 3.1, 3.2 and 3.3, and we have introduced the abbreviation sy, = sin 0y, with 0y, being the
weak mixing angle. For the representation A.I in case a) (A.Il in case b)), our model generates
the same NP contribution to the Zu+ ™ coupling as the model considered in Ref. [63], and we
explicitly cross-checked our formulae Eq. (3.46) for this special case against the corresponding
formula in [63].

From the LEP measurement [193] g7 (m%) = —0.2689 4 0.0011 we infer the following
bound at the 20 level:

dg
o (m%)

<0.8% (20). (3.47)
gL,u

3.3 Phenomenological Analysis

The processes described in the previous section depend in our models on five independent free
parameters: the product of couplings I'I', and the absolute value of the coupling |I',|, as well
as the three masses my (), Magy(vey)s Ma,(v,). The decay b — sy and B, — B, mixing, both
exclusively related to the quark sector, are experimentally and theoretically very precise observ-
ables and thus set stringent constraints on the subspace spanned by I';I', and my &), Ma,(v,)-
In this section we will address the question whether these constraints still allow to choose |T',,|
and me,(w,) in such way that a solution of the anomalies in b — su 1~ and a,, is provided.
Since the loop functions that appear in the Wilson coefficients are smooth functions of the
squared mass ratios, the general phenomenological features can in a first approximation be
studied in the limit of equal masses my (o) = May(v,) = Ma,(v,), reducing the number of free
parameters from five to three. The corresponding analysis will be presented in Sec. 3.3.1. An
exception occurs if W is a Majorana fermion: In this case we encounter negative interference
between the loop functions F' and G in the coefficient C'zz which can be used to avoid or to
weaken the stringent bound from B, — B, mixing in a setup with unequal masses of the new

particles. This possibility will be discussed in Sec. 3.3.2.

3.3.1 Degenerate Masses: My s) = Ma,(v,) = M, (T,)

Under the assumption of equal masses my ) = Mo (vg) = Ma,(¥,), bOth setups a) and b) give
identical results for all Wilson coefficients and we can discuss them together. We will denote
the common mass as my in the following. As a benchmark point we will assume a mass of 1

TeV which is save with respect to direct LHC searches from Run I and current Run II data. The
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¢BE 1 17 111 v V. VI gex 11 i 1iv v vi
A 1(0) 1 % %55) % 1 A | 1(0) 1 % %ﬁ) % %
g 11 ! 1 111 % 55 E53 % 111 g 4 10 411 @ 5 E1 % %
S om s wp 080 Rl g

18 18 288 288 288 18 3 3 12 12 3 3

Table 3.4: Group factor for B, — B, mixing and C°* for the case equal masses. The number
in brackets are for the case of Majorana fermions or real scalars.

collider signature of our model is similar to the one of sbottom searches in the MSSM if the
fermion is not charged under QCD and electrically neutral. The corresponding mass limits at the
LHC with 13 TeV can reach up to 800 GeV from Atlas and CMS [194, 195]. Note further that
the limits strongly depend on the embedding of the set-up in a more complete theory and that the
bounds can be expected to be significantly weaker in our case since we assume approximately
degenerate my gy ~ Mg (Wg) R M, (1))

It turns out that B, — B, mixing imposes very stringent constraints in the (I'*T,, m.y )-plane.
This is caused by the fact that C'z 5 is positive and thus increases A My, pushing it even further

away from the experimental central value. At 20, we find

1 my

VfBB 1TeV ’

where the combinatorial factor gz = XpaIEE — ngnglg, tabulated in Tab. 3.4, can weaken
the bound at most by a factor 1/1/(£55)min =~ 2.3. The constraint heavily affects the photon

penguin contributions to C7 and Cy which depend on the same free parameters I':I', and my. In

DT, < 0.15 (3.48)

the most favorable representation, and allowing for hypercharges X € [—1,+1], we find these

contributions to be completely negligible:

1 TeV 1 TeV
107 +0.19C] < 0.018 ——~ |09 < 0.02 —" (3.49)
my my

As discussed in Sec. 3.2.3, the CKM-induced couplings I',, . (see Eq. (3.30)) lead to additional
constraints from D, — D, mixing. Since the impact of I'; entering through I, and I, from
Eq. (3.30) is suppressed by small CKM factors (O(A3) and O(\?), respectively), the constraint
from Dy — Dy mixing can be reduced in a scenario with |I';| > |T',|. The choice |I';] ~ 1 and

IT,| ~ 0.35 saturates the bound from B, — B, mixing on the product I'*T;, while it leads to
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Chapter 3. Left-Handed Scalars and Fermions at One Loop

a suppression by a factor |V,|*|Ts|* ~ 5 x 1072 of Cpp with respect to Cz5. The constraint
on Cpp given in Eq. (3.31) is then automatically fulfilled once the constraint on C'z5 from

Eq. (3.31) is imposed.

In the case of the box contribution to b — su*p~, the coupling I',, enters as an additional

free parameter, limited to values I', < O(1) in order to ensure perturbativity. The 20-bound

from B, — B, mixing constrains C§** = —CF to
bos 0% nop 1TeV
Ch] < 005~ [T, === (3.50)
with the group factors £5°% = yn — xMn™M given in Tab. 3.4. Considering the maximum value

of the ratio ££°¢/\/€55, namely 4,/2/11 ~ 1.7 for the representations C-I, C-II and D-I, D-II,

we find from Eq. (3.50) that a solution of the b — su™ .~ anomalies at the 20-level requires a

my
I',| > 2.1 . 3.51
| “| - \/ 1TeV ( )

Let us now turn to the anomalous magnetic moment of the muon. In the limit of equal masses,

rather large coupling

the NP contribution is given by

1TeV >
° > , (3.52)

Aa, = F(5.8x107%) &, |T,.? (

my
with £, = Xa, (1a,, — 7a,) in Tab. 3.5. The minus applies to case a) while the plus applies to
case b). In order to end up with a value for a, that falls within the experimental 2 o range, a
positive NP contribution Aa,, = 6.2 x 1077 is needed to have constructive interference with
the SM. This in turn implies the need for a negative (positive) group factor §,, for case a)
(b)), which can be accomplished for all representations by choosing an appropriate hypercharge
X € [—1,+1]. Selecting the representation C-II or C-V (C-I) and maximizing the effect in the
anomalous magnetic moment by setting X = 1 (X = —1), we find §,, = 16 (§,, = —24) and

that a,, can be brought into agreement with the experimental measurement at the 2o-level for

my

I, >26(2.1 .
Tl 2 2.6(2.1) 2

(3.53)

We see that both the tensions in b — su™p~ data and in the anomalous magnetic moment of

the muon, a,,, can be reduced below the 2 o level for NP masses at the TeV scale and a coupling
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£a I 11 111 v 1% VI

A 2Xx-1 2X 323X-1 1(6X+1) 2X 3X-1
B 6X-3 6X $X-3 2(6X+1) 6X 3$X-3
C | 16X—-8 16X 12X -8 12X +2 16X 12X -8
D 6X-3 6X 2X-3 36X+1) 6X $X-3

Table 3.5: Group factors for the various representations entering the anomalous magnetic mo-
ment of the muon.

IT",,| > 2.1. Inlight of this large value one might wonder, wether the LEP bounds on the Z it ji—

coupling discussed in Sec. 3.2.6 could become relevant. Evaluation of Eq. (3.46) gives

5 1TeV\?
gSLM“(m;) = —0.0006% &7 |T,|? ( ¢ ) , (3.54)

with £, = xz(1z/3 + nz) in case a) and £z = xz(nz/3 + 1z) in case b). For | X| < 1, the
group factor maximally reaches £ ~ 10 and the correction to the Zp ™~ vertex thus stays two
orders of magnitude below the experimental sensitivity at LEP (see Eq. (3.47)) for masses of

the new particle at the TeV scale.

In order to decide, whether a coupling I, of size |I',| > 2.1 is still viable, it is further
instructive to study the scale of the Landau pole of this coupling at the one-loop level. This
scale signals the break-down of the perturbative regime. Therefore, it provides an upper limit
on the UV cut-off beyond which the theory needs to be complemented with new degrees of
freedom if perturbativity shall be conserved. The Landau pole is obtained by evaluation of
the renormalization-group equations (RGEs), which were determined at two loop for Yukawa
couplings in a general quantum field theory e.g. in Refs. [196, 197, 144]. For Yukawa-like
couplings beyond the SM, the RGEs depend on the representations of the new particles under
the SM gauge group. We studied the issue of the Landau pole for our models by implementing
some of the possible scenarios in the public code SARAH [198] and found that the running is
dominated by O(I"2) corrections. For |I',| < 2.4, the respective terms in the RGE lead to a
Landau pole at > 10° TeV.

In the case of b — su ™, the requirement of a large coupling |I',| > 2.1 is a consequence
of the tight constraint from B, — B, mixing, and we will discuss in the following the possibility

to relax this constraint by considering non-degenerate masses for the new particles.
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Figure 3.5: The function H? (m% / mq,) entering C'z5 for the four Majorana representations
A-I, A-1V, C-I and C-IV. Note that representation C-IV only has a zero crossing for very small
values of mg,, /my outside the plot range.

3.3.2 Majorana Case with Non-degenerate Masses

In this section, we address the question whether the impact of the constraint from B, — B,
mixing can be reduced by considering a non-degenerate spectrum for the masses of the new
particles. In the model classes a) and b), the Wilson coefficient C»z for B, — B, mixing is

proportional to the function

HY (my,/me) = (Xsass — XsaMss)F Vo, va),
Hb)<m<I>Q/m\If) = XpaWeal (anxQ) + QXiggﬁggG(xQ,mQ)’ (3.55)

with yo = mg,,/mg and zq = mj /m3. Note that both loop functions F' and G have a
smooth behavior with respect to their arguments and never switch sign. Therefore, a reduc-
tion of the effect in B, — B, mixing by varying the mass ratio My, /Mg OF Mg, /My is only
possible through a (partial) cancellation between the /- and G-term in the function H. Such
a cancellation can only occur in the model class b) with the additional condition of W being
a Majorana fermion because in all other cases only one loop-function F' is present. Among
the various representations, only four permit the Majorana option: A-I, A-IV, C-I and C-IV. In
Fig. 3.5 we show the function H b)(mq>Q /my) for these four representations in the Majorana
case. Each of the curves has a zero-crossing, given by me, /my = 1, 0.11, 0.13 for A-I, A-IV

and C-1, respectively, while it lies outside the plotted range for C-1V.
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ICs|=1s |

|ru|:

Ma, /My

Figure 3.6: Allowed regions for the coupling strength to muon, bottom and strange quarks from
b — sutp~ data as a function of mg,/my for case A-Iin scenario b) with me, = my = 1 TeV.
Blue, red and yellow correspond to 1 o, 2 ¢ and 3 o, respectively.

Obviously, choosing a mass configuration that corresponds to the zero of of the function H
completely avoids any constraint from AF = 2 processes. Let us study the consequences for
the representation A-I where this situation occurs for mg = me o+ Note that the mass mg, of the
scalar @, has to be split from the one of the other two particles in order to get a non-vanishing
contribution to C§°*. Under the simplifying assumption |T',| = |I's| = |T',|, we show in Fig. 3.6
as a function of me,/my the generic coupling size needed to explain the b — s~ data. We
see that the larger space available in I'*T'y in the absence of the bound from B, — B, mixing,
allows to obtain a solution at the 2 o level for a generic coupling size of |[I',| = |[['s| = [T',| 2 1.6
for a mass splitting mq,/my 2 2 and my ~ 1TeV. The Majorana property of W constrains the

photon penguin contribution because it fixes gy = 0 and g, = —1/3, leading to

2
1Tev) . (3.56)

C; = —Cg = —0.005V;iVy (
my

For |y, |T's| < 3 and mg = 1TeV, we encounter values |C;| = |Cy| < 0.044, which are too

small to have a relevant impact.

In the case mg,/my < 1, a negative NP contribution to A M, is generated, as preferred by

current lattice data. An improvement in B, — B, mixing can be achieved simultaneously with
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a solution of the b — su™ i~ anomalies if a small mass splitting 0.98 < mg,/mg < 1.0 is
p g ~y Q

introduced.
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Chapter 4

General Scenario with New Scalars and

Fermions at One Loop

In the previous chapter we focused on solving the b — su ™~ anomalies with a simple exten-
sion of the SM containing three fields and left-handed couplings only. However, while Ry
is perfectly accomodated, the anomalous magnetic moment of the muon anomaly required very
large muon couplings since there are no chirality-changing sources which could enhance the
contribution to this observable.

Therefore, we extend in this chapter the analysis of Chapter 3 to include the possibility of
new sources of EW symmetry breaking within the NP sector. In doing so, we are giving the
possibility to have new fields coupling to the right-handed sector of the SM apart from left-
handed one. This new feature allows for an enhancement of the anomalous magnetic moment
of the muon and it can also fit at the same time b — su ™~ data. In fact, while before Moriond
2019 scenarios with left-handed current were in general preferred, now including right-handed
contributions (both in quark and leptonic sectors) can even give a good fit to data [28, 29, 30,
31, 32].

At the same time we generalise the model by considering an arbitrary number of BSM fields
from which we compute the contribution to some of the observables mentioned in 3. We use
these general formulae to test a UV complete example of such a setup with new scalars and
fermions couplings to left- and right-handed SM fermions is a model with a vector-like 4"
generation. With respect to Ref. [199, 200], also aiming at an explanation of the b — s/*(~
anomalies, we add not only a 4'" generation of leptons but also of quarks [201, 202, 203, 204]
to the SM.
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Figure 4.1: Box diagrams contributing to b — su* ™~ transitions. The diagram on the left is
generated in models in which the fermions couples only to SM quarks or only to SM leptons,
which corresponds to type a). The diagram on the right refers to models with scalars connecting
bto s and p to u, i.e. type b).

This chapter is organised as follows: In Sec. 4.1 we define our generic setup, in which new
scalars and fermions couple to SM quarks and leptons via Yukawa-like interactions. There, we
also provide completely general expressions for the formulae of the relevant Wilson coefficients.
We review the corresponding observables together with the current experimental situation in
Sec. 4.2. Our generic approach of Sec. 4.1 is then applied to a specific UV complete model in

Sec. 4.3, which contains a vector-like fourth generation of fermions and a neutral scalar.

4.1 Generic Setup and Wilson Coefficients

In this section we define our generic setup and calculate completely general one-loop expres-
sions for contributions to b — s processes and the anomalous magnetic moment of the muon.

As outlined in the introduction, in the spirit of the previous chapter, we add to the SM
particle content a NP sector with vector-like fermions ¥ 4 and new scalars ¢, such that b —
spt e~ transitions can be generated via box diagrams, as depicted in Fig. 4.1. In this respect, we
generalize the previous analysis by including in addition couplings of new particles to SU(2)
singlet SM fermions. Moreover, we do not impose limitations on the number of fields added to
the SM and allow for couplings of the new sector to the SM Higgs.

In order to generate box diagrams as the ones shown in Fig. 4.1 it is necessary that either
the scalars ®; x or the fermions ¥ 4 g couple both to quarks and leptons, corresponding to case
a) and b), respectively. This means that in diagrams of type a) the amplitudes (before using

any Fierz identities) have the structure (SI'0)(zI'w), while in type b) amplitudes of the form
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(al'b)(sT') are generated. Here, I denotes an arbitrary Dirac structure. Since semi-leptonic
operators are commonly given in the form (SI'b) ('), Fierz identities must be used in case b)
in order to transform the expressions to this standard basis. We give the relevant Fierz identities

in Appendix B.

The Yukawa-like couplings of new scalars ®,, and fermions W 4 to bottom/strange quarks
and muons can be parameterized completely generically (below the EW symmetry breaking

scale) by the Lagrangian

Line = U (LY Prb+ L5y Prs + LY Prp) @
+U 4 (R Prb + Ry Prs + Ry Prp) @ar| + hec. 4.1)

Here ¥ 4 and @, have to be understood as generic lists containing in principle an arbitrary num-
ber of fields, meaning that A and M also include implicitly SU(2) and color indices. There-
fore, the couplings L%4, and R%}, are generic matrices in (A-M) space with the restriction that
U(1)gym and SU(3) are respected.

In the same spirit as in Chap 3, this Lagrangian will not only affect b — syt pu~ transitions
but also unavoidably generate effects in B, — B, mixing, b — s7 decays, the anomalous mag-
netic moment of the muon a,, as well as Z couplings and decays to SM fermions. Furthermore,
b — svi processes and Dy — Dy mixing can give relevant constraints once SU(2) invariance at
the NP scale is imposed. Therefore, all these processes have to be taken into account in a com-
plete phenomenological analysis. In order to perform such an analysis, the Wilson coefficients
of the relevant effective Hamiltonian must be known. We will calculate them in the following
subsections. Contrary to the previous Chapter, we compute the experimental bounds in another

section since formulae are now more involved.

"Here we only consider coupling to muons in order to explain the anomalies in b — s¢T/~. The reason for
this is that in our setup sizable couplings to electrons would in general generate effects in ;. — ey, which would
contradict experimental bounds [192] by orders of magnitude.
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b — sll type a) b — stl type b)

SU(3) U, Up By Oy |V, Uy &y O] ©
I 3 1 1 11 1 3 1]1
1 1 3 3 3/3 3 1 3|1
I 3 8§ 8 8|8 8 3 8 |43
v 8 3 3 3013 3 8 3 |43
Y 3 3 3 3|3 3 3 3|2

Table 4.1: Table of the possible SU(3) representations that can give an effect in b — s¢*¢~
or b — svv transitions via box diagrams. x denotes the resulting group factor appearing in
Egs. (4.4)-(4.8) which also enters in b — svv transitions.

411 b — spuTp~ and b — s~ Transitions

The dimension-6 operators governing b — syt p~ and b — s+ transitions are contained in the

effective Hamiltonian:

4GF
eff \/§ tb Vs ; ( ( )
where we focus only in the muon sector

O: = ——my50™ PrbF, Os = —L 5,0 PrTbsGe

o Q@
Oy = %:(5%13&) (1" ) O10 = %(%PL@ (By"yspe)

! e
Os = %@PRb)(ﬂM) ) Op = %(EPRb)(ﬂ%u) ;

a = = _uv
Or = %(sawb)(ua“ Pru), 4.3)

with e being the electron charge, agy the fine structure constant and g, the SU(3) gauge cou-
pling. The primed operators are obtained by interchanging L and R. NP contributions from box
diagrams will generate effects in C’ét)w, C g )P and Og), while on-shell photon (gluon) penguins

generate C’é'()g) and C’é/), and Z-penguins C’éf)lo.

The box diagrams in Fig. 4.1, result in the following Wilson coefficients (here and in the

remainder of the section, an implicit sum over all NP particles, i.e. A, B, M, N, is understood):

S b
box,a) __ XL N L P .
G = N oo R o) F(wase, wmas, oar)
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C,box7 b)

box, a)
Cho

box, b)
C(10

C,box7 a)

Cbox, b)

box, a)
C’P

box, b)
Cp

C;OX, b) _ NX

Cosr = Cosr (L R) Clop =—Ciop (L < R)

167raEMm¢,

XLy LY *
—Li L NF(xan, Tem, TN
327TozEMm<2DM NTBN

my, My
m A B
R RBN—2 G(xAMaxBMaxNM) )
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4.4)

* b
ANLAM

2
327raEMm<I,M

X lan Lo LhN Ly F (2 an, @ TNM)
327TO(EMTTL2 ANY~BN MyLBMy L NM
D

(L Lsy — Ry Ren] F(xan, Tem, TNu) »

+RE R AT g ) | (45)

e

XLi{kNR?é}M * * my My
RM* M + L RM A B (3}
167TaEMm<21> [ BMYBN BM BN] —m?bM

XL5iy Ry

(CUAM, TBM, 33NM) )
R LBNF($AM,$BM,$NM)

. My ,m
+LZNR%N%G<ZUAM7 Tpm,TNM)| (4.6)

mg,,

XL R . . My .My
167TaEMm2 [R%ML%N - L%MR%N] —Ag z G(JfAM, IBM, xNM) )

Dar Y
XL R,

RENLENF
167TaEMmq) BN (xAM7 TBM, xNM)

m
— L RBNZ—\I,BG(tTAMa Tem,TNM) |, 4.7

Mg,

RAMLANRBN my,Myg
16 3 G(»’UAM, TBM, 37NM) )
W@EMmq) m(DM

(4.8)

4.9)
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SUB) | Vs Py | Xy Xg Xg
| 3 1 1 1 0
II 1 3 1 0 1
111 3 8 | 4/3 -1/6 32
v 8 3 | 4/3 312 -1/6
A 3 3 2 -1 1

Table 4.2: Table of the different SU(3) representations that can give non-zero effects via
photon- and gluon-penguin diagrams to b — su™p~ transitions. y., denotes the resulting group
factor for the former contribution, while , and X, represent the resulting group factors for the
latter.

where we have defined

vam = (M, /maey )’ wpy = (mug/may)?,  ovu = (May/ma,,)?,  (4.10)

and 40

N7t = TQFv;bv;;- (4.11)
In the equations above, the labels A, B, M and N denote the particle (in case of several repre-
sentations) and also include SU(2) components, while the sum over SU (3) indices is encoded

in the group factors x. The dimensionless loop functions F' and G are defined in Appendix C.1.

Such box contributions are only possible if both color and electric charge are conserved.
While the Wilson coefficients of b — s¢¢ operators are insensitive to the electric charge of the
particle in the box, concerning SU (3), the different possible representations of the new particles
lead to distinct group factors y in Egs. (4.4)-(4.8). These group factors are different for type a)
and b) and are given for all the possible representations in Tab. 4.1. Furthermore, crossed box
diagrams can be constructed in some particular cases. We give the corresponding expressions
for such in Appendix C.2.1 for the real scalar (or Majorana fermion) case and in Appendix C.3

for the crossed diagrams arising with complex scalars.

On-shell photon penguins diagrams in Fig. 4.2 affect Cé') while off-shell ones enter Cy ),

I -
C, = N 2AM [ M (Q@MF7 (wam) — Qu, Fr (xAM))

2m¢M

4m\1,A

(@G (wanr) = Qu, G (a:AM))} L @12)

My
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b(p) Wy s (1)

Figure 4.2: Photon-penguin diagrams contributing to b — sy transitions and a,,.

Ls* Lb . .
Cqy = N %_Agm Qo Fo(wan) — Qu,Go(zan)| (4.13)
Das
Cl = C;(L+ R), Cy =Cq (L« R), (4.14)

where my, is the b quark mass. ()g,, and )y, are the electric charges of the NP fields ®,, and
W 4, respectively. The conservation of electric charge imposes that Qg,, + Qv , = Q4 = —1/3.
The color factors x.,, which depend on the SU(3) representations of the new particles in the
loop, are given in Tab. 4.2. The loop functions are defined in Appendix C.1. Note that the terms
proportional to ]57, é7 and fg in Egs. (4.12)-(4.14) stem from the diagram where the photon
couples to the scalar ®,,, while the terms proportional to F», G7 and Gy stem from the diagram

where the photon couples to the fermion W 4.
Similarly, the gluon-penguin generates

Lt L~ )
Cy = N% [LilM (XgF7 (Tanm) — XgF7 (UEAM)>
Mg,

4dm ~ 5
+R mjA <XgG7 (wan) — XoG (SCAM))] , (4.15)

C, = Cs(L+ R), (4.16)

where the color factors x, and Y, for the different possible SU(3) representations are given in
Tab. 4.2.

The contribution of Z-penguins to C’éf)w is given in Sec. 4.1.6 together with a discussion of

Z decays.
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41.2 b — svv

As stated at the beginning of this section, b — sv, 1, processes have to be taken into account

once SU(2) invariance at the NP scale is imposed. This implies that, in the generic description

in Eq. (4.1), one has to replace the left-handed muon fields with neutrinos. The box diagrams

generating b — sv, v/, are therefore obtained from Fig. 4.1 by replacing muons with neutrinos.
The effective Hamiltonian describing this process reads (following the conventions of Ref. [146]

as in the previous chapter)

y 4G
Ml = =5 VViz (CLOL+CrOn) +hie. @17
where
OEM _ _
Ormy = =[5 Poamyl[Zun (1 =7°) ] - 4.18)
The resulting Wilson coefficients are:
. 5% Lb LM* LN
CL) — _nXzAnTam Béw ENF(xans Ty, T
32mapmmy,,,
5% Lb LM* L#
C’? = NX l;,]; AM AQN BN [(2 p0r, Tar, Tar) (4.19)
7TOCEM7TL(I,M
. Rs* Rb LM* LM
CR) — _NX /g\é AM B2M BNF(ZL“AM,$BM,ZL‘NM)a
7TO£EMmq)M

S* b 1% 14
XRENBAn LanLpy My mu g G 4.20
) P) (xAMaxBM7xNM)7 ( . )
32mapmmy,,, mg,,

Cr

where the normalization factor A/ has been introduced in Eq. (4.11), and the loop functions
F(z,y,z) and G(z,y, z) are defined in Appendix C.1. The colour factor y is the same as for

b — st p~ transitions and is given in Tab. 4.1 for the different representations.

413 AB = AS = 2 Processes

The presence of ", and R}, implies NP contributions to the B, — B, mixing which, using

the conventions of Refs. [205, 206], is governed by

5 3
HEP =C) 0;+C> Oi+he., (4.21)
i=1 =1
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b Py s b Wy s
—_— — > — > > ; | >
| |
Wy Up Oy + + Oy
| |
—_—wL - <« - < < ' L <
s Py b s ¥y b

Figure 4.3: Box diagrams contributing to B, — B, mixing. Both diagrams arise independently
of the nature of the mediator involved in b — su ™y~ transitions.

SUB)| Va4 Yy @y Py | xBB XBB
I 3 3 1 1 1 0
II 1 1 3 3 0 1
III 3 3 8 8 1736 7/12
v 8 8 3 3 7712 1/36
\" 3 3 (1,8 @&,1) | -1/6 172
VI (1,8 @&, 3 3 172 -1/6
VII 3 3 3 3 1 1

Table 4.3: Table of the different SU(3) representations that can give a non-zero effect via box
diagrams to B, — B, mixing. xpp and X pp denote the resulting group factors.

with
= (5a7"PLba) (357" Prbs), O = (507" Prba) (557" Prbs)
= (SaPLba) (SﬁprB) Oy = (5aPrba) (55Prbs) ,
= (5a PLbﬁ) (5sPLba) O3 = (5aPrbs) (55 Prba) (4.22)
(94—(3 ba) (55 PRbﬁ),
= (s PLb,B)( S3Prba) -
The box diagrams contributing to these above operators are shown in Fig. 4.3. Using the
Lagrangian from Eq. (4.1), one obtains the following results for the coefficients:
RN /N DL - oL
Ci = (xpp+ Xpp) 22N BUBR P an, Ty, T (4.23)
12872 mq>M
R Lb RS* Lb
Cy = XxBB AM_BM BN mqlAZm\IJB G(xam, By, TNu)

64m2m3

mq)M
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S b S% b
- RYNLyyREy Ly me,mu, e

Cs = Xsm 64722 2 (Tar, TBM, TN ) (4.25)
Dar Dar
R G LY L5 RY g . m
Cy = XxsBB AN?)QANQI §M B \I/AQ \IJBG(xAMaxBMaxNM)
Mg, Mg,
_ Sk Rb 5% Lb
—XBB AN32égm§M B F(x ant, tpas, o) (4.26)
S
RS Lb LS RS mg  m
Cs = XsB ANB;AQ §M By \IIAQ \PBG(HCAMJBM,QUNM)
Sk Rb 5% Lb
—XBB AN32;A§m§M EX F(wan, wars o) (4.27)
Dyr
017273 = 017273 (L(—)R) (428)

The loop functions F'(z,y, z) and G(z, y, z) are defined in Appendix C.1 and the colour factors
xsp and xpp are given in Tab. 4.3 for the different allowed representations. Again, in the
presence of Majorana fermions or real scalars crossed diagrams can be constructed and the

resulting expressions are given in Appendix C.2.2.

414 D, — D, Mixing

NP contributions to the Dy — D, mixing can be obtained in complete generality (at the low scale)
from Egs. (4.23)-(4.28) by making the substitutions s — u, b — ¢, introducing couplings L'y},

and R}y, of new scalars and fermions to up-quarks in straightforward extension of Eq. (4.1).

In the context a UV complete model, SU(2) invariance imposes at the high scale that cou-
plings to left-handed up-type quarks are related to the couplings to left-handed down-type
quarks via CKM rotations. Therefore, working in the down-basis, the “minimal” effect gen-
erated in Dy — Dy is induced by the couplings

Lg}M = Vu* LfAM + u*bLIjélM’ LilM = ‘/Z;LSAM + VCZLZM' (4.29)

S
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SUB) | Ya Py | Xa,
I 1 1 1
m 133 33| 3
I 8 8 8

Table 4.4: Table of the different SU(3) representations that can give a non-zero effect to a,,.
Xa, denotes the resulting group factor.

4.1.5 Anomalous Magnetic Moment of the Muon

The anomalous magnetic moment of the muon (a,, = (¢—2),,/2) and its electric dipole moments

(d,,) we find from the diagrams in Fig. 4.2

2

Xa,, * * jod
Aa, = # [(LZMLZM + R Rany) <Q<I>MF7 (wanr) — QuFr (xAM)> (4.30)
D
* * 2m -~
+ (LA Ry + Riy L) —2 <Q<I>MG7 (ranm) — Qu, Gy (@uw))} ,
o
Xaum * * ~
dy S—ng? e (Lo Ran — R Lar) <Q<I>MG7 (ram) — Qu, Gy (MM)) , (4.31)
M

where m,, is the muon mass, x,, is the colour factor given in Table 4.4, and Q3,, and Qg ,
are the electric charges of the NP fields ®,, and W 4, respectively. Analogously to photon-
penguin contributions to b — s transitions, the conservation of electric charge imposes that
Qs,, + Qu, = Q, = —1. Finally, the loop functions F7(z), Fr(z), G7(z) and G (z) are
defined in Appendix C.1.

4.1.6 Modified Z Couplings

Here, we study the effects of our new particles on modified Z couplings, i.e. on Z iy, Zbb, Z3s
and Z3b couplings, both for off- and on-shell Z bosons”. We define the form-factors governing
Z f f interactions as [208]

— f—; A gt (@) Pr+ gk’ (%) PR] fZ,+he., (4.32)

2Expressions for Z couplings in generic gauge theories can be found in Ref. [207].
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where [ = {b,s, u}, go is the SU(2) gauge coupling, 0y the Weinberg angle and ¢ is the Z

momentum. Moreover,
91 (6%) = 93677 + Agl ey () (4.33)

with g?M = (T — Qys?,) and g3t = —Qysiy being the Z couplings to SM fermions at tree-
level. The relevant Feynman diagrams are shown in Fig. 4.4. We write the coupling of the Z

boson to the new scalars and fermions as

_ <~
L7 =-27, (\Iw (9% Pu+ g4 Pr| Wi + gl @] 0" <I>N) +he, (434
w

<~
where we have introduced the notation a0*b = a(9*b) — (0*a)b, and with generic couplings
g™ and ¢%, which can only be determined in a UV complete model in which also the
couplings of the new particles to the SM Higgs are known. Using the generic Lagrangian from

Eq. (4.1), one obtains the following results for the coefficients

I fx
Agff(cf) _ Xz LBN2LAM
327
my , My
[2 gj};tsMN#GZ(IEAM, ﬂUBM) - g;I;é%(sMNFZ(IAMa TBM, mq>M)
Spr

1
+9yin0asHz(xan, xan,mu,) — = (97 + g5M)0andunIz(zan, ma,,)
f f1,

2
UL My, My, ~ QQ\I}’R(SMNN
+ ¢ | g5 oun—2—LGz(var, M) — = 2B 2 Fy(van, 2u)
mg,, 3 mg,,

162 Oap ~

— PP s wan) ) | (4.35)
3 my,

Agh'(@®) = Agl(¢) (L R), (4.36)

where the loop functions are defined in Appendix C.1, and the colour factor xz = x, for
[, f" = b,s (see Table 4.2) and xz = x,, (see Table 4.4) for f = ;. Here we have set the
masses and momenta of the external fermions to 0 and expanded up to first order in ¢ over the
NP scale. If one is considering data from Z decays, Eq. (4.35) has to be evaluated to ¢* = m?%

while for processes with an off-shell Z (like b — s¢*¢~) one has to set ¢> = 0.

Note that in the absence of EW symmetry breaking in the NP sector, the contribution of

the self-energies cancel the one of the genuine vertex correction and Eq. (4.35) vanishes for
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VMK e

N fi

Figure 4.4: Feynman diagrams modifying the Z f; f; vertex with f; = s, b, .

¢* = 0. Therefore, as noted above, gi’é, gjf? and g3,y are only meaningful after EW symmetry
breaking and it is not possible to relate them purely to SU(2) x U(1) quantum numbers. In a
specific UV model with a known pattern of EW symmetry breaking, rotation matrices can be
used to relate the couplings before and after the breaking. Consequently, the cancellation of
UV divergences (present in some of the loop functions in Eq. (4.35)) is only manifest after
summation over SU (2) indices, due to a GIM-like cancellation originating from the unitarity of

the rotation matrices. We will give a concrete example of this in Sec. 4.3.

The form-factors in Eq. (4.32) includes Z5b couplings generating contributions to C’éf)lo

2
c? — N—TI b (2= 0) (1 —4s2) 437
9 CYEMCIQ/VTHQZgL(R)(q ) ( SW) ( )
CF = N—TT (= 0) (438)
10 OéEMC%VWQZ L) . .

Note that these contributions are lepton flavor universal and therefore cannot account for Ry
and Rg~. However, a mixture of lepton flavor universal and violating contributions is phe-
nomenologically interesting [27], especially in the light of the recent Belle and LHCb measure-
ments [28]. In a similar fashion, Z5b couplings will also generate the following contributions

to b — svv contained in Cr(p)
Clp = N—TT 9im(d* =0) (4.39)
L(R) appczym%”HH

Finally, if SU(2) invariance at the NP scale is imposed, the new scalars and fermions couple also
the neutrinos. Hence, contributions to Z — v and W — pv will arise as well. Concerning

Z — v, g,,(¢* = m%) can be straightforwardly extracted from Eq. (4.35) by appropriate
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Chapter 4. General Scenario with New Scalars and Fermions at One Loop

replacements and the same is true concerning W pv couplings.

4.2 Experimental Constraints on Wilson Coefficients

In this section we review the experimental situation and the resulting constraints on the Wilson

coefficients calculated in the previous section.

4.2.1 b — s Transitions

The semileptonic operators (95(;7)10, ngp and (9%’, together with magnetic operators (95’), con-
tribute to a plethora of b — s¢*¢~ observables. The corresponding measurements include total
branching ratios of B, — ¢*/~ [45], of the exclusive decays B — K*v [45], B — ¢ [209],
the inclusive decay B — X, [45], the angular analyses of B — K®¢te— 19,210, 16, 41, 211,
212, 213] (proposed in Refs. [214, 43, 42]) and By, — ¢ ¢~ [17], and also the ratios Ry [11]
and Ry~ [10, 18] measuring LFUV.

First of all, the contributions of scalar operators are helicity-enhanced in the B, — pu* ™

branching ratio with respect to the Oy, contribution of the SM. This results in the bound [46]

Br(B, —» prp)>® |, Cio—Clo my,  Cp—Cp|
Br(B, — ptp—)sM B M 2m,(my +ms)  C3!
2

2 2 _ 4m?2 —C!
mi, (mp, — 4m,) ‘OS Os|" 1 = 013+ 0.20 (440)

SM
Cio

4mi(mb +my)?

which excludes sizable contributions to scalar operators (unless there is a purely scalar quark

current) and leads to
ICYp S0.03 (20), (4.41)

from the updated one-parameter fit of Ref. [215]. Therefore, we neglect the effects of scalar

operators in semi-leptonic B since they anyway cannot explain the corresponding anomalies.

Moreover, the inclusive b — sy decay strongly constrains the magnetic operators. From [156,
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157], in the limit of vanishing 04783, we have

Br(b — s7v)®

Br(b = 57)™ 1=—287[C; +0.19Cs] = (—0.7£8.2) x 1072, (4.42)

leading to, as in Chap. 3,
|C7 +0.19Cs] £ 0.06 (20). (4.43)

Here, we used C7g at a matching scale of 1 TeV as input. Again, these constraints are so

stringent that the effect of C7 g on the flavor anomalies can be mostly neglected.

On the other hand, vector operators can explain the b — s¢™¢~ anomalies. We therefore
refer to global fits to constrain C’éf)lo, where all the relevant observables have been taken into
account [19, 20, 21, 22, 23, 24, 25, 26]. The results of the most recent fits find at the 2 o level

—1.46 < OJF < —0.78, —0.09 < C)F < 0.57,
—0.39 < Cj) < 1.45, —0.55 < (', < 041,

according to Ref. [28] (which is compatible with Refs. [29, 30, 31, 32]).

As explained in Sec. 4.1.2, SU(2) invariance implies the presence of contributions to B —
K®up decays as well. Since there is no experimental way to distinguish different neutrino
flavors in these decays, one measures the total branching ratio which we normalize to its SM

prediction [146]:

s BrP(B— KWup)  2(CM)? + (C3M 4+ Cp)? — k (CPM + Cp)Cr + C}
KO BB —» KOwp) 3(CPM)? '

(4.44)
In the case of a K in the final state one has k = —2, while for the K* one gets x = 1.34(4) [146].
The current experimental limits at 90% C.L. are [147]

RY < 3.9, RY. <27 (4.45)

*Note that C7 ¢ are less constrained since they do not interfere with the SM. For a more detailed analysis
including primed operators see e.g. Ref. [216].
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4.2.2 Neutral Meson Mixing

The experimental constraint on the Wilson coefficients in Egs. (4.23)-(4.28) comes from the
mass difference AM, of neutral B, mesons, see e.g. Ref. [205] (in the case of real Wilson
coefficients). To compare our results with experiments we make a slight different approach
compared to the previous chapter provided that now we are using not just the V' — A left-
handed operator but the whole basis including right-handed couplings. The comparison with
the experimental value is very similar but now one has to take into account the new Wilson

coefficient such as

AMZP i (Lo, forr) - i (L, forr)
i — 1+ZR )t 5 (C;+G5) + ZR )t oG

i,j=1
0.8(Cy 4 Cy) = 1.9(Cy + Co) +0.5(Cs + C5) +5.2C4 + 1.9C5
CSM(Mb)

i,j=4

= |1+

(4.46)

where R; (1) is related to the matrix element of the operators Q; in Eq. (4.22) at the scale
by the relation

<‘?S|QZ(Mb)|BS>
(Bs|Q1 ()| Bs) .

The coefficients C; and @ are the ones in Egs. (4.23)-(4.28), computed at the NP scale ;. The

matrix in operator space 7;; (4, ftzr) encodes the QCD evolution from the high scale /i to 1,

Ri(w) = (4.47)

which we calculated numerically for a reference scale 1y = 1 TeV [217]. The matrix elements
in Eqs. (4.46)-(4.47) have been computed by a Ny = 241 lattice simulation [218], which found
values consistent with the Ny = 2 calculation [153], the recent HPQCD computation [150] and
the recent sum rules results [151]. It is worth mentioning that FLAG 2019 [48] only provides
a lattice average for (B,|Q1 ()| Bs), which is however dominated by the N; = 2 + 1 results
from Ref. [218]. Therefore, we decided to employ the results from Ref. [218] in Egs. (4.46)-

G2 M,
(4.47). The SM value for the Wilson coefficient is CF™ (p,) = o W21 (i, my ) So () =~
7.2 x 1071 GeV 2.
The experimental constraint therefore reads
AMBXP
AMSM =0.91+0.08, (4.48)

computed with the values from Ref. [218] for (B,|Q1(113)| Bs). This value shows a slight tension
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with the SM as first outlined in Refs. [219, 220]. The tension would be reduced if one considered
the results for the matrix element from Ref. [151]: however, in this case one should rely on a
separate computation for the decay constant, while in Ref. [218] both quantities are computed

together.

Analogously to the B, system, Dy — D, mixing is constrained by the mass difference of

neutral Dy mesons [152]:
AMpP = (0.637935) x 107" MeV . (4.49)

Unfortunately, a precise SM prediction is still lacking in this sector but one can constrain the

NP contribution by assuming that not more than the total mass difference is generated by it.

4.2.3 Anomalous Magnetic Moment of the Muon

From the experimental side, this quantity has been already measured quite precisely [221], but
as stated in the previous chapter further improvements by experiments at Fermilab [162] and
J-PARC [163] (see also [164]) are expected in the future. On the theory side, the SM prediction
has been improved continuously. The current tension between the two determinations accounts
to

Aay, = a5 — a)M ~ 270(85) x 1071 (4.50)

p= Ay

4.2.4 Z Decays

The main experimental measurements of Z couplings have been performed at LEP [193] (at the
Z pole).

95" = —0.03817(47) , 92" =—0.50111(35),
gl = —0.0367(23) gy " = —0.50120(54) , (4.51)
g7 P = —0.0366(10) ga~" = —0.50204(64) ,

where gy (1) = gL & gg.
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4.3 4 Generation Model

In this section we propose a model with a vector-like 4'" generation of fermions and a new
complex scalar. This will also allow us to apply and illustrate the generic findings of the previous

section to a UV complete model and study the effects in b — s¢*¢~ data and a,,.

4.3.1 Lagrangian

The Lagrangian for our 4" generation model is obtained from the SM one by adding a 4"

vector-like generation [199, 200] and a neutral scalar

L' = " (ChW,Prg;+ TPl + T, Pru; + T Wy Ppd; + TR, Pre;) @ + hec.

+ (Agxilqpcﬁ\pu + ART, PohWy + Ag@gpchlﬂe) +hee
C=L,R

+ Y MpUpUp+ khThO1® + mgdie, (4.52)
F=q,lu,d,e

where ¢ is a family index and A the SM Higgs doublet. The charge assignments for the new

vector-like fermions W = W + W with P, ¥ = W,  and the new scalar ® are

SU®3) SUQ) U(1) U (1)
v, 3 2 1/6  Z
v, 3 1 2/3 Z
v, 3 1 -1/3 Z . (4.53)
U, 1 2 —1/2 Z
U, 1 1 -1z
i) 1 1 0 -z

The SM fermions have the same SU(3) x SU(2) x U(1) charge assignments of the relative NP
fermion partner, and the higgs transforms as a (1, 2, 1/2). Here we assigned to the new particles
also charges under a new U(1) group in order to forbid mixing with the SM particles, giving

a similar effect as R-parity in the MSSM*. From Table 4.53 we see that concerning SU (3) we

“We did not assume a Z, symmetry because this would allow the scalar ® to be real and lead to crossed boxes
in b — sfT¢~, canceling the desired effect there.
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are dealing with cases I of our generic analysis in Tables 4.1-4.4. In particular, concerning

b — s, this model would generate diagrams of type a) in Fig. 4.1.

After EW symmetry breaking, mass matrices for the new fermions are generated
_ T _ T
[P AN ISV AW A I B I VN CH G
e \Iju \Du \Dd lIJd
Uy ) v
+< @“ ) MyP; ( \Ij“ ) +he., (4.54)

where My p g are non-diagonal mass matrices

Mpgy = (Mo VIR [ M Va0 (4.55)
PO V2D My P\ vaee ' '

Here the subscripts 1 and 2 denote the SU(2) component of the doublet. We diagonalize these

mass matrices by performing the field redefinitions

g g
PL( q,1 ) — W[({]L\IJ?L ; PL( ‘1;],2 > N WI?]L\I/JDL , + L—>R
I d J

u

Wy

PLU, — UM PL< ) — Whrehr . 4+ LR (4.56)
I

e

leading to
(WHIMeWER) 1y = mp, 67y,  with F=U,D,E. (4.57)

Therefore, after EW symmetry breaking we have the mass eigenstates \IIIUL e \I/?L o \IffL  and
ULk with I = {1,2}. In particular, ¥ """ and U}"" (U7"" and UNER) are SU(3) triplets
(singlets) with the same electric charges as up-type and down-type quarks (charged-leptons and

neutrinos), respectively.

The rotations introduced at Eq. (4.56) lead to the following Lagrangian for the interactions

in the broken phase

L = (L$9PPrd; + LY VY Pre; + REWP Prd; + Ry WY Pre;) @
+ (L?i\II?PLUi + LN Pry; + R}”\T!IUPRUZ-) ® + h.c. (4.58)
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which resembles Eq. (4.1) for the special case of our 4th generation model. Thus identify

J

R?Z — F(IiiWQD[L* ’ R? — FZWf[L* 7 R’lII«z — Fiwg]f ) (459)

d; _ L Dgr* e; __ L ERr* Uy L * Ur* vi L
Ly = TyWit Ly =TgWit, Ly =T,/ ViWiT L" =Ty,

Here we worked in the down-basis for the SM quarks which means that CKM matrices V;
appear in vertices involving up-type quarks. The first two columns of the above Lagrangian
involves couplings with down-type quarks and charged leptons and can be directly matched on
the Lagrangian in Eq. (4.1) for the case of only one scalar, i.e. ), = ® and ¥4 = {¥P UF}.
The presence of L}’ (L") resembles the fact, mentioned in Sec. 4.1, that left-handed couplings
to down-quarks (leptons) lead via SU(2) to couplings to left-handed up-quarks (neutrinos). In
addition couplings to right-handed up-quarks R}’ appear in our model which are however not

relevant for our phenomenology.

4.3.2 Wilson Coefficients

With these conventions we can now easily derive the Wilson coefficients within our model
which can be directly obtained from the results of Sec. 4.1. In order to simplify the expressions,
we will assume Mg = My = mp and M}, = M. = mg and only take into account couplings
to b, s and p in Eq. (4.52):

{Tr,ry e T8 Tf T}, (4.60)

Concerning SU (2) breaking effects the couplings A7’ ; and A7 ; related to the down and charged
leptons sector, respectively, can be relevant. However, concerning AE’  recall that from Sec-
tion 4.2.1 that experimental data suggests very small values for C's p and C7g. In our model
this can be achieved by assuming AP , = 0°. In this limit the mass matrix M” in Eq. (4.55) is
diagonal and the corresponding rotation matrices WP=®) in Eq. (4.57) are equal to the identity,
which implies

Cs.p o< L5 RY o« WEFWDEE = 84004 = 0. (4.61)

With this setup, we obtain the following non-vanishing couplings in the quark sector of the

Note that the effect in scalar and magnetic operators can also be suppressed if 'Y, = 0 or very small. However,
we decided to focus on option with )\ﬁ g being very small.
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Lagrangian in Eq. (4.58):

Li = FsL? L?:FbL7 RSZFsRa Rg:rl??

with

r'‘“=LiLy, TR=RIRY,  app =

The expressions of Wilson coefficients for b — s processes simplify to:

o b — syt~ and b — s (see Egs. (4.4)-(4.16))

FL
Cbox - _ FL 2 FR 2 F
9 N327TOJEMmé, (’ ,u‘ + ’ ,u| ) (mDvxE) )
C«box — NL (|FL‘2 o |FR|2) F(ZBD $E)
10 BQWQEMm% " " ’ ’
rt - rt rt
Cg = NGméGg(xD)’ C7ZN6m?I>F7(ZL‘D) s 08: —N2m?1>F7(ZL‘D) s
o = O (LR, Ol = —C (Lo R)
Céw = Cg (L < R) s 04,8 = C778 (L < R) .
o b — svv (see Egs. (4.19)-(4.20))
FL|FL|2 FR|FL|2
Cp=-N—"»>" _F Cp=— ©_F .
L NBQWQEMmé <$D’ xE) ’ R N327TOCEM7TL?{, (l.D’ :UE)
e B, — B, (see Eqgs. (4.23)-(4.28))
‘FLP TLTR - ’FR’2
C =1 Cy=—— F C=— 1 _F
1= Tograp Fen) O = —gomra Flan), Cr=oem e Flan),

(4.62)

(4.63)

(4.64)

(4.65)

(4.66)

(4.67)
(4.68)

(4.69)

(4.70)

where the (simplified) loop function are defined in Appendix C.1. In addition there are contri-

butions to the C} analogue in D° — D° mixing obtained by substituting L — L$ and L3 — LY

within T2,

In the charged-lepton sector SU(2) breaking effects (encoded in )\ﬁ ) can give a sizable
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Chapter 4. General Scenario with New Scalars and Fermions at One Loop

chiral enhancement of the NP effect in a,, (see Eq. (4.30)) such that the long-standing anomaly

in this channel can be addressed. In general one can parametrize the rotation matrices as

WA — (cos(@LvR) —sin(QL,R)) 7 471)

sin(0p.r) cos(OL.r)

leading to

LY = Tlcosfy, Ly =—T}sinfy, L' =T},

R = Tlsinfr, Ry =Tl cosbg. (4.72)
In our analysis we will consider a simplified setup with \E = —\F = AP that maximizes the

effect in a,, (which at leading order in v is proportional to A% — A¥). In this approximation we

have for

e a, (see Eq. (4.30))

Aa, = i (ITE? 4+ TF?) Fr (2 )+iv>\EFLFRG (zp) (4.73)
“_8772771% 1 1 7E\/§m“uu7E’ :

where we have assumed real values for the couplings, implying a vanishing d,,. Let us stress that
the contributions proportional to vA¥, coming from SU (2) breaking terms, is chirally enhanced

can give a sizable effect that can explain the a,, anomaly.

o 7 — putu~ (see Egs. (4.35)-(4.36))

Mg () = i [m— ((1—2S%V>ég<xE>+§(ﬁf@(m))+(@)2F2<m>],

2
mg

2|2 2 . EN\ 2 EN 2
Agug(my) = L [m—§ <2s%VG9<xE)+§ (&> Fg(xE>> + (“ ) Fz(xE>] , (4.75)

2
3272 | m mg mg

where the simplified loop function Fz(zx) has been defined in Appendix C.1. The results for
Z — bb couplings can be easily obtained by suitable substitutions. Note that in our approx-

imation of A\, = 0 the correction to the Zsb vertex vanishes at ¢> = 0. Note that the UV
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4.3. 4™ Generation Model

divergences cancel as required, once for the couplings in Eq. (4.34) the relations

W,L(R) Byt | 9¥ee 0 Err Ermt 92124 0 Err
g =W WHELR), = WHELER) oM WHLE) | (4.76)
0 g‘ye 0 g,uR

and g = 0 are used. Thus the finiteness of the result can be traced by to the unitarity of the

matrices W.

4.3.3 Phenomenology

We are now ready to consider the phenomenology of our 4" generation model. For this purpose
we will perform a combined fit to all the relevant and available experimental data, as briefly
reviewed in Sec. 4.2. We perform this fit using the publicly available HEPfit package [222],
performing a Markov Chain Monte Carlo (MCMC) analysis employing the Bayesian Analysis
Toolkit (BAT) [223].

Let us first choose specific values for the masses of the scalar ® and the fermions V. As ob-
served in Ref. [95] a large splitting between the scalar mass and the vector-like lepton mass with
respect to the vector-like quark masses is welcome to suppress the relative effect in A M. Since
the vector-like quarks should not be too light anyway because of direct LHC searches [224,
225] we choose mge ~ mp ~ 450GeV® and mp = 3.15TeV, corresponding to zp; ~ 1
and xp >~ 50. These values are well beyond the reach of direct searches at LHC: Concerning
mg, 1, the bounds come from Drell-Yan production of the new fermions which are subsequently
decaying in the neutral scalar and SM leptons. Therefore, the collider signature is similar to the
one of MSSM slepton [226, 227].

Turning to the coupling of the new scalars and fermions to quarks and muons, we assume a
flatly distributed priors within the range |I'| < 1.5 such that perturbativity is respected. In the
rest of this section we will focus on one particular benchmark point, that we selected because
it lies within all the 1o regions of the combined fit distributions for the NP couplings. The

benchmark values are

ITh =15, ITF| =14, A =10.0015, r‘=-1.0, ' =-012 .77

®Nearly degenerate masses mg ~ mp are also welcome in the light of the dark matter relic density since the
stable ® is a suitable DM candidate. In fact, for me = 450GeV, 450 < mg < 520 GeV the model allows for an
efficient annihilation such that one does not over-shoot the matter density of the universe for order one I" couplings.

7A detailed study recasting these MSSM analysis for our model has been performed in Refs. [228, 229], finding
mg 2 me = 450 GeV as an allowed solution.
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mg=mp=450 GeV, 1¥=0.0015 my=mg=450 GeV, 1=0
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Figure 4.5: Left panel: allowed region for the coupling strength to the muon |F£\ from the
muon anomalous magnetic moment as a function of \Fﬁ], assuming mg = 450 GeV, z¥=1 and
AP = 0.0015. The excluded region due to the requirement of perturbativity for ]Fﬁ’R| is given
in gray. Dark (light) green corresponds to 1o (20) region. The red star marks the benchmark
point (1.5,1.4). Right panel: same as the left panel, but assuming \Z = 0.

assuming real values for all couplings. Note that the small value for \¥ is obtained from the fit

, which

due to its correlation with |Fff|. Higher values of \¥ would require lower values of |Fff

is disfavored by the current fit to b — s¢*¢~ data.

We observe that it is extremely important to allow for a right-handed coupling Fl]f together
a mixing coupling A¥ in the muon sector such that a,, can be explained. This can be seen from
the fit in the (|I';], |T'[f|)-plane from the left panel of Fig. 4.5. In the case with \* = 0.0015,
corresponding to the benchmark point reported in Eq. (4.77), one can see that it is possible to
explain the deviation in a,, by means of couplings of order unity. However, the situation changes
significantly if one did not allow the presence of a coupling of the vector-like leptons to the SM
Higgs. As shown in the right panel of Fig. 4.5, with \f = 0, it is not possible to obtain couplings
that are perturbative and capable to give a satisfactory explanation of the anomalous magnetic
moment of the muon at the same time. The presence of Fff ameliorates the tension, but it is still

not sufficient by itself to address the anomaly.

Also in the quark sector right-handed couplings are needed to address the B anomalies
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my=mp=450 GeV, mp=3.15 TeV my=mg=450 GeV, mp=3.15 TeV

0.00

—-0.05

T, —0.10

-0.15

-0.20

Figure 4.6: Left panel: Allowed region for the coupling I'Y = T'ETL* and T'® = TETE* from
B, — B, mixing and b — su*pu~ data for mgy = mp = 450GeV, mp = 3.15TeV, ITL| =15
and |I'[f| = 1.4. The red star marks the values at our benchmark point (—1, —0.12). The dark
(light) purple regions is preferred at the 1o (20) level. Right panel: same as the left panel, but

showing separately the allowed regions coming from B; — B mixing (in blue) and b — st
data (in red). The upper branch allowed by B, — B, mixing corresponds to the one shown on
the left.

without spoiling at the same time the measurement for AM,. This is particularly evident by
looking at the left panel of Fig. 4.6, where the region allowed by both b — syt~ transitions
and B, — B, is shown. Indeed, if one performs a separate fit to b — su* ™ transitions and
A M as shown in the right panel of Fig. 4.6, it is evident that the two channels are incompatible
as long as one assumes a vanishing coupling to right-handed bottom and strange quarks, i.e.
't =0.

The preference for non-zero couplings (i.e. BSM effects) is in general driven by Aq,,, the
angular analyses of B — K*u*p~ and B, — ¢u™ i, the branching fraction of B, — put ™
and the ratios Rx and Rg+. On the other hand, the experimental constraints coming from
b — sy and B — K®vw and AM, set bounds on I'>* and |I'%| that are less stringent than
the ones obtained by the inclusion of the aforementioned channels involving b — s transitions
in our setup with )\E r = 0. Analogously, the constraints from Z — u*u~ are found to give

negligible constraints on |F£’R|. Concerning Dy — Dy mixing, we recall that Eq. (4.62) implies
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a relation between I'l = LYL3* and L}*°. Exploiting the fact that only the product of L°L3*
enters b — s¢*(~, together with the suppression of the L in L}*° by small CKM factors (O(\3)
and O(\?), respectively), it is possible arrange the contributions to I'” in such a way that the

constraint imposed by Dy — D, mixing is automatically satisfied.
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Chapter 5
Two Scalar Leptoquark Model

In this chapter we assess the flavor anomalies via scalar LQ. As we arleady mentioned in Chap-
ter 2, LQs are good candidates to solve the tension of flavor data with respect to the SM as
they can modify the SM prediction through a tree-level or one-loop diagrams, depending on the
structure of Yukawa couplings chosen to make the model consistent with the low- and high-
energy observables. In [87] the authors stress that using a single scalar LQ it is not sufficient
to solve both tensions in charged and neutral currents. Instead, considering a single mediator
solution the vector LQ U; arises as a good candidate. However to render the loop corrections
finite in such a scenario one would need to specify the ultra-violet completion of the theory,
which in turn involves a number of new parameters (cf. Refs. [76, 82, 79, 84, 78, 81]). For that
reason and to keep the minimality of simple models, we focus on the extension of the SM via
two scalar LQs already proposed in Refs. [74, 80, 71, 56]. In these kind of models one has to
take into account many observables that act as constraints of the NP model. In the scalar LQ
extensions, there are many kinds of observables computed in [230], although a computation of
the leptonic decays of Z and W bosons is not available. In Ref [231], they stress the importance
of these observables and compute their contribution to the leading logarithm order, whereas in
this chapter we make the computation in the next-to-leading logarithm approximation, that is to
include the finite terms for each scalar LQ, and demonstrate its phenomenoligical relevance in
a particular model with S; and S3 LQs, already in the literature [74].

Another observable that rules out many models is B, — B, mixing as we already saw in
Chaps. 3& 4. For illustration purposes, we evaluate the same .S; + S5 model of [74], and check
its viability once the B, — B, constraint is well implemented together with the EW observables.

Implementing the abovementioned constraints we evaluate three different scenarios after
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Chapter 5. Two Scalar Leptoquark Model

Moriond conference 2019, where a new value of Rp and Ry were presented.

5.1 Scalar Leptoquarks

In this Section we introduce the scalar LQ Lagrangians. We follow the notation of Ref. [230]
and specify LQs by their SM quantum numbers, (SU(3)., SU(2).)y. In this way the electric
charge, () = Y + I3, is the sum of the hypercharge (Y') and the third component of the weak
isospin (/3). In the left-handed doublets, Q; = [(VTuy); dr;]* and L; = [(Uvy); {17, the
matrices V' and U are respectively the CKM and the PMNS matrices. As the neutrino masses

are insignificant for phenomenology of this chapter we can set U = 1.

R2 = (3, 2)7/6 . £R2 = — (y}%)ij fLRiRQiTng -+ (yﬁ)ij QiRggR]. —l—h.C., (51)
Ro=(3,2),, : £~——<L>J§'L» BY O,R h
2=(3,2): 7=~ Uk, ), drfimaly + (vg,) QiRovg, +he.,  (5.2)
S = (37 1)1/3 : »Csl = (ygl)ij Q?iTQSle + (y§1>ij ﬂgislij
- (5.3)
+ ('y‘,g]f)m d]%Slij + h.C.,
Sg = (g, 3)1/3 . £S3 = (yé”)l] QZOZTQ(? gg)Lj + h.C., (54)
S, = (3, 1)4/3 : Ly = <y§1>ij JI%EKRJ. +h.c., (5.5)
Si=(31)_,,:  Lg, =(ys), uk, Siwn, +he., (5.6)

where, as usual, the fermion fields ¢;, g = Pr gy with Pr, g = (1 F+°)/2, and ¢ stands for
a charge conjugated fermion, while 7, denote the Pauli matrices. Note that we neglected the
LQ couplings to diquarks in Egs. (5.3-5.6) which is necessary for stability of the proton [230].
nyR are the matrices of Yukawa couplings the components of which correspond to the quark
and lepton indices in the weak interaction eigenbasis. It is often useful to label the scalar
leptoquarks through its flavor number F' = 3B + L, where B and L stand for the baryon and
the lepton number respectively. In that way R, and .fig are ' = 0 leptoquarks while Sy, S5, §1
and S) are |F| = 2 leptoquarks. For phenomenological considerations it is more convenient

to work in the mass eigenbasis. After absorbing the matrices of rotation to the mass eigenstate
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basis into the redefinition of Yukawa matrices (yf(’QR), and by accounting for the usual CKM

mixing matrix V', we can write

Lp, =— (y 2)1] u; Prl; R, (/%) 1 (yR2) U Pry; R(2/3)
R\ - (5/3) (2/3) (5.7)
+ (Vyg,),; @Prt; By + (yi,),; diPrt; Ry +he.
Lp, = @%) d;Pt; R + @g) d; Py, RSV
+(V 53) ;P V»R2/3—|—<13> 0P ROV Lhe (5.8)
yRQileJZ szijszg .C.,
£Sl - - (yél)%‘7 JCPLV Sl + (V*ysl) U PLE Sl
R C TC (59)
+ (ys,); @ Prly St + (ys,) ; di Prij S+ hee.
Ls, = (953) A Py S5 V2 <y§3)ij df Pye; S5 (5.10)
+V2(Viyk,), af Py S50 — (Vi) 1l Poty SEYP 4 he. '
Ly = <y5> dC Prt; Sy + hee. (5.11)
Ls = (ygl)ij TI,ZCPRV]‘ Sy +he., (5.12)

where in the superscript of the non-singlet LQ field we note the component corresponding to
the specific electric charge eigenstate which we assume to be mass degenerate. We stress once
again that we set the PMINS matrix to U = 1.

5.2 Addressing Anomalies with a Single Scalar Leptoquark

The first and more logical approach in order to solve the flavor anomalies is to consider the
possibility that the NP contribution comes from a single LQ. In this section we show that it is
impossible to solve both Ry .) and R anomalies using only one scalar LQ. To do that, we
list again all the scalar LQs and justify their unavailability to fulfill the deviations respect to the
SM.

[ ] R2
Due the second and fourth Yukawa terms of the R, Lagrangian in (5.7), this LQ can
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generate a satisfactory contribution to Ry with the g¢ = 4gr pattern of the effective
couplings, since both left and right-handed couplings are involved. However the tree-level
contribution to b — syt~ process generates Cy = (' pattern, which is disfavoured by
data. This issue can be solved by suppressing the tree-level contribution with appropriate
choice of the Yukawas as in [91], but since this combination would require to suppress
right-handed couplings, it is in conflict with the possible R solution.
e R,

In this scalar LQ scenario we generate Cy = —(C', contribution to b — su™*pu~ at tree-
level. While this combination is good to fulfill Rx < R3M, as predicted by the SM, it also
predicts Ry~ > R3M, which is contrary to the experiment. Concerning charged currents,
in Ref. [70] it is shown that it is possible to generate an contribution to R,y by using
right-handed neutrinos. However, this contribution turns out to be too small since there is

no interference with the SM.

o 5
This LQ was the first proposed to accommodate both of the anomalies [90] since for
ms, ~ 1 TeV it can generate the desired combination of WC C§ = —C'|, at loop-level in
b — suTp~. It also generates contribution to Ry at tree-level at the same mass scale,
reproducing its experimental value with left-handed couplings (gy, coefficient) or even
with right-handed couplings (gs, and gr coefficients). In Ref. [65] they show that these

scenario would lead to huge contributions to observables such as

Br(B — Duv)
Br(B — Dev)

RY* = (5.13)
which is disfavoured by present data. Additionally, one could work with a heavier LQ, al-
though this requires to enlarge the couplings making them disfavoured by direct searches

as computed in Ref. [87]

o 53
This LQ couples to left-handed SM fermions. It can generate at tree-level Cy = —C,
which allows to explain Ry, anomaly, and its contribution to R is generated with
the effective coefficient gy, but with an opposite sign as expected by data. Notice that
the first and the last terms of (5.10) are the ones giving contribution to b — c7v. In

S, Lagrangian 5.9, where we have the correct sign, the analogous terms generating left-
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handed R contribution are the first with a minus sign, and the second with a plus
sign, while in S3 Lagrangian these terms appear both with a negative sign, generating the

opposite sign to gy,

[ ] §1 & 5’1
These two last scalar LQs are not suitable candidates since they only relate one type of

quarks with one type of leptons. Plus they only couple to right-handed fermions.

The fact that any single scalar LQ explanation is possible, has focused the single LQ activity
in exploring vector LQ, and in particular the U; LQ, mentioned in Chap. 2. What we do is to
explore the possibility of considering an extension of the SM with two scalar LQs. In the

following sections, we list and study the two main constraints that our models will face.

5.3 Leptoquark Contributions to Z — ¢/

5.3.1 Effective Field Theory Description

Leptoquarks contribute to the Z couplings to leptons via the loop diagrams illustrated in Fig. 5.1.
The effective Lagrangian describing the Z-boson interaction to generic fermions f; ; can be

written as

9 7 ij ij
5L = g T |95 Pu+ 63, Pa] 1,2, (5.14)
f’i’j

where g is the SU(2), gauge coupling, Oy is the Weinberg angle, and

] _ s SM ij
gfL(R) - 5” gfL(R) + 5gfL(R) ? (515)

with g3M = I — Q7 sin? 0y and gt = —Q7 sin® . LQ loop contributions are described

by the effective coefficients o g}JL o The corresponding Z-boson branching fractions are then
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given by !
1/2 2 2 2 212
_ Mz . . m; +mi  (mi—mj3)
Br(Z — fif;) = J J 1— _
(5.16)
+6 2 : Re [gij (gf]R) ] )
myz

where m; ; are the fermion masses and Az = [m% — (m; — m;)?|[m% — (m; + m;)?]. * Contri-
butions to these rates are constrained by the measurement of both flavor conserving and flavor

violating Z decays at LEP [152]. In particular, LEP measured the effective couplings [193]

gy 7P = —0.03817(47) ga~" =—0.50111(35),
g = —0.0367(23) gy " = —0.50120(54) , (5.17)
g7 = —0.0366(10), 937" = — 0.50204(64),

which as in the previous Chapter are related to the couplings in Eq. (5.14) via the relations
gg( A = gz]L + gZ? . Note that for ¢ = j we simplify the notation by dropping one superindex.
Another important observable is the effective number of neutrinos [193]

NP = 2.9840(82) , (5.18)

which will constraint the LQ couplings to neutrinos via [193]

N, — 5.4 20| |99, 2 5.19
v Z it s | T sm ’ (5.19)
i,j g L gl/L

where i, j € {e, i, 7} and neutrino masses have been neglected.

5.3.2 One-loop Matching

We shall now provide an expressions for the couplings o gzj( R) for each of the leptoquark models

listed in Sec. 5.1. We focus our discussion onto the leptonic Z couplings since these are the

'For i # j the computation of the branching ratio has to be interpreted as the average
3 [Br(Z = fifj) +Bi(Z — fif:)]

2This expression also applies to the decays Z — vv if neutrinos are assumed to be Dirac particles. If lepton
number is violated, this expression should be modified. Both formulas, however, agree in the limit m; ; — 0. See
Ref. [232] for a similar discussion in the case of K — wrv decays.
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DI Dy N
Figure 5.1: Scalar LQ (A) contributions at one-loop to Z — (;{;, Z — v;v; and W — ;.
most precisely determined by experiment. Our discussion can be adapted to the Z couplings to

quarks. Before presenting our results, we define our convention for the covariant derivative in

an analogous way as the one in Chap. 2

D, =0, +ig' Y B, +ig I"'W} +ig, T*G", , (5.20)

where Y is the hypercharge, and 7 and I* are the relevant SU(3). and SU(2);, generators,

respectively. After the EW symmetry breaking, this expression can be rewritten as

. g Crrr— .
DM = aM—FZE (I+W;+[ WM )+Z

where e = gsinfy = ¢ cosby, Q =Y + I3 and [T = (I, + i I,), as usual. To present our

g
cos Oy

(I3—Qsin® Oy ) Z, +ie QA" +ig, T*GS . (5.21)

results in a compact form, we consider a general Yukawa Lagrangian defined by

55;(.) = @i[lijPr+ ri PL]; A + h.c. (5.22)
L5322 =GP [liPr + 1y Pr] ¢ A + hec. (5.23)

where ¢ and ¢ are generic quark and lepton flavors, /;; and r;; denote the generic Yukawa cou-
plings, and A is a leptoquark mass eigenstate, which belongs to one of the SU(2);, multiplets
listed in Eq. (5.1)—(5.6). Our results will be presented in such a way that the expression for
a specific model can be obtained by simply comparing Eqgs. (5.22,5.22), to the Yukawa La-
grangians listed in Sec. 5.1. In this way, one can determine /;; and r;; for each leptoquark
charge eigenstate contributing to Z — ¢{ or Z — v, which should then be summed up to give
the final expression.

Our computation is performed in two independent ways. We first neglect the light quark
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masses (i.e., for ¢, = u, c and g = s, d, b) and expand in the external momenta before integra-
tion [233]

L __ ! PP+2(k-p)  4(k-p) p A
(l{?+p)2_M2_k2_M2 1— k2 — M2 +(l€2—M2)2 +O(M>’ (524)

where £ is the loop momentum, p is a generic external momentum and M stands for the mass
of the particle running in the loop. With this method we obtain analytic expressions for the loop
functions, systematically accounting for the corrections of order O(my/ma)" (with n > 0),
but avoiding the difficult computation of Passarino-Veltman functions with nonzero external
momenta. We then compare these expressions with the ones computed numerically by using
the Mathematica packages LoopTools [234] and Package-X [235]. We find an agreement better
than per-mil level between the results obtained numerically and analytically, for leptoquark
masses heavier than ~ 900 GeV, as currently allowed by LHC searches [87].

We present now our analytic results in terms of the Yukawas /;; and r;;, and the quantum
numbers of SM fermions. As explained above, we separate the top quark contribution from the
light quarks (¢, = u, c and g4 = s, d, b), since the relevant scales are different in each case. The

final result for F' = 0 leptoquarks to O(m?%/m% ) reads

ij o WyW zy(zy — 1 —logxt) L&)
|:5géL<R)]F:O =Ne 1672 [ (g“L(R> - guR(L)) (2, — 1) 12 FF o (ze)| (5.25)

W WY, , 1 ge
+azNe ) 5t [ ~ Guny (1og t7 —im — 6) + T”] (5.26)

k=u,c

Wi Wi, , 1 9e
+x7 N¢ Z # [ — Ydr(1 <10g Tz — 1T — 6) + %] ) (5.27)
k=d,s,b

while for |F'| = 2 leptoquarks we obtain,

ij Wyjwy; 517t(517t —1—log ﬂft) Tz R
[5951(12)]1?:2 :NC Lt [ (gUL(R) - guR(L)) + FF( 2) (xt) (528)

1672 (2 —1)2 12
+ x4 Neo Z Wiy Wi Ju logry —im — 1 + ) (5.29)
= 4872 L(R) 6 6
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Wi Wy,; ) 1 ge
+x7 Ne Z 4§7T2k [gdL(R) <1Ogﬂfz —m = 6) + %] ) (5.30)
k=d,s,b
where z, = m2/mi, x; = m%/mi, Ne¢ = 3, with ¢/ = I] — Q;sin®6y and ¢, =

—Qysin® Oy (f = u,d,0), as before. In the above expressions, wy; should be replaced by
i or ly; for 5g;¥ or dgrY, respectively. These couplings are collected in Table 5.1 for each
leptoquark representation listed in Sec. 5.1. One of the novelties of our study is the inclusion
of the terms O(z z log z;), which have never been considered before and which can induce non-
negligible corrections for LQ masses ma < 1.5 TeV. ® These corrections are collected in the

(R)

functions FOL and FQL (R), which are given by

(zy — 1)(5x? — Ty + 8) — 2(z} + 2) log zy

Fr0 (@) =Gungs) T (5.31)
T Gupen (2; — 1) (22 —(;txt_—l)i) + 62, log z (5.32)
o (2 — 1)(—11x§2))<—;t7i&t1;42) + 623 log | (5.33)
and
Fﬁ(j)(mt) N (v — 1)(ba? — 721;—1—_81)): 2(x? + 2) log x4 (5.34)
s, (2; — 1) (22 —(th——l)i) + 6z, log 7, (5.35)
g (zy — 1)(—11x§(—+$—t7:_5t1;42) + 627 log T . (5.36)

The phenomenological relevance of these terms and the other finite contributions we computed

for the first time will be illustrated in the following.

5.3.3 Relevance of the Finite Terms in Z — ¢¢

We now discuss the relevance of the new contributions we computed, namely the O(x 7 log x)
terms and the finite terms in the matching. To this end, we compare our results to the formulas

given in Ref. [231], obtained in a effective field theory context by employing a renomalization-

3Note, in particular, that much lower masses are allowed by current LHC searches for leptoquarks, which
exclude masses of order ~ 900 GeV for LQs with mostly couplings to the third generation, see e.g. Ref. [87].
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Decay Wi q RQ éz Sl Sg §1 gl
| ~(vh) 0 [(viek) —(vieh). 0 0
Tij ij ij ij
_ (L _ L
I L T 9 O e . CO PR L
Gu (Vy%) 0 (ygl) 0 0 0
Lij ij ij
R R
4d <yR2>ij 0 0 0 (ygl)ij 0
a| (vh) 0 0 V2(Vik) o 0
Tij () ()
L _(.L (L
Zow| %] Y] ( y§2>ij ,,,,, <ysl>ij ,,,,, ( ysS)iﬂ' ,,,,, o -
. 0 (v 5) 0 0 0 ( B)
li ! Yk, ij Ysi ij
R /'R
4 0 (yéz) ij (?Jsl >z‘j 0 0 0

Table 5.1: Expressions for the coefficients w;; in Eq. (5.25) and (5.28) obtained by the matching
of Eq. (5.22) and (5.23) onto the Yukawa Lagrangians listed in Sec. 5.1 for LQs with fermion
number ' = 0 and |F'| = 2, respectively.

group-equations approach to a leading-logarithmic approximation (LLA). The latter approach
only accounts for the terms x; log x; and xz log x, from the general expressions, where one
assumes that vgw ~ mz ~ m; in the logarithms.

In Fig. 5.2, we show the ratio between the full and simplified formulas for Z — ¢~ ¢* and
for Z — v as a function of the LQ mass, for the different SU(2),, x U(1)y representations.
For illustration, we have only considered Yukawa couplings to third generation fermions in
Eq. (5.1)-(5.6). We find that the new corrections we have computed can be as large as O(20%)
for values of LQ mass below 1.5 TeV, as allowed by the present limits from the direct searches
at the LHC [87]. Furthermore, we see that these relative corrections decrease with the LQ mass,
becoming less relevant for larger masses, in which case the LLA is satisfied to a good extent.
The conclusion of this exercise is that, given the present limits from LHC, one should consider
the full formulas to reliably assess the viability of any scenario with low-energy scalar LQ. We
will illustrate this feature in Sec. 5.4 with a concrete model for the B-anomalies, which presents
a tension with current data if the formulas from Ref. [231] are used, but which turns out to be

perfectly consistent when the full formulas are considered.

80



5.3. Leptoquark Contributions to Z — ({

— Z-otrforR,
= Z-ttfor S

— Z-trfor S;

08 10 12 14 16 18 20
ma [TGV]

— Z-vvforR,

— Z-vvforS;

08 10 12 14 16 1.8 2.0
ma [TCV]

0.86
0.84
35
«w 0.82f
—
%
« 0.80
— Z-otrforR,
0.78l — Z-trfor §

08 10 12 14 16 18 20
miq [TeV]

S o
o
N

o
®
=

0.78}

08 10 12 14 16 18 20
ma [TeV]

Figure 5.2: Comparison of the full expressions given in Eq. (5.25) and (5.28) for Z — ¢(*/~ and
Z — v with the ones obtained by employing a RGE approach with a leading logarithmic ap-
proximation (LLA) [231]. We consider all LQ representations listed in Sec. 5.1 and we assume,
for illustration, that the LQs only have couplings to third generation fermions in Eq. (5.1)—(5.6).
The contributions from the new terms we have computed can be as large as O(20%), for masses
allowed by the direct searches at the LHC, being therefore non-negligible in phenomenological

Before closing this Section we need to compare our results with previous computations

in the literature. We agree with the results from Ref. [90], where the light fermion and top-
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quark contributions have been computed for the S; model. To that result we included terms of
O(xzlogx;), which amount to a O(10%) relative effect. We also agree with the results pre-
sented in Ref. [91], where the R, contribution was computed for both light and heavy fermions.
Again, our result goes a step beyond in that we include also the O(x log x;) terms. Similarly,
if we neglect the O(x 4 log ;) terms, we agree with the results of Ref. [69] where the top-quark
contribution was computed for S; and R, LQs. Note, however, that we disagree with their sign
of 0gr,(r) for the Ry LQ. Before moving on, we stress that the expressions given above can be
easily adapted to other scenarios of new physics containing scalar particles coupled to fermions,
such as the two-Higgs doublet models [236].

5.4 Leptoquark Contributions to W — £i

5.4.1 Effective Field Theory Description

We now turn to the W couplings to leptons. Similar to the above discussion, the W interactions

can be generically written as

sLw = % Sl | (67 + ) Py + 0h, Pl v W, + e (5.37)
0]

where hZ .. describes the loop-level contributions illustrated in Fig. 5.1. In this expression,
we also consider the possibility of light right-handed neutrinos, which we assume to be Dirac

particles for simplicity. * The corresponding branching ratio can then be written as

my ij ij m; my
Br(W — ;) = m(mj + R P+ |5WR|2> <1 o 2m‘év) . (5.38)

where m; = my, and neutrinos masses have been neglected. This expression should be com-

pared to the LEP measurements [152]

Br(W — 70)®P = 11.38(21) x 1072, (5.39)
Br(W — u)™ = 10.63(15) x 1072, (5.40)
Br(W — ep)®™P = 10.71(16) x 1072, (5.41)

“For W decays, the expression for Majorana neutrinos is a trivial extension of the results presented above (cf.
e.g. Ref. [232] for further discussion).
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In particular, the ratio R[/" = Br(W — 71/)*® /Br(W — uv)*® = 1.07(3) is about 2.4¢ above
the SM prediction, RT/ HSM

in a new physics model, since these contributions would be correlated, via SU(2), x U(1)y

~ 0.999. It is very challenging to explain such a large deviation

gauge invariance, with the tightly measured Z couplings to 7-leptons [237]. Alternatively, the

W v coupling can also be inferred from the 7-lepton decays. Current PDG average [152]
Br(7 — pvv)™P = 17.33(5) x 1072, (5.42)

in a good agreement with the SM prediction, Br(7 — pvi) = 17.29(3) x 1072 [110]. Lepto-
quarks would also contribute to 7-decays via box-type diagrams. Since these contributions are
proportional to yio/mA = mi X (yLq/m 2)%, where yLq denotes a generic LQ coupling, we
know these are subdominant contributions for low values of m and fixed values of yr.q/ma, as
in the case of the B-anomalies. For completeness we provide the expression for Br(r — uvv)

in Appendix D.

5.4.2 One-loop Matching

We now give the expressions for hEJL and h;JR for each LQ model listed in Sec. 5.1. From
Eq. (5.5) and (5.6), we see that the models §1 = ( )4/3 and S; = (3, 1) Y do not contribute
to W — (i, since these are singlets of SU(2);, which do not have couplings to both up- and

down-type quarks, neither to the 11/. For the scenarios with weak doublet leptoquarks, we obtain

o] = Negeds | (), Wh)y Graen) + Z (i), (k)] G4
[51121]32 N °2§§;2 (ygyf%)ij ) (5.44)

where zy = mi, /m3 and 2, = m?/m?3, as before, and the function G, is defined by

—11z} + 62} log zy + 1877 — 9z + 2

Cro(1) = 2z, — 1) ’

(5.45)

Note, in particular, that these contributions cannot be accounted for by the effetive field theory
computation with leading-logarithmic approximation [231]. For the two remaining scenarios,

we find

83



Chapter 5. Two Scalar Leptoquark Model
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Figure 5.3: Comparison of the full expressions given in Eq. (5.47) and (5.49) for W — (v with
the ones obtained by employing a RGE approach with a leading logarithmic approximation
(LLA) [231]. For illustration, we assume once again that the LQs only have couplings to the
third generation fermions in Eq. (5.1)—(5.6). We do not display the results for the 2, and R»
LQs, since the RGE approach cannot encapsulate the contributions from these states, which
have no logarithmic dependence. Furthermore, note that the LQs S; and .S, do not contribute to
these decays to one-loop order.

g x — 14+ (zy — 2)log zy) Tw
] —N. x L * L . It(‘xt t
[5th]Sl C<V y51>n- (V y51>tj [ 64m2(z, — 1)2 T 2grz (i (@)

Tw * L * *, L 1
+ Notriss k; (v ysl)ki (V y&)kj (—1 — 3log ww + 3mi) | (5.47)

and

ij _ o LN (1 % L zi(xy — 1+ (v — 2) log zy) Tw
[(W%] S3 =Ne (V ysS)ti(v ysS)tj [ 6472 (z, — 1)2 + 28872 Gss(@) | (5:48)
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Tw 5, LY (1%, L ;
+ Notis Zu (vuh) (v ySS)kj (1 - 3logaw + 3mi) , (5.49)

where we separate the top-quark contributions from the other light quarks. The functions G'g,

and Gg, are given by

6(z; — 1 —log zy)
(¢ —1)>
6 [z, (27 + zy — 2) + 1] log zy + xy — 1z (24 (224 — 23) + 25) — 10]
(2, — 1)* .

Gg, (x) = (5.50)

GSS (xt) =

(5.51)

Finally, note that none of the scalar LQ particles contribute at one-loop order to h’g; .

5.4.3 Relevance of the Finite Terms in W — fv

We should now comment on the phenomenological implications of the results presented above.
Similarly to the discussion of leptonic Z couplings in Sec. 5.3, we compared our full formulas to
the ones obtained within a leading logarithmic approximation [231]. These results are illustrated
in Fig. 5.3 for the models S; and S3, where we considered couplings only to the third generation
fermions. For both scenarios, we find a negative correction coming from finite terms of order
O(5%), with a very mild dependence on the LQ mass ma. For the other scenarios, namely
R, and R,, we cannot perform such a comparison since the leading logarithmic approximation
of Eq. (5.43) and (5.44) would give a vanishing contribution. In this case, the finite terms are

essential to consider.

5.5 Illustration: S; & Ss Explanation of R, (.) and R

In this Section we illustrate our results in a specific scalar LQ model proposed to simultaneously
explain the b — s and b — ¢ anomalies [71, 74, 80]. This model contains the LQs S; =

(5, 1) 13 and S3 = (g, 3) with couplings only to left-handed fermions, namely

1/3°
Lyuc = (v5,),, QFimaSiL; + (v5,),, QFima(7- S5)L; +hee.. (5.52)

We adopt the same Yukawa pattern of Ref. [74, 80], namely
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Figure 5.4: Results of the low-energy fit considering the full expressions computed in this
section are depicted in the plane Ry /R vs. CF = —CJi” by the green (yellow) regions to
lo (20) accuracy. Leptoquark masses are fixed to mg, = mg, = 2 TeV and Yukawa couplings
are scanned over the ranges described in the text. In the same plot we show the 1o results of
the fit by neglecting Z-pole constraints (blue line) and by including Z-poles observables with a
leading-log approximation (black dashed line) [231]. As discussed in the text, the inclusion of
finite terms reduces the tension between R?;‘g) and Z-pole data.

0 0 0 0 0 0
ys, =gs % [0 B85 | vk =gs,x [0 % p% |, (5.53)
0 By By 0 B

. . . oS .
where gg, ,, describe the overall strength of LQ Yukawa interactions, while B; j1<3) contain the
flavor structure. Couplings to the first generation are set to zero to avoid stringent bounds

from kaon physics observables and atomic parity violation. Following Ref. [74, 80], we further

assume that Blil = bsj = 1, and that 5, = B;}L = 555, with ¢ = s,b. The s7 couplings are
considered to be in general different, as needed to explain current deviations. We are then left
S1(3)

with six couplings to be fixed by the data, namely gg,, gs,, Bsu> Bpp and Bsr ', as well as two
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masses mg, and mg,.

Several low-energy observables are sensitive to the couplings defined above. To illustrate
the impact of the expressions we computed, we consider the same experimental constraints of
Ref. [74]: (i) the LFU ratios R and Ry (via Cy = —C data fit), (ii) LFU tests in R,
(iii) limits on the branching fractions Br(B — K (*)VD), and (iv) the decays Z — 717~ and
Z — v °. Concerning the latter observables, we perform a fit by using the leading-log ap-
proximation (LLA) of Ref. [231], which is also considered in Ref. [74, 80], and by considering
our complete formulas, cf. Sec. 5.3. We consider the same range of parameters as in Ref. [74],
namely s, 6571(3) € (—5Vu,5Vy) and By, € (—1,1).

Our results are depicted in Fig. 5.4 in the plane Rp. /R34 vs. CfF = —CT for LQ
masses mg, = mg, = 2 TeV. In the analysis considering the leading-log approximation,
we obtain a value x2, =~ 8.0, which shows a mild tension between the observed deviations
Rpe and Z-pole data, as depicted by the 20 contour (black dashed line). If, instead, one
considers the formulas computed in the previous section, the tension is milder as shown by the
green/yellow contours in Fig. 5.4, for which we obtain 2. = 6.5. This example illustrates the
importance of the finite one-loop terms in the computation of Z — ¢/ and Z — vv, which have
a non-negligible effect for the models aiming at explaining the B-physics anomalies. Finally,
it should be noted that similar conclusions have been reached in Refs. [78, 81] in which the

authors considered an ultraviolet complete scenario which includes vector LQ states.

5.6 On the Importance of B, — B, Mixing in S; & S

The oscillations or mixing of neutral mesons have played a crucial role in particle physics
history. Since these processes convert a particle to its anti-particle or viceversa they are suitable
to study matter anti-matter interaction, and thus explore CP violation effects that could explain
the amount of matter nowadays. They are labeled as AF = 2 processes, where F' = S for
the strange quark in kaons and /' = B for the bottom quark in B-meson oscillation. They are
loop-supressed in the SM, and thus they are good observables for testing the presence of NP.
Indeed, oscillations such as K° — K became also good test for the SM, allowing to predict the
existence of the charm quark as well as the GIM mechanism. The oscillations with AB = 2
B — B mixing and later on the B, — B, mixing were produced in the so called B factories, which

in the same spirit as the kaon mixing, were measured experimentally having a little excess in

3 Analytic expressions for the observables that do not appear in this Chapter are displayed in the Appendix E
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Figure 5.5: In (Dark)Red, results of the (1)20 low-energy fit considering the full Z—pole

expressions and including B; — B, mixing, which are depicted in the plane R/ RSD“({)

vs. O = —CNF. Leptoquark masses are fixed to mgs, = mg, = 2 TeV and Yukawa cou-
plings are scanned over the ranges described in the text. In the same plot we show the 1 and 20
results of the fit with the same colors described in Fig. 5.4.

A M respect to the SM. This fact allowed to predict for the first time the mass of the top quark.
In models tested nowadays these observables impose huge constraints which have to be taken

into account.

In the previous section we showed that including Z-pole observables in the fit computed at
NLLA is quite relevant in order to improve the fit with respect to experimental data. However,
the purpose of this section is to show that including the B — B mixing constraint in the fit it
becomes impossible to explain the b — c7r anomalies with 2018 data. Indeed, in the previous
chapters we saw that this observable is quite constraining and reduces a lot the available param-
eter space for NP. For this reason, we first write down the most general Yukawa setup ina S; &

S3 LQ scenario without couplings to the first generation.

88



5.6. On the Importance of B, — B, Mixing in S; & S

0 0 0 0 0 0
ve, = [0 wS |, vh =10y ys |, (5.54)
0 Yyt Yo 0y

On the other hand, the effective Hamiltonian for B — B mixing reads as in Sec. 3.2.3
Hy% = Cpp(5av"Prba) (357" Prbg) (5.55)

where the WC is computed at the matching scale i1, ~ TeV. For this process in this model,
there are two box diagrams with the single presence of S;, 4 diagrams with the single presence

of S3, and 4 diagrams combining both S; and S3. Once performed the matching one obtains

1 )
NP Si*, .S S1*,.51\2 S3*, S S3%, S3\2
Cpp = M(Qsﬁ Yo T Ysr Ypt )" + W(ysﬁ Yo + Ysr Ypr) (5.56)
1 3
1 Sy, S3 Syx, S Sax, S S3x, S mg
yt S yty? Syt +yFyrt) lo L,
327r2(m§1 . m?%) (ys,u yby Ysr ybr)(ysu ylm Ysr ybr) g ms,
which has to be compared with the experiment via
AM;XP _ n ng(ub) (557)
AMN C5M (110)

that was already discussed in Chap. 3 in Sec. 3.2.3. Obtaining the following bound:

AMCXP
AMSSM =0.98=£0.02. (5.58)

Returning to the illustration of the previous section, if we adopt the Yukawa pattern of (5.54), we
can perform the same fit but now considering the B, — B, mixing. Interestingly, the minimum
obtained now with the x? minimization is x2. =~ 13 which is higher than the value obtained
using Z—poles using the NLLA. In Fig. 5.5 we show in red the 1 and 2 o regions of the fit
superposed to the fit obtained in the previous section. Indeed this new fit is not able to explain
Ry anomaly (with 2018 data) even at 20 level with a purely left-handed scenario. This feature

is also observed in other works of the literature such as in [71].

Therefore, one could introduce a right-handed coupling to c-quark 7-lepton in order to en-
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hance the contribution to R with scalar operators without spoiling any other observables
considering in the fit. Nonetheless there are many other observables such as 7 — py which

would become a relevant constraint to take into account

5.7 S; & S5 Status After Moriond 2019

After the Moriond conference in 2019, a new masurement of Ry lowered the value of the best
fit C3'¥ = —CN' but the discrepancy with respect to the SM remained the same because the
error bars shrank. On the other hand, the world average of ) was updated due to a new
measurement of BELLE experiment. As stated in Chapter 2, the tension with respect to the SM
was reduced, and therefore it gave the possibility to reassess the viability of the S; & S5 left-
handed scenario. Here we present three models with different Yukawa patterns which became
viable after Moriond 2019 reports. In this case we set the mass of both LQs to 1.5 TeV to ensure
that we compare properly the 3 models. Moreover, for completion we use more observables in
the fits, apart from the ones mentioned above, which are listed in Appendix E. The first scenario
that we test is the one with the Yukawas in (5.54) which we used in 5.5 and 5.6 to illustrate the
importance of the Z—pole and the B, — B, observables. We can see in Scenario 1 of Fig. 5.6
that the experimental value for R ) is now lower than in the previous plot, and this allows the
same model in the previous section to be 1o compatible with data, even when B, — B, and more

observables are considered in the fit (see Appendix E for details on all the observables).

The second scenario is inspired in [71], where its structure allows for an exact cancellation

of the B — Kvv observable, namely

0 0 0 0 0 0
ve, =10 Ay Aer | vE =10 X, e |- (5.59)
0 )‘b,u, /\bT 0 _Abu _>\b7'

Looking at Scenario 2 of Fig. 5.6 we see that this model can also accommodate new data, while

before the new results appeared it was not even compatible at 20 level.

Finally, since muon couplings are basically included in order to generate contribution to
Ry -y which is only affected by S5 at tree-level, in the third scenario we work with with vanish-

ing muon couplings for the S; leptoquark and without setting any particular correlation between
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Figure 5.6:

expressions and including B, — B, mixing, which are depicted in the plane Rp..)/R

vs. O3
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fit point is depicted in yellow. The three plots are obtained by fiting each model to all the
observables of the tables in Appendix E

different couplings. The Yukawas in this case read

00 0

L __
Ys, =

00 y5
00 y

0 0 0

0 yss w2 |,
S S
0 ?/b[:’ Yor

, ys, = (5.60)
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where in Scenario 3 of Fig. 5.6 we see that data is also well accommodated at 10 and we do not
need a new right-handed coupling to explain the anomalies.

In Appendix E we show the considered observables in every fit with their analytical expres-
sion, and write down the y? value for each observable. This allows us to disentangle which
observable can be important in the fit as well as which fit can handle more observables. In this
case, since the last scenario does not impose any particular hierarchy between the Yukawas, we
are able to explain the experimental values of 16 observables up to one sigma. Including the

flavor anomalies.
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Chapter 6

Two Higgs Doublet Model

Despite of the great success of the SM with the Higgs boson discovery at the LHC, the pending
question of hierarchy of scales remains open and a quest for physics BSM continues. One of
the minimalistic approaches to build a model of physics BSM is to extend the Higgs sector by
introducing an extra Higgs doublet. This extension of the SM is called 2HDM.

The new particles arising in the 2HDM are additional Higgs bosons which are being searched
in the LHC, specially the charged one. Including fermions in a 2HDM, results in a plethora of
new parameters whose number is tipically reduced by certain assumptions such as forbidding
FCNCs at tree level as in the SM and imposing a sotfly broken Z, symmetry on the Higgs
doublets.

In this chapter, we do not aim to explain the anomalies, but rather to see the phenomenolog-
ical implications of a 2HDM in b — su™t ™ processes. Concretely we explore two observables
such as Br(B; — p*p™)*PM and Br(B — Kp'*p~ )i which are very well measured ex-
perimentally and for which the theoretical control of the corresponding hadronic uncertainties is
established by the lattice QCD computations [48]. For other observables the theoretical uncer-
tainties are not as well assessed and one might run a risk of interpreting the unknown hadronic
uncertainties as signals of physics BSM. We should also emphasize that in our scenarios we
ignore the channels with electrons in the final state.

First we present the 2HDM and apply the general constraints, we then compute the effective
coefficients of the b — su™pu~ processes arising from the 2HDM. In Sec 6.5 we explore in
detail the matching of the effective theory with the full theory and then we compare our Wilson
coefficient results with Ref [238]. Then we proceed to evaluate phenomenologically different

types of 2HDM with the abovementioned observables, and also including the possibility for
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T-lepton decays.

6.1 General Constraints on 2HDM

In this Section we remind the reader of the basic ingredients of 2HDM, enumerate the parame-
ters of the model and list the main general constraints on the spectrum of scalars which are then
used to perform a scan of allowed parameters to obtain the allowed ranges of the Higgs masses

and couplings.

6.1.1 2HDM

We consider a general CP-conserving 2HDM with a softly broken Z, symmetry. The most

general potential can then be written as

A A
V (@1, ®2) = mi ®Idy + mB,d5dy + miy (B1d, + &Id;) + 71(@1@1)2 + 32@;@2)2

A
+ X0} 01010 + A @[ 02000: + 2 |(@]02)? + (}1)?], (6.1

where the term proportional to m?, accounts for the soft breaking of Z,. ! The scalar doublets

®, (a =1, 2) can be parameterized as

B, (x) = (L %) > , 6.2)

% [va + pa() + ina()]

with v; 5 > 0 being the vacuum expectation values satisfying v®™ = |/v? + v3, already known
from experiments, v>™ = 246 GeV. In the following, for notational simplicity, we will drop the
argument of the Higgs fields. Two of the six fields are Goldstone bosons, while the remaining

ones are four massive scalars: two CP-even states (h, H), one CP-odd state (A), and one charged

"We remind the reader that the Z, symmetry (®; — £®;, ®3 — F®,) of the Lagrangian forbids transitions
®; < P5. Soft breaking of Zs means that such transitions may occur only due to dimension-2 operators (terms
proportional to m?2, in Eq. (6.1)) so that Z, remains preserved at very short distances.
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Higgs (H™*). These fields are defined as

o7\  (cosp —sinp) (G* m\ f[cosf —sinp) (G° 63)
b3 ~ \sinB  cosp Ht)’ n)  \sinB cospB A)’ '
<p1> _ (c?sa —sin a) (H) 7 6.4)
P2 sina  cos h

The mixing angles v and [ satisfy

and

Uy 2(—m7y + A3450109)
tan § = —, tan 2o = —; _12 2
U1 miy(va/v1 — v1/v2) + Ao — Aav3

(6.5)

with A\345 = A3 + Ay + A5. The masses of the physical scalars can be written in terms of

parameters which appear in the potential as

A
m3 = M?*sin*(a — B) + (/\1 cos® accos® B+ Mg sin? asin? 5 + % sin 2a sin 25) v,
(6.6)

A
m; = M?cos*(a — B) + <)\1 sin® avcos® B + A cos® asin® 3 — % sin 2« sin QB) v,

(6.7)

m% = M? — \sv?, (6.8)
A+ A

m2. = M? — %UZ, 6.9)

2
Mo

sin S cos 3
the Z, symmetry becomes particularly important as it prevents the flavor changing processes

where the Z; breaking term is now parameterized via M? = In the Yukawa sector,
to appear at tree level. Furthermore it enforces that each type of the right-handed fermion
couples to a single Higgs doublet. Four choices are then possible and they are called Type I,
II, X (Lepton Specific) and Z (Flipped) 2HDM [236]. > To be more specific, we first write the

2The model that we call Type Z or Flipped 2HDM is sometimes referred to as Type Y.
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Model Ca Cu Ce
Type 1 cot | cotpB | cotp
Type 11 —tanfB | cot S | —tanf

Type X (lepton specific) | cot3 | cotS | —tan

Type Z (flipped) —tanf | cot 8 | cotf

Table 6.1: Couplings (; in various types of 2HDM.

Yukawa Lagrangian as

V2

Ly =— 7H+{ﬂ [Ca VmaPr — CumyV Pl d+ ¢ Dm@PRE}
1 0 3
—— Y [FmePat] +he, (6.10)
fre9e{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, and P p = (1 F 75)/2. A specific choice of parameters (¢
corresponds to the above mentioned types of 2HDM, which we also summarize in Table 6.1.
Notice that the couplings 5?2’ appearing in the neutral Lagrangian part can be mapped onto the

charged ones via

¢f =sin(f — a) + cos(8 — )¢y,
€ = cos(B — a) — sin(4 — )¢5,
&l =—iC, &l =1iCas 6.11)

6.1.2 General Constraints and Scan of Parameters

To perform a thorough scan of scalars in a general 2HDM we use the general constraints sum-

marized below.

e Stability:

To ensure that the scalar potential is bounded from below, the quartic couplings should
satisfy the relations [239]
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Ma2>0, A3 >—(MA)Y2 and Mg+ A —[ds] > (M )Y2 (6.12)

Furthermore, the stability of the EW vacuum implies that

)\ 2 )\ 2

m2, + 12”1 37“2 _ Z—i [mfg — (Ot )@%} , (6.13)
Aov2 302 v V1V

e A N ]

which then allows us to express m?, and m3, in terms of the soft Z, breaking term m?,
and the quartic couplings A;_5. These constraints should be combined with the necessary

and sufficient condition that the minimum developed at (vy, v7) is global [240]:

m2, <m§1 - m§2m> (tan 8- m> > 0. (6.15)

e Perturbative Unitarity:

An important constraint on the spectrum of scalars within 2HDM stems from the unitarity
requirement of the S-wave component of the scalar scattering amplitudes. That condition

implies the following inequalities [241, 242]

’a/i’7 ‘bi‘a |Ci‘7 |fi|7 ‘61,2’7 |f1|7 ’pl’ < 87‘-7 (616)

where

3 9
a4+ — 5()\1 + )\2) + \/1()\1 — )\2)2 + (2)\3 + )\4)2,

1 1
bi = SO0 + ) £ 53/ (4 — ha)2 + 44,

1 1
Ct = §(>\1+)\2):‘:§\/(/\1 — A2)2 4 4X2, (6.17)
e1 = A3+ 2\ — 3Xs, ey = A3 — As,
fr=A3+2\ + 3]s, o= A3+ A,
fi =3+ A4, P1 = A3 — Ay

97



Chapter 6. Two Higgs Doublet Model

o EW Precision Tests:

Finally, the additional scalars contribute to the gauge boson vacuum polarization. As a
result, the EW precision data provide important constraint. In particular the 7" parameter
bounds the mass splitting between my and my+ in the scenario in which h is identified
with the SM-like Higgs, cf. Ref. [243] for example. The general expressions for the
parameters S, 7' and U in 2HDM can be found in Ref. [244]. To derive the bounds on
the scalar spectrum we consider the following values and the corresponding correlation
matrix [245],

ASSM = 0.05 £ 0.11, 1 090 —0.59
ATSM = 0.09 4 0.13, com=| 090 1 -083 |. (6.18)
AUSM =0.01 £0.11, —0.59 -0.83 1

The x? function is then expressed as

X2 =D (X = XM ()5 (X — X5, (6.19)
(V]
where the vector of central values and uncertainties are denoted as X = (AS, AT, AU)

and 0 = (0.11,0.13,0.11), while the elements of the covariance matrix are obtained via

2

Uij = 0;COIT;;0;.

As mentioned above, we identify the lightest CP-even state /. with the SM-like scalar ob-
served at the LHC with mass m;, = 125.10(14) GeV [152]. To forbid the dangerous decays
h — AA which could over-saturate the total width of A (>~ F%M), we assume that my > my, /2.
Moreover, we impose the alignment condition | cos(f — «)| < 0.3, in order to ensure that the
couplings of h to V' = W, Z remain consistent with the values measured so far, which appear
to be in good agreement with the SM predictions [246, 247]. The constraints are then imposed

onto a set of randomly generated points in the intervals:

tan A € (0.2, 50), ae(-5.3). |M2| < (1.2 TeV)?,
(6.20)

mpg+ € (mwy, 1.2 TeV), mpg € (my, 1.2 TeV), ma € (my/2,1.2 TeV).
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Figure 6.1: Results of the scan described in the text.

A scan of parameters consistent with the constraints listed above favors the moderate and small
values of tan 5 € (0.2,15]. In order to access large tan /3 values, and in addition to the free
scan, we perform a second scan with my ~ |M]|, which helps us probing higher values of
tan 3, and we then combine results of both scans. The combined results are shown in Fig. 6.1
in two planes, (tan 5, my+) and (m4, my+ ). From the right panel of Fig. 6.1 we observe that
the additional scalars become mass degenerate in the decoupling region (M2 > v?), as it can
be easily deduced from Eqgs. (6.6)—(6.9). We should also emphasize that the results of our scans
agree with what has been previously reported in the literature, cf. [248, 249, 250, 251].

In Sec. 6.7 we will confront the points allowed by our scan with the experimental measure-

ments of exclusive b — s decays.

6.2 Effective Hamiltonian

The most general effective Hamiltonian describing the b — s/ transitions, made of dimension

six operators, is given by Eq. 4.2

V2 :

4G

Hor = ——= Vi Vit Y (OZOZ» + 0;0;) +he. (6.21)
2

The dimension six operators appearing in this Hamiltonian are sufficient to match the one-loop

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, in general, necessary

when dealing with (pseudo-)scalar operators. For example, in order to get a correct expression
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for the Wilson coefficient C'p one needs to consider the external momenta, which then leads to
Cp ox mymy/ m%,v, c.f. [238]. We therefore need to select all situations in which one can obtain

the terms of the form (mymy,/m?,)Op, such as

62 my 62

e m (sgP b)((P;l), or e, (SP b) (L4 P;0), (6.22)

which can obviously be reduced to (m,my,/m%,)Op. As an example,

o mg 06 memy QMM 7
yy m2 (5¢PLb) ((ysl) = me, (5Pgb) ((yst) — . 2 (5PLb) (£7s¢)
mym mems mem
= niz "Op - W‘; Ofp =~ #Op. (6.23)
W w W

A complication arises when encountering the operators with insertion of p, + p_in the leptonic
current, with the convention b(py) — s(ps)¢~ (p-)¢*(py), where we also use ¢ = p, — ps =
p+ + p—. A way to deal with that, adopted in Ref. [238], consists in setting p, = 0, so that
p, TP, =d+2, =4¢=1p L TP 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 an incomplete expression for C'p, for example. If, instead, one keeps all the momenta
non-zero, we get a complete 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 Sec. 6.5 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. Before closing this section we could also argue

that a term (mymy,/m3;,)Op could be obtained from the dimension-eight operators such as,

o (ot 078) (- 80)

Such terms, however, never appear in our calculations and we will limit our discussion to the

dimension-seven operators only.
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6.3 Wilson coefficients

After unambiguously matching the full with the effective theories we obtain the one-loop ex-
pressions for the Wilson coefficients generated by the additional scalar particles. We summarize

our results in this Section. For clarity we will write them as,

Cr = NP, (6.25)
Cy=Cy" 7" + 377, (6.26)
Cio = Chy 7, (6.27)
Cp = C]le,box + OEP,Z + OEP,A (6.28)
Cs =05 P oyt 4oyt (6.29)

where the superscripts denote the types of diagrams that contributes to a given Wilson coeffi-
cient, namely, the box diagrams, the v, Z-penguins and the (pseudo-)scalar penguins. These co-
efficients should be added to the (effective) ones obtained in the SM: C; = —0.304, Cy = 4.211,
C1p = —4.103, and Cg p ~ 0 [252]. 3

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 Feynman
gauge. In the remainder of this Section we present our resulting expressions for each of the

coefficients appearing in Egs. (6.27)—(6.29). We use the standard notation,

2 2 m?
m m 0
_ q _ H=E o ©;
Ty = m—27 Tyt = 5 s x@? = m21 s (630)
W W w

where g € {b,t}, and @ € {h, H, A}.

6.3.1 ~-penguins in 2HDM

The y—penguin diagrams induced by the charged Higgs are shown in Fig. 6.2. The off-shell and
on-shell contributions can be matched onto the Wilson coefficients C; and Cy, respectively, we

obtain,

3Special attention should be paid to the scalar penguin with the SM-like Higgs to avoid the double counting
since it also appears with modifications in aligned-2HDM.
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Figure 6.3: Z penguin diagrams generated by the additional scalars.

C;\IP;Y - |<u‘2

zy | T34 — bwpgrx, — 8} N 6 =2 (314 — 22 p7+) | Tt
— o
72 (xg+s —xy)? (xg+ — xy)? & Ty

(6.31)

(2 — xp+)? (xy — xpg+)? Tyt

B ngd% [31’H¢ — by N 2w+ (3x; — 2xp+) o ( T ) ]’

and

Co ™" = |Cu|?

108 B

vy | 384 — Trpea + 4707 6(Aay, — 62%um, +327) | (wn
e — 2 e

N quxtxb [—37:10?# + 8x g xy + 537 N 6(22%,+ + 62322y — Y pea? — 3x3) log (xHi) ] .

108 (xgs — x)? (xgs — 24)° T

(6.32)

The dominant terms in both C’;\I "7 and C’é\l "7 come from the top quark contribution and are

proportional to |(,|?. The terms proportional to (*(; are suppressed by m?, thus indeed sub-

dominant.
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Figure 6.4: Box diagrams generated by the additional scalars.

6.3.2 Z-penguins in 2HDM

The Z-penguin diagrams contribute significantly to the Wilson coefficients C'p, Cy and C'g

through the diagrams shown in Fig. 6.3. The leading order expressions for C'y and C' read

Co "7 = O 7 (=1 + 4sin® Oy), (6.33)
2 1 Tt Tt
ONP.Z _ 2 Ty _ H 1 H
10 Cul 8sin Oy | wys — 20 (T — x4)2 8 Ty
Ty T+ + Ty 20X £ T+
* — 1 . 6.34
+ CqulG sin? Oy [(mHi —14)?  (zgr —xy)3 o8 ( Ty ) ] (6.34)
Similarly, for C'» we obtain,
\/ — 3xrg+ 212 . T+
ORI T Ay e | | 6.35
P CuGa 16sin? Oy | (xp+ — 2¢)2 * (xgs — )3 8 Ty (6.35)
. |2\/l‘b£€g zy | 38aF,s 4 bdatwy — T9xyray — 108z x] + 4Txf + 5da 6.36)
“ 216 ($Hi - (L’t)3 .
B 6(4a3,e + 9252 — 625 oy — 182707 + Qw g} + 3a7) log Xt 6.37)
(xHi - xt)4 Ty
_ 3 szi + 36quixt — Txg+sxs — 72xHixf + 11x? + 36xf (6.38)
2 sin? Oy (xgs — x4)3 '
B 624 (625, — 1223, 1y + 6z peai + af log T+ 6.39)
(xpe — x4)* Ty ' '
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Figure 6.5: Higgs penguin diagrams generated by the additional scalars.
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6.3.3 Charged Higgs Boxes in 2HDM

The box diagrams, peculiar for 2HDM, are drawn in Fig. 6.4. At low-energy they contribute to

the Wilson coefficients Cy and Cp as,

Loy Ty Ty TH+
CNP box * logxy — ————logx
o 8(xp+ — ) sin Oy CeGu r— 1 &% Tt — 1 & LH*

T+ (flft — 1)

(xgr — ) (xgs — 1)

. Tyt — a2
G [1 T ne — )@= 1)

26 1og (21 }

log x; —

log ZL’H:{::| (6.40)

and
A/ LTyTp Tt Tt T+
CNP7bOX — * l . l
P 8(xp+ — x;) sin® Oy GG T, — 1 08 Ly Tt — 1 08 Ta*

Tyt — a2

— CuCy {1 C (zge —x)(z — 1)

— 2¢4CE log (;;) }

In addition to C’g% % " the tensor and (axial-)vector operators receive contributions but sup-

flfH:t(.It — 1)

(xgr — ) (s — 1

] log fL’H:l::| (6.41)

pressed by the lepton mass, i.e. by z, = m2/m},. These coefficients are negligible even for
decays with 7’s in the final state as it can be verified by using the expressions we provide in
Appendix F.2.

6.3.4 Scalar penguins in 2HDM

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

penguin diagrams shown in Fig. 6.5. We recall that the total ultraviolet divergence coming from
these diagrams is proportional to the factor (1 + (,(4)((u — (4), Which vanishes due to the Z
symmetry (cf. Table 6.1). *

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

“Notice that this is not true in general. For instance, in the aligned-2HDM 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 [238].
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V 3 1
CgP,A _ VT Cey { Gt L B Th+ log (IHi) ]

sin? Oy 224 | 2 gt —x  (xgr —xp)? Ty

Cu
T

3rpexy — 6xgs — 227 + 51y wp (2. — Togs + 61y)
(xy — V) (zgs — x4) (xg+ — x)?(xgs — 1)

B w2 (2] — 2y + 4) + 307 (23 — 2w — 1) log
(xgr — x)?(zy — 1)2 N

logrgy+ (6.42)

where we used that {; € R, and (1 + (,(4)(Cw — ¢4) = 0. Similarly, the penguins with the
CP-even Higgs lead to:

CP = VI T (sin(8 — @) + cos(8 — )¢

sin? Oy 2z,

. 202
X [91 sin(8 — a) + g2 cos(B — @) — go—5 Ajep— |,
My

(6.43)

CNPH = VI T (005(8 — a) — sin(B — )]

sin2 QW 2xy

) 202
X [91 cos(B — ) — gasin(f — a) — gom—Q/\g+H—] :
W

where )\ﬁl 5 are the trilinear couplings defined in Appendix F.3. The functions gq ; » are given

in Appendix F.2 along with the amplitudes generated by each of the diagrams shown in Fig. 6.5.

6.4 Comparison with Other Computations

In this Section we compare our Wilson coefficients with the results obtained in previous studies.

Before doing so we should emphasize the novelties of this work:

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

(ii) The subleading terms O(my,) to Cy 10 have been neglected in the previous computations,

and they are included here;
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(iii) We provided an independent computation of the coefficients C's and Cp, and elucidate
inconsistencies present in Ref. [238], cf. Sec. 6.5 where we propose a general prescription

for matching procedure when the external momenta are not neglected.

The effective coefficients C's and C'p, in the context of Type II 2HDM, were first computed
in Refs. [253, 254, 255, 256, 257, 258]. In these papers tan 5 was assumed to be very large,
which considerably simplifies the computation because in that case only the box diagrams give
significant contributions. We agree with these results if we keep only the leading terms in
tan 3 in our expressions. Along the same lines, the leading order QCD corrections to the same
coefficients were included in Ref. [259].

Recently, the computation of C's and C'p was extended to the context of a general aligned-
2HDM, which comprises all four types of 2HDM with Z, symmetry discussed here but without
the usual assumption of large tan S [238]. We agree with their general results, except for the ex-
pression for Cgp’ Z which differs from the one reported in the present paper. The disagreement
comes from the fact that the authors of Ref. [238] worked with the assumption p, = 0, which
appears not to be fully appropriate. > By keeping p, # 0 one realizes that the computation of
Z-penguin leads to two independent terms, one proportional to py = p, + ps and the other
to ¢ = p, — ps. By using equations of motion, Cp g correctly receive contributions from the
terms proportional to ¢, but not from those proportional to py. With p, = 0 only one invariant
appears, because py = ¢, and thus the resulting C'p 5 also receive spurious contributions from
PH.

Regarding the other Wilson coefficients, the first computations of C; for a general 2HDM
have been performed in Ref. [145], then in Refs. [260, 261] and [262] where the leading and
subleading QCD corrections were included too. Our results are consistent with those, as well as
with the expression for (' presented in Ref. [257] and more recently in Ref. [238]. The only

difference with respect to those results is that we include the subleading terms in 1.

6.5 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

SWe should emphasize that we were able to reproduce the expression for CER i reported in Ref. [238] by

taking ps = 0.
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non-zero is necessary to obtain the correct values for the Wilson coefficients C's p. As we
mentioned in Sec. 6.2 the insertion of external momenta result in dimension-seven operators
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, which give rise to the

terms oc memy,/mé;, are:

A= (sl —p, )PONIR) Al = e (SPH)(Up, + )P
A= T (slp —p PP, AT = (PO, + p )7 P

(6.44)

where i, j = L, R and s, b, £ are the fermion spinors. Note again that our convention is b(p,) —
s(ps)l (p_ )t (py), and ¢ = p, — ps = py + p—. In our calculation, specifically, the amplitude
. . . . . ¢ \4
Agj appears in the computation of the Z-penguin diagrams, while we find A;; and Aijq when
computing the box diagrams.
In order to keep our discussion general, we first extend the Hamiltonian (6.21) and include

the following operators

4G
h= s VaVii Y (cﬁOZMOZqOZq) +he, (6.45)
V2 ij=L,R
where
e? 1
(’);7 = G)em (S#‘Pb)@”(fJWP 0),
T
g 1 (6.46)
Ta — H
O;; “aEm 8 (50, Pb) (E4* P;0),

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 Br(B; — u*p~), while for the other decays their hadronic matrix elements

®Notice 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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are easy to calculate.

By using the Fierz rearrangement and by applying the field equations, the amplitudes (6.44)

are reduced to

AL & =0Tt + 0y L, (6.47)
mw
? T my
— —_— 6.48
ALR<_> OLR+(99mW7 ( )
Or — Ops\ my
AVl o —0T1 4 ((9’5 — 1 > — (6.49)
Ag§902§+( g+OT_OT5> e (6.50)
4 77”LV[/7 .
O, -0, m Oy — O1p m
9 s OF9 4 2910 T 9 10 s 6.51
oL < O+ 5 — + 5 p— (6.51)
O, + 0, m Oy +0O19g m
q Tq 9 10 M 9 10 M
6.52

r < Org+ 5 — + 5 mo— (6.52)

AVt ¢ o7t 4 95— O 5 Or = (Og _o, -9 > OT5> ST (6.53)
W W
/ /
Vq T S + OP mg OT + OT5 my
_ s TP ) 54

Al =01+ 5 - + (OS+OP+ 5 ST~ (6.54)

To remain completely general, in the above equations we also kept the lepton mass and the mass
of s-quark different from zero. Clearly, for the appropriate matching of these amplitudes to the
effective theory, the operators appearing in Eq. (6.21) are not enough and the extended basis
given in Eq. (6.45) is necessary. Once the matching is performed, the operators from Eq. (6.21)
could be neglected since they are 1/my, suppressed with respect to the dominant (dimension

SiX) ones.

This delicate point can then be verified explicitly by computing the Wilson coefficients
C’;z and C;—]% which come from the Z-penguin diagrams and the coefficients C7}/ = (C7f)*

generated by the box diagrams. Their explicit expression is given in Appendix F.2.
Now, if one sets p; = 0 in A%p of Eq. (6.44), then just like in Ref. [238] one could write

P, + P, = p, = ¢ which, by means of equations of motion, yields

¢ = ﬂ4i<ngb> ({(Pr — Pp)t) = /2, Op , (6.55)

myy 4T
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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 , /:EgC’;g. In other

words, and by using our definition of operators and of the effective Hamiltonian, we find
Al = /& Op +2-(5Pxb) (7p.Pat) - (6.56)

Had we set p, = 0 we would have missed the contribution of the dimension-seven operator.
We emphasize it, once again, that A%, is a non-trivial operator with derivative which cannot be

straightforwardly simplified by means of equations of motion.

Finally, after a comparison between ours and the result for C'p presented in Ref. [238] we
find ’

(this work)
CRef.[238] — o Ve cTa , 6.57
P Pt s Oy, ER (©7

In other words, the Wilson coefficient C'p of Ref. [238] contains the Wilson coefficient of the
operator (9}73:}1%, the matrix element of which is not equal to the matrix element of the operator
Op but is, instead, suppressed by myy as we explicitly check in the next section. For that reason
the Wilson coefficient of Ref. [238] is not well defined unless the basis of dimension-seven

operators is explicitly specified.

66 B, — pp and B — Ku*tp~ in 2HDM

In this Section we give the expressions for Br(B;, — p*p~) and Br(B — Kptp™) to which
we also include the contributions of the operators given in Eq. (6.46). Those additional opera-
tors were necessary for the appropriate matching procedure between the full and the effective
theories. However, since they are suppressed by 1/my, they are expected to be negligible with
respect to the dominant operators entering the effective Hamiltonian (6.21). The purpose of this
exercise is to check whether or not the size of the matrix elements of the operators (6.46) is

indeed numerically insignificant for phenomenology.

"Notice also that the notation of Ref. [238] is such that their Wilson coefficient C'p, which we can call C P, 1S
related to our’s via Cp = /zz,Cp/ sin? Oy .
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661 B, — putp~

On the basis of Lorentz invariance and invariance of the strong interaction with respect to parity,
one can easily verify that B, — p*u~ is not affected by the operators (’)Z;] and Off, with
i,7 = L, R. The expression for the decay rate of this process remains the standard one

a*G2mp, By
s 1673

o m% (m, — 4m%>]
)

4mz (mp + m)?

m}, (Cp — Cp) [
ng(mb + ms)

Br(B, — (T¢7)" =15 Vi V|2 f.mi | |Cro— Clo+

+ |Cs — Cj| (6.58)

where 8, = (/1 — 4m2/ mQBS. To compare Eq. (6.58) with the available experimental value, we
proceed analogously as in (4.40) of Chap. 4, using the averaged branching ratios from the fit in
Ref. [46].

As we mentioned before, the dimension-seven operators (6.46) were chosen in such a way
that they do not contribute the B, — ¢*¢~ decay amplitude.

662 B — Kutp~

In contrast to By, — (¢, the decay B — K/{*(~ receives contributions from the operators
of the extended basis (6.46). To write the decay amplitude in a compact form, it is convenient
to use the formalism of helicity amplitudes (HA’s) Ref. [110]. Using this process described in
Ref. [110] but adding the dimension 7 operators, we obtain
d o 2gt—md) ) ¢ —am?
d—qur(B — K0Tt = T‘f [[AF1? + |AF1P] + 2m |A)* + ————F
2 2
+ 2

L@+ 2mp

3
8(q* — 4m2)

3

+4miRe [Ag (Ag; — Af) — Aig” (Ag, — Aif)]

|As|?

[[A4f — AL + |Af — AS] + 4miRe [Al*Af]

2
4mj

4 q2 B *
v Araf? o+ N M g [ (- Al — (L R)

—2my/?Tm [(AL + AR)" (AL — AL + (L & R))],
(6.59)
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and the explicit expressions for the helicity amplitudes are the ¢*>-dependent functions which

read:
L(R) >\1/2 2my,
Ay(@%) = Nk N [f+(q2) [(Cy + Cy) F (Cro + Cp)] + fT(q2)mB e (C7 +C7)
2
) | Ol + O ] (6.60)
) = Nl P i g CEECEL (661
P
As(q®) = N fo(d®) E‘b — mf (Cs +C%), (6.62)
AL ) = NN [fm?)ﬁ L) CZZL(R;JWO%WI , 669
L(R), 2 . CT>\1/2
A () = _ZNKfT(qz)m7 (6.64)
L(R CT5/\1/2
Ags(q*) = ALY = iNicfr(q?) 20 (6.65)

where the normalization factor also accounts for the remaining phase space, namely,

a2,G |thvz;| Mg

I p (6.66)

N ()| =75

For shortness, in the above formulas, we used \, = )\(\/?, me,my) and Ap = A(mp, mg, \/?),
where \(a,b,c) = [a®> — (b — ¢)%][a® — (b + ¢)?]. The kinematic conventions and the form
factor definitions are collected in Appendix F. In the limit in which the derivative operators
vanish we retrieve the usual expression for differential branching fraction [110]. The choice
of dimension-seven operators (6.46) is convenient also because their matrix elements are pro-
portional to the original hadronic matrix elements multiplied by ig"”. As it can be seen from
the above expressions the coefficients C’Zf and Czjq enters the above formulas with the explicit
1/my-suppression factor. In other words, with the above formulas and by using the Wilson

coefficients presented in the previous Sections, we see that the derivative operators (6.46) are
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indeed irrelevant for phenomenology. Their presence is therefore essential for the unambigu-
ous matching procedure in the computation of Wilson coefficients but they do not alter the

phenomenological analysis even at the sub-percent level.

6.7 Phenomenology and Discussion

In this Section we use our results for Wilson coefficients and compare the experimental data
for the exclusive b — s¢*¢~ modes with various types of 2HDM. We decided to focus on
Br(B, — putp™ )™ = (3.1 £0.6) x 107? [45], and Br(B — Ku+u*)i’;§hq2 =(85+03+£
0.4) x 1078 [263], where “high ¢*” means that the decay rate has been integrated over the in-
terval ¢> € [15,22] GeVZ2 The reason for opting for these decay modes is that the relevant
hadronic uncertainties are under good theoretical control. The hadronic quantity entering the
By, — p"p~ decay amplitude is the decay constant, fp . It has been abundantly computed
by means of numerical simulations of QCD on the lattice and its value is nowadays one of the
most accurately computed hadronic quantities as far as B(,)-mesons are concerned [48]. The
hadronic form factors entering the B — Kpu*pu~ decay amplitude have been directly com-
puted in lattice QCD only in the region of large ¢*’s [264, 265], which explains why we use
Br(B - K u*y*)flfgh ;2 to do phenomenology. Furthermore, since the bin corresponding to
q* € [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 [266]. By using the recent lattice QCD

results for the form factors provided by HPQCD [264] and MILC Collaborations [265], the SM

results are
)
MILC

(6.67)

Br(B — Ku' 1 Jnigngz = { (10.0 £0.5) x 107® ,(10.7+£0.5) x 107
HPQCD

both being about 20 larger than the experimental value measured at LHCb. ® Since the cur-
rent disagreement between theory and experiment needs to be corroborated by more data,
we decided to impose all the constraints to 30 accuracy. We will then discuss the impact of
Br(B — K u*u‘)fﬁé’hqz on 2HDM if the current discrepancy remains, i.e. by requiring the
2HDM to compensate the disagreement between theory (SM) and experiment at the level of 20

81n the following we will average the results obtained by using the two sets of form factors obtained in lattice
QCD.
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Model | Type I Typell Type X TypeZ

tang | >1.0 >09 >10 >09

Table 6.2: Allowed values of low tan 3 (at 99% CL) for the different 2HDMs. See text for
details.

and more. Notice also that the measured Br( B, — p )P is slightly smaller than predicted,
Br(B, — ptp )™ = (3.57 £ 0.17) x 107°[46].

We now use the results of our scan from Sec. 6.1.2, 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 3, my+), is shown in
Fig. 6.6 for each type of 2HDM discussed in Sec. 6.1. We learn that both Br(B, — ptpu™)
and Br(B — Kt 117 )pign 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 Br(B — K 1" (1™ )yign g2 is slightly
larger than the one arising from Br(B; — p* ™). The limit on low tan 5 obtained in this way

for each of our four models is given in Tab. 6.2.

Besides excluding tan 8 < 1, it may appear as a surprise that the large tan 3 are not ex-
cluded 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 (mpg, /my )*
which suppresses the large tan [ values. This feature can be easily verified in the Type II model
for which the coefficients C p, in the large tan  limit. This is why only a small number of
points have been eliminated from our scan of Type II model at large tan § but relatively light
Mp.

exp
high ¢

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

Since the SM value is in slight tension with Br(B — Kputpu™) , at the 2.10 level, we
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. 6.7. For the other two scenarios (Type I and Type X) the NP contributions
are either too small or already in conflict with Br(B; — ptp™)®P. From Figs. 6.7 and 6.8
we see that in order to explain the discrepancy one needs a relatively light charged scalar: (i)
my+ < 735 GeV and tan § > 2.3 in the Type II scenario, and (i) my+ < 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,4 become bounded as well, cf. Fig. 6.8. In the case of Type II and
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Figure 6.6: Results of the scan given in Fig. 6.1 after imposing the constraints coming from

Br(B; — ptp~ )P and Br(B — Ku u‘)fﬁé’h ;2 t0 30 accuracy. Blue points are allowed by all

observables, while gray points are excluded by Br(B; — u* 11~ ), and the red ones are excluded
by BI'(B — K/'L+M7)high q?:

Type Z 2ZHDM an additional bound on the charged Higgs has been recently derived from the
inclusive mode Br(B — X, 7). After comparing the experimental spectra with theoretical
expressions in which the higher order QCD corrections have been included, the lower bound
myg+ > 570 GeV (95% CL) was obtained in Ref. [267] (c.f. also Ref.[157]). This bound
is superposed on our results in Figs. 6.7 and 6.8, which then also eliminates Type Z 2HDM.
Furthermore, we can say that the requirement of agreement between theory and experiment to
20, for the quantities discussed in this Section, reduces the available space of parameters for
Type II 2HDM to mpy+ € (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.

In what follows we will assume that the 20 disagreement of the measure Br(B — Kyt p™ )y »
ighg

with respect to the SM prediction indeed remains as such in the future and discuss the conse-
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Figure 6.7: Results of the scan in Fig. 6.1 after imposing the b — s constraints to 20 accuracy.
The hatched area is excluded by Br(B — Xv) at 95% [267]. See Fig. 6.6 for the color code.
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Figure 6.8: Same as in Fig. 6.7 but in the (m 4, my+ ) plane.

quences on the decays Br(B, — 7777) and Br(B — K717 )yign 2 if the Type II 2HDM is

used to explain the disagreement. From Eq. (6.58) we can see that

Br(B, — 7t7=)SM " Br(B, — ptpu )M |CEM2 (my + mg)?

Br(B, > rr) _ BiB,outn) [CFP_ m (6.68)

where the only remaining m, dependence comes from the last numerator in the factor multi-
plying |Cs — C%|* in Eq. (6.58). In Fig. 6.9 we illustrate the validity of the above equality.
Notice that a tiny departure from equality comes from the large tan 5 values which enhance the
Cs contribution. In other words, the current experimental result Br(B, — u*p™ )P, which
is slightly lower than the one predicted in the SM, is expected to lead to Br(B, — 7777 )P
compatible or slightly lower than predicted in the SM. The cancellation of the lepton mass in
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Figure 6.9: We show the branching fractions of the decay to 7-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.

Br(B, — (+¢)*"PM, discussed above, does not occur in Br(B — K{+¢7)2IPY .. As a result

we obtain,

Br(B — Krtr—)Typell < Br(B — Kyutp~)tyeell 6.69)
Br(B — Krtr=)SM ~ Br(B — Kutp— )M '

where we omitted the subscript “high-¢*” to avoid a too heavy notation. Illustration is provided

in Fig. 6.9. We can rephrase this observation with an equivalent statement:

Br(B — Krtr—)Typell _ Br(B — K7t )M 6.70)
Br(B — Kputp~)Tyeell = Br(B — Kutpu=)SM~ '

To be fully explicit, we obtain

Br(B — K7t717)
Br(B — Kpt i) lign_q2

€ (1.12,1.14)gu1, (1.0, 1. 1) pype 11. (6.71)
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Chapter 7
Summary and Conclusions

Nowadays, in order to look for the effects of new physics, i.e. physics beyond the Standard
Model, one searches for disagreements between the results predicted by the accurate theoretical
expressions derived in the Standard Model and those precisely measured in the experiments.
Thanks to the LHC and various flavor physics experiments this can be done in two ways: (a)
through direct searches of new particles at the high energy and high luminosity experiments at
LHC, and (b) through indirect searches in the low energy flavor physics experiments. Obviously
both ways are complementary to each other. Recent LHC results concerning the exclusive b —
s¢¢ modes exhibited several interesting discrepancies which spurred a great deal of theoretical
activity in looking for the effects of new physics in various observables, of which the most
intriguing one is the ratio of the mode with p* 1~ in the final state with respect to the one in
which, instead of muons, one has e e in the final state. More specifically, it has been observed
that RE < R3M, RY < RM and B2 < Ry (see text for definitions). Although none of
these measurements exhibits a deviation larger than 5o, all of them point towards the violation
of the lepton flavor universality, which came as a big surprise.

In this thesis we explored the (b) option and examined various new physics scenarios that
could accommodate the above-mentioned B-physics anomalies and which are consistent with
the whole plethora of experimental flavor physics data. We first described both the b — s/
and the b — cl processes by means of an effective field theory in which the most general
new physics couplings are considered. The constraints on those couplings (Wilson coefficients)
are deduced from fit to a large number of observables. With these constraints in hands we
then proceeded to build a specific model/theory of physics beyond the Standard Model. In that

respect, one sees that our model building is fully data driven.
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In Chapter 3 we have studied the impact of extending the Standard Model by introducing
new heavy scalars and fermions on b — sutu~ processes. In particular, we considered (i) a
model with two extra fermions (¥ and W,) and one extra scalar (scalar ®), and (ii) a model with
two additional scalars (® and ®,) and one additional fermion W. Both models are consistent
with C§ = —CYj, relation between the Wilson coefficients which seems to be preferred by the
data.

Considering representations up to the adjoint one under the SM gauge group, we classified
all possible combinations of representations for the new particles that are allowed by charge
conservation in the new Yukawa-type vertices. In this setup we calculated the new physics
contributions to b — sy~ processes, B, — B, mixing, b — sy, b — svD, in addition to
the anomalous magnetic moment of the muon a,. We found that the constraint from B, — B,
mixing is very stringent due to the new lattice data favoring destructive interference with the
SM, which in our case translates to a requirement for a large value of the Yukawa-like coupling
of the new physics particles to muon, |I',| 2 2.1, for the masses of new particles O(1TeV).
The B, — B, constraint can be avoided in a model with two scalars if ¥ is a Majorana fermion.
In such a case we show that, for mg, < my, the contribution to the B, — B, mixing amplitude
can be zero. Notice that a,,, the anomalous magnetic moment of the muon, depends only on I',,
and the 20 agreement between theory and experiment can be achieved for |I',| 2 2, with the

new heavy particles being O(1 TeV).

In Chapter 4 we generalized the analysis of Chapter 3 by allowing the non-zero couplings
of the new particles to right-handed SM fermion as and calculated the general expressions for
the Wilson coefficients governing b — s processes (b — s¢*¢~, b — svv, b — sy and B, — B,
mixing). Moreover, we computed the contributions to a,, as well as to the accurately measured

Br(Z — ptp™), which is also included in our analysis.

Furthermore, we proposed a viable UV complete model which, besides a scalar (P) contains
two vector-like fermions of 4" generation, namely ¥* and ¥”. From the phenomenological
analysis we show that a good description of the experimental flavor physics b — s data, consis-
tent with results of the direct searches at the LHC, can be made for e.g. mg ~ mge ~ 0.5 TeV,
and mp ~ 3 TeV. Interestingly, ® can also be viewed as a viable candidate for the Dark Matter
particle. Indeed, we showed that if myr ~ mge one gets the amount of relic density consistent

with the limits of the direct Dark Matter searches.

In Chapter 5 we discussed another family of new physics scenarios in which the Standard

Model is extended by including one or two light [O(1 TeV)] leptoquark states. In these scenar-
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ios one can explain both types of B-anomalies, b — s¢¢ and b — c{v. One of the main require-
ments in specifying such a model is to provide consistency with the measured Br(Z — ¢¢) and
Br(Z — vr). Such processes are loop induced and have not been fully included in the previous
analyses. We computed the contribution of all of the possible scalar leptoquarks propagating
in the loops, by admitting the most generic structure of the Yukawa couplings. In doing so we
did not limit ourselves to the computation of the leading logarithms (O(x;log z;)). Instead, we
also computed the finite terms in addition to the terms O(z z(w) log ;). We find that these new
contributions are sizeable and their inclusion in the phenomenological analyses is mandatory.
Instead, the contributions to W — (v arising from the loops involving scalar leptoquarks are
tiny.

We illustrate the importance of including the Z-pole observables on a specific model in
which the new physics comes from two light scalar leptoquarks, S; and S35, and how using the
NNLA can lead to a compatible explanation of data. We also showed that one of the most
important constraints in such models comes from the observed frequency of oscillations in the
B, — B, system. We provide the expression coming from the loop diagrams and derive the
Wilson coefficient to the By — B, mixing in this scenario. Including this constrain, that S7+S53
model was unable to explain R, experimental value before a new measurement of Belle
lowered its value in Moriond Conference 2019. The same occurred with the other two S;+S55

models with different Yukawa structure proposed in Chapter 5

In Chapter 6 we computed the leading order Wilson coefficients relevant to the exclusive
b — s{*{~ decays in the framework of 2HDM with a softly broken Z, symmetry. Most of these
Wilson coefficients have been computed previously but in the limit of large tan (3, which we
have extended to a generic setup. We also included O(m;,) corrections, which were neglected
in the previous computations. Regarding the (pseudo-)scalar Wilson coefficients, we elucidated
the issue of unambiguous matching of the one-loop amplitudes between the full and effective
theories which requires extending the basis of operators in the effective theory by including two
types of operators suppressed by 1/my; (altogether, eight new operators). We pointed out that
for the appropriate identification of the Z-penguin contribution to the Wilson coefficient C'p it
is necessary to keep all external momenta different from zero.

After having computed the full set of Wilson coefficients we were able to make a phe-
nomenological analysis by focusing on Br(B, — p"p~) and Br(B — Kput ™ )pigh—q2, the
quantities which are measured at LHC and for which the hadronic uncertainties are under

good theoretical control (computed in LQCD). After carefully scanning the parameter space
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of 2HDM with a softly broken Z, symmetry, we tested various types of 2HDM against the
experimental data and found that to 30 the values of low tan3 < 1 are excluded for all
types of 2HDM’s. We also discussed the repercussions of the current results on the decays
Br(B; — 7"77) and Br(B — K777 )yign_q2. Notice that 2HDM models can be used to
describe Rg(g) > R]Sjl\g) , but not to describe R‘;?(‘i) < R%\({). Therefore, even if the B-anomalies
do not resist the test of time and appear to be merely statistical fluctuations, the current mea-
surements will be a very important in relaxing the Z, symmetry requirement on the Yukawa
couplings and to constrain the Yukawa couplings in a more model-independent way. The mech-
anism to generate such Yukawa couplings is beyond the scope of this thesis and is one of the
directions that can be pursued in the future.

The research and results presented in this thesis demonstrate that we entered the era in which
the high precision experimental data are giving main directions to our model building efforts.
With the new results, in the years to come, from many ongoing experiments will make the
model building efforts more and more restrictive, which will further help us solving the most

fundamental question of the origin of flavor.
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Appendix A

Matching of a b — sp ™ p~ Transition

In this Appendix, we show an example of the matching procedure for a b — syt u~ process
between a full theory and an effective theory. In this case, we propose a full theory with new
heavy scalars and fermions (®q, ®,, ¥) coupling to the SM b, s quarks and muons, similar to

the model b) in Chap. 3. With that in mind, we write the full theory Lagrangian as
LM =T UPLs®g + TyWPbdg + T,V Pud,+hee., (A.1)

where we choose the same representation A-I of Chap 3 with ()¢ # 0 in order to avoid crossed
diagrams. Then, the only Feynman diagram that contributes to b — syt~ in this model is
depicted in Fig. A.1.

In a similar way, the Hamiltonian' governing the b — su™ 1~ left-handed interactions in the
effective theory is
Heﬁ = 0909 + 010010 + h.c. s (A2)

with Cy and (' being the Wilson coefficients and here we define the operators without normal-

ization factors for simplicity as

Oy = (57, PLb)(fiyup) and  Oip = (57, Prb) (v, ysie) , (A.3)

which establish the operator basis needed for this process.

Once specified the full and the effective theory, we have to define the external momentum

'Usually in effective theories, especially in the flavor sector, one uses Hamiltonian instead of Lagrangian for
historical reasons. However the relation between them in this case is just H = —L
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b v p(ps)
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5 \1/‘ 1t (pa)
Full Theory Effective Theory

Figure A.1: Feynman diagrams contributing to b — su™ ™ in the full theory (left) and in the
effective theory (right).

for each particle in the process, namely b(p;) — s(p2)u™ (ps) ™ (p3), and we are ready to match
the two amplitudes describing the same process that arise from two different theories.

We first compute the amplitude for the effective theory. Notice that since there is only one
vertex in the right picture of Fig. A.1, it is straightforward to write down the amplitude from the

Lagrangian (A.2) as

A = —i{u (p3) ™ (pa) [H [b(p1)s(p2)) = —i(Co(Og) + C10(O10)) , (A4)

where
(Og) = (™ (p3) ™ (p4)|Oo|b(p1)s(p2)) = [5(p2)Vu PLb(p1)] [ (p3) 7yt (pa)] (A.5)
(O10) = (™ (p3) ™ (Pa)|O10[b(p1)5(p2)) = [5(p2)VuPrb(p)|[E(p3) v ysie(pa)] - (A6)

Notice that the expected value or matrix element of the operators results in spinors which we
distinguish from the operators by labeling the momenta and using brackets instead of parenthe-
ses. What follows now is to compare this effective amplitude with the one obtained with the
full theory.

In order to compute the amplitude for the b(p;) — s(p2)u™ (ps)p™ (p3) process in the full
theory we use the Lagrangian in (A.1), yielding the diagram in Fig. A.1. As we said, we assume
that the particles in the loop are much heavier compared to the ones in the external legs, hence

we neglect the external momenta. Applying the full Lagrangian in the four vertices (z1,72,73
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and z,) of the loop, the amplitude A™" reads

Afull _ %(u— (pg)u+(p4)|’T{£fuu(1’1)Efun(xg)ﬁfun(a:g)Efu“(zm)}|b(p1)8(p2)>

TP ] )

= —ZT'MJF (xq, xo) [1(p3)uPro(p1)][5(ps)vuLPri(pa)] (A7)
64m<my,

where F (vq, %) is defined in the Appendix C.1, and 2 = m3,,/m3, x¢ = m3,/m§,, Notice

again that we end up with spinors. In order to get the spinor in the correct order so we can

compare it with the effective theory, we apply the Fierz transformation for spinors, which are

the same as for the operators but with an overall minus sign. We have

ar el |, _ _
AN = 2—64#”% F(2q,z0)[3(p2)7, Prd(p)][1(ps) v Pri(ps)]
TETy|T [
= iTysen F (1. 7((00) ~ (Ou)). (A8)

where in the last line we used that P, = (1 — ~5)/2 and identified the (Oy) and (Oy¢) matrix
elements.
Finally, equating the two amplitudes A°T = A™! we obtain

LT T [

_Z<C9<Og> + ClO<010>) =1 1287r2m31, F (.IQ, l’g)(<(99> — <010>) (A9)

where Oy and Oy are independent operators, thus we can obtain Cy and C'jy by equating the
(O10) and (Oq0) coefficents in the right-hand side and the left-hand side of (A.9). Obtaining

i\, 2 I I
Co=—-2"LF d Cp=-2>"LF A.10
5= “Togmzmg L W@ m) and Co =000 F (2 ) (A.10)
with Cy = —C}, as expected because we were only dealing with left-handed couplings to the

SM fermions. In this matching we integrated out the heavy degrees of freedom ®(, ®, and V.
In other words, we have encoded the physics of the full theory in the Wilson coefficients of the
effective theory at a certain energy scale. Now we could use renormalization-group equations in
order to run the Wilson coefficients to another scale, although in this particular case they would

remain the same since we only have left-handed vector operators.
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Appendix B

Fierz Identities

Here we list the Fierz identities for spinors used in the computations. With i, j, £ and [ repre-

senting Dirac indices here we find

(VuPrr)i; (VuPrr)y = —WwlPrr)y (WPrLr)y (B.1)
(’YMPL,R)Z‘]‘ (%PR,L)M = 2 (PR,L)Z-; (PL,R)kj (B.2)
(Pr.r)y; (PLr)y = % (Pr,r)y (Prr)y, + % ()1 (O PrLR), (B.3)
(Prr)y (PrL)y = % (VuProL)y (VuPr,r)y; (B.4)
() CuPrrly = 6OuPrr)y CuPonlyy — 5 0wy (GuPrr)y . (BS)

where Prr = (1F75) /2 and 0, = % [v4, 7). When dealing with diagrams with crossed
fermion lines, one needs Fierz identities involving charge conjugation matrices. Here, exchang-

ing the second and the third Dirac index we find

(3 lr,rC); (CoPrr)y = —2(Pri)y (PLr)j (B.6)
(VMPL,RC)ij (C’YMPR,L)M = - (’}//LPL,R)Z-]C (’YMPR,L)jl (B7)
1 1
(PL,RC)U (CPL,R)M - 5 (PL,R)ik (PL,R)J'Z - g (Upu)ik (O-;,LVPL,R)‘]'[ (BS)
1
(PL,RC)i]’ (CPR,L)M -~ 9 (’Y,LLPR,L)ik ('V;LPR,L%'Z ) (B.9)

with the charge conjugation matrix defined as C' = i7y72. If we were dealing with fields, every

identity would get a minus sign due to the Dirac algebra.
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Appendix C

New Scalars and Fermions

In this appendix we list the complementary information that has been used or mentioned in
Chapters 3&4

C.1 Loop Functions

Here we list the dimensionless loop functions introduced in Sections 4.1 and 4.3. The loop

functions appearing in box diagrams that involve four different masses are defined as

*log() y*log(y) 2*log(2)
F x? y? z - + + )
(8:2) (-D@-y)r-2 H-Dy-2)y—2 E-1E-2)(z-y)
(C.1)
xlog(x) ylog(y) zlog(2) )
G x,y,z) =2 ( + + ,
B e e I T TR T I GV Es [ )
(C.2)
which in the equal mass limit read
1
F(1,1,1) = -G(1,1,1) = 3" (C.3)
In the presence of only three different masses in the loop, one gets the functions
1 2] 21
P(z,y) = Flw,y,1) = pLloaln) .y losy) (C4)

I-2)1-y) (A-2P-y) (Q-y*y—=z)
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Appendix C. New Scalars and Fermions

— (s _ 1 x log(z) ylog(y)
Gloy) =Gley. 1) =2 ((1 0y T-oe—y) —y>2<y—x>> (€9

while, in the presence of only two different masses in the loop, one gets

r+1  2zlog(x)
e
2 (x + 1) log(x)

G(r) =Gz, r) = (z — 1)2 - (x— 1)

(C.6)

The loop functions appearing in photon- and gluon-penguin diagrams and the Z-penguin dia-

grams of Chap. 3 are defined as

_2® =622 43+ 2+ 6xlogx

Fr(x) 30 1) ! Fr(x) =o' Fr(a™h),  (€C)
r? —4x + 3+ 2logw ~ 22 —2zrlogx — 1

G7(37) 8(.73 _ 1)3 ) G7(.§C) - 8(1’ — 1)3 )

(C.8)

—223 +92% — 18z + 11 + 6logx ~ _ _

Folz) = 6= 17 et Fy(x) =2 'R, (€9
—1623 + 4522 — 362 + 7+ 6(2z — 3)x2 log & ~ B B

Go(z) = 360z 1) ( Ja”log , Go(z) =27 'Go(z™"), (C.10)

which in the equal mass limit read

F(1) = B = S0 = Gy = ) = R =

Go(1) _ Go(1)

1
=—. (C11
5 (CID
Finally, the loop functions for the calculation of Z-penguins of Chap. 4 are defined as
= asFV(x,y)—i—x <Y,

= Fyu(x,y) —dive = (£*Fy(z,y) + = < y) — dive,

= Iz(x) +div. = Ll — 2 Fy(z,1) + div.
x_

= aKy(z,y)+z <y,
2

)
)
Hy(z,y,m) = Hz(z,y)+div. = (yFy(z,y) + 2 < y) + 1+ div,
)
)
)

_ <x2KV(x,y) - Fv(m,y)) +ar oy,

r—y
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C.2. Crossed Diagrams

Fiy(e.y) ((y - 13321/ 2%y —y — 2) log(2)

)z —y)? (x —1)2(x — y)? )+:v<—>y, (C.12)

2
where we have defined div. = A, — log (m ) and

e

@y -)logr) 1
L e Py} Y e R Py e

(C.13)

log(x)

A )

It is interesting to notice that the following relations hold between particular limits of the pen-

guin induced functions:

m? m? m? 1 m? m? 1 m? m? 1 m?
B <n— n—) T3t (n— n—”) it (n— F’m) Tl (7”) -0

%J; GZ(ZE,:L') — —ﬁz(JT,ZL') = G9($)7

éﬁz(%x) = Fy(z). (49
1 ~ ~

o5 Hz(w,2) = Fy(2). 1

Moreover, it is useful to define the limit

Finally, the equal mass limits read

Gy(1,1) = w = —Hy(1,1) = —1,(1) =6G5(1,1) = —2F4(1,1) = —2H,4(1,1) =

)
(C.17

~DN | =

C.2 Crossed Diagrams

If the NP fields have the appropriate quantum numbers they can be either real scalars or Majo-

rana fermions. If this is the case, crossed diagrams as shown in Fig. C.1 can be constructed and
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b I

7 7\ Up

typea) type b)

Figure C.1: Crossed box diagrams contributing to b — su ™~ transitions. The diagram on the
left appears in models with real scalars, while the one on the right can be constructed in models
with Majorana fermions.

SU3),typea) | ¥y Vg &y Oy | SU3), typeb) | ¥y Uy &y Oy | x
I 3 1 1 1 I 1 1 3 1|1

III 3 8 8 8 I 8 8 3 8 |4/3

Table C.1: Table of SU(3)-factors entering the box induced Wilson coefficients involved in
b — s transitions for real scalars, type a), and Majorana fermions, type b). The numbers of
each representation refer to the ones in Table 4.1.

contribute to b — su T~ transitions in addition to the ones shown in Fig. 4.1. Similarly, there
are contributions from crossed boxes to B, — B, mixing (in addition to the ones in Fig. 4.3)

arising due to the diagrams in Fig. C.2.

C21 b—sutu~

In b — su™p~ the possible representations that give rise to additional crossed diagrams with
real scalars or Majorana fermions are listed in Tab. C.1. For type a) the only possibility is
to have real scalars, while for type b) one can only have crossed diagrams in the presence of
Majorana fermions.

The contribution to the Wilson coefficients stemming from the diagrams in Fig. C.1a) cor-
responds to the ones listed for a)-type in Eqs. (4.4)-(4.7), after inverting M <> N in the muon
couplings and changing F(z anr, Ty, ) — —F(Tan, Tpar, ©nar). For case b) (see right

diagram in Fig. C.1) the Wilson coefficients are given by

Sx b
box b) XLBMLAM px g T TNTg
Cg = —N—2 LBNLANTG(xAMaxBMa«TNM)
32mapmm
Par Dar
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C.2. Crossed Diagrams

SU(?)) \I/A \PB (I)M CI)N X%/[B )Z%B
I 3 3 1 1 1 0 Real®
II 1 1 3 3 0 1 Majorana ¥
1 3 3 8 8 |5/18 -1/6 Real ®
v 8 8 3 3 -1/6  5/18 Majorana ¥
\Y% 3 3 (L,8) @,1)| 1/6 -1/2 Real @
VI (1,8) (8,1) 3 3 -1/2  1/6 Majorana ¥

Table C.2: Table of SU(3)-factors entering the box induced Wilson coefficients involved in
B, — B, mixing for real scalars and Majorana fermions.

Cbox b)

Cbox b)

CbOX b)

Cbox b) _

/box __
Cos =

Lk
_RBNRANF(xAMu OCBM,xNM)} )

S* b
XL g Lo LI TR m\IJAmlI,BG(SU . . )
32T ven 12 BN AN—mQ AM,ZBM ;s TNM
EM Das s
Wk pp
+RBNRANF(33AM7$BM7$NM>:| ,
XL?MLI,)AM
wk T p
167 a2 |:RBNLANF($AM7$BM737NM>
EM Das
my , My
Wk pp A B
+LBNRAN o 2 G(xAMaxBMnyM> )
qu’M
* b
XLSBMLAM kT
—167ra m2 RBNLANF(QTAM,-CEBM,ZUNM)
EM Dy
my , My
ok o A B
_LBNRAN o 2 G(£AM7$BM>~TNM) )
qu,M

*

s b x H
XL B Ban Lgy Riay mw ;Mg G(
2 2
l6magmms,,, mg,,

$AM7$BM7$NM)>

St))is)”( (L A R) ) Cg(ﬁ) = _Ozg?fo (L A R) )

C.2.2 Meson Mixing

(C.18)

(C.19)

(C.20)

(C.21)

(C.22)

(C.23)

For B, mixing we can either have real scalars or Majorana fermions. In Tab. C.2 we list

the possible representations of the diagrams in Fig. C.2 writing explicitly if we have a real

scalar contribution (diagrams on the left side of the figure) or a Majorana fermion (diagrams
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b S b s
R —
< Pu ,
\ /
N/
Wy /N Vg
/ N
Oy N
_— I A—
s b
b 7 b
> N > >
Oy N 7
S ,
PRAN
(DN V2 AN
/ AN
s Up b s Dy b
Real ® Majorana W

Figure C.2: Box diagrams contributing to B, — B, mixing. The diagram on the left is relative
to models with real scalars, while the one on the right refers to models with Majorana fermions.

on the right). The Wilson coefficients for real scalar crossed diagrams correspond to the ones
listed in Eqgs. (4.4)-(4.7), after inverting M <+ N in two of the four couplings and changing
F(zam, vem,xnm) — —F(xam, e, xyar), Whereas matching to the generic Lagrangian
from Eq. (4.1) with the crossed fermion contributions, one obtains the following results for the

coefficients:

b S* b
anvLpu AMLBN my,Myg e

C, = M oM C.24
1 (XHp + Xhg)—2 12872 m<1>M m%M (Tam, TBM, TNM) ( )
R Lb R my , My
C _ BM AM BN A B G C25
2,3 —(xBp + XBB) 642 m<1>M m<1>M (Tans Teas oNm) 5 ( )
L%MRZN M s% s* Sk Sk
Cy = 39922 [XBBLBM — XeeRBMm BN] F(xan, T, T (C.26)
327 mg,,
LZMRZN ~M Sk s* Sk S*
Cs = 302m2 [XBB BM XBB BM BN] F(xapn, vy, 2n) (C.27)
Mg,
C; = C;(L—R), for i={1,23}, (C.28)
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C.3. Crossed Diagrams with Complex Scalars

Wy H

Y
Y

< <
< <

s Up iz

Figure C.3: Crossed box diagrams contributing to b — s~ transitions. The diagram appears
when a complex scalar couples to b, s quarks and its conjugate couples to the muons.

SUB)| ¥a Vg Py Py | X
I [(13) @G 3B 13 1
I |83 (38 (3.8 (83) |43
11 3 3 3 3 |2

Table C.3: Table of SU(3)-factors entering the box induced Wilson coefficients involved in
b — s transitions for crossed diagrams with complex scalars.

The corresponding contributions to Dy — Dy mixing are obtained from Eqgs. (4.22)-(4.28) via

the replacements s — w and b — c.

C.3 Crossed Diagrams with Complex Scalars

There is also the possibility that a complex scalar couples to the down-type quarks whereas its
hermitian conjugated version couples to muons. This means that the Lagrangian in Eq. (4.1)

takes a slightly different form, namely
Lie = | Wa (LY Prb+ Ly, Prs+ Ry Prb+ Riy Prs) @y
+, (L4, P+ R%,, Pru) @1, | +hec.. (C.29)

Also this Lagrangian generates a contribution to b — su ™~ via the diagram shown in Fig. C.3.
The possible representations under the SU(3) of the new scalars and fermions in the loop are
listed in Tab. C.3. The corresponding Wilson Coefficients can be obtained from the ones calcu-

lated for the type b) diagrams in Eqs. (4.4)-(4.7) by exchanging M <> N in the couplings R, L
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and replacing F(.TAM, TBM, xNM) — —F(ZEAM, IBMamNM)-
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Appendix D
¢; — £;v;v; with Scalar Leptoquarks

In this Appendix we collect the complete expression for ¢; — (;v;v;, with 4,5 € {e,u, 7},
and my, > my;. The most general dimension six effective Lagrangian describing these decays
without taking into account right-handed neutrinos can be written as

2 .. _ .. _
55;1 = —— (]_ + 50}&) (Di'YMPLEi)(éj'YMPLVj) + 5CgR(ViPR€i)(€jPLl/j>:| + h.C., (Dl)

02
where § C’ZLJL and 50?12 are the Wilson coefficients. For simplicity, we have considered only the
lepton flavor conserving couplings since the LFV ones would not interfere with the SM. The

relevant decay rate then reads,

F(& — fjl/iﬂj)
F(& — Kj]/iﬂj)SM

. 1 . 2. . .
=1+]|1+ 5(1&’2 +1 16C7R 2y mi;“Re [(1 + 50&)5(}3}2} , (D.2)

J

normalized with respect to the SM value, I'(¢; — £;v;7;)°™ = GFm} /(1927%), after neglecting
the terms O(mzi_ / mi) LQs contributes to the effective Wilson coefficients in Eq. (D.2) at the
one-loop level via two types of diagrams: (i) W -penguins and (i1) box diagrams. The former
ones can be expressed in terms of the W v effective vertices defined in Eq. (5.37). In the limit
of small transferred momenta (i.e. mj /mj, < 1) we find

W —penguin

iy — Shi (aw = 0) + B (= 0) + ... | (D.3)

where § hiLj are the effective coefficients reported in Sec. 5.4, in which zy should be set to zero.

In practice we truncate the series and neglect all the terms represented by ‘dots’ in Eq. (D.3).
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l; g 2
A ‘A
% I q Vj

Figure D.1: Box diagrams contributing to ¢; — £;v;1; .

The box diagram contributions are schematically illustrated in Fig. D.1. For the LQ doublets,

we find
[502]4:{ = % (yf-éi : y}%)ﬁ (yﬁi : yz%) , (D.4)
[50?3} ;: = _MJXQ—Z;& (yﬁj : yﬁg)ji (yf%l : yz%)ij , D.5)
and
set] = g R 0h), (R 0), ©9

where y{Q -yLq denotes a matrix product. The coefficient dC'r is not generated by R, because
this LQ does not couple to the right-handed leptons in Eq. (5.2). Also note that none of these box
contributions can be captured by an EFT computation to leading logarithms. For the remaining
LQ models, we find

ij 1P Nov? Lt L Lt L
[5CLJL] - +128m§1 (ysl ysl)ji (ysl ysl)ij ’

S1
{D.7)
[6OLJR] S1 - _64W2m%1 (3/51 .y51>ji (3/31 .y51>ij '
and
. 1box N2 N2

L - i (4 4), (6 08), + 414, 0415

[ LL]g, 128m%3 Ysy " Yss ji Yss " Yss ij+ 32m%3 Yss " Vs ji sy "Yss ),
(D.8)
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These contributions should be added to the ones, presented in Eq. (D.3).
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Appendix E

S1 & S3 Observables

In this section we list the analytic expression of the observables appearing in the fits that are
not shown in Chapter 5. The general Yukawa structure for S; and S5 LQs is the same, without

couplings to the first generation of quarks and leptons

0 0 0 0 0 0
ve, = |0 w3y |, vh =0y . (E.1)
0 Yo Y 0 Yoo Ui

For each observable, we display the effective Hamiltonian or Lagrangian with effective coef-
ficients, and we write these coefficients as functions of the Yukawas. All the form factors to
compute the meson decays with B, B;, D and D, have been obtained from Ref. [48]. The
form factors of vector mesons are taken from Ref [268], while the experimental values used are

specified in each section

El b— crv

These charged current transition is governed by the Hamiltonian in (2.39). Considering only
the third generation operators, the only contribution from the LQs is at tree-level to the gy,

coefficient in our setup.

_ 1 (VesyS2™ + Vet Ve (Vesys2™ + Vet iy
4\/§GF‘/cb m%1 m%g

9gvi, (E.2)

141



Appendix E. 57 & S5 Observables

Assuming that the relevant contribution only comes from the 7 leptons we can write [269]

=14 gv, | (E.3)

where before Moriond the experimental value was
RSP — 0407 £0.046 and RO = 0.306 & 0.015, (E.4)
while after it became

RPP =0.334£0.029 and R}Y =0.29740.014. (E.5)

E2 b—sutu~

The effective Hamiltonian governing this transition is the same as in (4.2) with the pattern
of C)* = —C2F in the muon since we only have left-handed couplings. In this case the
leading contribution comes from a S3 leptoquark exchanged at tree-level in the ¢ —channel. The

coefficient is .. s
3% 3
™ ysy be

\/§GFV;; ‘/tba/em m%’:;

C¥ = -C = , (E.6)

and we use the value in [28].

E3 b — svv

The effective Hamiltonian of this transition was also mentioned in Chapters 3 and 4. The

effective coefficients involve the two LQs at tree level

Si%, 5 Sax, S
CH = i ys/»i ybli + ysli ybi (E 7)
L - * ) :
2V2G Vit VipQem \ M3 mg,
Sq%, .5 Sax, S
o ™ Ysr Y LU Yip (ES)
L - * ) :
2V2G Vi VipQem \ M3 mg,
Six. .S Sax S
oo ™ Ysu Yor N Ysii Ypr (E9)
t 2V2G p Vi Viptem \ M3, mg, )
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E4. b— clv withl = p,e

_— m Vel Y Yo Yir
o= - R , (E.10)
2\/§GF‘/155‘/tbO‘em msl mSg

The related observable is described in other chapters and we adopt the same experimental value

as in Chaps. 3 and 4.

E4 b — clvwithl = pu,e

The observable related to this process is R‘[)/ ¢ and the Hamiltonian related to this process is the
same as in the 7 sector but with muons. Since we do not have NP related to electrons, we write

the effective coefficient contribution of this process as

goo— L Ve Voo (Ve Voot E1D
v 4\/§GF‘/CIJ m%l m%g ’ .
then the observable reads the same as for R(-).
RY® =R “™M1 4 gt 2. (E.12)

Obtaining R/ = 0.995+0.044 from the branching rations in [270]. This observable ensures

that the couplings of the muons are smaller respect to the tau ones.

E.5 7 decays

Here we list the 7 decays that we use as constraints. They are LFV decays therefore they are
not predicted by the SM.

T — KUY

This decay is a good constraint in order to assess LFV in NP models. The Hamiltonian of this
decay is very similar to the one of b — s as it occurs also at loop-level, but instead of quarks

we have a muon and a tau:

HI:H = meop(fic" Ppr) F, . (E.13)
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Since it is an electromagnetic interaction we split the results by the electric charge eigenstates.

At leading order we have

Al/3 NC A Ax * A * A
oL - Z 1927r2m2 Z (V;]byb,u + ‘/;szsu )(‘/IIbbe + V;zsysT) )
A=S51,53 A q=u,c,t
A4/3 o NC Sax S Sax S
oL - _487r2m%3 (yb/f ybﬂ? + ys;i ysg) )
o = o4 (E.14)

with the branching ratio

2 2)3
Br(r — py) =7, oL, (E.15)

T

where 7 is the life-time of the 7. The experimental bound on this observable states that Br(7 —
wy) < 4.4 x 1078, taking this data from [152].

T — po

This observable is also a LFV test for a NP model. This time, it is a tree-level induced process

where ¢ is a vector meson made of a strange and anti-strange quark. In our model the branching

ratio is )
4 2 2 4 2 Sax, S
mi(m2 —m3) (m: m Ysii Yor
A ¢ T T sy JsT
Br(r — o)) = 7 f— (m_i to T ) fkg , (E.16)
T 3

where f, is the form factor defined in Ref. [268], while the experimental prediction is taken
from [152] and it is Br(t — p¢) < 8.4 x 1078 at 90% C.L.

E6 K — lyywithl =e,pand ™ — Kv,

The effective vertex of this observable in our model concerns only the muon and the tau, since

we do not have NP in the electron. The Hamiltonian for the decay involving the muon reads

Hog"™" = —2V2G pVys (1 + gy ) (57, Pru) (" Pry,) + hec. (E.17)
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E.7. Dy — lvy, with{ = p, T

where in our S; + S3 model we have

* S1* * S3*Y\, S
gusl“’u _ 1 (Vusyfﬁ + Vubyb; )yfﬁ . (Vusyfﬁ + Vubybi )ybi (E.18)
Vi 4\/§GFVus m%l m?gfi
We can construct the ratio of branching fractions defining
Br(K — ev,)
e/u e
= ° E.19
'K Br(K — pv,) (E.19)
with ,
e/ 1
T/K _ S (E.20)
(refysMe L4 gy, |
We can also construct the Hamiltonian for the 7 decay in a similar way
v = —2V2GpVis(1 4 gl ™) (87, Pru) (77" Pryy) + hec. (E.21)
with
wsrve L [Vt + Vaoy Yyt (Visyed” + Vit )i (E.22)
Vi 4\/§CTYF Vus mx%fl m§3 .
Constructing the ratio between the tau and the muon we have
N R el
— = TSI - (E.23)
(ri/ysMe 1+ gy,
We use the experimental values from Ref. [152] obtaining
T,e/u TT/M
—K  =1.0044+0.004 and —=— =0.972+0.015 (E.24)
e/p\SM 7/1\SM
(re") (rg)

E7 D, — byv,withl = u, T

Analogously to other charged meson decays to leptons, we can construct the effective Hamilto-
nian as
HE = —2vV2GpVes(1 + g5 ) (57, Pre) (0" Pryg) + hee., (E.25)
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with

oo, 1 (Vesst ™ + Vst Yyt (Vests™ + Vs

ARGV ms, m3,

, (E.26)

for both tau and muon. For the experimental value we use the branching ratios in [152]finding
Br(Dy — pv,)®™P = (0.550 £ 0.023)102 and Br(D; — 71,)*P = (5.48 £ 0.23)10~2.

E8 B — Tv,

In this B decay, we proceed in the same manner as other meson decays but with b and u quarks.

The relevant effective Hamiltonian is

HU = —2V2G Vs (1 + g1 ) (b7, Pru) (74" Prvs) + hec. (E.27)
with
1 VoS 1V S1*\, 51 VoS Vv S3*\, S3
gub‘l'l/-,— — ( USyST + ubbe )yST _ ( usys‘r + ubbe )be (E 28)
Vi 4\/§GFVub m%l m%g ’

and using the experimental value from the PDG [152] Br(B — 7v,)®® = (1.06 & 0.19)10~*.

E9 B — Kurt

This decay is very similar to the one giving Ry but in this case we can explore the possibility
of LFV. The effective Hamiltonian is

Heg = CLTOL + CIFOIF + CITOM 4+ CTFOTE + hec. (E.29)
where
O = L PE). O1 = T2 (59 PLb) (751 (E30)
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The leading contribution to this process in our model is obtained via S5 exchange at tree-level,

with the Cy = —C'y pattern, having different couplings for 7 and 74 combination
- n Y e . 4 YU
9 = . 5 Cy"' = " 5 (E.31)
\/éGFmsmbaem mSg \/§GFV;55 ‘/tbaem mSg
We use the branching fraction as observable with
Br(B — Kput) = 107" (ag|C4™ + C3*| + a10|Cly + CTH?) (E.32)

where we take ag = 9.6 and a9 = 10 from Ref. [110]. The experimental value we take it to be
Br(B — Kput) < 4.8 x 1075 [152].

E.10 x? Tables

In this section we list the tables with the x? value for each observable. The x? for an observable

X with an error o is defined as'

X _Xex 2
2 = K= Xew)” (E.33)

2 2
Uth + Uexp

In the following tables we list 16 observables. The first table has the numbers assuming the
Yukawas in Eq. 5.53, the second table refers to the Yukawas in Eq. 5.59, and the last table is
obtained using the ones in Eq. 5.60. The last column in each table indicates the x? value for
each observable in the SM, while in the intermediate columns we list the x? value for each
observable in the best fit point, where in each column the fit is performed with the numbers
without the mark @) only. In this way, we can assess if a certain value of any observable is

spoiled (respect to its experimental value) if it is included or not in the fit.

'For upper-bounded experimental values we assume X, = 0 and we take 0eyp, as the value of the upper-
bound.
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Appendix E. 57 & S5 Observables

Scenario 1 Eq. 5.53 SM values
Rpo 0.02  3.06 3.11 15.1
b — spp 0.00  0.00 0.01 16.0
AM, ®101 084 0.94 0.38
Z = 0.01  0.00 0.00 0.01
Z =11 041  0.60 0.55 0.47
Z = v 429 415 4.09 3.81
b— svv 012 081 0.79 0.14
Ry 0.00  0.01 0.02 0.00
T -y ®0.00 ®0.00 0.00 0.00
T — g ®0.07 ®0.00 0.00 0.00
ro/e ®120 ®1.21 1.22 1.20
i/ ®3.42 ®3.38 3.29 3.54
Dy — pv ®0.38 ®0.38 0.38 0.38
D, — v ®1.18 ®1.20 1.21 1.17
Bt = Tv ®0.00 ®0.00 0.00 0.24
B — Kyt ®0.00 ®0.00 0.00 0.00
TOTAL 112 156 15.6 124

Table E.1: x? values for each observables in different left-handed fits with the Yukawa pattern
in (5.53) and SM.The Q) mark indicates which observable is not considered in the fit. To obtain
the plot in Fig. 5.6 we include all the observables in the fit.
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E.10. x? Tables

Scenario 2 Eq. 5.59 SM values
Rpe) 503 504 5.03 15.1
b— sup 0.00  0.00 0.00 16.0
AM, 115 114 115 0.38
7 = up ®0.01 001 001 0.01
Z =TT ®041 045 043 0.47
Z — v ®4.00 389 3.94 3.81
b— svv 020 020 0.21 0.14
RY* ®0.00 ®0.00 0.00 0.00
Ty 0.00  0.00 0.00 0.00
T uo ®0.01 ®5.86 0.02 0.00
ro/m ®1.20 ®1.20 1.20 1.20
i ®3.55 ®3.55 3.55 3.54
D, — ®0.38 ®0.38 0.38 0.38
D, — Tv ®1.17 ®1.17 117 1.17
Bt = v ®0.02 ®0.02 0.02 0.24
B — Kur 0.00  0.00 0.00 0.00
TOTAL 1711 22.88 17.03 42.43

Table E.2: x? values for each observables in different left-handed fits with the Yukawa pattern
in (5.59) and SM.The () mark indicates which observable is not considered in the fit. To obtain
the plot in Fig. 5.6 we include all the observables in the fit.
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Appendix E. 57 & S5 Observables

Scenario 3 Eq. 5.60 SM values
Rpe 2.40 1.74  0.02 1.57 15.1
b— sup 0.01 0.01 0.01 0.00 16.0
AM; 0.68 0.54 @ 100 0.81 0.38
Z — 0.01 @0.01 0.01 0.01 0.01
Z =TT 0.95 &2.26 0.42 0.74 0.47
Z — vy 3.93 ®4.03 3.90 3.82 3.81
b— svv 0.88 0.79 0.32 & 10.7 0.14
R%/e 0.00 0.00 0.00 & 0.00 0.00
T = py 0.00 0.00 0.00 & 2.08 0.00
T — U 0.21 0.22 022 @10° 0.00
r%“ 1.19 1.19 1.19 @429 1.20
i/t 092 082 065 @129 3.54
Dy — pv 0.38 0.38 0.38 @ 1.73 0.38
Dy, — TV 1.93 1.98 2.07 ®1.45 1.17
Bt — v 0.00 0.00 0.00 & 0.00 0.24
B — Kurt 0.02 0.02 0.05 @0.73 0.00
TOTAL 13.51  13.98 109 10° 42.43

Table E.3: x? values for each observables in different left-handed fits with the Yukawa pattern
in (5.60) and SM.The Q) mark indicates which observable is not considered in the fit. To obtain
the plot in Fig. 5.6 we include all the observables in the fit.
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Appendix F

Two Higgs Doublet Model

F.1 Hadronic Matrix Elements

For completeness we give the definitions of the decay constant (fz,) and of the form factors
[f+.07(¢*)], quantities which parametrize the hadronic matrix elements relevant to the processes

discussed in this paper:

(0167755 Bs(p)) = ipufa.,

(RSB0 = [0+ R = "2 Fula?) + 72 g fola?),
(RBIBE) = -~ KR8 B) = "5 (),
(K (K)I50,ublBp) = —i(puk, — puk) 2221, 1)

where for B — K/{T(~ the kinematically accessible ¢* values lie in the interval 4m? < ¢* <
(mp — mg)?. Notice that we do not write explicitly the scale dependence of the quark masses,
nor of the scalar and tensor densities and of the form factor fr(g?). In the actual computations
the MS values of these quantities are taken at 1 = m,.

F.2 Scalar penguins and Auxiliary Functions

In this Appendix we give the expressions for the Wilson coefficients generated by each diagram

shown in Fig. 6.5. We also give the expressions for the auxiliary functions (f; and g;) used in
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Appendix F. Two Higgs Doublet Model

Chap. 6.

The penguins arising from coupling to ©? € {h, H, A} contribute to the effective coefficient

Cs,p and can be generically written as

18

NPp) v/ Toly m; W\ Ak,p?
NPl 3 - Re <§,Z )O @ (F2)

)
sin” 0
Wi

18

NP, LpLy m; P\ Ak,p?
oA Zm;zlm (@, )C”Wz, (E3)

)
sin” 0
Wi

where C*#! is a common coefficient generated by the diagram £, with £ = 1,...,18. Since,
in our framework, ¢}, ¢/’ € R and (/! € i x R, it is clear that the CP-even scalars h and H
contribute only to C's, whereas the CP-odd Higgs A contributes only to C'p, as expected from

the assumption of CP conservation. We obtain in the unitary gauge,

617%)? —_=

i
u
4

0
{gdgj T [1 T g ( xHi) ] (F4)
T+ — Xy T+t — Xy Tt
3Ty — -2
Mt Ty Ty — T+ N Tyt (Ty+ xy) log T+
2(xg+s —x4)? 2 TH+ — Tt Ty

o 2
+ st {CdCZ

T T+ It(QI'H:t — I't)
A— _ 1 TeloTrx — Tt)
4 7 08 TH (xg+ — xy)?

Ty — 1 (Tge — 1)
2
2 Ty 333Hi — Xt T+ THE
u — 1 ,
+|<|2($Hi—:zt)2[ 2 T+ — Ty og(ﬁ)]}

N : 29 )\S"? B
oAt = —g g SR L] ~—log (xHi) -1 (E5)
H

log xt]

Ara(rys — x4 — Ty
2 — 3z
: 9 n 1 T+ T+ t
16l 2(xyt — )2 o8 T * A(zys — xr)
0
3,00 551 * TH+ Ly
goet Z Sl e | gy log s — —tlog x] , (E6)
4 Tyt — Tt Tyt — Tt




F.2. Scalar penguins and Auxiliary Functions

54,@? — 07 (F7)
~ 1] 0 S5x7 — 13w, —2 23 — 622 + 91y — 2
Ol = bt A - . boad A Bl Ny F.8
4{5 [ 4(z; — 1)2 201 — 17 oM E3)
+€gé_2xf—xt—7_a:f—3x?+3xt+210x
2T T4, — 1) 21, — 1) S
0
F6Y _ . A _3A+xf—2xt—11+3xt(xf—3xt+4) log 2 (E9)
w8 2z, — 1) (2, — 1) sl '
CT#l = O3 = 0, (F.10)
0
~ A |1 2)1 2)1
7020 e L rpt(vgs +2)logrgs  xy(w +2)logwy 7 (E11)
8 2 (xgr — D) (zgs — x¢) (xy — V) (zgs —xy)

v (rgrx; — dx g + 3xy)

(2 — 1) (xgr — x4)?

v+ (rgex, — 3rgs + 2x)

(2 — 1) (xpgs — xp)?

_A+:5Hi10ga:Hi B xylog xy ] }7 (E12)

Tyt — Tt Tyt — Tt

log xy — log =+

@9 *
10,00 A +W- gu
2

TH=+

+ + (g4

Tyt — Tt

where the couplings )\<55+W, and Aﬁiw; are defined below Eq. (F.34) and Eq. (F.36), re-
spectively. The coefficient €0 = —1 for 09 = A, and +1 otherwise. Moreover, A =
_25)1:4 — vg + log4m — log (%) + 1 contains an ultraviolet divergence which cancels out

after summing up all the diagrams. The diagrams (9.11)—(9.18) do not contribute in our com-

putation, owing to the fact that we work in the unitary gauge. To make sure that our resulting
(total) expressions are gauge independent we performed the computation in the Feynman gauge
too. In comparison with Ref. [238], we only disagree with one of the signs in the expression for
C5¢!, which we believe is a typo.

The auxiliary functions g ; 2 used in Eq. (6.43) are defined by

go— — Jee | —" 1og <IHi> 1 (F.13)
Axgs — x¢) T+ — Tt Ty

2
9 i T+ Tyt — 31y
w 1
e [2(@% B E ( Ty > " Arys — xt)] }
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3
g1 ==+ Gl [1— T log (""“H)] (E.14)
rH

+ — Tt Tyt — Tt Tt
T+ + Tt Tg+Tt T+
- log )
2 Tyt — Tt Ty

92 = CG(GaC, + 1) fu(we, xe) + G (8 folae, wp=) + CalGul falme, ze)
+ Cu \Cu’Z f4(xt’37Hi) - C; ‘Cu’z f5(37t7$Hi) + Cufﬁ(-??t,JCHi) - C2f7(33t7 iUHi), (F.15)

Ty
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F.2. Scalar penguins and Auxiliary Functions

Notice that in the above expressions we assumed the couplings (y € C in order to keep our

formulas as general as possible, although in the body of the paper we consistently used ¢y € R.

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. (6.46). From the Z-penguins we obtain,

ST+ — 207) 18z y=a? T+
cTe =1¢, 2\/_3” 3y — Swpems — 2, BT Jog (21 F.24
ri = |Gl (xg+t — xp)3 * (xgt — x)? ©8 Ty (F24)
 osin?g Ta? . — brprwy — 81} B 6rpgrx(2rgs — 314) log T+ (F25)
v (xg+ — x4)3 (rpg+ — ) T '
Lot \/_a:t 3wy —3wy)  bage(vy: — 21) log T+ (F26)
(xg+ — )2 Tt — Ty Xy
\ dsin 6y 51y — 3w+ N 2+ (2rge — 31y) log T+ , (F27)
(xg+t — xp)? (xg+s —xy)? T
and CJ14 = CT4 1—; :
2sin? Oy
Similarly, from the box diagrams we get
CT = ot N B 1 rp+(l —xys)loga, (F28)
LE (e — ) sin? Oy (xgr —1)  (xgr —x)(zy — 1)(zge — 1)
B rp+(zy+1—2xys)logay: (F29)
(l’Hi — l't)(xHi — 1)2 ’ '

and 7 = (C7R)".

Wilson Coefficients Suppressed by m,

In addition to the Wilson coefficients given in Section 6.1, in the computation of the box dia-

grams one gets contributions suppressed by the lepton mass. For completeness, we give these
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contributions here. We obtain:

Cr ™ = Gile 5 (xHi‘/f”_Zf 2 o (F30)
[(1'16 —:it)l((;glit— ) N (Q:Hfiill)iif{fi_ 1) " - (_56’10% ﬁt); 1] - (B3
and
Gy = ﬁ{'gm@ﬁ [ B :EH:— Ty * (xHji )2 o (foei) ] (£32)
£ 2Re[(,] [(xﬁtfjt))tﬁff - et e } +2yTRe (CTF)
NP box _ %{ww [ - xH:_ o (f”;’) ] (F33)
+aRelt] [(:cf:—_ ety <x(§fi—_xt2>)<f§ffi1>] }

F.3 Feynman Rules

In this section we collect the Feynman rules used in our computation. For the couplings between

the gauge bosons and the scalars we have

e
0
————— igmwz\f‘}+w, g, (F.34)
0
wi
W
where A, - = sin(8 — ), XL~ = cos(8 — a) and \jj,, - = 0. Similarly, we also have
N\ N H+
p+\: S
, WWV ie(p- —p4)", (F.35)
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F.3. Feynman Rules

W
Dy )
ig 0
- N (E.36)

where .- = cos(B — a), \E.» = —sin(8 — a), and A+ s = Fi, depending on the

charges of the initial particles. For the trilinear scalar interactions, we have

- A% (F37)

where the trilinear couplings read

mi[3cos(a+ ) + cos(a — 38)] + 4sin(26) sin(f — a)m2. — 4M? cos(a + )

h [
A= = 202 sin(2[3) ’
N m¥[3sin(a + B) + sin(a — 38)] + 4sin(206) cos(8 — a)mi. — AM? sin(a + )
s 202 sin(2/3) ’
M- =0. (F.38)

These results agree with the ones given in Refs. [238, 271] after the appropriate change of basis

and/or conventions. !

I'Notice that our A is —\ of Ref. [238].
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