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Abstract

This thesis is focused on the flavor anomalies in semi-leptonic b quark decays and on calcula-
tions of higher order QCD effects in radiative rare B meson decays. The introduction covers
topics and concepts relevant for this thesis and is followed by several papers in which Lepto-
quarks are introduced as possible extensions of the Standard Model. We analyze several models
regarding their potential of resolving one or several of the flavor anomalies. Explanations to
the individual anomalies are correlated through loop effects, which we calculate and show their
phenomenological importance. Effects arising through Leptoquark interactions with the Stan-
dard Model Higgs boson are independent of fermionic couplings needed to explain the flavor
anomalies. Due to this independence, such effects can serve as a complementary window to
distinguish among different Leptoquark representations in future precision experiments. Addi-
tionally, Leptoquarks affect purely leptonic transitions through loop-effects, which we calculate
in detail. Future experiments are expected to reach very high precisions in these transitions
and will therefore be able to strengthen the case for certain models or put stringent constraints
on others. The final part of this thesis consists of two ongoing projects in single and double
radiative rare B meson decays. We calculate three-loop contributions of the current-current
operator to b — sy while retaining full analytic dependence on the charm quark mass. Further-
more, gluon bremsstrahlung corrections to the double differential decay spectrum of b — sy~
are considered.
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Chapter 1

Introduction

What is matter made of? This question is as old as humanity’s scientific endeavor and even
dates back to the ancient Greeks. On the fundamental level, it was only a bit more than a
century ago that the first answers to this question were found.

In 1897, Joseph John Thomson discovered the first elementary particle, the electron [1]. He also
determined its mass to be small — much smaller than the ones of the lightest atoms. Since atoms
were known to be electrically neutral, the question how mass and charge are distributed within
the atom arose. This question was eventually answered by Ernest Rutherford, Hans Geiger and
Ernest Marsden through their famous scattering experiment in 1911 [2]. In their experiment
they concentrated a beam of a-particles through a thin gold foil. If the charge of the gold
particles had been evenly distributed throughout the whole atom, a-particles would have been
expected to get deflected only a little. However, the team observed that most of the a-particles
were not deflected at all, but some of them rebounded from the foil at unexpectedly large angles.
Since the electrons are too light to play a role in the scattering, Rutherford concluded that the
atom’s mass and therewith its positive charge has to be concentrated within only a very small
fraction of the atom’s volume. Following Niels Bohr’s model of the hydrogen atom in 1913 [3],
it was natural to assume that heavier atoms would simply consist of a bunch of protons, bound
in the nucleus, surrounded by the electrons. However, the mass fractions of the lightest atoms
did not support this assumption. This problem was resolved in 1932 with the discovery of the
neutron by James Chadwick [4]. By that time, the work of Max Planck, Albert Einstein [5] and
finally the experiments performed by Arthur Hally Compton in 1923 [6] had also established the
particle character of the photon. In the twenties, the theory of quantum mechanics emerged,
introduced by the work of Werner Heisenberg [7], Erwin Schrodinger [§], Niels Bohr [9] and
others. The first step towards a relativistic theory of quantum mechanics and therefore towards
quantum field theory (QFT) was achieved by Paul Dirac, who in 1928 came up with his famous
equation [10] which led to the prediction of the positron which in turn was discovered by Carl
Anderson in 1931 [11]. In the forties, Richard Feynman and Ernst Stiickelberg then realized
that the Dirac equation actually implied the existence of an anti-particle for every fermion and
sure enough, the anti-proton and anti-neutron were discovered at the Berkeley Bevatron in 1955
and 1956, respectively [12].

In 1930, a problem arose in nuclear 5 decays. The naive picture there was that a nucleus
is converted into a lighter nucleus with an increased electric charge under the emission of an
electron (today we know that this process is a conversion of a neutron into a proton, however
the neutron had not yet been discovered in 1930). In this naive picture the beta decay would
simply be a two-body decay in which all energies are kinematically fixed. The experiments on
the other hand showed that the emitted electron actually had a continuous energy spectrum. To
account for the missing energy and momentum, Wolfgang Pauli suggested a new particle [13],
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which today is known as the neutrino. From the electron’s energy spectrum in S decays it was
clear that this particle, if real, would need to be extremely light or even massless. Experimental
data from Pion and Muon decays supported the idea of the neutrino in the forties, and the
direct detection was accomplished in 1962 at the Brookhaven National Laboratory (BNL) [14].
Many more particles, known today as mesons and baryons, were found till the 1960s. In fact the
number of discovered particles had grown so rapidly that this situation became known as the
particle zoo. Things seemed to get out of hand, when in 1961 Murray Gell-Mann came up with
the eightfold-way |15], allowing for a classification of the mesons and baryons. Gell-Mann [16],
André Petermann [17] and George Zweig |18] then independently proposed the quark model in
1964 which finally allowed to explain the composition of the hadrons. In the same year, Oscar
Wallace Greenberg introduced the idea of color as a new quantum number [19], which laid the
foundation for the SU(3) gauge group of the strong interaction. Experiments performed at
the Stanford linear accelerator (SLAC) showed, much like Rutherford’s scattering experiment,
that protons and neutrons actually have an inner structure, each consisting of three point-like
particles [20]. This strongly supported the idea of the quark model and its proof came in 1974
with the discovery of the J/¥ meson, a bound state consisting of a charm anti-charm pair,
at SLAC [21] and BNL [22]. The charm quark had previously been predicted by Sheldon Lee
Glashow, John Iliopoulos and Luciano Maiani in 1970 to make sense of the observations in
Kaon mixing [23]. The generalization to three quark families was later suggested by Makoto
Kobayashi and Toshihide Maskawa [24] on the basis of Nicola Cabibbo’s work [25] by introducing
the Cabbibo-Kobayashi-Maskawa (CKM) matrix, which was needed to explain the observed
charge parity (CP) violation in kaon decays [26]. The other important development towards
the completion of the Standard Model (SM) of particle physics was the construction of the
theory of weak interactions. While the theory for quantum electrodynamics (QED) based on
the work of Feynman [27], Julian Schwinger [28,129] and Shin’ichiro Tomonaga [30] had been
very successful in the forties, the theory for the weak interactions proved to be more challenging
since the effective four-fermion theory by Fermi was known to be non-renormalizable. In 1954,
Chen-Ning Yang and Robert Laurence Mills [31] constructed the non-abelian gauge group of
SU(2). In 1960, Jeffrey Goldstone announced his theorem [32], which was proved the year after
by himself, Abdus Salam and Steven Weinberg |33]. The Goldstone theorem motivated Peter
Higgs [34] and Frangois Englert together with Robert Brout [35] to come up with the idea of the
Higgs-boson, using the mechanism of spontaneously broken gauge symmetries. Finally, in 1967,
Weinberg [36] and independently Salam in 1968 [37] established the electroweak theory based
on the SU(2) x U(1) gauge symmetry (it is worth mentioning that this gauge group had already
been proposed by Glashow in 1961 [38] and by Salam and John Clive Ward in 1964 [39]).
The business of renormalization was then taken care of by Gerardus t’Hooft and Martinus
Veltman in 1971 [40]. At this point, the gauge group of the SM — SU(3) x SU(2) x U(1) — was
established and the SM completed. Today, all particles present in the SM have been observed
experimentally, some of them decades after their respective prediction, like the top quark in
1991 [41] by the CDF collaboration or the Higgs-boson in 2012 by ATLAS [42] and CMS [43].
From today’s perspective, the chain of events that lead to the establishment of the SM might
seem straightforward. This, however, is far away from the truth. To the interested reader, 1
highly suggest reading "The Making of the Standard Model” by Steven Weinberg [44], which
gives a great insight from the point of view of someone who was highly involved in the theoretical
advancements of particle physics.

To this day, the SM has been a very successful theory and no particles beyond the ones
present in it have been detected so far. Nevertheless, we can confidently say that the SM is
not the end of the story since there are still open problems which the SM cannot explain as
we will see in Sec. A natural way of trying to resolve them is to add more particles
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to the ones present in the SM. Directly detecting such new particles is however limited by a
collider’s energy. Another promising way to experimentally look for new particles are precision
measurements of observables where new physics (NP), even if much heavier than the scale of
the process, can contribute through quantum effects. In order to compare the effects of NP
to precision observables, the SM theory predictions need to compete with the experiment’s
precision. In this thesis, both the aspect of beyond the standard model (BSM) physics as well
as precision physics in the SM will be examined within the context of flavor physics. In this
introductory chapter we will recall the most important aspects of the SM, give an introduction to
effective field theories and explain some computational methods used within this thesis. We will
then discuss the flavor anomalies and introduce Leptoquarks (LQs) as BSM candidates. This
will set the basis for the following chapters. The chapters represent the papers [45H51] in
which LQs were studied as possible solutions to the flavor anomalies while extensively studying
correlated effects and implications for future experiments. Chapters [9] and on the other
hand summarize ongoing work concerning precision calculations in radiative B decays, namely
b— sy and b — sy7.

1.1 The Standard Model Lagrangian

The Standard Model of particle physics is a QFT, described by the Lagrangian Lgyg. It is built
up in accordance with the principles of Poincaré-invariance and local gauge symmetry, meaning
it is invariant under local gauge group transformations. As pointed out earlier, the SM gauge
group is given by

SU(3)C X SU(Q)L X U(l)y s (1.1)

where ¢ stands for color, Y for the hypercharge and L indicates that SU(2); only acts on
left-handed fermion fields. The SM Lagrangian can be decomposed as

ESM = Egauge + Lfermions + ﬁHiggs + EYukawa ) (12)

where Lgauge describes the self-interactions of the SM vector gauge bosons, Lfermions the in-
teraction between the fundamental SM fermions and the gauge bosons, Lyiggs the interaction
between the scalar Higgs boson and the gauge bosons while also including the Higgs potential
and Lyukawa finally contains the Yukawa-interaction, describing the interaction between the
Higgs boson and the fermions. We will go through the individual parts in the following.

Let us start with Liermions, Which is given by

Efermions = Z iwhj Ewh,f s (13)
f=at
h=L,R
where the sum runs over all quarks ¢ and leptons ¢ as well as over the helicities L (left) and R
(right). Note that right-handed neutrinos are not present in the SM. The gauge fields, as the
name suggests, are introduced to ensure the gauge invariance of the SM Lagrangian through
the covariant derivative

Y it
D, =0,+ zglEBu +igoT"W}, +igs A" Gy, (1.4)

Here, B, is the gauge field of U(1)y with its coupling constant g, the Wﬁ are the three gauge
fields of SU(2)y, with coupling constant g2 and the G, are the eight gauge fields of the strong

3
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’ 15 gen. ‘ 2nd gen, ‘ 3'd gen. H SU3). x SU(2)L ‘ T; ‘ Y ‘ Q ‘

t 1/2 2/3
i) | Go) [ G) | e |5 e 2
L SL L — _
UR CR tR (3 1) 0 +4/3 +2/3
dr SR br ’ 0 | -2/3|-1/3
e T 1/2
(1/ L) VML> (1/ L) (1.2) +1/ 4 0
er KL TL —1/2 -1
€R KR TR (1,1) 0 —2 -1

Table 1.1: The SM fermion fields and their quantum numbers.

interaction SU(3),, the gluons, with the strong coupling constant g;. The 7% and A% are the
generators of SU(2)y and SU(3)., respectively, given by
) e 2@
T'=—, A'=—
2’ 2
where 7% are the Pauli matrices and A* the Gell-Mann matrices. Note that the left-handed
fermion fields in Eq. (1.3]) are quark- and lepton-doublets under SU(2),

Vg1 = (g) y oL = <VZ> ;

which both come in three different generations with U = {u, ¢, t}, D = {d, s,b} and ¢ = {e, u, 7}.
The right-handed fermion fields on the other hand are singlets under SU(2)r, meaning they
do not transform under this gauge group which effectively amounts to setting 7% = 0 in the
covariant derivative . In total there are six right-handed quark singlets, three right-handed
charged lepton singlets but no right-handed neutrinos, since they are not contained in the SM.
Additionally the quark-fields are triplets under SU(3),, each entry of the triplets representing
one of the three colors red, green and blue. The lepton fields are not charged under SU(3).,
which can again be achieved by setting A* = 0 in the covariant derivative. Note that the
electromagnetic charge @ of the fermion fields is related to the hypercharge Y and the third
component of the isospin T3 via

(1.5)

(1.6)

Y
Q:T3+§~

The left-handed fermions are eigenstates of T3 and their corresponding weak isospin is given
by the corresponding eigenvalue, i.e. +1/2. The fermion fields and their quantum numbers are
summarized in Tab.

After having introduced the fermion and gauge fields, we turn to Lgauge. It is given by

(1.7)

Conse = — ;B B — JWi, W — G, GO (1.8)
where
By = 8,B, — 9,B, , (1.9)
Wi, =0,W, —0,W) — g2 " WIW} | i,j,k ={1,2,3}, (1.10)
G4, = 0,G% — 0,G% — gs f*°GLGS . abe={1,...,8}. (1.11)
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Here, % and f9¢ are the structure constants of SU(2) and SU (3), respectively, given by the
commutation relation of their corresponding generators

[T%,T7) = iekTk | [A% A% = qfebepc (1.12)

In a next step we consider Lpiggs, Which takes the form

Litiggs = (Duo)" (D) =V (¢) = (D) (DFo) + 6T — A (¢T¢>)2 . (1.13)

Here, ¢ is the complex scalar Higgs SU(2)-doublet, which is not charged under SU(3).. The

Higgs self-interaction and its mass term are contained in the Higgs potential V' (¢) and the

interaction of the Higgs with the gauge bosons is again obtained through the covariant derivative.

We will have a detailed look at these interactions and the parameters of Lyjggs in Sec.
Finally, we have

Lyukawa = —r Yo o' 0 — D Yp ot Q) — Uk Yy &' Q) + hec. | (1.14)
where the Yy, Yp and Yy matrices are arbitrary complex 3 x 3 matrices and
¢ = iTag* . (1.15)

The subscripts L and R again indicate the helicities of the fields, which explicitly read

VeL ur,
€1, dL
€R VuL I o €L
lr=|pr| , fp= K , Dr=|sr|, Ur=|cr|, QL=
T #L b t 5L
R R R
VrL tL
TL br,

(1.16)

In Sec. we will see why the fields in Eq. (1.14]) are primed. Note that the gauge invariance
of Lyukawa fixes the hypercharge of the Higgs-doublet to be yg = 1.

1.1.1 Higgs Mechanism and Gauge Boson Masses

So far we have avoided discussing the mass terms in the SM Lagrangian, the reason being that
it is simply impossible to write down a fermion or boson mass term by hand which does not
violate gauge invariance. In order to arrive at such mass terms, the mechanism of spontaneous
symmetry breaking (SSB) is needed. SSB describes the fact that even though the Lagrangian
itself is gauge invariant, its ground state is not. In the SM this can be achieved through the
Higgs doublet, which we have introduced in the previous section. The Higgs potential V' (¢) in
Eq. is minimized by a field configuration that fulfills

2

tg— U _ e
¢¢) 27,0 )\

: (1.17)

where v is the vacuum expectation value (vev). By choosing a vacuum state

1 (0
bo = 7 <v> (1.18)
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it is evident that any ground state explicitly breaks the gauge symmetry: An SU(2) gauge
transformation leaves the Lagrangian invariant, but rotates any vacuum configuration into an-
other one. Using gauge transformations, we can always choose the Higgs doublet to have a
specific form

1 {0 1 (o0
¢:ﬁ (H) VG <v—|—h> ' (1.19)

This choice of gauge is called unitary gauge. We have introduced h as the physical real Higgs-
field, which itself has a zero vev. Returning to SSB, there is a subgroup which leaves the vacuum
state invariant

(Tg + y;) do = % (é 8) do=0. (1.20)
The subgroup generated by T3 + Y/2 stays unbroken and a massless gauge boson, the photon,
remains. As anticipated by Eq. this is the gauge group of electromagnetism U (1)em, which
means that the gauge group SU(2);, x U(1)y spontaneously breaks to U(1)em. The masses of
the gauge bosons can now be expressed in terms of the vev. Therefore, we first need to rotate
the gauge fields into their mass eigenstates. For the Z boson (Z,) and the photon (A,) this
can be done via the Weinberg angle 0y

Zy\ _ [cosOy —sinfy WS (1.21)
A,]  \sinfw  cosOw B, )"’ ’

g2 g1
& _an (1.22)
Vi + 93 Vi + 93

where g1 and gy are the gauge couplings introduced in Eq. (1.4). In order for the photon to
have the right coupling strength to the fermions, the relation

cos by = sin By =

g2 sin 9W = g1 COS 9W =€ (1.23)
must hold, where e is the elementary charge. The charged W bosons (Wﬁt) are given by
1
+ _ 1 112
Wi = 7 (WM T ZWN) . (1.24)

From the first part of Lpiggs With only taking ¢g yields the mass terms of the gauge bosons

g3 (g7 + g3) v*

(Dys60)' (D 60) = =2~ W, WH + A (1.25)
i.e.
4 4 sin? Oy, 4 4 sin? Oy cos? Oy

which in particular implies my /mz = cosfy. The absence of a term A,A" in Eq.
explicitly shows that the photon stays massless. Three of the four scalar fields contained in the
complex doublet ¢ have therefore been absorbed by the gauge bosons to create the mass terms.
The mass term of the Higgs itself is contained in the Higgs potential V' (¢) and reads

mi = 2u% = 2 % . (1.27)
The experimental values for my, mz, my, and v read [52]
my = 125.10 £ 0.14 GeV my = 80.379 £ 0.012 GeV ,
myz = 91.1876 = 0.0021 GeV , v =246 GeV . (1.28)
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Up quarks [GeV] Down quarks | [MeV] Leptons [MeV]
my 173.1(9) me 4197(22) || m, 1776.86(12)
Me 1.275(35) M 93.6(8) my 105.6583745(24)
M 0.002270(85) ma 4.670(85) || me | 0.5109989461(31)

Table 1.2: Values for the quark and lepton masses [52-56]. These values are dependent on the
renormalization scheme.

1.1.2 Fermion Masses and CKM Matrix

Having worked out the gauge boson mass terms we now want to establish the fermion mass
terms. These are encoded in Lyykawa given in Eq. (1.14) and arise again through SSB. Taking
the part of the Yukawa Lagrangian where the Higgs takes its vev, we find

v UV = UV —

Ly, = ——— — DpYp D) — —UpYy U} + h.ec., 1.29
My, \/5 \/5 RID ML \/i RIUYL ( )
where U = (u,c,t), D = (d,s,b) and ¢ = (e, 1, 7). These terms already resemble mass terms.
However, in order for them to describe the physical mass terms, the matrices Y need to be
diagonalized. This is achieved by a bi-unitary transformation, where the fields are rotated from
their weak eigenstates into their mass eigenstates

CrYely, —

lrp=Virlr, [l =Vl
Dy =VprDr, D =VpLDp, Vie U(3)
Up=VorUr, Up=VurUr, (1.30)

such that the mass matrices are in diagonal form

v
EVJRYML,

) v
My = diag(mg, ms, myp) = EVgR Yo Vpr , (1.31)

M, = diag(me, my, m,) =

%VJ Yo Vi -
The values for the lepton and quark masses are collected in Tab.

Since the field redefinitions in Eq. are unitary they drop out everywhere in the La-
grangian where a field and its anti-version appear simultaneously. The only place where this is
not the case is in the charged current (CC) interaction where the W= bosons interact with the
quarks. This term explicitly reads

M, = diag(my, me, my) =

ECC——T UL "D~ \g;W DIL'YMU/L
V2

= 7W+ UL’Y“VULVDLDL— . DpAy! VDLVULUL (1.32)

\[

92 + Ve ‘7
= ” LL’YM CKM DL DL'Y bL )
\f \[ CKM

where Voku is the Cabibbo-Kobayashi-Maskawa matrix which is usually written as

Vud Vus Vub
Vekm = | Ved Ves Ve | - (1.33)
Vie Vis Vi
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Figure 1.1: FCCC process b — cud, mediated by the W~ boson. The amplitude is proportional to
the CKM matrix elements Ve, and V.

This matrix is unitary but in general not diagonal, i.e. different generations of quarks can
interact through the W+ bosons in the mass eigenbasis. As a unitary 3 x 3 matrix, Voxy can
be parametrized with three real parameters and six phases. Of these six phases however, five
can be rotated away, leaving one physical phase, which is the source of CP violation in the SM.
The Wolfenstein [57] parametrization is commonly used to describe the CKM matrix

1- % A AN (p—in)
Vokum = - . AN? +0(Y (1.34)
AN (1 — p—in) —AN? 1

where the parameters p and 7 are related to the parameters p and 7 of the generalized Wolfen-
stein parametrization

(p+im)v1— A2\

+in = . 1.35
P T A i) .

The four values, fitted to the SM at 68% C.L., read [5§]
A=0.2265100055 . A =0.8011009% (1.36)

p=01897000%, , 7 =035870055 .

Numerically, the CKM matrix is close to the unit matrix. Its small off-diagonal entries however
allow for quarks of different generations to interact via the W bosons at tree level. These
interactions are the flavor changing charged currents (FCCCs). The amplitude of FCCCs is
proportional to the respective entry of the CKM matrix, see e.g. Fig.

1.1.3 Problems of the Standard Model

As mentioned in the introduction, the SM is a very successful theory but fails at explaining
certain observations.

e The SM only contains three of the four fundamental forces. Gravity is not included.

e Only left-handed neutrinos are contained in the SM. Neutrinos have however been mea-
sured to be massive [59] which requires the introduction of right-handed neutrinos or
higher order operators to generate a mass term. The source and form of the mass terms is
so far unknown. Furthermore, neutrino oscillations have been experimentally confirmed
(see Ref. [60] for an overview). Similarly to the CKM matrix in the SM, they are governed
by the Pontecorvo-Maki-Nakagawa—Sakata (PMNS) matrix [61}/62].
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e The SM is not able to account for the imbalance between matter and anti-matter in the
observed universe.

o Dark matter and dark energy constitute to about 95% of the energy content in our uni-
verse. The SM does not explain this.

Furthermore there are some issues that are of theoretical nature:

o No mechanism protects the Higgs mass from large loop corrections. This is known as the
hierarchy problem.

e A CP violating gluon self-interaction term of the form

0 g
@Eul’p GZVGZO' (137)
is invariant under the SM gauge group. However, the current upper bound for 6 is ex-
tremely small [63]. What is the reason for this?

o The SM contains 18 free parameters: nine fermion masses (i.e. the Yukawa couplings),
four parameters in the CKM matrix, three gauge couplings and two parameters in the
Higgs potential. Why do these parameters take their respective value and what is their
origin?

Obviously a lot of effort has been put into solving these problems and in fact there are mod-
els which can address some of them. However, none of the hypothesized particles have been
observed so far.

1.2 Effective Field Theory

Due to the large mass hierarchy in the SM, see Eq. and Tab. it is possible that a
decay process contains very different mass and energy scales at the same time. When the light
and heavy scales are clearly separable, it is desirable to construct an equivalent theory in which
only the light fields are present. Such theories are called effective field theories (EFTs) and the
interaction terms are usually written as effective Hamiltonians or effective Lagrangians. As an
example, let us consider the process b — cud, which is mediated by a W™ boson in the SM, see
the Feynman diagram in Fig. The full amplitude of this decay reads

093 e - ko ky 1
A= %%b‘/“du(pc)’yﬂpw(pb) <9W -5 ) 3 5 u(pa)Y" Pro(pu) , (1.38)
mW k — mW

where the components of k& = p, —p. are of O(my,). Having the clear hierarchy my > my, m. >
mg, My, = 0 we can expand the amplitude for large myy which yields at leading order

P2
7 % — _
A= =5 BV Vigua(pon* Pru(ps) a(pa) . Pro(pa) - (1.39)
w

Constructing an EFT which only contains the light fields is obvious in this case and the effective
Hamiltonian reads

Hegr = C (e Prb) (dvy,Pru) - (1.40)
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All that is left to do is to fix the constant C in such a way that both theories are in fact
equivalent. This process is called the matching of the EFT onto the full theory and C' is called
the Wilson coefficient. By requiring

A = (cud| — iHeg|b)

one finds

2

C = Gy VeoViia = 43;% - (1.41)
Note that the effective Hamiltonian in Eq. exactly describes Fermi’s effective four-fermion
theory, which is also indicated by the Fermi constant Gg contained in C. This effective Hamil-
tonian is of mass-dimension six. Had we considered additional terms beyond leading order in
mw, those terms would have been of O(k*/mj,). In position space, the momentum k corre-
sponds to derivatives of the fields, making the operator of higher dimension. Generally, effective
Hamiltonians are of the form

1 1
Hot = 15 2 OO0 + 5 2 CP00 +..
k k

where the superscripts indicate the dimensionality of the effective operators and A is a cutoff
scale below which the effective theory is valid, in our exemplary case myy. The Wilson coeffi-
cients only depend on the heavy scales that have been integrated out and the renormalization
scale p. The dependence on the light scales arises from the matrix elements of the effective
operators.

1.2.1 Running of the Couplings
Including higher orders in QCD, the Wilson coefficients will be of the form

2

o) o n 2
ci<u>w<a2>+;(jlﬁf)) <an0<A>log" <22> + a1 (A) log™™! (1;2) +...+am<A>) ,
(1.42)

where the a,;(A) are functions that depend on the masses of the heavy particles that have been
integrated out. The terms o log" are called leading logarithms (LL), o2 log" ! are next-to-
leading logarithms (NLL) and so on. These logarithms bare one problem: Evaluated at a low
scale py, they become too large for a treatment within perturbation theory. Of course, one could
simply evaluate the Wilson coefficients at a high scale A and the logarithms would disappear.
Unfortunately this does not solve the problem either because by doing so, the matrix elements
of the effective operators then contain logarithms of the form log(u?/u?) which become large
at the high scale. Ideally, one evaluates the Wilson coefficients at the high scale and then
evolves them down to the low scale via a differential equation. This can be achieved through
renormalization group equations (RGEs) which take the form

p—r2 = 4TC(p) . (1.43)

Here, C contains the Wilson coefficients C; in a certain basis and 4 is the corresponding anoma-
lous dimension matriz (ADM) which can be calculated in perturbation theory

2
~ As . Qg ~1
== — AU 1.44
7 4777 + <47r> L ( )

10
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The ADM is derived through the renormalization of the Wilson coefficients
. —on\-1 dZ¢
§'=—(2°) n= (1.45)

where ZC is the counter-term matrix, which also governs how the Wilson coefficients mix
under renormalization. The renormalization of the Wilson coefficients is equivalent to the
renormalization of the effective operators: One only renormalizes either one but not both. The
solution of the RGE of Eq. can be written as

C(w) = U (s, 110)C (o) (1.46)

where the evolution matrix U reads

N . 95 (1) 'AYT<9/) /
Ul tio) = exp Vgs(m B(g') dg] ' (147)

We introduced the g-function 3(g), which enters the RGE of g

dgs
L

= B(gs) - (1.48)

Like the ADM it can be calculated in perturbation theory

. % 9s L4
6(98) - _BO 1672 - Bl (167T2)2 e ( . 9)

and is known today up to five loops, the first two orders reading

4 1
By = %Nf — EOch —207f . (1.50)

11N, — 2f
go= e
Here, N, is the number of colors, Cr is a color factor and f is the number of active flavors. The
RGE of gs is obviously related to the RGE of a,, whose solution can be written in terms of the

B-function and to leading order is given by

as (ko)
as(p) = : (1.51)
as (o)
s )
The value of as(myz), which was measured precisely at LEP [52]
as(mz) = 0.1179 4 0.001 (1.52)
can be used as an initial value. Expanding Eq. (1.51])) we obtain
s (ko) 1o as(10)\* 1 o (Ho
as(p) = as(po) |1+ Bo 5 log <> + (5()) log () +... (1.53)
s I 2 I

and see explicitly that the LL terms get resummed to all orders. If one aims at a resummation
of the NLL terms as well, one needs to take into account higher orders of the S-function in

Eq. (1.51)), i.e. 81 for NLL precision.

11
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Figure 1.2: SM contribution to b — sy (left) and b — sg (right). The internal quark can be any
up-type quark U = {u, ¢, t} and the crosses indicate other possible places of photon or gluon emissions,
respectively. These FCNC are only induced at loop-level.

Y
Y
Y
Y

07 08

Figure 1.3: Contribution of the operator O7 to b — sv (left) and Og to b — sg (right).

As an example of running operators and mixing among them, let us have a look at a subset
of the B physics effective Hamiltonian

AGp. .
Her D —T;thVts(CQ(% + C707 + C30%)

Oz = (5aYuPrca) (cp7" Prbg)

e (1.54)
Or = 6.2 (500" Prbo) Fpu
Og = 1g78r2 my (§QUMVT35PRZJ,3) Gzy ,

where a and 3 are color indices and 0¥ = i[y*,4"]/2. To match the operators at O(a?), one
can use the processes b — sy and b — sg for C7 and Cy, respectively. In the SM these processes
are loop-suppressed since flavor changing neutral currents (FCNCs) do not occur at tree level
as seen in Fig. On the EFT side, O7 is the only operator contributing to b — sv while
Qg is the only one contributing to b — sg, see Fig. Note that Os is the same operator
as in Eq. when exchanging the v and c field as well as the d and s field, so we have
already discussed the matching of Cs at lowest order. Even though there are one-loop diagrams
involving Oy that seemingly contribute to b — sy and b — sg at O(al), see Fig. their
contribution vanishes.

Next, we want to see how the operators mix and evolve under the RGE. For this purpose, the
entries of the ADM 4 have to be calculated. This requires the computation of O(«a,) diagrams.
In Fig. we show the EFT diagrams that give rise to the diagonal entries of the ADM. The
diagrams giving rise to the off-diagonal entries and therefore inducing the mixing among the
operators are shown in Fig. Note that the mixing of O2 into O7 and Og already involves a

12
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Figure 1.4: Apparent Oy contribution to b — s (left) and b — sg (right). These contributions vanish.

two-loop diagram. We omit explicitly calculating the entries of the ADM here and instead just
give its result

1 27

=10 2 of. (1.55)
0 —32 28
9 3

To solve the RGE, we need to find the evolution matrix U

; 9:) 407 3 (s
U, po) = ex —/ dg'| =exp |—=—1lo ( 2 ) ) 1.56
(1, 110) p[ o Fod g] p[ 255 %\ & (o) (1.56)

Abbreviating n = as(uo)/as(p) and taking the analytic expression for 3y from Eq. (1.50), the
result reads

3
n2f-33 0 0
14 16 3 16 14 16
3 _ | 280,,33=97 _ 22 ,33-5F _ 4946, 5733 3337 8 33-2f _ m33—92F
U(M»NO) — 4597733 2f 5137733 2f 8721n2f 33 p33-2F 3 (7733 2f 733 Zf) . (1‘57)
35 14 3 __14
153 (773372f — 772f733> 0 773372f

1.3 Computational Methods

The computation of loop integrals is unavoidable in any precision calculation. When many
different energy scales, propagators, loops or a combination of the three are present, these
calculations become very challenging. In this section, we introduce some techniques and tools
that are useful in this undertaking.

1.3.1 The Heavy Mass Expansion

The heavy mass expansion (HME) is a technique that can be applied if all masses of a given
Feynman diagram I" can be divided into a set M = {Mj, M, ...} of large masses and a set
m = {mi,mo,...} of small masses and if all external momenta ¢ = {q1,q2,...} are small
compared to the scale of the large masses. In the previous section we have seen that those are
exactly the requirements for the applicability of an EFT, making the HME an invaluable tool
for matching calculations. The dimensionally regularized (unrenormalized) Feynman integral
Fr associated with the Feynman diagram I' can then be written as [64]

B MR > Frvy o Tpmr Fy(q",m?, M) (1.58)
v
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A~ <

Figure 1.5: Exemplary EFT diagrams giving rise to the diagonal entries of the ADM, i.e. O(as)
contributions of the operators Oy (left), O7 (middle) and Og (right).

Figure 1.6: Exemplary diagrams showing the mixing among the operators. Left (middle): Oy mixing
into O7 (Og). Right: Og mixing into O7. Note that O7 does not mix into other operators.

where the sum is taken over all subgraphs v of I' and [T, denotes the Feynman integral
corresponding to the reduced graph I'\ ~, i.e. I without 7. A subgraph ~ contains all lines
with heavy masses M and is at the same time one-particle-irreducible with respect to lines
with small masses m. The operator T acts directly on the integrand of the subgraph v and
performs a Taylor expansion in the variables m?, the set of light masses in 7, and in ¢7, the set
of the external momenta with respect to the subgraph «. Note that an internal momentum with
respect to the whole graph I' like a loop momentum can be an external momentum with respect
to the subgraph . To illustrate this procedure, let us have another look at the left-hand side of
Fig. i.e. the process b — s, which we encountered in the previous section. Here, the heavy
masses correspond to M = {my, my }, the light masses to m = {my, m., m,} and the external
momenta to ¢ = {py, ¢}, where p; is the momentum of the b quark and ¢ the momentum of the
photon. In case where the top quark runs in the loop, the whole diagram is the only existing
subdiagram and one can directly apply the expansion to the whole diagram. For the ¢ and and
u quark however, also the subdiagram consisting only of the W boson line exists in addition to
the full diagram.

1.3.2 Integration by Parts Relations

With increasing amounts of loops and propagators, the number of loop integrals to be calculated
in a given process can increase drastically. The different integrals are in general not independent
but related through integration by parts (IBP) identities [65]. They arise through vanishing
surface terms

i 0 |7
i o : = 1.
/gd ll@l;i <(P12m%)n1 m(pgm%)nn) 0, (1.59)

where P; are linear combinations of the loop momenta [; and the external momenta p; and k,
is one of either the external momenta or the loop momenta. Performing the derivative on the
left-hand side of the above equation explicitly yields combinations of different loop integrals.
Repeating the procedure for all possibilities of k, and specific choices of the indices ng, it is

14
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possible to construct linear equations among the different loop integrals. In the end this allows
to express the original loop integrals in terms of a common basis of integrals, called master
integrals (MIs). Not only are these MIs in general less complex to compute, the procedure
using IBP relations often allows for a drastic reduction in number of integrals that need to be
calculated.

1.3.3 Master Integrals From Differential Equations

A possible way to calculate MIs is through differential equations [66]. Consider a set of MIs
fle,m) = {Mi,... M,}, where m is a particle’s mass contained in the MIs. Differentiating the
MIs with respect to m and using IBP relations to express the derivatives in terms of the MIs,
one finds a system of first order differential equations

2 Fem) = Alem) Flem) (1.60)
where A is an n X n matrix depending on the dimensional regulator € and the mass term m.
These differential equations are usually very difficult to solve. In Ref. [67] it was therefore
suggested to move to a canonical form (also called e-form) which is related to the original MIs
by the basis change f = Tg. Obtaining a canonical form in a first step usually requires to
perform a variable change m — z(m) in the differential equation. Two explicit cases are shown
in Chapter |§|7 Egs. and . The integrals in canonical form ¢ by definition obey

%g’(e, z) = €eA(z)g(e,z) . (1.61)

The differential equation of this form has the huge advantage compared to the one in Eq. (1.60))
that the matrix A only depends on z but not on e. Its solution can therefore be written in
terms of Chen iterated integrals [68]. Assuming an expansion in € for the MIs in the canonical
basis

z) = Za’gﬂ) () , (1.62)

the solution can further be simplified to (see Ref. [69] and references therein)

7 (x) = 3 (x0)

)

x . 1.63
7@ = [ A ) + 5 0wm)  n> o
xo

where §(z) denote the MIs in the canonical basis evaluated at a fixed value of = x which
can be used to fix the integration constants. Note that the above procedure can be generalized
to the case where the MIs depend on several masses m;. In many applications, including the
one in Chapter @ the matrix A can be brought into the form

_ A
A= J 1.64
;x_aj, (1.64)

where flj are constant matrices. The solution of the differential equation can then be written
in terms of Goncharov polylogarithms (GPLs) [70], defined recursively as

G{ar,... a0}, 2) /O 7G ({as, ... an},t) (1.65)
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where G({},z) = 1 and the a; are called weights. When constructing solutions using GPLs,
the amount of different combinations of weights usually grows very large. To obtain a result in
a compact form, it can therefore be desirable to expand the GPLs around certain values of x.
In Chapter [J] the cases  ~ 0 and = &~ 1, corresponding to m — oo and m = 0, respectively,
will be of interest. In the case of z ~ 0, the expansion is straightforward since one can directly
expand the integrand. Let SZ(f(z)) be an operator that expands a function f(z) in = around
x = a. The expansion around x = 0 then reads

x 1 t1 1 to
G({a1,...,a,},2) %/ dtlsgl( / dta S / > r<1. (1.66)
0 t1 — a1 Jo to —az Jo

This expression is valid for a,, # 0. For x ~ 1 it is useful to split the integration path. As an
example, we consider a GPL of weight two

1 dt1 T dty t1 dts
Glfan,aada) = ( faZa) a2
(a1, a2}, 2) (o 751—a1jL 11— 0 to—az

~ G({an, sk, 1) + G({as}, 1) /1 it Sh (t1 ! al) (1.67)

x 1 t1 1
+/ dt, ST K >/ dtoSP? ( ﬂ l—-z<1.
1 th—a1/ J1 to — ao

This equation is only true for a; # 1. In case where one or several weights are equal to 1, one
can apply shuffle relations [71] to remove them. To higher weights one simply extends the above
procedure iteratively.

1.3.4 Soft Gluon Approximation

When calculating higher order corrections to decay processes, the inclusion of bremsstrahlung
corrections becomes necessary in order to cancel divergences stemming from virtual corrections.
The bremsstrahlung corrections induce infrared (IR) divergences, arising from diagrams where
a gluon with vanishing momentum k is radiated from an external leg. To calculate these
divergences, it is useful to introduce a cutoff energy AE. For gluon momenta |k| < AFE it is
possible to make an approximation for the matrix element, called soft gluon approximation. As
a starting point let us consider a diagram with an external fermion, given by

Mo = A(p)u(p) = (1.68)

where u(p) is the fermion’s spinor with momentum p and A(p) contains the remaining part
of the amplitude, depicted by the gray blob. Radiating a gluon with momentum k from the

fermion line yields
My = \QQQ%
(1.69)
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where € is the gluon’s polarization vector. Assuming the gluon momenta k to be soft, i.e.
disregarding linear terms in k, one can easily show that the soft matrix element can be written
as

My = —igs T2 S My . (1.70)
p-k

We see that the soft matrix element is proportional to the Born amplitude and the IR divergence
is encoded in 1/(p - k). An analogous expression is obtained for radiation from an outgoing leg
that differs only by the global sign. One can proceed to calculate the cross section for the soft
matrix element, only integrating over the phase space region where the gluon momentum £ is
soft, i.e. |k| < AE. This allows to obtain analytic expressions for the IR singularities which
manifest themselves either as 1/€eig poles in dimensional regularization or as terms proportional
to log(AE/mgy) when a regulator my, is used for the gluon mass. Such integrals have been
calculated in Ref. [72], see also Ref. |[73|. For the contributions of hard gluons with £ > AFE one
proceeds with the full matrix element, where the cutoff AFE is kept in the phase space integral
as lower bound for the gluon momentum to avoid the IR singularities.

1.4 The Flavor Anomalies

In the past few years there have been several hints for physics BSM which appeared in tests
of lepton flavor universality (LFU). The SM itself is lepton flavor universal to a very good
approximation since the gauge boson couplings to leptons do not depend on flavor. LFU in
the SM is only broken by the Yukawa couplings, which however are very small due to the
suppression of my/my,. Therefore, experimental evidence for lepton flavor universality violation
(LFUV) would be clear evidence of NP. Additionally, it is also interesting to look for lepton
flavor violating (LFV) processes such as i — ey since these are absent in the SM. The collected
hints for LFUV have become known as the flavor anomalies. They appear in the FCNC b — s/
processes as well as in the FCCC b — cfv processes. Furthermore there is the long standing
tension between experiment and theory prediction of the anomalous magnetic moment (AMM)
of the muon which can also be seen as a flavor anomaly since it vanishes in the massless limit.
We will summarize these anomalies in this section and report on their status and discuss general
aspects of NP models that could potentially resolve these anomalies. The latter will also be
illustrated from an EFT point of view.

1.4.1 b— stt

Semi-leptonic FCNC b quark decays are suppressed in the SM since they occur only at the loop
level and additionally by the small CKM matrix element V;s. This means that even if potential
NP interacts weakly with the SM and/or is very heavy, its contribution relative to the SM can
still be sizable. It is therefore very intriguing to test LFU in these processes. From a theoretical
point of view, the observables

_ Br[B - K™y
~ Br[B — K®ee]

R(K™) (1.71)

are promising for this purpose since many theoretical uncertainties cancel in the ratio and the
mass effects of the muon and electron can further be neglected. The predictions for R(K®*))
are hence very close to unity except for the low ¢? region (¢? being the invariant mass of the
lepton pair) where QED and mass effects start to play a role [74]. These observables have been
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Figure 1.7: Experimental situation for R(K) (left) and R(K™*) (right).

measured at Belle [75], BaBar |76] and LHCD [77], whose most recent results read [78.(79)

R(K)Luce = 0.84670 059 (stat) 0015 (sys)

1.72
R(K*)Lucs = 0.6970 4x(stat) & 0.05(sys) (172)

These measurements show a tension to the SM prediction of ~ 2.50. The more recent measure-
ment of R(K™) by Belle [80], presented at Rencontres de Moriond EW 2019, on the other hand
agrees with the SM prediction

R(K*)Betle = 0.967 000 (stat) + 0.11(sys) , (1.73)

but is due to its large errors also compatible with the measurement of LHCb. The experimental
situation is summarized in Fig.

Additionally, another discrepancy between theory prediction and experiment was found in
the angular observable P5’ (see Ref. [81] for its precise definition and theory prediction) in the
process B — K*uu. It was first measured by LHCb [82,/83] and later also by Belle [84}85]
ATLAS [86] and CMS [87]. Combining the experimental data and the theory predictions yields
a discrepancy at the 3o level [88/[89]. This situation is depicted in Fig,. Finally there is also
a small tension of around 20 in the decay Bs — ¢uu [88,89)].

Even if none of the mentioned observables is itself proof for NP, the accumulation of tensions
between the SM and experiments is intriguing. Of course, if one has a specific NP model at hand
which potentially resolves these tensions, other B physics observables that agree with the SM
should not be spoiled. In fact, there are many such observables, including b — sv transitions
and other angular and polarization observables. In order to account for all of them, several
groups [88,/90-101] have performed so called global fits. In those fits, a certain set of Wilson
Coefficients is analyzed regarding how well it fits to the data. Some of these scenarios are able
to resolve the anomalies and give overall a much better fit to the data than the SM with a
significance of up to 5o.
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Figure 1.8: Experimental situation for P5 compared to its SM prediction [102].

Let us now consider a few of these scenarios. We define the effective Hamiltonian as

4G
Het = ——=Vi VZ C;0; s
ff \/§ tbVe ;
OV = S (50, Ppp\b) ™
7 167T2 13224 R(L) ) (1 74)
2 .
0n_ & .
Oy = @(SWPL(R)ZD)(EV“@) :
2
1 € _ —
ol = @(SWPL(R)b)(M“%f) -

In principle there are also scalar operators which however are tightly constrained by Bs — uu
and therefore not considered here. The studied scenarios range from one-dimensional hypothe-
ses, i.e. with one degree of freedom, up to a a six-dimensional one, in which every Wilson
Coefficient is treated as free parameter. In each case there are scenarios that give a very good
fit to the data. The best ones in the 1-D case are Cy, only, Cy, = —Cig, and Cy, = —C’éu.
Their respective best-fit region and pull, all of them exceeding 50 with respect to the SM, are
given in Tab. Among the 2-D fits there are many scenarios that yield a good fit, see e.g.
Ref. [98]. In Fig. we show two specific scenarios. In the first one, Cy,, and Cig,, are the two
independent variables. In the latter, we have a LFUV Cy,, = —C1q, contribution supported by
a LFU contribution in Cyy, i.e.

C’96 = CQT = g@FU ;
Cot = Cop+ Cop ¥, (1.75)
Crou = —Coy, -

This scenario will be of great importance for the remainder of this thesis. Both previously
mentioned 2-D scenarios yield a very good fit to data, see Tab. Note that for the second
scenario the global fit prefers a sizable LFU effect, even exceeding the LFUV one. Interestingly,
this scenario has become favorable with the announcement of the newest measurement by Belle
as can be seen in Fig. For the pre-Moriond data (dashed lines), the best fit region (red)
showed a very good overlap with the R(K™)) (blue) and the remaining b — sup data (yellow)
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’ Wilson Coefficient \ Best fit (10) ‘ Pull ‘

Cop —0.98+0.17 | 5.60
Cop = —Chop | —0.46£0.10 | 5.20
Cou=—Ch, | —0.99£0.16 | 5.50

Table 1.3: One-dimensional global fit scenarios for b — sf¢ transitions. Values taken from Ref. [98].

’ Wilson Coefficient ‘ Best fit ‘ Pull ‘

(Cou, Crou) (—0.91,0.18) | 5.40
(Cop = —Chop, C5FY) | (=0.3,-0.74) | 5.70

Table 1.4: Example for 2-D global fit scenarios (see text). Values taken from Ref. [98].

for both scenarios. Now, there is no direct overlap anymore in the first scenario while the fit
for the second scenario has even improved.

Of course, the global fits are a priori model-independent. However, the choice of a specific
scenario is usually motivated by one or several NP models. For example, the combination
Cyu = —Choy is induced by models that only couple to left-handed fermions. Even though a
roughly O(20%) effect relative to the SM is needed at the level of the amplitude to account for
the anomaly, this still amounts to a relatively small effect since, as previously mentioned, this
process is already suppressed in the SM. This means that NP should either contribute through
loops or be relatively heavy and/or have couplings that are relatively small.

1.4.2 b— clv

Contrary to b — s/ transitions the b — cfv transitions occur already at tree level in the SM.
Nevertheless they are still very good candidates to test LFU through the observables

Br[B — D™ 1]
R(D™) = 1.76
( ) Br[B — D®y] ' (1.76)

where ¢ = {e, u}. Again, the ratio allows for a good cancellation of theoretical and parametric
uncertainties and the SM predictions read [103]

R(D)sy = 0.299 + 0.003 |

i (1.77)
R(D*)sym = 0.258 4 0.005 .

These values are not close to one anymore since the mass effect of the tau cannot be neglected.
The ratios have been measured at BaBar [104},/105] Belle [106-109] and LHCb [110-112], and
their combined value reads [103]

R(D) = 0.340 + 0.027(stat) & 0.013(sys) , (1.78)
R(D*) = 0.295 4 0.011(stat) = 0.008(sys) , (1.79)

which corresponds to a tension of around 30 compared to the theory predictions. The different

experimental results as well as their combination are shown and compared to the SM prediction
in Fig. Note that all central values consistently lie above their respective theory prediction.
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Figure 1.9: The two 2-D global fit scenarios (Cy,, Cio,) (left) and (Cop = —Cligp, Cof'Y) (right). The
dashed lines (opaque areas) indicate the pre-(post-)Moriond data. The best fit region for the global fit
is shown in red, the data from R(K()) is shown in blue and the remaining b — suu data is depicted in
yellow. Plots taken from Ref. [97].

Similarly, LHCb also measured the ratio
Br[B. — J/¢ Tv]

R(J/¢) = Br(B. = J/u ] (1.80)
to be
R(J /%) = 0.71 £ 0.17(stat) & 0.18(sys) . (1.81)
Compared to the SM prediction [114-117]
R(J/1)sm = 0.26 & 0.02 (1.82)

this shows a tension of around 2¢ which on its own is not significant but points in the same
direction as R(D(*)) since the experiment again lies above the SM prediction.

Global fits have also been performed for b — crv . The relevant operators are
collected within the effective Hamiltonian, given by

Her = 2V2GrVa, [(1+ CHOL + CEOE + CEOL + Cro7]
Of = (" PLb)(FyuPrv)
OF = (ePrb)(7Pv) , (1.83)
(95 = (¢Ppb)(TPrv) ,
= (co" Prb)(TowPLv) .

Even though the fits are mainly driven by R(D(*)), they also contain polarization observables
in B — DE‘L)TV. Note that the running of the Wilson coefficients is also taken into account.

Among the most prominent scenarios are the 1-D hypothesis of C‘e only and the 2-D hypothesis
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Figure 1.10: Different experimental measurements of R(D) and R(D*) as well as the SM prediction
thereof. The world average is shown in red, the 30 contour is depicted as dashed line [103].

with Cy and C’§ = —4CT, where the combination Cg = —4(C'7 is usually induced by Fierz
identities. The latter scenario is shown in Fig. Both scenarios give a good fit to data and
allow to resolve the anomaly in b — c7v, however the 1-D hypothesis predicts R(D) = R(D*)
which is not what is currently observed.

Note that an effect of O(10%) at the level of the amplitude is needed to resolve the anomaly.
Since this process occurs already at tree-level in the SM, the NP contribution needs to be sizable.
Therefore, NP should not be heavier than a few TeV and not couple too weakly.

1.4.3 Anomalous Magnetic Moment of the Muon

One of the longest standing anomalies can be found in the anomalous magnetic moment (AMM)
of the muon

a, (‘(}_22)“ . (1.84)

Its current experimental value is dominated by the BNL experiment E821 [123]
a® = 116592089(63) x 107" . (1.85)

Compared to its SM prediction, which recently has been reevaluated in a community-wide
effort [124]

ap™M = 116591810(43) x 10~ (1.86)
the difference between theory and experiment yields

da, = aS® —ap™ = (279 £ 76) x 10711 (1.87)
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Figure 1.11: Global fit for the 2-D NP hypothesis in b — crv with C¥ and CL = —4Cr. The Wilson
Coefficients are given at the matching scale of 1 TeV, the plot is taken from Ref. [121].

which corresponds to a deviation of 3.7¢0. On the theory side, the QED and EW [126H128§]
contributions are under good control. The main uncertainties stem from hadronic effects, namely
the hadronic vacuum polarization [129H135], the hadroninc light-by-light scattering [136H142]
and higher-order hadronic corrections @ A lot of effort is currently invested in improving
these calculations, prompted by upcoming measurements at Fermilab and J-PARC
which aim at reducing the experimental uncertainty by a factor four.

Since the AMM of the muon is proportional to the muon’s mass, it is already LFUV in
the SM itself. However, in order to resolve the tension between experiment and theory, an
additional source of LFUV in NP is needed since otherwise the AMM of the electron would be
spoiled. Hence, da, is another hint for LFUV. Also in this case a rather substantial NP effect
is needed to resolve the difference between theory and experiment since it is of the same order
as the SM EW contribution.

1.5 Leptoquarks

We have seen that several hints for LFUV exist in semi-leptonic B decays. Since leptoquarks
(LQs) directly couple quarks to leptons, they are natural candidates to resolve these anomalies
since they can generate FCNCs already at tree-level and also contribute to FCCC at tree-
level. We have seen that the latter is a necessary condition to resolve the tension in b — crv.
Furthermore, LQs have the advantage that they contribute to other observables like neutral
meson mixing only through loops, making these constraints less severe. Such constraints usually
exclude models that induce FCNCs at tree level.

In this section, we will briefly introduce the LQ Lagrangian (further details will follow in
chapters [2[ to . We will also preempt some key aspects to solve the anomalies with LQs,
which will be relevant for the remainder of this thesis. Finally we conclude this section with an
extended outlook to the work performed in Refs. which correspond to the chaptersto

23



Introduction

of this thesis.

1.5.1 The Leptoquark Lagrangian

There are in total ten LQ representations: five scalar and five vector ones. They were first clas-
sified systematically in Ref. [147]. The representations, their quantum numbers and interaction
Lagrangian with the SM fermions read

SLQ QSM »Cint
2 _
& (3.1 (A}fafzj + A;]L.Q;ij) & +hc.
& 8 X1 gep &t
B (313 ALdst; ] +hee. |
3 7 2RL - LR .; t (1.88)
o (3.2 (/\fj ayLj+ N2 Qfmej) ol +hec.,
5 5 1 32 7.1 .&1
P, 3,2, —g A deLz(I)Q +h.c.
2 4 A
(02 3,3 — § A i ;ZTQ(T . (I)g)TLZ‘ +h.c. .
VLQ QSM £int
4 _ _
Vi (3, L, —3> (kEfdputi + mEEQpyLi) VI +he.
¥ 2 10 =1 = gl
Vi 3,1,—3 /ffiujc’y“&Vl + h.c. ,
5 _ _ 1.89
Voo (325 (RidL+ R Q) Vi The. (1.89)
3 1 5
Vs 32,3 R3u5y, LV + he.
4 _
V3 3,3, 3 ﬁi’civau(T . V3“T)TL1- +he. .

The X and k are arbitrary 3 x 3 coupling matrices with flavor indices f and j. The scalar LQs
are denoted by ® and the vector LQs by V', the (charge-conjugated) quark and lepton doublets
are denoted by Q© and L, respectively, and the up (down) quark and lepton singlets by u(®)
(d(c)) and £, respectively. The interaction of LQs and the SM gauge bosons can be introduced
through the covariant derivative [148]:

‘c(gbauge: Z (Dﬂq))T (Dﬂq)) )

scalars
y . (1.90)
ﬁgauge - Z _ZF;IVFMV )
Vectors
with
F,uu = -D/LVV - DVV,u . (191)
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Furthermore, a mass term for the SLQs can be added in a straightforward way. Additionally
the SLQs can also interact with the SM Higgs which actually allows for mixing among the SLQ
representations. The Lagrangian for these interactions reads

Lo =— Asy (DS H) By + Ags (D) (7 - B3) H) + Yo (PLH) (Hiry®s)
+ Yy (Himy (7 ®3)1 H)®y + Yar (H' (7 @3) H)®] + hc.
— Yoo (Hiry®s) (Hiry®s)' — Vig (Hirads) (Hirydy)'

(1.92)
- iY33€IJKHTT1H<I>;K‘I>3,J

3 2
N (mi+viHTH) @0, — Y (M} + Y HTH)®] &y .
k=1 k=1

The m% represent the bare mass terms of the LQs. When the Higgs acquires the vev, the mass
terms are shifted and the mass matrices become off-diagonal. These matrices then need to be
diagonalized via a redefinition of the LQ fields, which then also changes the coupling matrices
A of Eq. . This procedure is performed in detail in Sec.

Simply adding a mass term for the VLQs by hand would violate gauge invariance. This
means that without any further information about a UV-completion of the model, calculations
at loop-level can contain infinities. In cases where the VL.Qs only contribute to a certain process
at tree-level, this is not an issue. Even for certain one-loop processes, calculations turn out to be
finite and gauge-invariant, in other cases it is possible to at least calculate the LL contribution,
which allows for a good estimate of the true contribution. Several UV complete models for the
VLQ singlet V4 have been proposed, see Refs. [149-157].

1.5.2 Leptoquarks as Solution to the Anomalies

Let us now briefly discuss the requirements for the different L(Q representations in order to
address the flavor anomalies summarized in Sec. We refer to chapters |2] to [8 for detailed
analyses. As mentioned earlier, NP needs to contribute to b — crv already at tree level to be
able to account for this anomaly. Additionally, bounds from e.g. B — K®vv decays have to
be respected. This is an issue for the scalar triplet ®3 and vector triplet V3: Due to SU(2)
invariance, they generate an effect in b — svv of the same size as in b — crv, violating the
bounds by orders of magnitude. The LQs <i>1, ‘i)g, Vl and Vg do not generate the desired effect
at tree-level. Concerning b — s¢¢ we saw in Sec. that certain configurations of Wilson
coefficients are preferable in order to address that anomaly. Among the LQs, ®3, V4 and V3
give a Cy,, = —C'q, effect. Finally, there is the AMM of the muon, where also a substantial NP
contribution of the order of the SM EW contribution is needed. Due to the nature of the LQs,
they contribute to a, through diagrams where quarks run in the loop. Through a chirality flip
on the internal quark line, these contributions can become proportional to the quark-mass. In
case of the top quark, this results in an m;/m, enhanced effect, which numerically is ~ 1700.
To create this effect however, the LQ needs to couple to left- and right-handed top quarks
simultaneously. Only ®; and ®, are able to achieve this. We see that no single LQ can explain
all the three anomalies simultaneously, however the VLQ singlet V; is able to resolve b — sé/
and b — cTv at the same time.

Lepton Flavor Universal Effects

In Sec. we mentioned the NP scenario with a Cy, = —Cig, effect supported by a LFU
effect in Cyy, see Eq. (1.75)). This scenario becomes especially interesting for models that aim at
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Figure 1.12: V; contribution to b — c¢7v (top part). Due to SU(2) invariance an effect of the same
size in b — s77 occurs, which can lead to LFU contributions to b — sv (middle part) and b — s£¢
(bottom part) when closing the loop.

explaining b — c7v and b — sff simultaneously. Obviously a LFUV effect is necessary both in
the CC and NC transitions. However, since the effect in b — ¢7v needs to be much larger than
the one in b — spup, loop effects induced by the tree-level b — c¢rv contribution can arise which
are not only sizable but can in fact even exceed the LFUV tree-level effect in b — sup. In the
case of the VLQ singlet Vi the effect in b — c7v creates an effect of the same size in b — s77
due to SU(2) invariance. Closing the 7-loop then gives an effect in b — sy and b — s¢¢. This
is illustrated in Fig. The model-specific global fit, which also includes the effect in C%, is
shown in Fig. [[.13]

1.5.3 Outlook

We conclude this section by giving an outlook to the chapters [2| to containing extensive
analyses. In chapter[2] we analyze the VLQ singlet V; as a favorable candidate to address the CC
and NC flavor anomalies simultaneously. We find a very good fit to data without violating any
experimental constraints. Chapter [3| contains a proceeding article, which updates the analysis
of chapter [2, i.e. it includes also the most recent measurements of Belle. In chapter 4| we
investigate how tauonic B decays are correlated to the neutron electric dipole moment (EDM)
for the SLQ ®1. Assuming the persistence of the b — c7v anomaly, we show that even small
effects relative to the SM in B — 7v, to be tested at Belle 11, generate a sizable neutron EDM,
which in turn could be tested at PSI with the n2EDM experiment. In chapter [5| we consider
a combination of the scalar singlet and triplet LQs ®; and @3, respectively. This combination
has the distinct advantage that constraining effects in B — K®vw can be canceled. In that
way, ®1 and ®3 enter b — crv while ®; can account for da, and ®3 can resolve the tension in
b — sll, making a combined explanation of all three anomalies possible. Turning to chapter [6]
we investigate SLQ effects in Higgs decays and oblique corrections, taking into account all five
scalar representations and mixing among them. The investigated observables can be calculated
independently from the couplings to the SM fermions, yielding a complementary window to
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Figure 1.13: Model-specific global fit for the VLQ V; in b — supu transitions. The LFUV effect in
Cy,, = —Choy, is supported by a LFU effect in Cyg, the effect in C7 is also included. This fit was used for

the plot in Fig. [3.2] Plot courtesy of Bernat Capdevila.

distinguish among the different L(Q representations. In chapter [7| we correlate the AMM of the
muon to the Higgs decay h — pu, prompted by the recent measurement thereof by ATLAS and
CMS. This is especially interesting with regard to future experiments. Finally, we extensively
investigate loop-effects, which unavoidably are generated when explaining the flavor anomalies,
in chapter |8 These loop-effects affect purely leptonic processes like Z — €4, W — fv and even
LFV decays like Z — ¢’ or £ — {'~. In chapters |§| to [8 we also actively analyze the parameter
space with regards to future experiments.
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In recent years experiments revealed intriguing hints for new physics (NP) in B decays involving
b — crv and b — s/~ transitions at the 40 and 50 level, respectively. In addition, there
are slight disagreements in b — urv and b — du™p~ observables. While not significant on
their own, they point in the same direction. Furthermore, V,s extracted from 7 decays shows
a slight tension (=~ 2.50) with its value determined from CKM unitarity and an analysis of
Belle data found an excess in By — 777~. Concerning NP explanations, the vector leptoquark
SU(2) singlet is of special interest since it is the only single particle extension of the Standard
Model which can (in principle) address all the anomalies described above. For this purpose,
large couplings to 7 leptons are necessary and loop effects, which we calculate herein, become
important. Including them in our phenomenological analysis, we find that neither the tension
in Vs nor the excess in By — 777~ can be fully explained without violating bounds from
K — mvv. However, one can account for b — c¢rv and b — urr data finding intriguing
correlations with B, — 777~ and K — 7vv. Furthermore, the explanation of b — c7v predicts
a positive shift in C7 and a negative one in Cy, being nicely in agreement with the global fit to
b — s¢T¢~ data. Finally, we point out that one can fully account for b — crv and b — s¢+¢~
without violating bounds from 7 — ¢u, T — 7 or b — sT processes.

2.1 Introduction

So far, the LHC has not directly observed any particles beyond the Standard Model (SM).
However, intriguing hints for lepton flavor universality (LFU) violating NP have been acquired:

b— s(d)£+£_:
The ratios

Br[B — KW putpu]

)y =
R(E™) = Br[B — K®ete ]’

(2.1)

[77)( [79]) indicate LFU violation with a combined significance of ~ 4 ¢ [92,93//158-161]. Taking
also into account all other b — sutu™ observables, like the angular observable P [83] in the
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Figure 2.1: Feynman diagrams depicting the one-loop contributions of the vector LQ singlet to C??&
b— st~ 7 — pvv and b — sy (from left to right).

decay B — K*u*pu~, the global fit of the Wilson coefficients to all available data even shows
compelling evidence [88] for NP (> 50).

Concerning b — d¢T¢~ transitions, the theoretical analysis of Ref. [162] shows that the
LHCb measurement of B — mu™p~ [163] slightly differs from the theory expectation. Even
though this is not significant on its own, the central value is very well in agreement with the
expectation from b — s/~ under the assumption of a V;q/V;s-like scaling of the NP eﬁectﬂ In
other words, an effect of the same order and sign as in b — s¢™¢~, relative to the SM, is preferred.
Furthermore, an (unpublished) analysis of BELLE data found an excess in By — 777~ [164].

b — c(u)Tv:

The ratios

_ Br[B — D¥7y]
~ Br[B — DMy

R(D™) with £ = {e,pu}, (2.2)

which measure LFU violation in the charged current by comparing 7 modes with light leptons
(¢ = e, u), differ in combination from their SM predictions by ~ 4o [103]. Also, the ratio

r[B. — J/¢YTV]
r[Be — J /]

RUY) = & (23)
[113] exceeds the SM prediction in agreement with the expectations from R(D™)) [165,/166].
Concerning b — urv transitions, the theory prediction for B — 7v crucially depends on V.
While previous lattice calculations resulted in rather small values of V,;, recent calculations give
a larger value (see Ref. [167] for an overview). However, the measurement is still above the SM
prediction by more than 10, as can be seen from the global fit [5§]. In

Br[B — 771V

k(m) = Br[B — wlv]

(2.4)
there is also a small disagreement between theory [168] and experiment [169] which does not
depend on V,;. These results are not significant on their own but lie again above the SM
predictions like in the case of b — crv.

Vi
Vus extracted from 7 lepton decays (V,];) shows a tension of 2.5 0 compared to the value of Vs
determined from CKM unitarity (V,2%) [103}[170].

The only possible single particle explanation, which can (at least in principle) address all
these anomalies is the vector leptoquark (LQ) SU(2)r singlet Vi with hyperchargeﬂ —4/3

Here, V refers to to the Cabibbo-Kobayashi-Maskawa (CKM) matrix.
2In our conventions, the left-handed lepton doublet has hypercharge —1.
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[L171H177] arising in the famous Pati-Salam model [178]: This LQ can explain b — c7v data
without violating bounds from b — svv and/or direct searches, provides (at tree level) a left-
handed solution to b — s¢T¢~ data, and does not lead to proton decay. Therefore, a sizable
effect in b — urv and b — d¢t{~ is straightforward, and also an explanation of V7, could
be possible. A huge enhancement of b — s7+7~ rates is predicted as well [179], making an
amplification of By — 777~ possible.

Several attempts to construct a UV completion for this LQ to address the anomalies have
been made |149H154}/180-184]. In order to fully account for the b — c7v data (while respecting
perturbativity), one needs sizable couplings to third generation leptons and V; generates, via
SU(2), invariance, also large contributions to the operators d;d;77 and u;u;v v, at tree level.
These operators give rise to couplings of down quarks to neutrinos or light charged leptons at
loop level (see Fig. 2.1)).

In this article we will calculate these loop eﬂectsEL which turn out to be not only numerically
important but also give rise to additional correlations among observables. Even though a theory
with a massive vector boson without an explicit Higgs sector is not renormalizable, we still
identify several phenomenologically important loop effects which are gauge independent and
finite and can therefore be calculated reliably (in analogy to flavor observables within the SM).

2.2 Model and One-Loop Effects

We work in a simplified model extending the SM by a vector LQ SU(2), singlet with hypercharge
—4/3, mass M and interactions with fermions determined by

Lyu = (H]L%Qif%Li + Hﬁ@%@) Vlm + h.c.. (2.5)

Here, @ (L) are quark (lepton) SU(2)r, doublets, d (e) are down quark (charged lepton) singlets
and f,4 are flavor indices. In the following, we will neglect the right-handed couplings, which
are not necessary to explain the anomalies. This then generates the effective four-fermion

interactions encoded in
L, . Lx

Kii kg _

Lot = ——2 3 QI QT L LY (2.6)
where a and 3 label the SU(2) components. After EW symmetry breaking, we work in the
down basis; i.e., no CKM elements appear in flavor changing neutral currents of down quarks.
We recall our definitions and the tree-level results in the appendix.

In our setup, one-loop effects involving the LQ and third generation leptons (7’s and 7
neutrinos) can be very important, since we aim for large effects in b — c(u)7v and b — s(d)77 7~
processes. In principle, a massive vector boson, like our LQ, without a Higgs sector is not
renormalizable. However, in flavor physics most effects can still be calculated reliably since
they are gauge independent and finite (also in unitary gauge)lﬂ This is in analogy to the SM,
where the contribution of the W to flavor observables can be correctly calculated in unitary
gauge without taking into account the Higgs sector.

We are only interested in effects which are always absent at tree level (like b — svv processes)
or are not present at tree level due to a specific coupling structure (like b — su™p~ processes
in the absence of muon couplings). Furthermore, we neglect tiny dimension-8 effects of the SM
Higgs particle. In these cases the loop effects are the leading contributions. We calculate all
diagrams at leading order in the external momenta using asymptotic expansion [64].

3Similar loop effects for scalar LQs have been calculated in Refs. [185(187].

4In this article we followed two approaches to check the results. First, we calculated the results in unitary
gauge. Then, we derived the couplings of the LQ Goldstones to SM fermions by requiring the tree-level amplitude
to be gauge independent. Finally, we calculated its contribution in R¢ gauge.
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Figure 2.2: C’ééb and C%(p) as functions of R(X)/R(X)sm with X = {D, D*, J/+}. The solid lines
correspond to M = 1TeV and the dashed ones to M = 5TeV while the (dark) blue region is preferred by
b — crv data at the 10 (20) level. From the global fit, taking into account only lepton flavor conserving
observables we have —1.29 < Cgfsb < —0.87 and —0.01 < C2*(up) < 0.05 at the 1o level.
Therefore, our model predicts just the right sign and size of the effect in C’g’esb and C3°(up) necessary to
explain b — sfT¢~ data, assuming an explanation of b — c7v.

2.2.1 W Boxes Contributing to d; — dsvv

We use the effective Hamiltonian

vv 4GF * 7 % 7 )
off — —7\/5 %dk‘/tdj <C£,jk0£,jk =+ Cl];,jk(/){{,jk) ,
i a T4 _
Of = I (47" P 77, (1= 5) vl (2.7)

i« _
Of . = = (47" Prdy] 757, (1 = 5) vi]

with Pr(r) = (14 (—)75)/2 and GF («) being the Fermi (electromagnetic fine structure) con-
stant. The result of the box contributions involving a W to d; — dyvv (an example diagram
is shown on the right-hand side of Fig. is gauge invariant in R¢ gauge and the same finite
result is obtained in unitary gauge (with e = v/4ma and m; (my ) the top quark (W boson)
mass)

2 2
ij o _ —Mw L  Lx myy
CL,fa - 262‘/311‘/};}]\42 (6K:fj'%ai IOg <M2>

log (27 ) L
+ 3 (VaaViirks vl + Vi Vawrly il ) — vg,ﬁevgwéjvzaavgﬁnﬁ*ﬂ;) (28)
- w

2
my

2.2.2 W Off-Shell Penguins Contributing to 7 — uvv

Here (see third diagram in Fig. we obtain again a finite and gauge independent result for
the Wilson coefficient; following the analysis of [188], we use

i 4GF T _ _
Hy ' = WDL/}@' [y Prvi] [ive Prr] (2.9)
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k5 =1, M=1TeV

mbocrvio
mbocrv2o
mb-ourvlo
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m Kt ->natww
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— Br[K* - 7tw]x1010

Br[B; - ttt7]x10?

Br[B; - 7T t7|x10?

Figure 2.3: Predictions for B, — 7t7~ and K — 7w (contour lines) in the x¥;-xZy plane for
M = 1TeV and k% = 1. The colored regions are preferred by b — c(u)Tv data, where we naively
averaged (i.e., we computed the weighted average of the observables and added their errors in quadrature,
disregarding correlations) R(D™)) and R(J/v) or R(r) and B — Tv, respectively. The gray region is
excluded by K+ — ntvw. Here we assumed all couplings niLj to be real.

with el
V3 ki ER 2 2
TTwo_ _VBkMMEFM33 Y my
DL,fi = N6522—327r2 e (1 + 2log <M2 )) . (2.10)
We find, in agreement with Ref. [176], that the effect is small.
2.2.3 Photon and Gluon Penguins

We use the standard Hamiltonian (see, for example, Ref. ) also defined in the appendix. For
on-shell photons and gluons the result of the left-hand diagram in Fig. is finite in unitary
gauge and the same result is obtained in R¢ gauge:

sb —\/5 11 < 5 ) L Lx
— | — | K5-KS: . 2.11

Taking into account the running from the LQ scale urg = M = 1TeV down to pp = 5 GeV (see,

e.g., Refs. [189,[190]), we obtain

C2(up) ~ 0.29 wLkl . (2.12)

13
For off-shell photons the full result (second diagram in Fig. [2.1)) for the amplitude is gauge
dependent and, in general, divergent. However, one can calculate the mixing of Cg;z; = —Cf& b

into the four-fermion operators ngsb (containing light leptons as well) within the effective theory
(i.e. after integrating out the LQ at tree level). In this way, a gauge independent result is
obtained and the leading logarithm of the (unknown) full result is recovered. For off-shell
photons we thus calculate the effect in the EFT (below the LQ scale), generating the following
mixing into the four-fermion operators with light leptons:

w o V2 1 M2\ | L.
R PATTEI R (72 R (213
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Figure 2.4: Allowed (colored) regions in the C§%, = —Ci¢',, (= 640k5k55 ) — R(X)/R(X)sm plane for
M =1 TeV and X = D, D*, J/v at the 1o and 20 level for kX5 V,;, < kL;. The region above the black
dashed (solid) line is excluded by 7 — ¢u (B — K7p) for vl = 0.5 = 25kL, (k5 = 0.5 = 2.5k%,). The
bound from 7 — ¢u (B — K7u) depends on kk; and k%, and gets stronger if k%, gets smaller (larger).
That is, for k% = 0.5 and 2.7 < k%5 /k%, S 27, the whole 2 o region preferred by b — crv and b — s ¢~
data is consistent with B — K7y and 7 — ¢pu.

Note that this result is model independent (at leading-log accuracy) in the sense that it does
not depend on the model which generates 95b = —C’{& - In principle, there are also Z
penguins generating C’gesb and Cfg <+ However, this effect is suppressed by light lepton masses
(or small momenta) and is therefore of dimension 8. Further, note that there are no box
diagram contributions which generate sbuu (Sbee) operators if the couplings of the LQ to muons
(electrons) are zero at tree level.

2.2.4 Box Diagrams with LQs

What cannot be calculated consistently are box diagrams involving only LQs . Here, the
results are divergent in unitary gauge which corresponds to a gauge dependence in R¢ gauge.
However, these effects are suppressed if \FcL\ < go and can be further suppressed in the presence
of vectorlike fermions by a GIM-like mechanism which, in analogy to the SM, would render
the result finite.

2.3 Phenomenology

Assuming x4V, < ki3, one is safe from LHC bounds, and the effects in By — 7777, C2%(up)
(Eq. (212)) and C{,, (Eq. 2:13)) directly depend on R(X)/R(X)sm (with X = D), J/4)).
In Fig. we show these dependences. Intriguingly, the effect generated in C?b(,u,b) and C’stb,
within the preferred region from b — c¢7v data, exactly overlaps with the 1 o ranges of the model
independent fit to b — sy~ data excluding LFU violating observables (therefore, only
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P! etc. but not R(K ™) can be explained).

Let us now include the effect of k%;. Here, many correlations arise. First of all, b — c(u)Tv
is already at tree level correlated to b — s(d)7t7~. In addition, the W boxes in Eq.
generate effects in B — K (7)vv and K — nvo. While the bounds from B — K ) (r)v turn
out to be weaker than the ones from By, — 7777, there are striking correlations with K — wvw,
as can be seen from Fig. Furthermore, we get an effect

T _ 7(0)
% ~—CIT, (2.14)

oV, =

where VJS(O) is the CKM matrix element extracted from 7 decays without NP. However, Eq. (2.8)

generates K — wvv, and respecting these bounds, the relative effect in V), can only be at
the per-mill level, |6V, ~ 0.05%, excluding the possibility to account for the discrepancy
of |[Vmi| = 0.22547 4 0.00095 versus |V,7,| = 0.2212 £ 0.0014 [103,/170]. The same is true
about By — 7777, where the currently preferred region of analysis using BELLE data [164] of

Br|[By—7rr7] = (4.39f8:§g + 0.45) lies outside the plot range.

exp

Now, in addition to the couplings x4 and x5, we allow nonvanishing k%, and xJ,. These
couplings give rise to tree-level effects in b — sy p~. In Fig. we show the allowed (colored)
regions from b — suTp~ and b — crv as well as the exclusions from b — sTu and 7 — ¢pu.
Note that a simultaneous explanation of the anomalies is perfectly possible since the colored
regions overlap and do not extend to the parameter space excluded by b — sTu and 7 — ¢pu.
Interestingly, due to the loop effects originating from the b — c7v explanation, we predict a
flavor universal effect in Cgﬁgb and C?b which is supplemented by a tree-level effect of the form
Gy’ = —C1g.g with muons only. This means that the relative NP effect compared to the SM

in lepton flavor conserving observables (like P7) should be larger than in R(K*)), which is in
perfect agreement with the global ﬁtﬂ

2.4 Conclusions

The vector leptoquark SU(2) singlet is a prime NP candidate to explain the current hints for
LFU violation. In this article we calculated and studied the important loop effects arising within
such a model and performed a phenomenological analysis. We find:

An explanation of b — crv data generates lepton flavor universal effects in b — sfT¢~
transitions which nicely agree with the model independent fit (see Fig. . Therefore, the
Cy = —C1p-like tree-level effect, which is in general LFU violating, is supplemented by these ef-
fects generating a new pattern for the Wilson coefficients. This can be tested with future data.
That is, with more precise measurements of lepton flavour universality violating and lepton
flavor universality conserving effects, one can test if in fact there is a lepton flavor universality
conserving contribution in addition to the lepton flavor universality violating ones [95]. Similar
conclusions hold for the correlations between b — urv data generating lepton flavor universal
effects in b — d¢T¢~ processes.

NP in b — c(u)7v generates important effects in B,y — 77~ which are even correlated
to b — s(d)vv processes and K — mwvv via W box contributions (see right-hand diagram in
Fig. .1). The V;, puzzle (like the CP asymmetry in 7 — Kgmv [191]) cannot be solved due
to the stringent constraints from K — wvv, and because of b — urr bounds one cannot fully
account for the BELLE excess in By — 777~ (see Fig. [2.3)).

®See Ref. [95] for a recent analysis of such scenarios.
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b — ctv and b — s¢T¢~ data can be simultaneously explained without violating other
bounds like 7 — ¢u (see Fig. . Furthermore, one could at the same time also account for
NP effects in b — du™p~ without violating K, — '~ bounds.
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D.M. is supported by an Ambizione Grant of the Swiss National Science Foundation (PZ00P2_154834).
The work of C.G. and F.S. is supported by the Swiss National Foundation under Grant 200020__175449/1.

2.5 Appendix

In this appendix we recall the tree-level results for the observables and give details on the
experimental situation.

2.5.1 dy — d;0; 4
We define the effective Hamiltonian as

4G ;
0 F
Heg = /2 —= Via, Vi, Z Ca d;dy Oc]:,ldjdk )

Ol = 1(6“(282) my[djot (T) Prdy) Fu (G, (215)
Og(il()),jk = %[Jﬂ”PLdk] [Ef%(%)gi] )
and obtain at tree level
Off = ~Clage = QGF}:QVM Tl (216)
For b — su™p~ transitions, the allowed range is 88|
~0.37(~0.49) > Ci¥, = —Clt' > (~0.75) — 0.88, (2.17)

at the (10) 20 level, assuming a vanishing effect in electrons. In b — du™p~ transitions one
finds for the Wilson coefficients

Oty = —Clt = =19+ 1.1, (2.18)

assuming them to be real |162]. For 7 leptons we have experimentally [192]

Br|B, 777 <68x107% (95%C.L.), (2.19)

exp

and for By — 777~ there is a (unpublished) measurement of BELLE [164] and an upper limit
of LHCb [192]

BELLE
Br By — 7t = (4.39%0% £0.45) x 1075,
ex
. (2.20)
Br [Bd — T+T—] <21x107% (95%C.L.).
exp
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Both are compatible at the 2o level. The SM predictions are given by [193}|194]

Br [BS - T+T*]SM = (7.73£0.49) x 1077,

(2.21)
Br|By - T+r—]SM = (2.22+0.19) x 1078
In our model, we have
2
Br [Bq — T+7'7] -1 + {(;—,qb (222)
Br[B, = 777 g\ Clsé\’/[qb

with ¢ = s,d and C’fg{{lb ~ —4.3 [195,[196]. For the analysis of B — K7y we will use the
results of Ref. [197].

The short distance contribution to the branching ratio of K — u*p~ is given by [198]
(with the Hamiltonian defined e.g. in Ref. [199])

2

Br [KL o “ﬂf}sn . (Re [;;ﬂ N ReA[AC] PCY)

with the numerical input

ap, = 2.01x107°, YV = Yy — sipClf g,
Y; o (=) pY o115 20017
SM = . (170GeV) » te TV : ’
Ai = ViiVia, A= 1|Vus| - (223)

The upper experimental limit for the short distance contribution is [200]
+,,- -9
Br Ky, — pi*p }SD <25x1077. (2.24)

Using Ref. [175] we have

fzmir ﬁ%ﬂ%ﬁff m3\? m}
Brlr=om ="ee a7z ) U %02
T T
with the current experimental limit [201]

Br[r — ¢u] <84 x107% (90%C.L.). (2.25)

If we consider Y(nS) — 7u, we have |177]
.2

Br[Y(38) = 7u] = 2.6 x 10—7@ (2.26)
s ‘ MA(TeV) ‘

Comparing this to the experimental limit Br [Y(35) — 7u] < 3.1x1076 (90% C.L.) of Ref. [202],
this does not pose relevant constraints on our model.
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2.5.2 dk — djl/z'ljf

We use the conventions

%% 4C;F ? v ! .
= =5 VianVia, (CLwOLn + ChinOfise) (2:27)
i & 7 |
Ofmygh = 1= | 47" Prmyi] 1257 (1 =75) ] -

Note that the LQ does not contribute at tree level.
For K — wvv we use Ref. [203] with the updated numerical values given in Ref. [204]
resulting in

1
Br [Ki — 7riw/ = § (1+Agpm)n+ x
2
i Im )\tXf N Re [A] iy Re [)\thl}
it ——5 ’
o, (]
Br [Kj — vy = 377L Z; — | (2.28)
fri=1
with
Xt =xM -0l P.=0.404+0.024

A 8
ne = (5.173 £ 0.025) 10711 {o 225} ,
(2.29)

0.225
Agy = —0.003, X7M* = (1.481 + 0.005 + 0.008) 5, .

A 8
nr = (2.231 £ 0.013) 10—10[ } :

For B — K®up we follow Ref. [205], giving C’El\féﬁ ~ —1.47/s%,6¢;, and the branching
ratios normalized by the SM predictions read

, 1S lofl
RYy =2 —is. (2.30)
s ey

This has to be compared to the current experimental limits RY < 3.9 and R%%. < 2.7 [206] (both
at 90% C.L.). The future BELLE II sensitivity for B — K(*)w/ is 30% Of the SM branching
ratio [207].

2.5.3 d;, — uj17£_
We define the effective Hamiltonian as

4Gp
V2

where in the SM C]JZ’SM = 0f;. The contribution of our model is given by

Crv; Q-
HE " = V]kC]fk [ujy" Prdy] [gf%PLVZ} ’ (2:31)

V2 le L o Lx
AGE M2V, R

cli = (2.32)
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With these conventions we have for b — c7v transitions

3

R(X) /R(X)SM = Z ‘532‘ +Cy i
i—1

, (2.33)

with X = {D, D*, J/v}, assuming vanishing contributions to the muon and electron channels.
We obtain the analogous expression for b — urv.
Concerning 7 — K (m)r we find that the CKM element V] extracted from these decays is

given in terms of the one determined in the absence of NP contributions ( JS(O)) by
Vi = Vil /(1 + Ci), (2.34)

where we neglected LFV effects. This has to be compared to [103,170] |V,2%| = 0.225474-0.00095
and |V7,| = 0.2212 + 0.0014.
In Ref. [168] the analysis gives

R(m).. =1.05+0.51,
( )exp (235)

R (m)gy = 0.641 £ 0.016..
For B — 7v we use the PDG value [208] and the SM prediction of Ref. [58] at the 2o level

Br[B — TV]exp = (1.09 £ 0.24) x 1074,

2.36
Br[B — 7v]sm = (0.851+8;8§2) x 1071, (2.36)
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Several experiments revealed intriguing hints for lepton flavor universality (LFU) violating new
physics (NP) in semi-leptonic B meson decays, mainly in b — crv and b — s¢1¢~ transitions
at the 3 — 50 level. Leptoquarks (LQ) are prime candidates to address these anomalies as they
contribute to semi-leptonic decays already at tree level while effects in other flavor observables,
agreeing with the standard model (SM), are loop suppressed.

In these proceedings we review the vector leptoquark SU(2), singlet, contained in the famous
Pati-Salam model, which is able to address both b — c¢7v and b — su* ™ data simultaneously.
Due to the large couplings to tau leptons needed to account for the b — crv data, sizable loop
effects arise which we include in our phenomenological analysis. Updating our result of Ref. [45]
with the recent measurements of LHCb [78] and Belle [801/109] we find an even better fit to data
than before.

3.1 Introduction

While so far the LHC has not detected any particles beyond the ones present in the Stan-
dard Model (SM), intriguing hints for LFU violation in semi-leptonic B-meson decays were
accumulated in several (classes of) observables:

b— slti~
In these flavor changing neutral current transitions, measurements of the ratios

Br[B— Kutu™|
K =
R( ) Br[B — Kete™]

show sizable deviations form their respective SM prediction. While the newest measurement of
R(K) by the LHCb collaboration [78] shows a deviation of 2.5¢ from the SM, the Belle result
for R(K™)) is consistent with the SM [80]. However, due to the larger errors, this result also
agrees with previous LHCb measurement of R(K *)) which deviate from the SM [79] in the same
direction as R(K). Taking into account all other b — su™u~ observables (like the lepton flavor
universal observable P/ [83]), the global fit prefers various NP scenarios above the 5o level [8§]
compared to the SM, also when the newest measurements are taken into account [97,98./100,209)].

51 thank the organizers, especially Nazila Mahmoudi, for the invitation to Moriond QCD and the opportunity
to present these results. This work is supported by a Professorship Grant (PPO0P2__176884) of the Swiss National
Science Foundation.

I thank the organizers of the DIS2019 in Turin for giving me the opportunity to present my work, which is
supported by the Swiss National Foundation under grant 200020 _175449/1. We are very grateful to Joaquim
Matias and Bernat Capdevilla for providing us with the fit necessary for the b — s¢1¢~ region in Fig.
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In order to resolve the discrepancy in the neutral current transitions, an effect of O(10%) is
required at the amplitude level. Since this flavor changing neutral current (FCNC) is suppressed
in the SM as it is only induced at one loop level, a small NP contribution is already sufficient.
In a global fit one finds a preference for scenarios like C§* = —CU{§' (i.e. a left-handed current
coupling to muons only) [98]. Such an effect is naturally obtained at tree-level with the vector
LQ SU(2) singlet [45[149-154,171-177,/180-184,1210-212|. However, a C{" = —CI§' effect
complemented by a flavor universal effect in Cy gives an even better fit to data [95,98]. As we
will see, this is exactly the pattern that arises in our model.

b— cTv
There are also indications for LF'U violation in charged current transitions, namely in the ratios

Br [B — D(*)Tl/]
~ Br [B — D™y

R(D(*))

where ¢ = {e, u}. While the newest measurements from Belle [109] agree with the SM prediction,
including previous measurements by BaBar, Belle and LHCb still yield a deviation of 3.1 ¢ [103]
from the SM prediction. Furthermore there is also a measurement of the ratio R(J/¥) =
Br [Be—J/ VTV

Br[Be.—J /WY uv|

Also here a NP effect of O(10%) is needed at the amplitude level. However, since b — ¢
transitions are mediated at tree level by the exchange of a W boson in the SM, the NP effect
needs to be large. This means that NP should contribute at tree level with sizable couplings
and at a not too high NP scale. Here, the best single particle solution is the vector LQ SU(2)
singlet [45,/149-154}1715177,|180-184L210-212] since it does not give a tree-level effect in b —
svv processes and provides a common rescaling of R(D) and R(D*) with respect to the SM
prediction.

exceeding its SM prediction [113].

3.2 The Pati Salam Vector Leptoquark as Combined Solution
to the Anomalies

The vector Leptoquark SU(2) 1, singlet with hypercharge —4/3, arising in the famous Pati-Salam
model [178], is a prime candidate to explain both the anomalies in charged current and neutral
current B decays simultaneously [171-177]. It gives a Cg = —Cq effect in b — s~ at tree level
and at the same time a sizable effect in b — crv without violating bounds from b — svv and/or
direct searches and does not lead to proton decay. Note that this LQ by itself is not UV complete,
however several UV complete models for this LQ have been proposed [149-154,[180H184}213].
For the purpose of our phenomenological analysis, let us consider a model where we simply
extend the SM by this LQ. Its interaction with the SM particles is given by the Lagrangian

o T
Evl = /i]L”iQf’YpLiVMl + h.c. s

where Q(L) is the quark (lepton) SU(2);, doublet, K]Lcl- represents the couplings of the LQ to the
left handed quarks (leptons) and f and ¢ are flavor indices. Note that in principle couplings to
right-handed SM particles are also allowed, they are however not relevant for this discussion.
After electro-weak symmetry breaking, we work in the down basis, meaning that no CKM
matrix elements appear in FCNC processes.

We start by taking 5%3 and /<;§3 as the only non-zero couplings, as they are necessary to
explain b — crv data. Here, strong effects in b — s7+7~ transitions [179] are generated which
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Vi

RX)/RX)sm

Figure 3.1: Left: Feynman diagram depicting the loop effects induced by the berv operator from SU (2)
invariance. Right: Cg)‘sb and C2° (), generated by these loop effects, as functions of R(D™))/R(D™))gy,.
The solid (dashed) lines correspond to M =1 TeV (5 TeV) while the (dark) blue region is preferred by
b — crv data at the 10 (20) level, taking into account the most recent measurements. From the global
fit, taking into account only lepton flavor conserving observables, we have —1.29 < C’gfsb < —0.87
and —0.01 < C$%(up) < 0.05 [88] at the 1o level. Assuming an explanation of b — crv, our model
predicts the right size and sign of the effect in C’gf » and C3°(up) needed to explain b — s~ data.

S

at the 1-loop level affect b — s¢™¢~ via the Wilson coefficients Cgfsb and C20, as is depicted
to the left in Fig. [3.1} Due to the correlation with b — c7v, these Wilson coefficients can be
expressed as functions of R(D™)/R(D™)q,;. The Wilson coefficients’ dependency on these
ratios is shown in the right plot of Fig. where the RGE evolution of C£° from the NP scale
down to the b quark scale is also taken into account (see Ref. ) Interestingly, assuming an
explanation of b — c7v data, the effects generated in Cgfsb and C?b agree with the 1 o ranges of
the model independent fit to b — sy~ data excluding LFU violating observables ,.

Now we also allow x%, and k&, to be non-zero, generating a tree level effect in b — sutu~
which is necessary to account for the LFU violating observables as well. In Fig. [3.2] we show
the allowed (colored) regions from b — su*pu~ and b — crv as well as the exclusions from
b — st and 7 — ¢u. A simultaneous explanation of the anomalies is perfectly possible since
the colored regions overlap and do not extend to the parameter space excluded by b — s7u and
7T — ¢u. Interestingly, we predict a lepton flavor universal effect in C’gesb and C%% in addition
to a LFU violating tree-level effect of the form Cg%, = —Cjf,, in muonic channels only. This
means that the effect of NP compared to the SM is expected to be larger in lepton flavor
universal observables like P5' relative to LFU violation observables as R(K®)), which is in
perfect agreement with global fit scenarios [98]. In fact, the agreement is even better after the
inclusion of the new measurements of BELLE and LHCb.
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Figure 3.2: Allowed (colored) regions in the Cg’y, = —C{{',, (= 640k%,x55) — R(X)/R(X)sm plane
for M =1 TeV and X = {D,D*} at the 1o and 20 level. The region above the black dashed (solid)
line is excluded by 7 — ¢u (B — K7u)) for ks = 0.5 = 25kk, (kb3 = 0.5 = 2.5kL,). The bound from
T — ¢u (B — K7p) depends on kly and k&, and gets stronger if %, gets smaller (larger). That is,
for kky = 0.5 and 2.7 S ki /K, < 27, the whole 20 region preferred by b — crv and b — st ¢~ data
is consistent with these bounds. Note that we used the most recent experimental results for both the
b — ctv and b — s¢t{~ transitions, therefore updating our analysis in Ref. .
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In this article we investigate the correlations between tauonic B meson decays (e.g. B — T,
B — DWry, B — 7rv) and electric dipole moments (EDMs), in particular the one of the
neutron, in the context of the S; scalar leptoquark. We perform the matching of this model
on the effective field theory taking into account the leading renormalization group effect for
the relevant observables. We find that one can explain the hints for new physics in b — cTv
transitions without violating bounds from other observables. Even more interesting, it can
also give sizable effects in B — 7v, to be tested at Belle II, which are correlated to (chromo)
electric dipole operators receiving m. /m,, enhanced contributions. Therefore, given a deviation
from the Standard Model (SM) expectations in B — 7v, this model predicts a sizable neutron
EDM. In fact, even if new physics has CP conserving real couplings, the CKM matrix induces
a complex phase and already a 10% change of the B — 7 branching ratio (with respect to the
SM) will lead to an effect observable with the n2EDM experiment at PSI.

4.1 Introduction

In the past four decades, the Standard Model (SM) of particle physics has been extensively
tested and its predictions were very successfully confirmed, both in high energy searches as
well as in low energy precision experiments. However, it is well known that the SM cannot be
the ultimate theory describing the fundamental constituents of matter and their interactions.
For example, it cannot accommodate for the observed matter—antimatter asymmetry in the
universe: For satisfying the Sakharov conditions [214] the amount of CP violation within the
SM is far too small [215-220]. Therefore, additional sources of CP violation are required and
such models in general lead to nonvanishing electric dipole moments of neutral fermions. Thus,
EDMs are very promising places to search for physics beyond the SM (see e.g. Ref. [221}222]
for a recent review). However, the effect of new physics (NP) in EDMs decouples with the NP
scale which is a priori unknown, unless new particles, or at least deviations from the SM in
other precision observables, are found.

In this respect, tauonic B decays are very promising channels for the (indirect) search for
NP, especially in the light of the observed tensions between the SM predictions and experiments
above the 30 level [103]. These decays involve both down-type quarks and charged leptons of
the third generation (i.e. bottom quarks and tau leptons) which are, due to their mass, very
special and distinct from the fermions of the first two generationsﬁ In fact, to explain these
anomalies, TeV scale NP with order one couplings to the third generation is required. Note
that the tensions in b — c7v transitions are supported by b — urv data (i.e. B — 7w7rv and

8In group theory language, the SM possesses a global U(3)® flavor symmetry which is broken by the thrid
generation Yukawa couplings to U(2)° [223].
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B — 7v) and the forthcoming measurements of both b — ¢7v and b — urv processes by LHCb
and BELLE II will be able to confirm (or disprove) the presence of NP in these decays.

Therefore, it is very interesting to investigate the possible impact of models which can give
sizable effects in tauonic B decays and EDMs. In this paper we choose the scalar leptoquark
Sy SU(2)r singlet which couples to SM fermions via the Lagrangian

£ = (MiQFimaLi + Afu5t:) @] + hee.. (4.1)

Here, L (Q°) is the lepton (charge conjugated quark) SU(2)r, doublet, ¢ (u€) the charged lepton
(charge conjugated up quark) singlet and f, 7 are flavor indices. This model is theoretically well
motivated since Sj is present within the R-parity violating MSSM in the form of right-handed
down squarks [224—228]E|

This leptoquark (LQ) is a prime candidate for providing the desired correlations between
tauonic B decays and EDMs. It possesses couplings to left- and right-handed quarks which is a
necessary requirement for generating EDMs at the one-loop level [230,[231]. It also contributes
to b — crv at tree level [212}232-250] and gives a very good fit to data (including polarization
observables) [118}|119,251,[252] since it generates vector, scalar and tensor operators. Similarly,
it contributes to b — wrv transitions, in particular to B — 7v, where the situation becomes
especially interesting. As we will see, in this case the model leads to m,/m, enhanced CP
violating effects in (chromo) electric dipole operators (see Fig. which are even present for
real NP parameters due to the large phase contained in the CKM element V.

This paper is structured as follows: In the next section we will calculate the contributions
to the relevant observables and discuss their experimental status. Section |4.3| presents our
phenomenological analysis before we conclude in Sec.

4.2 Observables and Contributions

In this section we discuss our setup, calculate the predictions for the relevant observables and
discuss their current experimental situation and future prospects.

After electroweak symmetry breaking, the Lagrangian in Eq. decomposes into compo-
nents

L5 = (\a§ Prls+ Vi NG Poti—Nyd§ Povs ) @] + hee.

Here, we work in the down basis, meaning that the CKM matrix V appears in the couplings
to left-handed up-type quarks. We denote the mass of the LQ by M and neglect its couplings
to the SM Higgs boson which have a negligible phenomenological impact. The most relevant
classes of observables in our model are b — svv and b — ¢(u)7v transitions as well as EDMs,
D — DO mixing and Z-77 as well as W-7v couplings which we consider now in more detail.

4.2.1 b — svv

For b — svv transitions we follow the conventions of Ref. [205]

1%2% 4GF * % % i )
of =775 Vi Vig, (Cé,jkoi,ﬂc T C{E,jkoé,jk) ;
i s _
Of(ryge = 5= 47" Py 17770 (1 = 3) il (4.2)

9Note that in the minimal R-parity violating MSSM the coupling to charged conjugated fields in Eq. (#.1) is
absent. For an analysis of EDM constraints within this setup see Ref. [229].
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and obtain, already at tree level, the contribution

Lx\ L
CJiNP _ V2 ™ Ajf Ak (4.3)
Lk 4G pVig Vi o M2 :

Here the most relevant decays are B — K®)yv for which C’El\féf (N —1.47/ s%,vé i and branching
ratios, normalized by the corresponding SM predictions, read

R N e/ il
Ve = — — 4.4
K () 3 f;l ’CE%\;%“ 2 ( )

This has to be compared to the current experimental limits R}Y < 3.9 and R}% < 2.7 [206] (both
at 90% C.L.). The future BELLE II sensitivity for B — K®vw is 30% of the SM branching
ratio [207].

4.2.2 b — c(u)Tv

For tauonic B decays we define the effective Hamiltonian as

TV _ AGp
eﬂ‘_W

with the operators given by

Visb (C\J;LO{/L +Cf,0f, + C{’LO{‘L> ;

ngL = upy ' Prbry, Prvs,
Ogi = ’foPLbi'PLI/T , (4.5)
O;fL = 'ELfUMVPLbeW,PLVT .
In the SM C‘u/fL = 1 and our NP matching contributions at tree level are given by
\/Q Vufi)‘z%*)‘é?)
8G F Vausb M? ’

—V2 AfAS
8GpVu,p M2

cy, =
(4.6)
C4f, = -4} =

Taking into account the QCD effects of Ref. [253] to the matching, the one-loop EW and two-
loop QCD renormalization group equation (RGE) for the scalar and tensor operators [254,255]
can be taken consistently into account. Numerically, this RGE evolution is given by

Cot(mp) \ _ ( 1.75 —0.29 Cqt (1 TeV)
Oy (my) )~ 0 0.84 O/ (1TeV) |7
Br[B—D®) 1]

for a matching scale of 1 TeV. Finally, the, ratios R(D™)) = BiBoDOa]
terms of the Wilson coefficients at the b scale are given by [118]

RJ;(A]()];) ~ 1+ OGP + LBAR((1 + Cp) OS]
+1.09|C5 . [2 4+ L.OAR[(1 + C% 1) CF] + 0.75|CH|?,
R(D¥)
RSM(D*)
+0.05/C5.[* — 5.0R[(1 + CG )OS + 16.27|C5|? .

with £ = {p, e} in

(4.7)
~ |1+ C{L? — 0.13R[(1 4 C6 )OS
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Similarly, for b — urv transitions we have

2
2 U
mpCyy,

Br[B —Tv] 14Cn, — (4.8)

Br[B = 1vlgy mym;

The corresponding formula for B — 77v can be found in Ref. [256]. However, here the effect of
scalar and tensor operators is much smaller, making the theoretically very clean B — 7v decays
the primary place to search for them.

Combining the experimental measurements of b — c7v transitions from LHCb [110-112
Belle [106}109,257] and Babar [104,105], one finds a combined tension of 3.1 ¢ in R(D™)) [103]*"
However, note that here the B. — J/¥7v measurement of LHCb [113], which also lies signif-
icantly above the SM prediction, is not includedE In b — urv transitions, the theory prediction
for B — 7v crucially depends on V,;. While previous lattice calculations resulted in rather small
values of Vy;, recent calculations give a larger value (see Ref. [167] for an overview). However,
the measurement is still above the SM prediction by more than 1o, as can be seen from the
global fit [58]. In R(7) = % there is also a small disagreement between theory [168] and
experiment [169] which does not depend on V,;, once more pointing towards an enhancement.
Therefore, even though the b — urv results are not significant on their own, they point in the
same direction as b — c7v (i.e. towards an enhancement with respect to the SM) and thus
strengthen the case for NP in tauonic B decays.

4.2.3 EDMs
For EDMs the relevant Hamiltonian in our case is
with
Of = euc™ Pruk,,,
Oy = gsuc"™ PruTGy,,,, (4.10)
O7" = uoy, Pruto!" PRT .

At the high scale we find the matching contributions (depicted in Fig.

CuT__‘/lj)\JL;)\%

N 8M2

w MV 2 /742 4.11
CU =~ 0 so21p MM (44 3log (u2/017)) (4.11)
Y= — o 2M2>\ DY

Note that we only get up-quark contributions since we do not have (at the one-loop level)
CP violating couplings to down-type quarks. Importantly, note that our effect in C7 and
Cy is parametrically enhanced by m; /my,, making a sizable effect in EDMs possible. This
enhancement of the dipole operators also allows us to safely neglect the effects of charm quarks,
four-fermion operators and of the Weinberg operator otherwise relevant for LQs [231].

9Tn Ref. [258] it was shown that uncertainties from meson exchanges between initial and final states might
be bigger than the estimated SM uncertainty, which could alleviate the tension in R(D<*)). On the other hand,
recent improvements in form factor calculations [259] lower the SM prediction and increase the tension. These
two effects are not included in Ref. |[103] but will not change the result significantly.

"See Ref. [165}[166] for an analysis including B. — J/¥7v before the latest BELLE update [109)].
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u u

Figure 4.1: Feynman diagram showing the contribution of our model to the dipole operators of
Eq. (4.10). The cross denotes the chirality flip by the tau mass which leads to the crucial m,/m,,
enhancement.

Next, we use the one-loop RGE to evolve these Wilson coefficients of Eq. (4.11) down to
the neutron scale. Here, combining and adjusting the results of Ref. [260] and Ref. [189] to our
case we obtainJ

uT Cras wr

L[ ci pos 0 c
v o _ _ms asCf 4Cras U
Md ol - 2m2 2m 3T vy
K\ cu as(10Cp—12) cu

g 0 0 e g

The solution to this differential equation can be written in terms of an evolution matrix in the
form

C () = U (uuy i) C () (4.12)
with
4
1380 0 0
_4 14 _2
U (o) = | ~meX 070 075 (75 1) | (4.13)
0 0 n%
33— 2f as (1)
_ = : 4.14
Bo 3 7 o (1) (4.14)
and
4 4
n3h0 (nﬁo — 1> Bo i
X = lo (l) : 4.15
s log() ¢ L (4.15)

where f is the number of active quark flavors. The final evolution matrix is obtained by running
with the appropriate numbers of flavours from the LQ scale down to 1 GeV.
Finally, the effects in the neutron and proton EDMs are given by [262]

dn/e = = (0.44 +0.06) Im |C¥] — (110 4 0.56) Tm |Cy|,
dpfe = (148 +0.14) Tm [C¥] + (2.6 £ 1.3) Tm [Cy] |

in terms of the Wilson coefficients evaluated at 1 GeV. The neutron and proton EDMs then
enter atomic ones, most importantly in mercury and deuteron (see Ref. [262] for details).

2For the same RGE in a different operator basis see Ref. [261].
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Figure 4.2: Left: preferred regions in the Ai;-A\% plane from b — crv data for M = 1TeV. Here,
both the case of Af; = 0 and the one taking the maximally allowed value of A}y from B — K*vv are
shown. A good fit to data requires |\;] ~ 1 in both cases. Note that our model is compatible with LHC
searches for monotaus and with B, lifetime constraints which exclude the dark pink and gray regions.
Right: The green (blue) regions indicate where B — 7v is enhanced (suppressed) by 10%-40% w.r.t. the
SM for M = 1TeV, Ak, =1 and M5 = 0. The dark red region is excluded by the neutron EDM and the
dark red contour denotes the n2EDM sensitivity. The orange contour shows the HL-LHC sensitivity to
CP violation in Dy — Dy mixing which is nicely complementary to EDM searches.

On the experimental side, dg, gives currently slightly better bounds than the neutron
EDM, while the one of the proton and the deuteron is not measured yet. However, d, and dp
will be very precisely known from future experiments and concerning d,, there will be
soon an improvement of one order of magnitude in sensitivity compared to the current limit of
3.6 x 10~2ecm from the n2EDM experiment at PSI . Therefore, we will focus on
dy, in our phenomenological analysis.

4.2.4 D, — Dy Mixing
To describe Dy — Dy mixing we use the effective Hamiltonian

Heit' = C1Q1, Q1 = [tavuPreal [ugy" Pres] |
and find at the high scale

2
A \DBx
Ci = 7( i) : (4.16)
12872 M2
from the one-loop matching. The evolution of C] was calculated in Refs. [268269] and yields

approximately [270]

C1(3GeV) =~ 0.8C1 (1 TeV) . (4.17)
The matrix element for the D-meson mixing is given by
_ 1
(D°Q1 ()| D°) = gBl(M)me%a (4.18)

where By () = 0.75 at the scale p = 3GeV [271]. The mass difference in the D-meson system
is given by

Amp = 2Re [(D"[HGP|D)|= 2Re [My,] (4.19)
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Further, we write

2Im [Mlg]

sin ¢512 = — AmD (420)
The averages of the experimental values read [272,273]
0.001 < |Mys|[ps™!] < 0.008 ,
—3.5 < ¢12[°] < 3.3, (4.21)

fp = 212MeV ,

at 95% C.L. At a high luminosity LHC (HL-LHC) the sensitivity to ¢12 could be improved
down to the SM expectation of ~ 0.17° [274].

425 W — Tvand Z — 71

Virtual corrections with top quarks and LQs modify couplings of gauge bosons to charged
leptons, in particular to the tau. Parametrizing the interactions as

—£ = LAY (Fy Py ) + 2%%7“ (AY =A%) 72,

V2
with
AY =05+ A52 AV = AGH + A}j’é‘ ;
1 1
A¥M2_5+23%¢; ) ASAM:—§ ;

the LQ effects at ¢ = 0 (the contributions proportional to gauge boson mass are suppressed)
are given by

Nem? m?
L * *
AP :192;7275]\42 [3‘/3#\53 V3 ki <1 +2log <Mt2>> ] ;

N.m? m?2
L Lxyr* \L c ot t
ALQ - VE;Z)‘B ‘/E’)a)‘a3 3972 M2 1+ IOg <M2>] )
N.m? m2
AR = \Br €t 1] 4 Jog [ —L 4.22
LQ A33 Az3 39722 M2 + log e ) (4.22)

with AEQ = —AfQ —AEQ and AfQ = AEQ—AfQ. This leads to |[AY}| = ‘1 + AIg?? . Experimen-
tally, the averaged modification of the W-rv coupling extracted from 7 — pvv and 7 — evv
decays reads (averaging the central value but with unchanged error) [275]276]

|A%s “P| ~ 1.002 £ 0.0015 , (4.23)

which provides a better constraint than data of W decays.
Concerning Z — 77 the axial vector coupling is much better constrained that the vectorial
one [275}276]

AZo/Ady = 1.0019 +0.0015 (4.24)
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4.3 Phenomenology

Looking at the phenomenological consequences of our model, note that couplings to muons or
electrons are obviously not necessary to obtain the desired effects in tauonic B decays. Even
though our S; model can in principle account for the anomalous magnetic moment of the
muon [238,277-286] (or electron [286]) via a m;/m, enhanced effect, this is not possible in
the presence of large couplings to tau leptons since also here m; enhanced effects generate too
large rates of 7 — u(e)y. Similarly, our model cannot address the b — su™pu~ anomalies if
one aims at a sizable effect in tauonic B decays [287]. Therefore, we will disregard (i.e. set
to zero) the couplings to muons and electrons. Couplings to top-quarks affect 7 — uvv |288]
and Z — 777~ [289]. Here we see that AF ~ —0.0006|\4;|? and AIgz,? ~ —0.0008|\;|% (for
M = 1TeV) is compatible with experiments for |Af;| < 1. Note that we improve the agreement
in Z — 71 data while slightly worsening 7 — fvv data, which is already a bit away from the
SM prediction.

Thus, we are left with A% A% and )‘21;3 as free parameters for studying the effect in tauonic
B decays and the correlations with EDMs. In the following we will set M = 1 TeV which is also
well compatible with the latest direct search results of CMS for third generation LQs [290,291]@

Let us now turn to b — c7v processes, where effects of the order of 10% compared to the
corresponding tree-level SM amplitude are required. Since our model can give (according to
Eq. ) tree-level effects in B — K vu decays (which are loop suppressed in the SM), these
contributions must be suppressed. Since the bottom coupling to taus should be sizable, the
coupling to strange quarks is tightly bound. We show the preferred regions, according to the
updated global fit of Ref. |118], from b — c7v processes in the left plot of Fig. These
regions are shown for )\53 = 0 but also the possible impact of )\%3 # 0, taking its maximally
allowed values from B — K*vv, is depicted. Note that our model is not in conflict with the
B, lifetime [296,]297] (in fact, it is even compatible with the 10% limit of Ref. [298]) nor with
direct LHC searches for monotaus [295]. So far we worked with real parameters in order to
maximize the effect in R(D(*)). However, even for complex couplings the effect in nuclear and
atomic EDMs would be strongly suppressed since only up and down quarks contribute directly
to these observables.

Therefore, let us now turn to b — urr where couplings to up quarks are obviously needed.
Here, even for real couplings an effect in the neutron EDM is generated due to the large phase
of V. This effect could only be avoided for Arg[M¥ M) = Arg[V,,,]. However, since there is
no (obvious) symmetry which could impose this relation, such a configuration would be fine-
tuning. This can be seen from the right plot in Fig. where we show the predictions for
Br[B — 7v]/Br[B — Tv]gm as a function of the absolute value and the phase of A\ for Af; = 1
(as preferred by b — crv data). The dark red contour lines denote the n2EDM sensitivity,
showing that a 10% effect in B — 7v with respect to the SM will lead to an observable effect
in the neutron EDM within our model. Finally, taking AJy = —0.1, as preferred by b — crv
(see left plot of Fig. , CP violation in D — D mixing is generated. Here the red contour
denotes the future HL-LHC sensitivity which is complementary to the region covered by EDM
searches.

3More sophisticated analysis of LHC data can be found in Refs. [292{294]. However, since for t-channel
exchange the EFT limits are in general stronger than the ones in the UV complete model, we will use for
simplicity the results of Ref. [295] in the following which show that 1 TeV is compatible with data.
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4.4 Conclusions

In this article we studied the interplay between tauonic B meson decays and EDMs (in particular
the one of the neutron) in a model with a scalar LQ SU(2), singlet which can be identified
with the right-handed down squark in the R-parity violating MSSM. We found that in order
to explain the intriguing tensions in b — c7v data, )\§3 must be sizable and also a coupling to
right-handed charm quarks and tau-leptons (\%) is required. In this setup, the model gives
a very good fit to data and is compatible with b — svv observables, LHC searches and B,
lifetime constraints. Extending this analysis to b — w7y transitions, in particular B — Tv,
again right-handed couplings to up quarks ()\{%) are required to have a sizable effect. This leads
to very important m,/m,, enhanced effects in (chromo) electric dipole operators generating in
turn EDMs of nucleons and atoms. In particular, even for real couplings of the LQ to fermions,
the large phase of V,,; generates a sizable contribution to the neutron EDM. In fact, this ef-
fect should already be observable in the n2EDM experiment at PSI, assuming that, within our
model, B — 7v is enhanced (or suppressed) by around 10% with respect to the SM.
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In recent years, experiments revealed intriguing hints for new physics (NP) in semi-leptonic B
decays. Both in charged current processes, involving b — crv transitions, and in the neutral
currents b — s¢T¢~, a preference for NP compared to the standard model (SM) of more than
30 and 50 was found, respectively. In addition, there is the long-standing tension between the
theory prediction and the measurement of the anomalous magnetic moment (AMM) of the muon
(ay) of more than 30. Since all these observables are related to the violation of lepton flavor
universality (LFU), a common NP explanation seems not only plausible but is even desirable.
In this context, leptoquarks (LQs) are especially promising since they give tree-level effects
in semi-leptonic B decays, but only loop-suppressed effects in other flavor observables that
agree well with their SM predictions. Furthermore, LQs can lead to a m;/m, enhanced effect
in a,, allowing for an explanation even with (multi) TeV particles. However, a single scalar
LQ representation cannot provide a common solution to all three anomalies. In this article
we therefore consider a model in which we combine two scalar LQs: the SU(2)r singlet and
the SU(2)y, triplet. Within this model we compute all relevant 1-loop effects and perform a
comprehensive phenomenological analysis, pointing out various interesting correlations among
the observables. Furthermore, we identify benchmark points which are in fact able to explain all
three anomalies (b — crv, b — s¢T¢~ and a,), without violating bounds from other observables,
and study their predictions for future measurements.

5.1 Introduction

While the Large Hadron Collider (LHC) at CERN has not directly observed any particles beyond
the ones of the SM (see e.g. Refs. [299,300] for an overview) intriguing indirect hints for NP
have been acquired in flavor observables. In particular, measurements of semi-leptonic B meson
decays, involving the charged current b — c7v or the flavor changing neutral current b — s¢+¢—,
point towards the violation of LFU. Furthermore, also the AMM of the muon, which measures
LFU violation as it vanishes in the massless limit, points convincingly towards physics beyond
the SM. In order to explain these deviations from the SM predictions — also called anomalies —
one thus needs NP that couples differently to tau leptons, muons and electrons. As we will see,
LQs are prime candidates for such an explanation in terms of physics beyond the SM.

Let us now review these anomalies in more detail. The first anomaly arose in the AMM
of the muon a, = (g — 2),/2 in 2006. Here, the E821 experiment at Brookhaven discovered a
tantalizing tension between their measurement [55}/123]

aSP = 116,592,089(63) x 107! (5.1)
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and the SM prediction@

Sa, = aS® —a; = (278 £88) x 107! (5.2)

of around 37401E This discrepancy is of the same order as the electroweak contribution of the
SM. Therefore, TeV scale NP needs an enhancement mechanism, called chiral enhancement, to
be able to account for the deviation [286]. For LQs this factor can be m;/m, ~ 10% which
provides the required enhancement, making LQs prime candidates for an explanation in terms
of NP [238,1241},243,277-286,[309-314]. In fact, there are only two LQ) representations (under
the SM gauge group), out of the 10 possible ones [147], that can have this enhancement: the
scalar LQ SU(2)y, singlet and the scalar LQ SU(2), doublet with hypercharge —2/3 and —7/3,

respectively.

In tauonic B decays, BaBar measured in 2012 the ratios

Br[B — D™ 1]
R(D®) = ith ¢= 5.3
( ) BI‘[B N D(*)EV} Wl {6,/,6} ( )

significantly above the SM predictions [104]. This is in agreement with the later LHCb measure-
ments [110-112] of R(D*), while BELLE found values closer to the SM in its latest analysis [109].
In combination, these deviations from the SM amount to 3.1c [315]@ Interestingly, also the
ratio

Br[B. — J/¢TV]

R(J/) = Bi(B, = J/dyu] (5.4)

lies above its SM prediction [113], supporting the assumption of NP in b — c¢7v [165,166]. This
picture is confirmed by different independent global fits [119H122] which include in addition
polarization observables. Interestingly, these hints for NP are accompanied by data on b — urv
transitions.

Once more, LQs are prime candidates for an explanation. Despite the Uy vector LQ SU(2)y,
singlet [45,(149,151H153,|171-177,/180,/184},211}213}|317,1318] and scalar LQ S2 option [234}235,
309,319H325], the scalar LQ ®; [47|176/212,232,233/235/[236,238 242244 247[249][250,287,311]
or the combination of ®; and @E can explain these data |176,243.326,327].

Finally, the statistically most significant deviations from the SM predictions were observed
in observables involving b — s¢*¢~ transitions. Here, the LHCb measurements [78}|79] of

Br[B — K™ putpu]

)y =
R(E™) = Br[B — K®ete]

(5.5)

4The SM prediction of a,, is currently re-evaluated in a community-wide effort prompted by upcoming improved
measurements at Fermilab [145] and J-PARC [146], see also Ref. [301]. With electroweak [126{128] and QED [125|
contributions under good control, recent advances in the evaluation of the hadronic part include: hadronic vacuum
polarization [129-135], hadronic light-by-light scattering [136H142|, and higher-order hadronic corrections |143|
144).

" During the publication process of this article, the Budapest-Marseilles-Wuppertal collaboration (BMWc)
released a lattice QCD calculation from hadronic vacuum polarization (HVP) [302]. These results would render
the SM prediction for a, compatible with the experiment. However, the BMWc results are in tension with
the HVP determined from eTe™ — hadrons data [130L/133,/303}[304], combined with analyticity and unitarity
constraints for the leading 27 [1351/303}1305] and 37 [306| channels, covering almost 80% of the HVP contribution.
Furthermore, the HVP also enters the global EW fit [307], whose (indirect) determination disagrees with the
BMWec result. Therefore, the BMWc determination of the HVP would lead to a significant tension in EW
fit [308] and we therefore use the (conservative) estimate of Eq. (5.2).

'°This tension would even slightly increase by around 0.3¢ if the new theory prediction of R(D*) of Ref. [316]
was taken into account.

17®, and ®3 are also called S; and Ss, respectively, in the literature.
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| & | & [ Q | L[ ¢ || d
Y [-2/3]-2/3]1/3][-1][-2[4/3]-2/3

Table 5.1: Values of the hypercharges for the LQ and fermion fields.

indicate LFU violation with a combined significance of ~ 40 [88,92}93/(97,98,100,158-161,209].
Taking in addition into account all other b — syt~ observables, e.g. the angular observable
P! [83] in the decay B — K*utpu~, the global fit of the Wilson coefficients even prefers several
NP scenarios above the 50 level [97,/98,100]. Furthermore, b — d¢*¢~ transitions measured
in B — wutp~ [162] deviate slightly from the LHCb measurement [163]. While this is not
significant on its own, the central value is very well in agreement with the expectation from
b — slT~ assuming a V;q/V;s-like scaling [328] of the NP effect as obtained in models possessing
an U(2) flavor symmetry in the quark sector (see e.g. Refs. [149,[329331] for accounts in the
context of the flavor anomalies). This means that an effect of the same order and sign as in
b — stt{~, relative to the SM, is preferred. Once more, LQs are prime candidates for an
explanation. In particular the U; vector LQ SU(2)r, singlet [45,46}/149,[151}/171,[172}/174-177,
180L(184L[2131|1317,318.332], the Us vector LQ SU(2)y, triplet [153,/156,,172-175,177,180,317,332]
and the @3 scalar LQ SU(2)y, triplet [173,175-177,/180,317,332,333] can explain data very well
via a purely left-handed current.

From the discussion above it is clear that there are several options for a combined explanation
of the flavor anomalies with LQs. Here we will consider the singlet-triplet model introduced
in Refs. [243,1326] which was also studied in the context of Dark Matter [334]. Within this
model, a combined explanation can be possible since ®; can account for the anomaly in a, and
affects b — crv transitions while ®3 can explain b — s/T/~ data and enters b — cTv processes.
Furthermore, their combined effects in b — svi processes can be destructive, relieving the
bounds. However, in order to perform a complete phenomenological analysis, an inclusion of
all relevant loop effects is necessary. We will compute these effects and extend the analysis of
Ref. [243], allowing for couplings of ®; to right-handed fermions.

The outline of the article is as follows: In the next section we will define our setup. The
conventions for the various observables as well as the results of the matching, taking into account
the relevant loop effects, are given in Sec. before we perform our phenomenological analysis
in Sec. and conclude in Sec. [5.5

5.2 Setup

The scalar LQ singlet-triplet model is obtained by adding a scalar LQ SU(2), singlet (®1) and
an SU(2)r triplet (®3), each carrying hypercharge —2/3, to the SM particle content. While
the couplings to gauge bosons are completely determined by the representations of the LQs
under the SM gauge symmetry, their couplings to the SM fermions and the SM Higg are free
parameters of the Lagrangian

Lrq = (NQFimaLi + Musts) @11 + k1, Q5im (7 - @] )TLi +prs®) (H (r- @) H)
S (), -t aliel - > (), - i) afiof he
{I,1'}=1 & {J,J"}=1 77

18Couplings to the Higgs lead to mixing among different LQ representations. Via this mixing LQs are able to
generate Majorana masses for neutrinos [155}241,/3271(335-339].

60



Setup

Here, @ (L) is the quark (lepton) SU(2)r, doublet and u (¢) the quark (charged lepton) singlet.
The superscript ¢ denotes charge conjugation, f,i are flavor indices and [ ), JO) denote the
number of LQs in a given representation (i.e. {I,I'} =1,...,N for ®; and {J,J'} =1, ..., M for
@3)@. For the hypercharge Y we use the convention Qe = T3 + Y/2, where Q.y, is the electric
charge and T3 the third component of weak isospin (see Tab. .

After electroweak symmetry breaking the Higgs acquires its vacuum expectation value v ~
174 GeV. The last term in Eq. (5.6]) then leads to a shift in the bi-linear mass terms of the LQs.
However, this shift can be absorbed by defining

(Mglﬁg’)KK’ B UQ&EIPI?’ = (M‘%m)m(' ' (5.7)

Thus, the terms f i have (at leading order in perturbation theory) no impact on the low
energy flavor phenomenology of the singlet-triplet model but would only enter processes with
an external Higgs (or at higher loop level). Furthermore, by unitary rotations of the LQ fields,
we can now diagonalize their bi-linear mass terms via unitary rotations U »:

UM, Uy = diag (1, ... ik ) = m3, ,
2 2 2 2 (5.8)
UJ N3, Us = diag(m3, ..., m3, ) = m3,

In turn, these rotations lead to an effect in the couplings to the Higgs which can however be
absorbed by the definition

UlpUs = p. (5.9)

The LQ field rotations in Eq. (5.8) have to be applied to their fermionic interactions as well.
Here, they can again be absorbed by a redefinition of the couplings

)‘gciUiKI = )\ff(ia 5\IiUl*,KI = S\ff(i» /‘ffiU?f,KJ = ’fff(i- (5.10)

Hence, we are left with diagonal bi-linear mass terms with entries (mél)n and (m%)” and

off-diagonal ®; — ®3 mixing governed by pr;. While the LQs with Q.,, = {2/3,—4/3} are
already in their mass eigenstates, we have to diagonalize the resulting full matrix of the ®; — &3
system with Qe = —1/3

m
WT< 2 ;:l:> W = diag (ml,... 7m%4+N) ) (5.11)

with a unitary matrix W. Working in the down basis, i.e. in the basis where no CKM elements
appear in flavor changing neutral currents of down-type quarks, this leads to the following
interaction terms with fermions

Lrq =T0 N as Pt + T as Prtid M 4+ 10K ds Prv,d ™
A rJ s (5.12)

Ufll

@ PLvi®Y™ + T, d5 PG

19Tn the R-parity violating MSSM this would correspond to the number of generations for the singlet. However,
in general N and M do not need to be equal.
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where the superscripts of the LQ fields refer to their electric charge and
LK I J
Fu]cfi =V ()‘jiWI*K - ﬁjiWﬂN,K) )

RK _ (I *
PR = Wi

LK .
Ui, = ~NiWik = 6fWiin i s (5.13)

J * J

Ufl/i

J J
Fdffi = _\/ﬁﬁ’fl *

Recall that the indices take the numbers I = {1,.... N}, J ={1,...., M} and K = {1,..., M + N}.
In the limit with only one generation of each LQ and without mixing we have
L,K * R,K 3
Lo, = Vi (Ajid1x — Kjidak) Lyrg, = Apio1K

LK

(5.14)
L, = —Api01K — K2k , Pupo, = \@ijﬁji, Lase, = —V2ky,

where the indices 1 and 2 correspond to ®; and ®3, respectively.

5.3 Processes and Observables

In order to illustrate the phenomenology of our model, we will limit ourselves to the case of one
LQ singlet ®; and one LQ triplet ®3 without mixing among them. Therefore, we will derive the
corresponding expressions for the relevant processes in this simplified limit in this section and
denote by M7 and M3 the singlet and triplet mass, respectively. In the appendix we will provide
the most general expressions for the Wilson coefficients allowing for an arbitrary number of LQs
and include mixing among them.

Let us now study the various classes of processes. For each class, we will first define the
effective Hamiltonians governing these processes and perform the matching of the model on
them. Then we discuss the relation of the Wilson coefficients to observables and review the
related available experimental information.

5.3.1 dd¢f and dd~ Processes

To describe dj, — dﬂ;ﬂj transitions, we use the effective Hamiltonian

AGp. . . — .
Mo == V2 ViaVig, | 2 CAOX+ 3 CH005 1,
A=T.38 A=9,10
e e9s) 7 ima .
O;(S) = 1(67'('2) mk;[dJO'M (T )Pde]FNV(GuV)v (515)
i o - _
Ok = 314" Pode] [Eyuti]

. o - _
O{é,jk = E[dj’Y“PLdk] s vuystal
and define the covariant derivate as

D, = 0, + ieQA, +ig,GoT®. (5.16)
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Figure 5.1: Feynman diagrams in our LQ singlet-triplet model generating contributions to b — sy and
b — s¢T¢~ at the 1-loop level. The left two diagrams show the matching contribution to the (chromo)
magnetic operator. The diagram on the right, with an off-shell photon, is generating the mixing of OF"
into Off.

At tree level, the only matching contribution to Cg Z]k and C{é ;i Stems from &3

ofi __gfi V2 mEkfp (5.17)
9,7k 10,5k QGFthkV;szO‘ M??

As in any model, the Wilson coefficients of the (chromo) magnetic operator can only be gen-
erated at the loop level. The left two diagrams in Fig. (given for concreteness for b — s
transitions) with on-shell photon and gluons result in

¥ (uq) = 2 L (1200 | ok
T T UG Vg, Vi, 24\ 370 Mz )
(5.18)
O () = o2 L (A g
ST UG Vi,V 24\ M T M)

at the matching scale yuy,q.

Concerning the QCD evolution of these coefficients, Og mixes into O7 at O(«s), yielding the
relation [189,/190]

Cr(m)\ _ p C7(pn)
(é(uf)) = 0% o) (C;(MZ)> ’ (5:19)
with

(5.20)

. nﬁ %(nﬁ _ nﬁ)
Uf(ﬂl:,“h) =

14
0 73327

Here, f denotes the number of active quark flavors, uy,() refers to the high (low) energy scale
and

p = Sslim) (5.21)

as(m)

where a; needs to be evaluated with the number of active flavors at a given scale as well.

Even though b — s¢™¢~ can be induced at tree level in our model, there are still scenarios
in which loop effects are phenomenologically important. As pointed out in Ref. [45], the large
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couplings to tau leptons, needed to explain b — crv data, also lead to huge Wilson coeflicients

9.5b = —C{& - In turn, OgT),st mixes into (’)gfsb via the off-shell photon penguin [340], shown in
the right diagram of Fig. In our UV complete model, we cannot only calculate this mixing,
but also the finite part of the effect, contained in the matching contribution

V2 AN RRIKD It
cL - it 37 (19 4 1210g [ B9 : 5.22

This means that even if couplings to light leptons are absent at tree level, they are generated via
loop effects in the presence of tau couplings. Since we will mainly focus on b — s transitions,
we shorten our notation in the following and write C??s) = Cr), C'g(zw)’sb = Cg(llo). The
logarithm involving u1,q in Eq. (5.22) originates from the fact that the right-diagram in Fig.
is divergent. To get rid of this dependence one has to solve the RGE governing the mixing

between Of with different lepton flavors:

WG el (40 (5.23)

with v = %—i Here, we do not take into account the running of a and do not consider the

running of C& (i.e. just the mixing of O} into ng with ¢ # 7). This then has the solution

Ci' (1) = Cf (pLq) + 7 log <“> cff  (F#1). (5.24)
HLQ

For B meson decays, this amounts to replacing the high scale u1,q in Eq. by the low scale
of the processes pp. In addition, at the B meson scale, Oj” gives a ¢? dependent contribution
to Cgfeﬂc, which however is numerically small [340] and currently not accessible with the SM
independent fit. However, there are intriguing prospects that with improved future data this
effect could be distinguished from the g?-independent Cy effect [341].

QCD corrections to the matching of scalar LQs for semi-leptonic processes (both charged
and neutral current) can be taken into account by applying the following shifts to the Wilson
coefficients of vector (V'), scalar (S) and tensor (T) operators [253]

g 17
Cy — Cy <1 + ECF (BZM + 2)) ,

Cs — Cs <1 n 320‘5 CF> , (5.25)
s

«
CT — CT (1 + ?SCF (l,u + 2)) ’

with [, = log (u?/M?) (where M can be either M; or M3) and Cr = 4/3 as the color factor.
Since QCD is insensitive to flavor, electric charge and chirality, these corrections can be applied
in a straightforward way to all other semi-leptonic processes, particularly to b — svv and
b— crv.

Observables

As mentioned in the introduction, a main motivation for this anlysis is the explanation of

the hints for NP in b — s¢T/~ data. In order to resolve this discrepancy between SM and
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X | ¢?[GeV? Ay Ay Ay Az Ay As
K | [15,22] | 1.20+0.12 | 0.15+£0.02 —0.4240.04 0.154+0.01  0.15+£0.04 0.02
K* | [15,19] | 0.98+£0.09 | 0.38+0.03 —0.14+0.01 —0.30 % 0.03 0.12 0.05
¢ | [15,18.8] | 0.86 & 0.06 | 0.34 & 0.02 —0.11 —0.28 £ 0.02 0.10 0.05
Ag Az Ag A Ao
0.05 £ 0.01 0.02 0.05 4 0.01 0.04 0.10 £ 0.01
0.02 0.0540.01  0.02+0.01 —0.08+0.01 —0.03
0.01 0.05 0.01 £ 0.02 —0.08 —0.02

Table 5.2: Numerical values for the coefficients given in Eq. (5.31) for the different decay modes
involving b — s7t 7~ transitions together with the corresponding ¢? ranges.

experiment, an O(20%) effect to Co 10 is required compared to the SM contribution which is
given by [195}/196)

CSM(4.8 GeV) = 4.07, CM(4.8 GeV) = —4.31. (5.26)
In a global fit one finds preference for scenarios like C§* = —C{{', as generated in our model
at tree level. However, a C§* = —C}#' effect complemented by a LFU one in C§’ gives an even

better fit to data [95,98]. As we will see, this is exactly the pattern that arises in our model,
taking into account the loop effects discussed above.

For b — sTT7~ transitions we have on the experimental side [192]

Br[By - rtr7| <68x107° (95%C.L). (5.27)

exp

For By — 777~ there is a (unpublished) measurement of BELLE [164] and an upper limit of
LHCb [192]

BELLE
Br By — 7t = (4.39%0% £0.45) x 1075,
ex
(525)
Br [Bd - T+T—] <21x107% (95%C.L.).
exp
These measurements are compatible at the 20 level. The SM predictions read [193}|194]
Br [BS - T+T—] = (7.73£0.49) x 1077,
SM (5.29)
Br|By— 77| = (2224019) x 107",
SM
In our model we find )
Br[Bs = 777~ Ci§
r[B = 7] =1+ 2 (5.30)
Br[Bs = 777 g C?o

and the analogous expression for b — d transitions. Also the branching ratios of semi-leptonic
b — sTT T~ processes can be expressed in terms of NP Wilson coefficients [179)

Br[Bg) = X717 x 107 = Ag + A{ C§™ + A5 Cj + A3 C§' ™ + A CIy + AZ (C§7)?

TT TT TT TT TT TT TT (5‘31)
+ AL (CT5)? + AF(CETT)? + AL (CY)* + Ag CFTCT™ + A CIg Ol

These branching ratios together with the corresponding coefficients are shown in Tab.
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Turning to b — s7u transitions, we have [197]

Br[B — Kr*pu¥] =107 [9.6 (IC47 + |C5" ) + 10 (|Cfg1” + 1C*) | (5.32)
and
G2
Br[B, — (;({] = T ththsy fB.mB.mB, (Me, + M, )0, 7 f)
o ma e P (533
T 111 . L 2 i f 1f1 o . 2
x Ucm O 0 i)+ | T (0 = ) [ (= (i) >] ,
with x = my, /mp, and
n(x,y) = /1 - 20 +y) + (x — )2 (5.34)

We neglected the contributions of (pseudo-)scalar operators, since they do not appear in our
model. The relevant experimental limits are [342,[343]

Br[B — K15 exp < 4.8 x 1075

5.35
Br[Bs = 7 exp <42 x 1077, (5:35)

ddll operators contribute to 7 — ¢ as well. This gives relevant constraints on the parameter
space of our model. We use the result of Ref. [175] and obtain

237 x (2 m2\?
Br [7_ N QSM] _ f¢ T ’/@22"{':23‘ < _ ¢> (1 + 2 ¢> , (536)
m

1287 MY 2 m?2
which has to be compared to the current experimental limit of [201]

Br[r — ¢u] <84 x107% (90%C.L.). (5.37)

5.3.2 ddvv Processes
To describe dj, — d;jvyv; processes we use the Hamiltonian

AGr

HA = ——ZV,q Vi (O] 08+ CF 08 4

| \/’ tdg Vtd; ( L,jk~ L,jk R,jk R]k) (538)
ofi

a —
L(R).jk ~ 47 [dﬂ“P L(R)dk} [Ty (1 =s) i -
At tree level we find contributions from ®; and ®3 resulting in

Vi x [y ]
AGFVia, Vig, o | M M3

ofy = (5.39)

Since these processes are generated at tree level, we do not need to calculate loop effects, which
would only amount to numerically small corrections. Again, we simplify the notation for b — s
transitions, writing C{f’sb = CF. The QCD matching corrections are given in Eq. and
there is no QCD evolution of these operators.
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Observables

For B — K®)uw we follow Ref. [205] and use C$M ~ —1.47/s2. The branching ratios normalized
to the SM read
Mgy + C{Z]

|
K = le CSM| (5.40)

This has to be compared to the current experimental limits RYY < 3.9 and RYY. < 2.7 [206]
(both at 90% C.L.). The expected BELLE II sensitivity for B — K®uvw is 30% of the SM
branching ratio [207].

5.3.3 dufr Processes

For the charged current semi-leptonic processes we define the effective Hamiltonian as

4G

V2

,Hdug,, _ ik (C\{'lL,jk [ﬂj’Y“PLdk‘] [Zf’YuPLVi} + CgiL,jk [ﬂjPLdk} [ZfPLl/z} (5 41)

+ C{“iL,jk [ujo" Prdy] {Ef(fuu%’] ),

where in the SM CSM v, = 1. The contribution of our model to the SM Wilson coefficient from
®, and P53 is given by

ofi = V2 VidipAki | Vitsiph (5.42)
VLk " 8GRV M? V7
while scalar and tensor operators are generated by ®; only
ot — _yofi = V2 Mk (5.43)
SL,jk TL,jk SGFV}]Q M12
Since we are mainly interested in b — ¢ transitions, we abbreviate
fi _ fi fi  _ ~fi

Cy're =Cirr s CSL o =Cly, Crra=Crp - (5.44)

Again, the QCD matching corrections are given in Eq. (5.25)). We also include the 2-loop QCD
and the 1-loop EW RGE. Using the results of Ref. [255], we have

Cé’L(m ol Tev),
i () = 1.737 CLL(1TeV)

/ (5.45)
o1, (k) 1752 —0.287\ [(CLi (1 TeV)
( TL(Mb)> <—0.004 0.842) (C;j;iL(lTeV)> .
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Observables

With these conventions, the ratios R(D*)) are given by [11§]

R(D) 2 2
I S~ 1 TT 1 4 1 TT TT* 1 TT
R(D)SM ’ +CVL| + 1.5 Re[( +CVL)CSL} + 09|CSL
+ LO4Re[(1+ C77) O | +0.75(CF 2, 6
DY) 11+ C7| —0.13Re[(1+0\7/3;)0§2*} +0.05|C5E | o
R(D*)SM

~ 5.0Re[(1 + C77)CF77] + 16.27/C7 |,

in terms of the Wilson coefficients given at the B meson scale. Furthermore, the branching
ratio of B, — 7v reads [118,252]

_ ch ? TT TT T 2
BI'[BC — 7'1/] = OO2<043G¢N’> ’1 + CVL + 43(CSR — CSL) (547)
In this work we use the most stringent limit of Ref. [29§]
Br[B. — tv] <0.1, (5.48)

even though this bound might be too restrictive (see Refs. [121,298] for theoretical discussions).
However, we will see that even this limit does not constrain our model significantly.

A further constraint comes from the determination of the CKM element V,;, when comparing
electron and muon final states. Here Ref. [344] finds that

- = 1.011£0.012, (5.49)
Vi
where
i ) , 112
V= Va1l + Y 1G] (5.50)

(Al

For observables including first and second generation quarks such as 7 — nv, K — uv/K — ev
or D decays, the Wilson coefficients can be applied using appropriate indices. The corresponding
formulas and analyses can be found e.g. in Refs. [313,345].

5.3.4 AF = 2 Processes

Dealing with AF = 2 processes, concretely By — B, mixing, we use the effective Hamiltonian
HEGP = C1 [SavuPLba] [557" Prbg] - (5.51)

In our model we obtain

—1

Gl = 1082

( 2iA3j Az A3iCo (07 M?, Mf) + Srgikisjrg;kisiCo (0,M§,M§)
(5.52)

+ 225 Aairck; Co (0, ME, M3) )
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Figure 5.2: Left: LQ boxes contributing to B — B, mixing. Middle and right: Loop diagrams induced
by ®;, generating effects in ¢; — £¢+. In case of a top quark, as depicted, a chirally enhanced term can
arise.

at the high scale puy,q. Here the first term originates only from ®; and the second one only from
®3. The last term originates from a box diagram where both LQ representations contribute.
One of the corresponding Feynman diagram is shown in Fig. The formula for By and Kaon
mixing follow trivially. We can write the mass difference Amp, (including NP) normalized to
the SM one as

AmB C1
S [ 5.53
AmSh |1 s (5:53)
with [346]
2
Vi ViiG
OSM — 2,35V “475"”’) (5.54)

given at the high scale. Since both the SM and LQ contribute to C, the QCD running down
to up is the same for both and therefore cancels in Eq. (5.53), neglecting the evolution from
p1.q to the EW scale.

Observables

B, — B, mixing has been measured to very good precision [347] and the current world average
reads [276]

AmEP = (17.757 +£0.021) x 10"s~". (5.55)

The theoretical prediction suffers strongly from the uncertainties in QCD effects. While
Ref. [348] and Ref. [349] fit well to the measurement (with rather large errors)

Ampl = (18.3 £2.7) x 101571, (5.56)

Ref. [350] obtains a larger SM value
AmP! = (20.01 £ 1.25) x 10?57, (5.57)
The bounds on the imaginary part of the Wilson coefficient is even more stringent. In our

phenomenological anlysis we will assume real couplings and allow for NP effects of up to 20%
with respect to the SM prediction.
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5.3.5 £~ Processes

In case of charged lepton interactions with on-shell photons we define

124
,Heﬂ? = CEI}&Ofo& + Cgﬂloﬁ& ) (5.58)
with
L(R e -
b = 153 s Py i) Fow - (5.59)

We obtain the following matching contribution in case of a top quark in the loop

Ch, = - Dttt meighor | Ay Vi (7 + dlog <m%2>> TS
: 8M; 4M; M7 8M3

from the Feynman diagram given in Fig. with N, = 3 already included. Note that we have
Cﬁ o4 = C’é}‘ due to the hermiticity of the Hamiltonian. Here we quoted explicitly the formula
for the top quark, which we integrated out together with the LQ at the scale M ~ M; ~ M3. In
case of light quarks, some comments concerning the use of Eq. are in order: in principle,
one has to integrate out only the LQ at the scale M but keep the quark as a dynamical degree of
freedom. In this way, the matching contribution to CKLf ¢, acquires an infrared divergence, which

is cancelled by the corresponding UV divergence of the contribution of the tensor opera‘codﬂ7
obtained by integrating out the LQ at tree level. This amounts to a replacement of m; by urq
in the logarithm in Eq. . Now, at the low scale, the solution to the RGE (disregarding
QED effects) leads to a replacement of uyq by the scale of the processes, or by the quark mass
in case this mass is bigger than the scale. Therefore, in the case of light quarks, Eq.
can be considered as an effective Wilson coeflicient at the low scale, which includes the effect
of 4-fermion operators (up to QED corrections) and can therefore be used for the numerical
evaluation.

Considering ¢; — £ transition with an off-shell photon, we define the amplitude
Al = L5y*) = —eq® Ls(pyg) #(q°) (EJL%PL +EfPr+ 5fi) Ci(ps) (5.61)
with

o _ N (VakAszﬁAu F(mi) Vikrig Vi F<m2) +2H§fﬁﬂg(m5j)>

I 576m2 M? M? M2 M2 M2 M2 (5.6
ey A;’fAﬁF(n’%f)
1P 576n2 M2 T \M2)’
where
Fly) = y? — 18y% + 27y — 10 + 2 (v + 6y — 4) log(y)
(y—1)* | (5.63)
—17y3 + 36y> — 27y + 8 + (8y> — 6y + 4) log(y)
Gl) = (y—1)* '

20See Sec. W for the matching to the uuy and uufl operators.
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Observables

We can now express the branching ratios of flavor changing radiative lepton decays in terms of
the Wilson coefficients as

3
Ckm[

7

Br[l; — £y] = T

%(|Cef}zi T CfL, 2) , (5.64)

where 7y, is the life time of the initial state lepton. The AMM of a charged lepton ¢; is given by

my; R
ar, =~ 3Re ch]. (5.65)

The expression for the electric dipole moment of the lepton is quite similar to the one for the
AMM, namely

dy, = — <

= —gaim {Céf&] . (5.66)

In case of the AMM of the muon we already discussed the experimental situation in the intro-
duction. In summary, the difference between the experiment and the SM prediction is

Sa, = (278 £ 88) x 1071

corresponding to a 3.50 deviation. Note that in our case the Wilson coefficient is in general
complex and could therefore lead to sizable EDMs [286]. The current limits for radiative LEV

decays are [351}352]

Brlp — ey] <4.2 x 10713
Br[r — ey] <3.3 x 1078, (5.67)
Br[r — py] <4.4 x 1078,

representing relevant constraints for our analysis. The off-shell photon penguins contribute to

processes like 7 — 3u which we will consider later.

5.3.6 Z¥¢£ and Zvv Processes

In this subsection we compute the amplitudes for Z — ¢; E}r and Z — vyv; processes for massless
leptons. At zero momentum transfer (or equivalently vanishing Z mass), these amplitudes are
directly related to effective Z¢¢ and Zvv couplings, which will enter flavor observables like for
example in 7 — 3u. We write the amplitude in an analogous way to the case with the off-shell
photon

_ g _
A(Z = £568) = = ulps,me; )y (A (@) P+ AL (@) v(pisme e ()

— g2 2\ — (568)
A(Z = vyin) = 25,0, ()l )3 Pro)e" a)
where e* is the polarization vector of the Z and
L(R L(R L(R
8o (@) = A @5+ ARV (@) Supn@) = Dsn(@)o + DR . (5.69)

At tree-level the SM couplings read
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Figure 5.3: Feynman diagrams in our singlet-triplet model contributing to Z — E;@' and Z — vy,
processes.

1 1
AéM = (2 - 81211) ) Aé%M = —3120; Yigm = —5> (5.70)

with s,, being the Weinberg angle. Beyond tree-level, the SM coefficients receive momentum
dependent corrections which are included in the predictions for EW observables. The corre-
sponding Feynman diagrams, generating these amplitudes in our model, are depicted in Fig.[5.3
For the calculation we include the up-type quark masses (which become relevant in case of the
top) and the Z mass up to the order m?2 /]\JEQ and m2Z /MﬁQ, respectively. In this setup we
obtain

AR (@) = VAl VidaFo(m?, ¢, MY) + Viksi VikuFo(m?,, ¢°, M3)
+ 2/£;ff/£jigL(q2,M32) ,
AR (@) = X \iFr(my ¢, M7)
N7 () = NyphjiHa (q%, ME) + w5 M (0, M3) + 2Vieri VikiHa (m?2 g, M3) |

(5.71)

The corresponding loop functions Fz, g, Gr, and Hy 2 are given in Eq. (5.117)) and Eq. (5.122)).
In case of Z decays we have ¢? = m?%.

For the effective Z¢¢ and Zvv couplings (at zero momentum transfer), we define

92 5
L ==ty (Af e, (0)uPr + AL g, (07, Pr) :] 2

Zuv _ 92 _ " (572)
Li = ?ZVfVi(O) [VivuPrLvil Z" .
w
In this case, only the top contribution is relevant and the effective couplings become
A7, (0) = Ay (0)3
N.m?2 [ VAL Vo A 2 Varky Vi ki 2
+ Cm; o kf23l i (1 + log <m,;>> + R A T kuSl i (1 + log (mt2>> ,
327 M; M Mg Mg
o 5.73)
N, m2 A% )\3' m2 (
R _ AR o Vel 3o my
Nem? Vakkiy p Vo ki m?

Note that Z — Ki_ﬂ;f has also been considered in Ref. [289).
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Observables
The branching ratio of a Z decaying into a charged lepton pair reads
_ Gp m3 1 2
Br [Z_Mfgﬂ = 3: T (| A DI+ AL, (m%)] ) : (5.74)

with T'yot &~ 2.5 GeV. The case for a pair of neutrinos in the final state follows trivially. The
effective number of active neutrinos, including the corrections in our model, are given by

2

ELQ
N, = Z ‘5ﬁ Sen(m2)

(5.75)

At LEP [353] the lepton flavor conserving Z boson couplings were measured precisely. We
give the experimental results for each flavor separately

AL (m%) = 0.26963 +0.00030, A (m%) = —0.23148 + 0.00029 ,
Al (m%) =0.2689 £0.0011,  AZ(m%) = —0.2323 +0.0013, (5.76)
AT (m%) = 0.26930 + 0.00058, AfT (m%) = —0.23274 + 0.00062,
S5y (m%) = —0.5003 £ 0.0012.
The SM predictions at the Z pole are
A (m%) = AL (m%) = MK (m%) = 0.26919 + 0.00020,
Ai(my) = Agi(m%) = Afi(m3) = —0.23208 553618, (577)
2

S§1(m) = —0.501997568055
Concerning lepton flavor violating Z decays the limits from LEP are [354-356]

Br[Z — efu¥] <75 %1077,
Br[Z — e*r¥] <9.8x 107, (5.78)
Br[Z — pFr7] <1.2x 1077,

From Z — vv one can determine the number of active neutrinos to be [353]
N, = 2.9840 + 0.0082 . (5.79)

As mentioned before, Z¢¢ couplings (at zero momentum transfer) contribute to processes like

7 — 3u. Furthermore, Z¢¢ couplings in Z decays can be measured much more precisely at an
FCC-ee which could produce more than 10" Z bosons [357].

5.3.7 W/Lv Processes
Computing the amplitude of this process (also considered in Ref. [289]), we obtain

A(W_ - E;DZ) = _%Agglﬁ (q2)ﬂ(p€faméf)7uPL u(pl,i){—j“(q) ) (580)
where
AW, (6%) = A (620 + A2 (a?) (5.81)
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Figure 5.4: Feynman diagrams contributing to W~ — E; v;. The right diagram is only present for
the triplet since the singlet does not couple to the W boson (at tree-level).

At tree level in the SM we have Afy;(¢%) = 1. The Feynman diagrams shown in Fig. result
in

N,
AIJ:ZQ(QQ) = 2%7;2 [%kAZleAlifl (mﬁj,,qQ,Mf) + Vikkg fVirki Fo <m121,j7q27M??)
(5.82)
8n;ff/<;ji ¢
oMz |’

with the loop functions Fi o given in Eq. (5.129). Again, we set all down-type quark masses
to zero but included the up-type quark masses, which are relevant for the top. At the level of
effective couplings, we define the Lagraigian

L = — AW, (0) [Tpy* Pl W, . (5.83)

V2

The LQ contribution then reads

VA Vi A m2 VK Vai ki m?
ALQ(gy = Nerni 3 421 _ DG TR L 910g (L)) | (.84
i 0 =5 M1 e\ 2 M3 eosl g (5.84)

Out of this formula one deduces a destructive interference between the contribution of the
singlet and the triplet in case of lepton flavor conservation.

Observables

Experimentally, the modification of the Wrv coupling extracted from 7 — pvv and 7 — evv
decays reads [275,1276]

IAY(0)]... ~ 1.002 %+ 0.0015 (5.85)

exp

and provides a better constraint than data of W decays. Here we averaged the central values of
the muon and tau mode, but did not add the errors in quadrature in order to be conservative.
We see that a positive NP effect is preferred which means that the triplet contribution should
exceed the one of the singlet.

5.3.8 4¢ Processes

We define the effective Hamiltonian as

44 EK VLL VLL VLRAVLR SLL NSLL
Heff ’Y + Z (Cabfz abfi + Cabfi Oabfz + Cabfi Oabfi) +L+< R ) (586)
ab,f
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Figure 5.5: Feynman diagrams contributing to ¢; — ¢;¢,¢,. Left and centre: Penguin diagrams with
Z boson and photon exchange. Right: Box diagram involving two LQs.

with

O}z/b]szL = [fa’Y“PLfb] Vf’mPL&} ;
O;/bJL%R = [ZW”PL&] {Zf’mPREz} , (5.87)
Ot = [taPrty] [ErPoti] -

Here we sum over flavor indices. In this way, no distinction for the cases of equal flavors are

necessary in the matching and tensor and scalar LR operators do not need to be included since
they follow from Fierz identities.

The photon contribution reads

C;ZJ]%@'L = —Tx (Eng]I?z + Eng]I?b) ) (5.88)
Chilt = —2ma=LER,
where
—L(R =L(R
= =5y +EL (5.89)
The effective photon off-shell couplings EJLCZ-(R) are defined in Eq. (5.62)). Using the effective
couplings defined in Eq. (5.69)), the Z penguins give
2Grp
Confl" = =5 (AB(OAF(0) + AZ0)AL(0))
(5.90)

4Gp
Canfi'* =~z A (0AF(0)
V RL(RR)

Note that C’abﬁ are obtained from C’Z)JCLZ.R(LL) by interchanging L and R for both the
photon and the Z contribution. Finally, we have contributions from box diagrams involving
two LQs. Since they turn out to be numerically irrelevant in our model, we omit to list them
here analytically. However, in Eq. we give the results in full generality, i.e. including

LQ mixing with multiple generations. The LQ contributions are depicted in Fig. [5.5
The expression for the branching ratios, which are in agreement with Ref. [358], read

- m3 o2 9 m2 m2 2 2
Br [r¥ = uFete :W[ﬂ‘%‘ (log(ﬁg') -3) + ;(\Cifei\ +|Crecr

— Re[CSELCSEL ] 4 16|CYEE + 4|CY LR + 4Oy iR 2) (5.91)

ptee ™ peet utee uree peet

- 27am7 Re [qf: (CVEL 4 2CVRR)} + L R]

urtee uree
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Figure 5.6: Penguin diagrams that contribute to ¢, — {,v;v; transitions. In case of the Z boson,
lepton flavor is conserved at tree-level vertex (f =4). For the W penguins we applied Fierz identities in
order to match on the effective operators. The box diagrams look similar to the one in Fig. but turn
out to be numerically insignificant.

and
2
F o F ] =" mpy 1
Br [T — U ] 7687T3Ft0t|: ’ ’ ( (mé) 4>
+(\0% +I6ICYEL + AICUER + alCiR) - (5.92)

2
— 2 Re [CL* (CVEL | QC’VRR)] + L R]

T T T
with T as the tau lepton’s total decay width. The experimental bounds are [3594360]
Br[ — uFe }<1.5><10_8,
Br [7} — ,qu/fr,u*} <21x1078, (5.93)

Br [T — e¥etem| <1.0x 10712,

5.3.9 {fvv Processes
We define the effective Hamiltonian as
L,fi AL, R R, fi
HAP = (Drfiopt + DELORT) (5.94)
with
L(R),fi ~ _
Ofa(ﬁb) Ji = [EQWMPL(R)&,} [Vf’)/MPLI/Z‘] . (595)

At the 1-loop level, LQs can contribute to these processes through three types of Feynman
diagrams: W-penguins, Z-penguins and pure LQ box diagrams, see Fig. Again, the boxes
are numerically not relevant due to the small couplings to muons. Therefore, we only present
these results with full generality in the appendix.

The W penguin given in terms of the modified W¢v couplings of Eq. (5.84]) gives

. 4G
L, F
Deagbl - \[ Afbvf( )AXL/VZ(O) . (5.96)
Finally we also have the Z-penguins, yielding
Lfi  SGp rpi  8Gp
Dyl = =E AL 4 (0)5,,,,(0) DRI = ZZEAR  (0)5,,,(0) (5.97)

V2 V2
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Figure 5.8: Tree-level diagrams contributing to ¢ — ®® and gq — L®. Except for the left diagram,
the cross-sections depend on the couplings of the LQ to SM fermions. L can be either a neutrino or a
charged lepton, depending on the specific LQ representation.

where we used the effective Z¢¢ and Zvv couplings given in Eq. (5.73).

5.4 Phenomenology

Now we turn to the phenomenological analysis of our singlet-triplet model. We consider the
processes discussed above and include the loop effects calculated in the previous section. Our
strategy is as follows: First we will discuss the LHC bounds on third-generation LQs. Then we
will consider how one can explain b — ¢7v data taking into account these limits and then study
the impacts on other observables like B, — 777~ and W — 7v. For this purpose, only couplings
to tau leptons (but not to muons or electrons) are necessary. In a next step we will include
b — s¢T¢~ data in our analysis and thus allow for non-zero couplings to left-handed muons,
while disregarding couplings to electrons due to the strong constraints from p — ey [361].
In a final step, we search for benchmark points which can explain b — crv, b — s¢T¢~ and
a,, simultaneously. For this purpose we also include couplings to right-handed muons in our
analysis.

5.4.1 LHC Bounds

Both ®; and ®3 could obviously be produced at the LHC. Since LQs are charged under SU(3).
they can be pair produced via gluons (depicted in Fig. , which in general gives the best
bound. However, for a third generation LQ, which is the case for our model to a good approx-
imation, also t-channel production from bottom fusion is possible as well as single production
via bottom-gluon fusion (see Fig. . ATLAS and CMS performed searches in these channels.
In particular, in Ref. [291] CMS analyzed data taken at a center-of-mass energy of 13 TeV with
an integrated luminosity of 35.9 fb~! for the scalar singlet ®;. Assuming Br (@1 — t7] = 100%,
LQ masses up to 900 GeV are excluded. ATLAS searched for typical signals of the scalar triplet
®3, using 36.1 fb! of data at /s = 13 TeV [362]. Focusing on NP effects in third generation
quarks and leptons, i.e. ®3 — tv/br and ®3 — ¢7/bv, they find a lower limit on the LQ mass
of 800 GeV. This limit can be raised up to 1 TeV if one of the aforementioned decay channels is
dominating. Therefore, a third generation scalar LQ with mass above 1 TeV is consistent with
LHC searches. We will assume this as a lower limit in the following phenomenological analysis
of flavor observables. For more extensive analyses of LQ searches in combination with the flavor
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Figure 5.9: Correlation between Br[B; — 77~ and R(D®™)), both normalized to their SM values,
in the scenario with only left-handed couplings for M; = M3 = M = 1TeV (left plot) and M; = M3 =
M = 1.5TeV (right plot). Here we scanned over Ag3, k23 € [—1,1] for all points and Ass, k33 € [—1,1]
(blue) or Ass, k3s € [—2,2] (red), respectively. The blue points are displayed on top of the red ones,
showing only points that are allowed by R%.. The dark gray points are in agreement with R%/., but
excluded by By — B, mixing. The horizontal contour lines depict the LFU contribution to C’gZ while the
green band represents the region for R(D(*)) preferred by data at the 1o level.

anomalies we refer e.g. to Refs. [212,274,363-367].

5.4.2 b— cTv

Concerning b — crv processes one can address the anomalies with couplings to third generation
leptons, i.e. the tau lepton and the tau neutrino, while disregarding couplings to muons and
electrons. In a first step we consider the simplified case of left-handed couplings only, i.e.
A =0. Furthermore, we can safely neglect CKM suppressed effects from first-generation quark
couplings and are therefore left with the couplings A23 33 and k23 33, involving second and third
generation quarks (i.e. bottom and strange quark in the down-basis). In this case the box
contributions to Bs— By in Eq. , together with the tree-level effect in b — svv in Eq.
put an upper limit on the possible contribution to b — c¢7v processes (see Fig. . While the
relative effect in b — svv compared to b — crv is independent of the L(Q mass, the relative
effect in B, — B, mixing compared to b — ¢rv amplitudes turns out to have a quadratic scaling
with the mass. In fact, assuming real couplings and an exact cancellation in RY%,,, Amp, can

K()»
be expressed in terms of the NP effect in R(D™)) as

2
2 172 172 )
Amp, 1 GpVaM ( R(D™) _1>’ (5.98)

AmPt " 4n? oM R(D™)gnp

with My = M3 = M. This relation holds once small CKM rotations are neglected which
is possible in the case of an anarchic flavor structure, i.e. Vipdzs << Aog and Viykss < Kos.
The tau loops also generate an effect in C7 as well as a LFU contribution to C§‘. Both these
effects are directly correlated to b — s7t7~ processes, induced by the tree-level coefficients
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Figure 5.10: Correlations between the NP effect in Amp_ and the corrections to the effective Wrv.
coupling AY, (0), constrained from 7 — pvv and 7 — evw. Like in Fig. we only considered the
couplings Ag3 33 and kag 33, i.e. only couplings to left-handed taus, scanning over Agg and k23 (Ag3 and
k33) between £1 (£2) and setting M7 = M3 = M = 1 TeV. The blue region is preferred by 7 — uvv
and 7 — evv data at the 1o level.

C5™ = —CJf. We find

124 @ ,U% TT
Cy (1) = o7 (14 +9log( 45 ) )Co7

Sa (27 16 48 14
_ o mo53 . _ _mom CTT
367r(11"23 337723> 9

(5.99)
Cr(m) = —

neglecting the different running of C7 from urqg down to m;. One can also relate these two
coefficients, yielding

4 14+ 9log(4)
Cge(ﬂb) = _BWC7(%) . (5'100)
ﬁ’]’/ 23 — ﬁn 23
This situation is illustrated in Fig. 5.9, where we show the correlations between Bs; —
7t7~ and R(D™). Note that for left-handed couplings R(D)/R(D)sm = R(D*)/R(D*)sy is
predicted. The bound from By — B, mixing limits the possible effect, both in B, — 77~ and
R(D(*)), depending on the LQ mass. Heavier LQs lead to larger effects in By — B, with respect
to B; — 777 and R(D(*)) than lighter LQs. For the same scenario, i.e. only left-handed
couplings to tau leptons, we also show corrections to the Wrv coupling in Fig. Note
that effect of ®; has opposite sign than the one of ®3. Furthermore, if one aims at increasing
R(D™), the effect of ®; (®3) in W — 7v is destructive (constructive) such that it increases
(decreases) the slight tension in 7 — pvv data.

Next, let us allow for non-zero right-handed couplings 5\23,33 of ®; to quarks and leptons.
In this case the left-handed vector current encoded in CY/; (originating from ®; and ®3 via
2333 and ko333 only) is now complemented by a C%] = —4C7] effect from ®;. This breaks
the common rescaling of R(D)/R(D)sy and R(D*)/R(D*)sm, depicted by the green line in

Fig. The constraint from Bs; — B only limits Cy, but not Cg;, = —4C7r. The resulting
correlations between R(D) and R(D*) are shown in Fig. One can see that for deviations
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Figure 5.11: Correlation between R(D) and R(D*), both normalized to their SM values. The (light)
red ellipse shows the preferred region at the 1o (20) level. The yellow points yield an effect in By — B,
mixing of < 10% with respect to the SM, while for the blue points the NP effect is in the range of 10-20%.
Ounly points allowed by b — svv are shown. The black (green) solid line depicts the scenario where one
generates the vector (scalar and tensor) operator only. We scanned over the couplings Aa3 33, k23,33 and
Aa3 € [~1.5,1.5] and the LQ masses My = M3 = M € [1,2]TeV.

of R(D™)/R(D™)gy; from unity of more than ~ 10%, our model predicts R(D)/R(D)sy >
R(D*)/R(D*)gm.

The size and correlation between C7 and a LFU effect in C5¢, induced by the tau loop, is shown
in Fig. Interestingly, to account for b — crv data within 1o, we predict —0.5 < C§¢ <
—0.2 (including right-handed couplings) which is in very good agreement with the global fit on
b — slT¢~ data, especially if it is complemented by a C§* = —C}§' LFUV effect [95][98].

In the same way, b — d7v data can be addressed. Here, it was shown in Ref. that already
a 10% effect with respect to the SM could lead to a neutron EDM observables in the near future.

54.3 b—crvand b — slt(~

Let us now turn to the case where we allow for couplings to left-handed muons as well. Here,
it is clear that, disregarding for the moment R(D(*)) and thus tau couplings, one can explain
b — slT¢~ data with a tree-level C§" = —C1{' effect from ®3 without running into the danger
of violating bounds from other flavor observables. However, the situation gets more interesting
if one aims at explaining b — s¢7¢~ and b — c7v data simultaneously. In this case LFV 7 — u
effects necessarily arise e.g. in B — K7u, 7 — ¢u, Z — 7 and 7 — 3u. Note that our model
does not possess scalar currents in the down sector, therefore By — 7 does not receive a chiral
enhancement. The correlations between B — K7y and 7 — ¢u are shown in Fig. [5.13] finding
that they are in general anti-correlated despite fine-tuned points.
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Figure 5.12: Correlations between C; and C§¢, both given at the B meson scale. Here we imposed
that the points satisfy B, — By mixing (i.e. yield a maximal effect of 20%) and lie within the 1o (yellow)
or 20 (blue) region preferred by the global fit to b — ¢7v data. Note that non-zero effects in C7(pp) and
C5'(up) are mandatory in order to explain b — crv data at 1o and that C§¢(u) has the sign preferred
by the fit if this is required. Both coefficients include O(ay) corrections. Again we scanned over the
couplings Ags 33, k23,33 and Nas € [—1.5,1.5] and the LQ masses M; = M3 = M € [1,2|TeV.
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Figure 5.13: Correlations between Br[B — K*7u] and Br[r — ¢u| (left) and between Br[B — K*7p]
and R% (right). The blue points lie within the 1o ranges of both the b — c7v and b — st~
fits, give an effect of less than 20% to Bs; — Bs mixing and do not violate any other constraints. We

scanned over the couplings {)\23,337523,33,5\23} € [-1.5,1.5], {A22,32, ko2,32} € [—0.3,0.3] and the LQ
masses My = M3 = M € [1,2] TeV.

544 b—crv,b— sl and q,

Finally, we aim at explaining the anomaly in the AMM of the muon in addition to b — ¢7v and
b — slt¢~ data. Accounting for da, alone is possible and the only unavoidable effect occurs
in Z — ptp~, which can however only be tested at the FCC-ee . Furthermore, explaining
da, together with b — s¢T¢~ data does not pose a problem either since ®; can account for
da, while ®3 can explain b — s¢t¢~. However, once one wants to account for b — crv data
the situation becomes non-trivial. Scanning over 10 million pointﬂ we found approximately

21Pirst we individually scanned over two million points for couplings to muons only and over one million points
for couplings to taus only. From each of both datasets roughly 3500 points passed all constraints while lying in
the 1o range of the global fits for b — s¢7¢~ or b — crv, respectively. The combination of the two datasets was
then used as seed for the final scan over all parameters.
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Figure 5.14: Possible ranges for the couplings of the points in parameter space which can explain
all three anomalies at the 1o level. We found these points by performing a parameter scan over the
couplings {A23 33, K23 33, A2} € [-1.5,1.5], {A22,32, k22,32, As2} € [—0.3,0.3] and by setting the LQ masses
My = M3 =1.2TeV. In color we depict the values of the four benchmark points given in Tab. 5.3. We
found roughly 350 points that passed all constraints at the 95% C.L. while allowing for an effect in
B, — B, mixing of up to 30%.

350 points which can explain all three anomalies at the same time. The corresponding range
for the couplings of these 350 points is shown in Fig. 5.14. Only allowing for an effect of 20%
in By — B, mixing, the number of points is reduced to 40, where an effect as low as 10% is
possible. In addition, we choose (out of these 350 points) four benchmark points, shown in
color in Fig. 5.14. The predictions for the various observables for these benchmark points are
given in Tab. 5.3. Interestingly, even though in general 7 — py represents the most restrictive
constraint on our model in case one aims at an explanation of all three anomalies, we still find
points that give a relatively small contribution of roughly one order of magnitude below the
current experimental bound. The branching ratio of By — 7777 is enhanced by a factor of
roughly 100 with respect to the SM, which also is below the current experimental bound. While
the effects in A are small, they are always positive, reducing the slight tension in the effective
Wty coupling. The effects in B — K7p and 7 — ¢u range from being negligible to close to
the current experimental bounds while effects in 7 — pee and 7 — 3 lie roughly two orders of
magnitude below the current experimental limit. Furthermore, the effects in Z — 7~ 77 would
clearly be measurable at an FCC-ee [357].

Update

In Ref. [369] it was pointed out that our benchmark points in Tab. 5.3 are in conflict with
DY — DO mixing. While this is true under the assumption of a vanishing SM contribution,
we point out that with fine-tuning between the SM and the NP contribution our model is not
excluded, as the SM effect can currently not be calculated. Furthermore, it was claimed that
our points are in tension with Dy — 7. While it is true that for points p; and po in Tab. 5.3 a
very slight tension with the experiment (below the 20 level) is observed, the points ps and ps do
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