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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



Introduction

’ 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

17



Introduction

% 20 20 Belle prelimi
x - elle preliminary
LHCb
15F . 15}
10F Q;M 10l ]
3 T I
— — <¥ ¢ ’{“ Belle
o = BaBar | Ne LHCb
05F 4 Bell 0.5
B o ’—E‘ BaBar
e LHCb Run 1 + 2015 + 2016 I s prediction
00 I B P P S 0.0 ! ! ! !
"o 5 10 15 20 0 5 10 5 20
2 2.4
2 [GeV¥ 4] g (GeV*/c?)

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

21



Introduction

~ T I T T T T I T T T T I T T T T I T T T
* - -
@, [~ [ HFLAV average sz =1.0 contours ]
04 —
[ LHCbIS ]
N BaBarl2 ]
0.35 — 3G -
- LHCh18 ]
03 ‘ —
095 = T Beilelo. —— = Bellel5 _
B Bellel7 ]

02 + Average of SM predictions HFLAV

= R(D) = 0.299 = 0.003 =
: R(D*) =0.258 = 0.005 P(XZ) =27% :

L I L L L L I L L L L I L L L L I L L L

0.2 0.3 04 0.5

R(D)
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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
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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
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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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us with the fit necessary for the b — s¢*T¢~ region in Fig. Whose work is supported by an explora grant
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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].
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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

64



Processes and Observables

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).

72



Processes and Observables

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 {)\23733, K23,33, )\23} € [71.5, 15], {)\227327 K22,32, )\32} S [703, 03} and by setting the LQ masses
My = M3 = 1.2TeV. In color we depict the values of the four benchmark points given in Tab. 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. 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. [5.14l The predictions for the various observables for these benchmark points are
given in Tab. Interestingly, even though in general 7 — uy 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. are in conflict with
DY — DY 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 — 7v. While it is true that for points p; and py in Tab. a
very slight tension with the experiment (below the 20 level) is observed, the points ps and ps do
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K22 K32 Ko3 K33 oo A32 o3 A33 A32 Ao3

® p; | —0.019 | —0.059 | 0.58 —0.11 | —0.0082 | —0.016 | —1.46 | —0.064 | —0.19 1.34

® po | —0.017 | —0.070 | —1.23 | 0.066 0.0078 —0.055 1.36 0.052 —0.053 | —1.47
p3 | 0.0080 0.081 1.18 | —0.073 | —0.0017 0.16 —0.76 | —0.068 | 0.023 1.23

® ps| —0.0032 | —0.21 0.44 —0.20 0.014 —-0.10 | —1.38 | —0.068 | —0.032 | 0.57
e — oty cu R(D) R(D¥) Bs = 7T T— ;é'y 6%11 I/c‘fb/‘/'((gﬁ— 1 Z — ;)/L
" | RD)su | R(D)sm | By — rrlgy | x10 %10 %10 x10
® —0.52 —-0.21 1.15 1.10 59.88 4.35 207 291 0.117
® o —0.56 —0.28 1.14 1.10 99.76 0.766 199 448 2.38
p3 —0.31 —-0.31 1.14 1.09 112.5 3.62 255 17 0.129
® py —0.31 —-0.31 1.13 1.11 112.5 0.734 230 934 45.6
= og | e | mg | 2O | Bk o v | ARG | Shod)
Vi v AmsM x10° x10% | x101 x10° AE > 1073
® 0.023 0.040 2.33 0.1 0.512 1.27 44.94 1.11 —3.64
® 0.020 0.040 0.87 0.16 3.32 4.73 7.783 0.90 —3.02
p3 0.023 0.037 1.08 0.19 4.07 1.00 37.89 0.89 —3.51
® py 0.010 0.047 2.43 0.18 3.69 0.0021 18.60 3.12 —10.04

Table 5.3: p;-ps are four benchmark points that can simultaneously explain all three flavor anomalies
(b — slt¢=, b — crv and da,,) at the 1o level and pass all other constraints at the 95%C.L.. Here we
show the values for the fermion couplings, the results for b — s¢*4~, b — crv and da,, as well as the
predictions for several flavor observables which can be measured in the future. Note that the effect in
7 — 3u (not depicted here) is of comparable size as the one in 7 — pee. The LQ masses were set to
M = M1 = M3 = 1.2TeV.

not suffer from any tension at all. Nevertheless we decided to extend our analysis and present 4
new benchmark points in Tab. In this scenario we neglected the coupling Ago but used the
coupling Ag3 to tune 7 — py as suggested in Ref. [369]. In Fig. we show the allowed range
for the new benchmark points. Note that these benchmark points are favored compared to the
ones in Ref. [369] by 7 pair searches (see e.g. Ref. [176]) as our couplings to charm quarks are
smaller and the LQ mass bigger.

5.5 Conclusions

Motivated by the intriguing hints for LFU violating NP in R(D(*)), b — stt{~ processes and
a,, we studied the flavor phenomenology of the LQ singlet-triplet model. We first defined the
most general setup for the model, including an arbitrary number of L(Q ”generations” as well
as mixing among them. With this at hand, we performed the matching of the model on the
effective low energy theory and related the Wilson coefficients to flavor observables. Here, we
included the potentially relevant loop effects, e.g. in By — B, mixing, b — s, LFU contributions
to C§ and a,, as well as in modified Z and W couplings.

Our phenomenological analysis proceeded in three steps: First, we disregarded the anomalies
related to muons and considered the possibility of explaining R(D(*)) and the resulting implica-
tion for other observables. We found that, including only couplings to left-handed fermions, the
size of the possible effect depends crucially on the mass of the LQ: the larger (smaller) the mass
(couplings) the bigger the relative effect in B, — B,. Together with b — svi, this is the limiting
factor here. For M = 1TeV and values of k33 up to £2, a 20% effect in R(D(*)) is possible,
while for M = 1.5TeV and |k33| < 1 only a 10% effect with respect to the SM can be generated
(see Fig. . At the same time, an enhancement of B, — 777~ of the order of 102 is predicted,
which, via loop effects, leads to a LFU C’gﬁ ~ —0.3. Once couplings to right-handed leptons are
included, larger effects in b — c7v processes are possible and R(D)/R(D)sm > R(D*)/R(D)&\

is predicted, see Figs. and
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Figure 5.15: Possible ranges for the couplings of the points in parameter space which can explain all
three anomalies at the 1o level and are compatible with D® — D mixing. We found these points by
performing a parameter scan over the couplings {As3,33, £23,33, 5\23,33} € [-1.5,1.5], {As2, k22,32, 5\32} €
[—0.3,0.3] and by setting the LQ masses M7 = M3 = 1.2 TeV. In color we depict the values of the four
benchmark points given in Tab. [5.4

In a second step, we aimed at a simultaneous explanation of b — s¢™¢~ data together with
R(D®™). In this case, effects in lepton flavor violating processes like B — K7y and 7 — ¢pu are
predicted as shown in Fig. [5.13] These effects are still compatible with current data but can be
tested soon by LHCb and BELLE II.

Finally, including in addition the AMM of the muon in the analysis is challenging since
then right-handed couplings to muons are required which, together with the couplings needed
to explain R(D(*)), lead to chirally enhanced effects in 7 — p~y. It is still possible to find a
common solution to all three anomalies but only a small region of the parameter space can do
this. Nonetheless, we identified four benchmark points which can achieve such a simultaneous
explanation to all three anomalies (see Fig. [5.14]).

In summary, the LQ singlet-triplet model is a prime candidate for explaining the flavor
anomalies and we would like to emphasize that there is no renormalizable model on the market
which is more minimal (only two new particles are needed here) and capable to address all three
prominent flavor anomalies together.
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K22 K32 K23 K33 A2 | A2z | Asz A32 Ao3 A33
® p;5| —0.0024 | —0.36 | 0.18 —0.47 | 042 | 0.23 | 0.14 | 0.0074 | —1.42 | 0.0032
pe | 0.0020 0.57 0.16 | —0.52 | —0.61 | 0.24 | 0.16 | —0.0058 | —0.97 | 0.003
® p; | 0.0022 0.44 | —0.18 | 0.46 0.55 | 0.23 | 0.16 | 0.0055 | —1.23 | 0.003
® ps | —0.0017 | —0.58 | —0.15 | 0.51 | —0.50 | 0.26 | 0.15 | —0.0064 | —1.21 | 0.003
om o ot R(D) R(D¥) By — 1T T = uy day Vs /vh -1 Z =T
9 10 * | R(D)sm | R(D*)sm | By = 77y, | Xx10° x 101 %108 x108
® s ~0.41 030 | 121 .11 107 1.23 210 304 8.20
D6 —0.54 ~0.30 | 117 1.10 108 3.63 238 —224 25.19
® ) —0.45 —0.29 | 121 1.11 105 3.07 202 —959 12.07
® s —0.48 —027| 120 1.10 93 3.67 217 1194 24.86
— - - ) AmRP B—Krp | 7= dp| 17— pee| |AER(0) Al(m2)
C5L=—4CT | C7L | R Am! x10° x1010 | %10 X10° Aéf?x 107
® s 0.054 0.028 | 1.34 0.19 1.88 0.21 2.74 13.76 —50.76
6 0.041 0.029 | 1.96 0.19 3.90 0.12 7.36 16.78 —62.07
® ) 0.052 0.029 | 1.69 0.19 2.86 0.18 3.85 12.80 —49.77
® s 0.050 0.028 | 1.46 0.16 3.44 0.08 7.19 16.59 —60.97

Table 5.4: Four benchmark points (ps-ps) that simultaneously explain b — s¢t¢~, b — crv and da,,
at the 1o level and pass all other constraints at the 95%C.L.. Contrary to p1-ps, they do not yield a big
effect in D — DO mixing and therefore do not require fine-tuning with the SM contribution. Again the
LQ masses were chosen to be M = My = Mz = 1.2 TeV.

5.6 Appendix

In this appendix we define the loop functions appearing in the calculation of the observables and
give the most general expressions for the Wilson coefficients, including multiple LQ generations
(N singlets ®1, M triplets ®3) and mixing among them. Let us recapitulate the definition of
the masses:

o The singlet and triplet representations with electromagnetic charge Q. = —1/3 have the

masses mg with K = {1,...,M + N}.

o The LQ with electromagnetic charge Qe = 2/3 and Qe = —4/3, stemming from the
triplet representations, have the same masses m; with J = {1,..., M'}.

5.6.1 Loop Functions

Throughout this article we used the loop functions Cy and Dy 2, defined as
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5.6.2 dd¢f

For dp — d]ﬂ]?ﬁj processes we match on the effective operators defined in Eq. (5.15). The
tree-level contribution gives

i ; V2 d 2 d 0
ol —_¢ft. -_ — b f 5.102
9,7k 10,]k 4GFV;5de;td Z J ( )
while the loop calculations yield
L K LK .
7l 4GFthkth 72 m§< 36 = w3 |’
LK ~L,Kx* J e
V2 1 [N djvi M Lo la,
C]k kVi 7 + Icz gt , (5103)
Q) = 1GFVia Vi 24 Kzl m2. JZI m
LKL Kx
\/E N del/le 1z M dkfl d él MLQ
Cé _ —_— 14 + 9log .
Farline) = 216G rVia, Vg, Z mi Z m mj

At the low scale of the processes, one has to include the effect of the diagram in the effective
theory. This results in a so-called effective Wilson coefficient which also depends on the lepton
mass in the loop and ¢*

N iy T T
C“ eff 2] LVl T ajt dgly l q27 m2 ,m27 2 , 5104
with
2 2 as2 2 1 2 M2 2 2
]:(q ,my, M*, 1 ) :? 9¢“ log 2wz @ — 36my
18 , . (5.105)
2 2 9 4
- —2myq° — 8my ) arctan | ———=——< | ,
(@) X(m2, ¢?) ( (q ) e z) (X(mf,gﬂ))
where we defined for convenience
4a?
5.6.3 wuvy and EDM
We define the effective Hamiltonian as
kOdk 4 ik ik ikt ~jk
’Heﬁc = C’J OJ Cf] Oé + C’rf,, TO{F T, (5.107)
with
O,]yk = e[ﬂquVPRuk]Fm,,
O = gs[ujo™ PrT"u, |GY, (5.108)

Oéfﬂ = |ujo Prug] [To" PrT] ,
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and obtain in the case of one generation of LQs and no mixing among them

i 1 Moy, Vi A Vim A + mu:\kzj\* 12mg.ﬁk'v<l)\*. 'U’I2_4Q
CIk _ 7Yk mi j Ji iN\kiVj lz<4 31 ( ))
v (:UJLQ) 115271.2[ M12 M12 + 3 log 7M12
My, VK VimBS
3 k" kl J mi
+ M?? ,
Cjk( ) _ 1 mukvlgz)\li‘/jm)\;’;li + muj)\ki)\;i i Gmgiﬁkﬁ/ﬁ)\fi 3mukvk*ll£liijf£:”
g MLQ) = Tag M2 M2 M2 ’
ik Vi A i3
C7 " (pLg) = # .
1
(5.109)

The contributing diagram is depicted in Fig. |5.1] For the neutron EDM we set j = k =1 and

reproduce (setting m,, = 0) our result from [47], where also the relevant RGE can be found. In
case of LQ mixing, we have

gy = V2L, % DT, 7 MAN my D p T +m, TR T
LQ) = T4 55 — -
7 Q 4G 72 = m% M, 52 m%(
M+N AR A 2
+12 Y DT mh b <4+310g(“ LQ‘Q)) ,
K= Mug My my

Uj~ upl; Ujfi

L,KL,Kx* R, K+R,Kx*
3" (h) = Z =2 + Z

: (5.110)
4G 24 = m75 My, my
RKL,K
+6 > 5 :
k=1 Mu, Mk
LK+ ~R,K
Cjkr _ upls — usls
T Sm%{
5.6.4 dufy
For the effective Hamiltonian defined in Eq. (5.41)) we find
LK
VIR = 8GpVua, = mk -
M+N K pREx (5.111)
Cfi o _4Cfi _ ﬂ divi— ujly
L= o= Tk AT
L,jk TL,jk 8GFVu]-dk = m%{
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5.6.5 ddvv and B, — B, Mixing

The effective Hamiltonians for ddvv and By — B, mixing are given by Eq. (5.38) and Eq. (5.51)),
respectively. We find for b — svv

\/5 T N+M FK FK*

de'L’ djl/f
—_—— —_—— 5.112
re D M (5.112)

fioo _
CL,jk - m
K=1 K

and for B, — B, mixing

Gy = 2 Z Fflgwrcllgl/'rg;u‘r(iwco (O,m%(,m%g)
1287 (K Pi=1 J j

M

J* J — —

+ Y TETE, Tk T, Co (o,mé,m3)> .
{(1Q}=1

(5.113)

5.6.6 L, ZL¢ and Zvv

In case of ¢; — ;v transitions and the effective Hamiltonian given by Eq. (5.58)) we have

N+M [ FL,KFL,K* m .FR’KFR’K* m ‘FL’KFRyK* 2
CL _ Z Ly wil; ™ ugly + L; uil; ~ ujly o Uj = uil; ™ ugly 744 IOg muj
s m?

2 2
] 28mi, dm3, e

" R (5.114)
+ Z m‘efrdjfirdjff
J=1

)

—3
4m5

with N, = 3 already included. For the off-shell photon, as given by the amplitude in Eq. (5.61)),
we obtain

LKL, K Jx g
= _ —Ne {5 ,+NiM ity Fu,jfiF(m%j) + % Tajeaye G(m?ij)]
Tt T sT6n? [T = md my) = m m3 /]’ 5.015)
M+N FR,K*FR,K 2 '
=R _ —Ne {5 4 Z ujly UjeiF<mUj>}
Tt T sTen? [T e m2. /]’

where the loop functions F'(y) and G(y) are defined in Eq. (5.63]).

For Z decays, where the amplitude is given by Eq. (5.68) and the A%R) are introduced in
Eq. (5.69), we find

N+M M
LK+l K Jx 2 -2
AJL‘i(QQ) = KZ Fuj'éf*ruj'éi]:L (mij,qz, m%{) - ;Fdﬁfrdjfz‘gL (q ’mJ) ’
1 —

Mo (5.116)

R/ 2 Z R,KxR,K 2 2 2
Afl(q ) = Fujff*ru‘jﬂi ]:R (mujaq 7mK) 5
K=1
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with

N 2
F1 ( m2, ¢, Mz) W((?)qz(élsQw —3)+27Tm ) log<M ) — 52 (5¢* + 48m?)

1
+3(¢% 4+ 3m?2) + 6X(m?2, ¢%) (4312,1((;(2 +2m?2) — 3¢° + Sm?L) arctan()) ,

X(mZ, %)
N.q¢* q>
2 a2 _ __ tVed 2 Y .
Gr (q M ) = I ((65w 9) 1og<M ) +252 (1 — 3in) +9m>,
2 2 3r2 Ne m;, 2 2 2 2
Fr (mu,q , M ) = 6422 (123 —2Tm )log M — Sy (5q +48mu) + 27m,,

1
+ 6X(m12“ q2) (48211) (q2 + sz) — 9m3) arctan (W)) y

(5.117)
again using
4a?
X(a® V) = - L (5.118)
At the level of the effective couplings (¢? = 0) we have
N+M
= Z Lo, T ugf Kr (mt,O mK) ,
K=1
o (5.119)
A]]?Z-(O) = Z Fung* wats FR (m?,O,m%) )
K=1
The functions F7 g then become
m? N, m?
Fr(mi, 0,M%) = o 2% ( 1+ log| 15 ) | = ~Fr(mf,0,0%). (5.120)

The amplitude for Z — vi is again given by Eq. (5.68). For the ¥ Q( 2), introduced in

Eq. -, we obtain
& L KxL,K
=Y Fdj’yf*Fdj’ViHl(qQ,m%()—I—ZFZ*WF;LWHQ( 0 @ my) (5.121)
K=1 J=1
with

2
Hi(q?, M?) = TAIVE] (3(3 —252)log (qu> —3im(3 —2s2) — 3+ si) ,

N 2
Ha(mi, ¢°, M?) = SGTQCW (3((45% —3)¢* +9m ) log <M2> — 252 (¢* +24m?)  (5.122)
1
+ 9m3 + GX(mi’ q2) (43121}((]2 =+ 2m3) — 3q2 + 3mz> arctan (W)) y

where we again neglected to down-type quark masses, but kept the dependencies on the up-type
ones due to the heavy top quark. If we work with effective couplings instead of full amplitudes,
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the results are

M
720) = YT, T Ha(my, 0,m3) (5.123)
J=1
with
N 2
Ha(m?,0, M%) = Z\LZQ< +log<]\n;t2>>. (5.124)
5.6.7 Wlitv

For the A Q( ?), defined in Eq. (5.80) and Eq. (5.81)), we obtain

LQ, 2 N. [T LKA pLK LKL, K T
_ c * * s * ’
A7 () = 64W2{ Kzl Vi a Dl f T Fu (2, q%mic ) + Tl ugeimgj
<l Je wg  MP N M LK+ m; mi
+ Zru:l/fr\ugu —2 +2\/> Z ZWJJFNKFUSE mei 2 —m? 10g<—2> (0129
- K=1 J=1 M =M "
/3 N M LK LK
Z Zq (W‘”N KLyt Fi],, WJ“VKdeff de”)HW (mK’mJ> }
K=1 J=1
with
I(QQMQ)—LMQ 3m2)1 iy (42 3m? Gmi)
W\ My, 4, e (q — oMYy, ) 108 M2 —\2q — oMy, — q2
mb q2
u -
+6(2¢* — 3m? g )2)log(1— m%)} (5.126)
2, ,2 2 2
9 o TTH4y 2%y r
Hw (=, y°) 22— 22 - (22 — y2)3 10g<y2> )

Additionally, there are terms that do not trivially decouple, however, they vanish in the decou-
pling limit. They read

ALQ, 2 N, NZ+M v L E*pL, MZ
(& * *

fi (‘ ) 2 [ dk ujl drvi (210g< 2> 1)
64 f m3

K—1
2
LKL K LKL, K 0 1
- (Fuj‘ff Fu]‘&,‘ + Fdjljf Fdjlji) <10g<m%() + 2>:|
A lan p? 1
- Z (Pu l/fru 1/1 d Efrdjfi) <10g(m2) + 2) (5127)
J=1 J
M N+M 2 2 2
LKxpJ P\ 2mg my
VI S [ Woenal T (2108(fp) o s +9)

2 -2 2
* J* LK 1% 2’mJ mie
Wi T (2i() ~ o s ) |
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Note that the scale dependence i drops out exactly. If we work at the level of effective couplings,
we have

LK+ L,K LK LK
ALQ (g Nem2 ["E (Toie, Tusee 2Vasa Lapv Luae, log m?
s (0) = 6472 Z m2- a m2- m%(
K=t (5.128)
M F'l{;li i[;l/ N+M M 53?*F1{3V- m2
P ST s S S ()
m3 K=1 J=1 My —my my
In the limit of no LQ mixing, the loop functions used in Eq. (5.82)) become
Fi (miq M?) = Fu (i, a M?) + 1
; (5.129)
m
Fo (ml g M?) = Fy (i q? M%) - T8

5.6.8 T —3u, T — pete  and p — 3e

The relevant effective Hamiltonian is given in Eq. (5.86)). The contributions of the photon and Z

penguin diagrams are given by Eq. (5.88) and Eq. (5.90)), respectively. Now we use the effective
couplings as defined in Eq. (5.115)) (photon) and Eq. (5.116) (Z boson).

Finally, we have the box diagrams. Contrary to the vector current operators, the scalar
operators Ofm are always proportional to mg /M]%Q Therefore, we only consider contributions
from the top quark. The box contributions read

N+M
V LL — LP* L, K« L,P L,Kx* L,Px 2 2 2 2
Cabfz 256 2 Z ( ka FukébFu Ef Fujﬂi + F’u Z Fukfbrukff Fu @ ) ‘D2 (muk7m’u,j7mK7 mP)
{K, P} 1

Qx* Jx Qx* 2
2567T2 Z (dee deebrdjefr‘ d;t; + F delbl—‘dkﬂfl—‘d ¢ ) CO(O va Q)’

{7.Q}=1
& L P R, KxR,P
VLR _ — * * 2 2 2
Cabfl 1287’(’2 Z [ ukf ukfbrujef Fu l; ‘D2 (muk ’ mUj y VK¢ mP)
{K,P}=1
L,Kx* R,P+1~R,P
2FU3E Fugeb Fugff F f mt DO (m?7 m%7 m%(7 m%’):|
S LL —mfN N R,P R,K R,K R,P 2 9 2
C * * * *
Cabfi = 64 2 Z <2FU3Z FU3ébFU3£f Fudf - FUJE Fudﬁbru5ff Fu5f ) DO (mt ? mt ? mK7 mP)
{K,P}=1
(5.130)
Again, C‘;;/ff RL(RR) ;16 obtained from C‘;)/ff LR(LL) by interchanging L and R.

5.6.9 T — lvv and p — evv

As it was the case for the previous results, we consider the top as the only non-zero quark mass
and in cases where the result is proportional to the quark mass (squared), we directly write the
result in terms of the top. The effective Hamiltonian for the process is given in Eq. (5.94]). The
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box diagrams read

L,fi N. gy L,P pLE*pL.P
I = ¢ T *L, 2 2 9
Laly — _6471'2{ Z Fukf ukzb d Nz Fdjl/iCO (muk7 mK7mP)
{K,P}=1
N+M M
LK* LK J* J 2 2 _9
Z Z |: ukZbFukaFU VzDQ(muk’muj7mK’mJ)
LK# LK 9 9
+ F Pdkebrdkuf Fd VZC (07mJ’mK)] } ) (5131)
¥ N+M
Rfi _ R,Px LK+p
taly — 647‘(2{ Z Fuke Fukfbrd Vs d I/CO(muk7mK’mP)
{K,P}=1
N+M M
R,Kx RK Jx J 2 2 2 2 9
—2 Z Zru:aﬂa U3ZbFu5VfFu3V tDU(mt’mt7mK>mJ)}
K=1 J=1

The contributions of the W and Z penguins are given by Eq. (5.96)) and Eq. (5.97)), respectively.
Now the effective couplings from Eq. ((5.125)), Eq. (5.116|) and Eq. (5.121]) have to be used.
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Leptoquarks (LQs) are predicted within Grand Unified Theories and are well motivated by
the current flavor anomalies. In this article we investigate the impact of scalar LQs on Higgs
decays and oblique corrections as complementary observables in the search for them. Taking
into account all five LQQ representations under the Standard Model gauge group and including
the most general mixing among them, we calculate the effects in h — vy, h — gg, h — Zv
and the Peskin-Takeuchi parameters S, T and U. We find that these observables depend on
the same Lagrangian parameters, leading to interesting correlations among them. While the
current experimental bounds only yield weak constraints on the model, these correlations can
be used to distinguish different LQ representations at future colliders (ILC, CLIC, FCC-ee and
FCC-hh), whose discovery potential we are going to discuss.

6.1 Introduction

Leptoquarks (LQs) are particles which have a specific interaction vertex, connecting a lepton
with a quark. They are predicted in Grand Unified Theories [178[[370-372] and were systemat-
ically classified in Ref. |[147] into ten possible representations under the Standard Model (SM)
gauge group (five scalar and five vector particles). In recent years, LQs experienced a renais-
sance due to the emergence of the flavor anomalies. In short, hints for new physics (NP) in
R(D®™) [104}105}109-112], b — s¢*¢~ [78,/79,/83,84,:373,1374] and a, [123] emerged, with a
significance of > 30 [103,[119-122], > 50 [88,92,97-101},209] and > 3o [124], respectively. It
has been shown that LQs can explain b — s¢™¢~ data [45}46,48, 149,151,153, (156, 171177,
180,184,213,1253,1317,318,/332.|333,|361,1375,376], R(D™)) [45,47,48,[149,[151{153,[155,[171{173,
17541771801 184,211+213,232,1233,1236,238-247,[249,(250,(287,/309,311,[317,[318,/320-327,375-378|
and/or a, [48.238,241},243,277-286,309-3144|368,3754379,380].

This strong motivation for LQs makes it also interesting to search for their signatures in other
observables. Complementary to direct LHC searches [274,363-367,381-388], oblique electroweak
(EW) parameters (S and T parameters [389,390]) and the corrections to (effective on-shell)
couplings of the SM Higgs to photons (hyy), Z and photon (hZv) and gluons (hgg) allow to
test LQ interactions with the Higgs, independently of the LQ couplings to fermions. In this
context, LQs were briefly discussed in Ref. [391] based on analogous MSSM calculations [392-
394], simplified model analysis [395-398], vacuum stability [399], LQ production at hadron
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2 8 7 1 2
Gont (3,1,—3) (3,1,—3) <3,2,3> (3,2,3) (3,3,—3)

Table 6.1: LQ representations under the SM gauge group.

colliders [400] and Higgs pair production [401]. In addition, Ref. [402] recently studied LQs in
Higgs production and Ref. [403] considered h — 7+, while Ref. [404] performed the matching in
the singlet-triplet model [243]. However, none of these analyses considered more than a single LQ
representation at a time. The situation is similar concerning the S and T parameter. This was
also briefly discussed in Ref. [391], based on simplified model calculations [405] and an analysis
discussing only the SU(2); doublet LQs [406]. Most importantly, the unavoidable correlations
between Higgs couplings to gauge bosons and the oblique parameters were not considered so far.
Importantly, these observables can be measured much more precisely at future colliders such as
the ILC [407], CLIC [408], and the FCC [357,409]. Therefore, it is interesting to examine their
estimated constraining power and discovery potential.

In this article we will calculate the one-loop effects of LQs in oblique corrections, hy~y, hZ~
and hgg, taking into account all five scalar LQ representations and the complete set of their
interactions with the Higgs. In the next section we will define our setup and conventions before
we turn to the calculation of the S and T parameters in Sec. and to hyy, hZ~ and hgg in
Sec. We then perform our phenomenological analysis, examining the current status and
future prospects for these observables in Sec. before we conclude in Sec. An appendix
provides useful analytic (perturbative) expressions for LQ couplings and results for the loop
functions.

6.2 Setup and Conventions

There are ten possible representations of LQs under the SM gauge group [147]. While for vector
LQs a Higgs mechanism is necessary to render the model renormalizable, scalar LQs can simply
be added to the SM. Since we are interested in loop effects in this work, we will focus on the
latter ones in the following.

The five different scalar LQs transform under the SM gauge group
Gsm = SU3)e x SU((2)p x U(1)y (6.1)

as given in Table [6.1]
We defined the hypercharge Y such that the electromagnetic charge is given by

1
with T3 representing the third component of weak isospin, e.g. £1/2 for SU(2)1, doublets and
1,0, —1 for the SU(2), triplet. Therefore, we have the following eigenstates with respect to the

electric charge

@1 = (13;1/3 él = (i);4/3

/3 R $2/3 p-1/3 5p2/3 (6.3)
Dy = 3/3 ; = ~—21/3 ; TPz = 5 —4/3 f—i’/:& )

®; o, V29, —,
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Figure 6.1: Feynman diagrams depicting LQ-Higgs interactions. Here the physical Higgs h can be
replaced by its vev, leading to mixing among the LQs.

obtained from the five representations. Note that the upper index refers to the electric charge
and the lower one to the SU(2), representation from which the field originates.

In addition to the gauge interactions of the LQs, determined by the respective representation
under the SM gauge group, LQs can couple to the SM Higgs doublet H (with hypercharge +1)
via the Lagrangian [335]%

Lia = — Az (BYH) 1 + Ay (D) (7 - 3) H) + Yap (DL H) (Hira @)
+ Yy (Himy (7 ®3)1 H)®y + Yoy (H' (7 @3) H)®] + h.c.
— Yoo (Hiry®s) (Hiry®s)' — Vig (Hiryds) (Hiryd,)'

(6.4)
- i}/i3351JKHTTIH(I);K(I)3,J
3 2
N (mi+viHH) @0, — Y (M} + Y H H) 3] &y .
k=1 k=1

Here mé represent the usual (bare) mass terms of the LQs, present without EW symmetry

breaking and erjx is the three-dimensional Levi-Civita tensor with €193 = 1. Note that As,
and A;5 have mass dimension one, while the Y couplings are dimensionless. The LQ-Higgs
interactions lead to additional contributions to the mass matrices. The mixing among them is
depicted in Figure [6.1

Once the Higgs acquires a vacuum expectation value (vev) with v &~ 174 GeV, this generates
the following mass matrices in the interaction basis

m? 4+ v%Y] vAgl v2Ya
M3 = vAs, m% + UQYQ vAg3 ,
VY3 vAZ; m3 +v2Y3
m3 + v%Ys v2Y; 0
M?2/3 = v2 o m3 +v? (Va5 + Y3) —V20A43 ) (6.5)
0 —\/%A;Q m3 + v? (Y3 + Ya3)
M_4/3 . ’ﬁl% + ’U2Yi \/5’1)2}/?3*1
V20 Yy m3 40 (Ys = Yag))

22Y3s and Yae were studied in Ref. [406] while the Y33 term was considered in Ref. [369).

96



Setup and Conventions

such that
—®LMDG C Lo (6.6)
This now parametrizes the mass terms in the Lagrangian, where @) is the electric charge and
we defined
<I>1_1 /3 @3/3

il -~ o0 5/3
Q3= 1/3 Doy3 = <I>§/3 P_y3= ((1)14/3) P53 = ‘I)z/ : (6.7)
~1/3 <I>§/3 3

In order to arrive at the physical basis we need to diagonalize the mass matrices in Eq. .
This can be achieved via
MO = WOMOWeT (6.8)
with unitary matrices W®. Thus, the interaction eigenstates in Eq. are rotated as
W9, = o9 (6.9)

to arrive at the mass eigenstates. The matrices W€ for Q = —1/3 and Q = 2/3 too lengthy to
be given analytically in full generality, but can of course be computed numerically. However, in
order to obtain the explicit dependence on the Lagrangian parameters A and Y, we diagonalize
the mass matrices perturbatively up to O(v?), which then yields the following expressions

124 vAL v? (Va1 (mi—m3)+ A3, Ags)
i) T (nF=m2) (m3 =)
W—1/3% —21;A§12 17ﬁ( | A5 | + |A32| ) _;’A:EQQ
A "51‘}7;2 . 2 (ml m2)*2 (m m2)2 mz—my ’
—v (Y31(m3—m2)+A§1A3§) UA 1— ”2\A3§\2
(mi—m3)(m3—m3) mg—ﬁz% 2(m2—m3)?
1 1;2Y222 0
m m
2/3 _UQYi*z 1 22\14322|2 —V20A35
0 \/ivAgi 1— 2\Asz|2
~3_ 2 2\2
my—m3g (m3—m3)
1 \/51)23/*i
—4/3 mi—m3
w —V2v%Y,1 1
Thffmg

The physical LQ masses then read

2 Az |2 As Aqs?
(M) ~ (m%,? (Yl_ 14| )m <Y+ Anl | |4yl )
my —my mz mip My —m3
| Ags|?
~9

my—mzg// .

2 2| A.512
(M2%)" ~ <m§+v2y2, 3+’ (Y Lyt Al 2),
m3 —m3

2| Aqs|?
ma+v? <Y3+Y3—| 1 2)) ,

2m3

(6.11)

(M ¥3)" = (3 +02Y5, m3 + 03 (Vs — Yig))

2
(MP3)" ~m3 + ? (Yo + Ya) |
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valid up to order v2, where a runs from 1 to 3 for @ = —1/3 and Q = 2/3 and from 1 to 2 for
Q= —4/3, respectively@
We now write the interaction terms of the Higgs with the LQs in the form
e =~ T 00 a6 e,
_T5/B3L$5/31H5/3 _ A;b1/3h2(i>g1/3’f(i);1/3 . f\iégh%i/‘”@i/g (6.12)
_ A;b4/3h2¢,;4/3@b—4/3 _ AP3p285/31$5/3
with h as the physical Higgs field, Q@ being the mass eigenstates of charge () with a,b again

running from 1 to 3 for Q@ = —1/3 and @ = 2/3 and from 1 to 2 for Q = —4/3. In particular
we have

[-1/3 — y-1/3p-1/3y-1/31 AVB = 18 —1/By-1/3T
F2/3 W2/31-\2/3W2/3T A2/3 W2/3A2/3w2/3T (613)
[4/3 — yy—4/3p—4/3y—4/31 A48 — yA/BA—A/3 Yy —4/31
with
2’UY1 Af 2’UY31 Yi 0 Yél
—13 L 3 —iyz 1
UY31 A 20Y3 Yy 0 Y3
QUYQ 2’UYQ*2 0 1 Y2 }/5*2 0
2/3 = 7 2vY22 w(Y; +Y5) V245 | A=Yy YtV 0|,
—V243  20(Y3+Ya3) 0 0 Y3+Ys3
a1 (v vy v Lm0 )
f 2’UY 21}(Y3—}/33) Y31 Y:?_Y:’B
I3 = V20 (Yas + Y2) | AP = §(Y22 +Y5).

(6.14)

The expanded expressions for I'© and A% up to O(v?) are given in the appendix.

6.3 Oblique Corrections

Oblique Corrections, i.e. radiative corrections to the EW breaking sector of the SM, can be
parametrized via the Peskin-Takeuchi parameters S, T and U [410]. These parameters are
expressed and calculated in terms of the vacuum polarization functions IIyy(¢?), with V =
W, Z,~v. We use the convention

Ve VY
= illyv ()" — iA(¢))q"q” . (6.15)

Taking into account that our NP scale is higher than the EW breaking scale, we can expand
the gauge bosons self-energies in ¢2/M?2. As A(q?) has no physical effect, the three oblique

ZFor the calculation of the T parameter, we even needed the expansion of the mixing matrices and masses up
to order v*. However, these equations are too lengthy to be included in this work explicitly.
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N HQ
2 Q' (I)aQ /?a\
CI’a >~ ;~ A
PN / \ ] )
12 e N v | [ \ )
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\ / \ / I
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Figure 6.2: The three different topologies of Feynman diagrams that contribute to ITyv (¢?) with
V. = W,Z,~. The last diagram only exists for V' = W,Z and has no impact on the S, T and U
parameters as it is momentum independent.

parameters can be written as

453;0%0 2 2 0121) - 31211 2

S =——232(1z2(0) — Hzz(m3z) + Iy (m7) + "1z, (m3) | ,
A CowSw

7 Mww(0) 1z7(0)

am?, am® (6.16)
oo _dsid (HWW(O) —Tww(miy)  Tzz(0) = Tzz(m3) '

! cZmi, m?,
+ ﬁnw(mzz) 4 25wHZw(mzz)>
2 2 2 ’
cz  my Cw My
where we used renormalization conditions for the vector fields such that
I, (0) = z,(0) = Re[llzz(m%)] = Re[Mww (miy)] = 0. (6.17)

These conditions are fulfilled automatically for IL,, and IIz, because of the Ward identities.

S, T and U can be calculated with the bare (unrenormalized) two-point correlation functions,
the corresponding diagrams in our model are shown in Fig. Therefore, we used the check
that all divergences disappear in the physical observables S, T and U after having summed over
all SU(2);, components in the loop. The complete expressions for these parameters are quite
lengthy and therefore given in the appendix. Expanding in addition in ¢2/M? and in v/M, i.e.
perturbatively diagonalizing the LQ mass matrices, we can however obtain relatively compact
expressions. Up to leading order in v we find

S =~

Nev? <7Y22 Yy 8Vag  [Ag” (77j)+17|z43§|2,C <m§>)

2
367 2 m3 2 m3 10m3 m3

4
ms s ms 10m5

2

L Ne? <Y222+3%§+4Y:33+ Az [* 3(ﬁ>+ |A35|4,C4<m§>+YQQA§1!2,C5(W?)
24mg3s2 \'m3 = m3 2 n3 2m$ m3 20

2

m3 w3 om3 | 10m§\im3
- Tl () - 2Tl () + P n () - Ll ()

2} ﬁT% ms ﬁT% m3 m3 m3 m3
B 2!}/22‘2,67(@%) _ MK (”ﬁ m§> + M;@(”ﬁ mi%)) (6.18)
m3 m3 ma m3’ m3 5m$ m3’ m3/ )’ ‘

U=D0,
where the loop functions, given in the appendix, are normalized to be unity in case of equal

masses. These expressions agree with Refs. [405,/406] for the special cases studied there. Note
that U is approximately zero since it only arises at dimension 8.
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Figure 6.3: The two types of diagrams that induce NP effects in h — vv. For h — gg the photons
can simply be replaced by gluons, for h — Z~ one photon can be replaced by a Z boson. The additional
diagrams with reversed charge flow are not depicted.

6.4 Higgs Couplings to g, v and Z

The Feynman diagrams involving scalar LQs contributing to h — vy, h — gg and h — Z~ are
shown in Fig. The amplitude, induced by them, reads

Alh = v(p1)y(p2)] = C;Z: 2 (MQ)?
Q.a (Ma

27Q
Qs (12 (p1)-2(p2) — 2(e(pr)-po)elpe)p)) . (6.19)

with p; and py representing the photon momenta, €,(p;) the corresponding polarization
vectors and @ running over the number of mass eigenstates with the same electric charge
Q = {-1/3,2/3, —4/3,5/3}. Here we used on-shell kinematics and expanded in m}/M?.

Similarly, for the decay into a pair of gluons, we obtain

N FQ
A[h = g*(p1)g™ (p2)] = 48; % (]\1;25)2 (mie?(p1)-e(p2) — 2( (p1) -p2) (€2 (p2) - p1))

where A labels the 8 gluons (no sum implied). For the Higgs decaying into a Z and a photon
we obtain

aN,. 1 TYTC re
Alh — Z(pz)y(py)] = M 5 c (Q“’fQ”; K?(xz)) —52Q? o 2)
wew g\ (M) (Me’) (6.20)
x((m} —m3) e(pz) - £(py) = 2(e(p2)-p) () P2) )
with a simultaneous expansion in m3? /M? and m%/M? and
MQ)?
23 = (M, )2 : (6.21)
(M7

The relevant observables in this context are the effective on-shell h~vy~y, hgg and hZ~ cou-
plings, normalized to their SM values

Fh—)'y'y Fh—)gg Fh—>Z’y
Ry = | TSm0 Kg = \|Tsm - Kzy = | psw_ (6.22)
h—~yry h—gg h—Z~
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We then have

iy = ey g
Ah%w Q c(iQ)
kg =1+ Z 6.23
Afsll\—/{gg 48 Q ( )
1 aN. 1 T9TY , TQ
=1 23( L iy (o) - QP ),
‘Ah—>Z 241 SwCw Q (MbQ) ( )
with the LO SM amplitudes (see e.g. Ref. [411] for an overview) given by [391},412-417]
Ah—wy i \[ (Al(JUW) + A1/2(~’Ct))
AM , .
h—gg — 87’(\/51) 1/2(1}) (6 24)
o 2 8 o
‘Ah—>Z7 47T8w\/§v (chl (xW s yw) + Tu(l - 53 )61/2(% 7yt))
We defined
2 2
my, 4m;
Ti = "5, Yi=—>5, (625)
4ml2 mQZ

while the loop functions are given in the appendix@

) In additio~n to the expansion of the loop functions, we can also expand the expressions
['?/M? and T9T? Kg(x?b)/MQ in v2/M? up to O(v?), using Eq. (6.11]). We obtain

3 ~-1/3
S T (BB B AP gy
1 2 2 T mE 22 mem2
a=1 ( ) my My 3 173 313
i ?zég ~ V20 1/2+Y§Q+Y§+3/:3+Y:),3 2‘A32‘2
232 2 ) 2 2.9 |
a=1 (Mg"") m3 my ms myms
2 =—4/3
Y Y; - Y-
Z“Zgzm@v(é+32?’3),
a=1 (Mg %) mioms

r5/3 ~ /2 Yoo + Yo

~ v , 6.26
3 —1/3~—1/3
Tab / Fba/ K7(x_1/3) ~ v |A21|2.F1 m% 32|2 %
a1 (M w72\ 2wy T\ 2 & ’
~2/3 =2/3
N (2 & (Y2 Yo 2(Ya o Vi) 3!A32|2f m3
ab=1 (M,"”) 2 2 3 2 5
2 —4/3 %—4/3
T, r —4/3 Y3 — Y33
ab 74/?2 IC7(xab/ ) & —V2w mZ
a,b=1 (Mb ) 3
T5/3 f5/3 o Yoo + Ys (6 27)

(M3/3)> V2 m3

Z4Note that we did not include the effects of bottom quarks in the SM prediction which would lead to a 10%
destructive interference.

101



Leptoquarks in Oblique Corrections and Higgs Signal Strength: Status and Prospects

—— FCC-ee sensitivity

--- CEPC sensitivity
0.05+¢

BET&S (10)
0.04} HT&S 20)
0.03} Y2

T
0.02| — Y;;
0.01F — Y33
0.00 As | [(my 7y)
~001F ‘ el o A5 /ms )
-0.010 —-0.005 0.000 0.005 0.010
S |— Y/m? = + 1/Tev?2

|— A/m? = +1.5/TeV

Figure 6.4: Correlations between S and T for four different Lagrangian parameters in Eq. ,
assuming that only one of them is non-zero at a time. For simplicity, we assumed all LQ masses to be
equal. While Y32 and Y35 can yield both positive and negative effects in S, the effect in the T" parameter
is positive definite. Since our prediction for S and T depends on a single combination of parameters
(Y/m? or A%2/m?*), we used one degree of freedom to obtain the preferred region in the S-T plane, such
that the region within the ellipse labelled by 10 (20) corresponds to 68% C.L. (95% C.L.).

Therefore, we have directly expressed k,, kg and Kz, in terms of the Lagrangian parameters.
The loop functions F; and JFa, given in the appendix, are again normalized to be unity in case
of equal masses.

6.5 Phenomenological Analysis

Before we illustrate the effects of LQs in the observables of our interest, let us recall the current
experimental situation and the prospects at future colliders. Concerning the oblique corrections,
the global fit to electroweak precision measurements (including LEP [353], Tevatron [418] and
LHC [419]) of Ref. [420] constrains the S and 7" parameter to lie within

S =[-0.06,0.07] , T = [—0.02, 0.05], (6.28)

at 95% C.L. within the 2-dimensional S-T plane, with a correlation factor of 0.72. Here, we can
optimistically expect a sensitivity of 0.008 in the future at the FCC-ee [357].

For on-shell Higgs couplings, we used the results of Refs. [421}422] for the current status,
which are

Kg = 1.06670520 Ky = 0.99910:035 (6.29)

Concerning future prospects we expect for k, (kg) an accuracy of 7% (2.3%) at the ILC [407],
3.7% (1.5%) at CEPC [423], 2.3% (0.9%) at CLIC [408|, 3% (1.4%) at the FCC-ee [357] and
1.45% at the FCC-hh [424]. Finally, concerning h — Z=, an accuracy of up to 1.8% in h —
Zutu~ /h — ptu~ can be achieved at the FCC-ee [357].
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Figure 6.5: Correlations between k- and T for different Lagrangian parameters, assuming that only
one of them is non-zero at a time and assuming all LQ masses to be equal.

Let us start by considering the oblique parameters. Here and in the following, we will for def-
initeness assume a LQ mass of 1 TeV, which is compatible with current LHC limits
for a broad range of couplings to fermions. In Fig. [6.4 we show the correlations between S and T
for the four cases which contribute to both parameters simultaneously. As one can see, the effect
in T is positive definite, as slightly preferred by current data. Note that the A parameters are
dimensionful couplings which are naturally expected to be of the same order as the L(Q masses
and that similarly the dimensionless couplings Y are expected to be of order 1. Therefore, T'
already now sets relevant limits on these couplings and its future experimental sensitivity allows
for stringent constraints or even to discover deviations from the SM within LQ models.

Turning to the effects in Higgs couplings to gauge bosons, we show the correlations between
k, and T in Fig. and between k. and k4 in Fig. The currently allowed regions (1o
and 20, corresponding to 68% and 95% C.L. for one degree of freedom) are shown in color
while the future prospects are indicated by dashed and dotted boundaries of the corresponding
ellipses. Assuming a value close to the current best fit point in the x,-x4 plane is confirmed
in the future, this would point towards the LQ representation ®s. Similarly, one can correlate
K~ to Kz, see Fig. @ which clearly provides complementary distinguishing power, especially
at the FCC-hh. E.g. an anti-correlations between £, to Kz is not favored by either (single)
Lagrangian parameter of coupling LQs to the Higgs.

6.6 Conclusions

LQs are prime candidates to explain the flavor anomalies, i.e. the discrepancies between the
SM predictions and experiment in b — crv and b — s¢T¢~ processes and in the anomalous
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Figure 6.6: Correlations between k- and 4 for the different Lagrangian parameters. Here we assumed
all bi-linear LQ mass terms to be equal. Here we used one degree of freedom in the 2 fit for the allowed
regions and the future prospects such that the intersection with the LQ line indicates the 68% and 95%
CL for the corresponding parameter Y/m? or A2/m*.

magnetic moment of the muon. Therefore, it is interesting to study alternative observables
which are sensitive to LQs and could therefore as well show deviations from the SM predictions.
In this context, parameters sensitive to additional electroweak symmetry breaking effects provide
a complementary window. In particular, LQ couplings to the SM Higgs generate loop effects,
which contribute to the oblique parameters (S and 7') and to effective Higgs couplings, entering
on-shell Higgs boson production (gg — h) and decays (h — 77y, h — Z=). All these observables
have in common that (at the one-loop level) they do not depend on the LQ couplings to fermions
but rather only on LQ couplings to Higgses (tri-linear and quadratic ones). Therefore, one
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Figure 6.7: Correlations between k- and kz for the different Lagrangian parameters coupling LQs to
the Higgs. The currently preferred regions are shown as red ellipses and the future sensitivity is indicated
by the dashed and dotted lines.

can test this sector of the Lagrangian independently of the fermion couplings entering flavor
observables.

Taking into account the most general set of Higgs-LQ interactions, including mixing among
different LQ representations, we calculated the one-loop contributions to the oblique parameters
S, T and U. Using a perturbative expansion of the mixing matrices we were able to provide
simple, analytic expressions for them. Similarly, we calculated the contributions to effective
on-shell hgg, hyy and hZ~ couplings, expressing the corrections as simple analytic functions of
the Lagrangian parameters.

In our phenomenological analysis we correlated the effects in the oblique corrections with
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each other, see Fig. finding that the contribution to T is positive definite and that 7' is
clearly more sensitive to LQs than S. Similarly, we correlated hgg with hyvy in Fig. and
hyy to hZ~ in Figl6.7 In the future it would be very interesting to include the NLO QCD
corrections, in the spirit of Refs. [393/[394], as these interesting correlations open the possibility
of distinguishing different LQ representations, independently of their couplings to fermions,
providing strong motivation for future colliders.
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and D.M. is supported by a Professorship Grant (PP00P2_176884) of the Swiss National
Science Foundation. The work of F.S. is supported by the Swiss National Foundation grant
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6.7 Appendix

6.7.1 Loop Functions

In this appendix we first present the loop functions, which are used in (6.19)) to write the results
for the S and T parameters in a compact form

B P+ 207 — 19y +4 (493 — 1292 — 6y + 2) log(y)
Kaly) = _10( (y—1) - (y—1)° ) ’
10 / —y* 4+ 10y — 4592 — 8y + 8  18(3y — 1) log(y)
Kalw) = g7 (- Yy — 1)1 (y—1p )
(P 10y +1 6y(y + 1)log(y)
Kaly) = 10( (y— 1)4 o (y-1)p ) ’
2( y+4)( y + 10y + 1) 6(y+1)(y+4)log(y))
y(y — 1)* (y—1)5 ’
B 292 + 5y -1 6y2 log(y)
- 2< (y—1)? > ’
B y2 - 5y -2, 6
_2( (y — ( —1)4)
Ka(x) = 3(x? —1—2:1;log( ) ’

(x —1)
4 8x 4
Ks(z,y) = 3((:5 “1)2(y — 1) + (z-1)y—2)? (r—1)2y-—x)

+ 4z log(x) Kio(z, y) + 4y log(y) /cm@,x)) ,

B 122 222 — Tz — 13 6(z+1)
Ko(z,y) = 10((1 —x)2(x —y)? B 2(x —1)3(y — 1) B (x = 1)3(y — =)
9(x — 3) 3

2@ -1y -1 (z-1)(y-1)7°
+ 3z log(z) K11(x, y) + 3ylog(y) K11 (y, x)) ;
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and
2x x—2
Fol@y) = o5 T ey o
4 4
ICll(-T,y) = i >

@G- -2P @-1Pu-2? @-Diy-a)

In h — Z~ we used the following loop functions for the amplitude

23 — 62% + 3z + 62 log(x) + 2
=2
Fi(z) ( (z — 1)4 )

2 (2% — 223 + 922 — 622 log(z) — 102 + 2
Falz) = 3 ( x(r—1)% '

6.7.2 Expanded Matrices

Next, we will give the expressions for the coupling matrices, expanded in terms of the vacuum
expectation value v. We have the weak isospin matrices T9, which read in case of no LQ mixing

0 0 0 -3 00 00 1
0 0 0 0 0 1

using the basis defined in Eq. (6.7). A unitary redefinition of the LQ fields in order to diagonalize
the mass matrices in Eq. (6.5) also affects the 79 matrices

T = WoTeWer, (6.31)

Note that the LQ field redefinition has no impact the electromagnetic interaction, since the
coupling matrix is proportional to the unit matrix and the W< then cancel due to unitarity. If
we use the perturbative diagonalization ansatz, we obtain

—v?| A5, |2 vAZ U2A3§A§1
2(mi—m3)? 2(77152—771%) ) 2(mi—m3)(m3—m3)
T1/3 vAs, _l+ﬁ |45 | + |Azs] vAss
2(771%—771%) 2 2 (m%—ﬁ’b%)Q (771%—771%)2 Q(Thg—mg) ’
2 A
v A5 Ay VA —v?|Ags|?
2(m%—m§)(m§—m§) 2(m§—m§) Q(mg—mg)Q
_1 v?Ys, 0
: s (6.32)
2 .
T3 | 252 1y vAgP vAg
ms—mm; 2 (m2:m3)2 \/§(m2§—rh§2) ’
0 vA3§ 1— E’ Q‘AséL
V2(m2—m3) (mz—m3)?
0 \/51)2Y3*i
T—4/3 ~ m2—m?
\/§U2Y3i _1 ’
mg’—ﬁlf
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valid up to O(v?). T5/3 is not affected, since the LQ with charge Q = 5/3 does not mix.
There are also interaction matrices for the ZZ®Y®? vertex, which read in case of no LQ mixing

2 \2 252 1\2
(=) 0 0 (Z=+1) 0 0
~1/3 _ 2 1) 2/3 _ 252 1Y
Dm=1 0 (7 - 5) 0 D7 = 0 (T - 5) 0
2 2
0 0 (%) 0 0 (32 -1)
4s% 2 9
a3 (T) 0 53 _ (95w _ 1y?
D3 = . 2 D3 = .
0 (45711) _ 1) 3 2
3
(6.33)
If we include the LQ mixing, we have
45t (4s2—3)02|A5, 2 (45, —3)vAL (453, —3)v2 Az Ags
1 3 _4 ) (mfzmg)Q Ty —mi (Tfé;@%)éﬁla—mf)
. AL 3 2 i
(453, —3)v> A%; As, (453, —3)vAL, 45t (452, —3)v2|Ags)?
(mi—mZ)(mi—m2) mi—m? 3 (mZ—m2)?
with = B8P (U= 30y (45— 302 Al
3 (mf —1m3)* (m3 —m3)?
(s, +3) 1653,0°Y5, 0 (6.34)
3 rh%—m%
72/3 o L [ 16500?V5  (452-3)2 2853 -9)0?|Ay[? V2(853,~9)vA;;
D ~ mi—m32 3 o (m2—m32)? m2—m32 ’
2 2 3 2 2 3
0 V2(853,—9)v AL, 4(3-252)% | 2(852 —9)v2|Ay5)2
BT = R R (o 33
165 V2(852,—3)v2Yy
D43 ~ 1 3 m3—m?
~ g | V2(852,—3)vYa: (3—452))2
m3—fn% 3

Analogously to the Z boson, different LQ generations mix under W interactions. Without LQ
mixing, the interactions with the W boson can be written in terms of the following matrices

0o o R .
B'=\y o 3] B=[o1 o |, B:(loo), (6.35)
00 —V2

arranging the LQ in their charge eigenstates according to Eq. (6.7). B describes the interaction
of LQs with electric charges Q = —4/3 and Q = —1/3, B2 the ones with Q = —1/3 and Q = 2/3,
B3 with Q = 5/3 and @ = 2/3. If we include LQ mixing, the matrices expanded up to O(v?),
then read

2y *
0 0 i,
mi—m
Bla . . 3
\/5,02 AQlASi +Y* \/i’L)ASQ f— v2\A3§\2 ’
m?—m3 \m?—m2 31 nZ—m? V2(m2—m2)?
* _A*
0 vAS Vau? (Asads, i
252 2_ 2 T_ =2 31
ml m2 ml m3 m3 m2
32% U2Y2*2 1_ﬁ |As5, ]2 o |Ags 2 0
m3—m3 2 \(m?-m2)?  (m3-m32)? ’
*
0 vA%s _f_ v?|Ag5 [
mi—m3 V2(m2—m2)2
~ 7U2Y~*
B~(1 ——2 0). (6.36)
ma—my
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We also have interaction matrices for the W W~ ®Qd? vertex. Without mixing, they read

000 $ 00 00
F3=10 1o FB=10 1 o0 FA3 <0 1) ,  FO3 (6.37)
0 0 2 0 0 1
If we include mixing and expand up to order O(v?), we obtain
v2|As, |2 vAZ ~
2(m§j%§)2 2(mp~ 5D fis
1/3 vAs, l—i-ﬁ( 3| Ag5[? |45, > ) 3vAss
2(m2—m3) 2 2\ (m3- mg)f mi—m7)? 2(m3—m3) ’ )
i 3vA 9_ 3v2|Ags)?
13 2(m§ mg 2(m% m%)Q’
i—mi  2(mi—m3)(mi —m3)(m3 —m3)
~ 1 U2|A " vA
PP~ |0 5+ (mhaﬁg)Q ﬁ(fﬁgmg) )
O v 32 1 2|1432‘2
V2(mZ—mm? (m5—m3)?
‘/§U2Y3*i
F—4/3~ 0 m?—m3
~ \[v Ya1 1
2
mi—m3
Finally we show the Higgs coupling matrices in (6.13]) up to O(v)
‘A~ ‘2 % A3§A’f (m%—i—m%—?ﬁm%)
513 o A 2 +ﬁ) ~1§§1}3 ”<2Y31 T g md) )
I ~ NG B 1442% . 22 Ass ’
51 m +m5—2ﬁ12 |A |
v(2vy - (2 =2y (2 =D ) 45 20(Ys + s )
—1/3 A7 A3/
with Toy/* = 20(Y; — o2y — —382, ),
1 2 3 2
20Y5 2vY3, 0
~ * A.s 2
28 n L 20vg, 20(Ys+ Vg - fn'gjir[ ;) V244
2
0 —V2A% 20 (Y5 + 2‘A32‘ 2l )
2
P8 o
(6.39)

109



Leptoquarks in Oblique Corrections and Higgs Signal Strength: Status and Prospects

and
Y31A*~ (YQ—Yl)Af
Y U(m2_n3122 m2_m221 ) G
2 3 1 2
i-1/3 o 1 Y dzs | (Y3—Y1)Ay - Y3145, | (Y3—Y3)Ags
A ~ v Y; v
2 m3—m3 mi-m3 2 mg—m3 mZ—m32 ’
YS*IAT (YQ_Y3)A*”
Yih v( 7552y + iyt ) Yy
2 1 3 2
\/ivYQQAg)Q
1 " Yo mEm]
A2/3 o = - - - V20(Y3—Y5—Y35) Ags
M=ol Y Y+ Y3 > )
V20Yr A% V20(Y3—Y3-Y53) A Y,

M2 —m2 m2—m2
2 3 3 2

A3 5 A3
(6.40)

6.7.3 Exact Results for the Vacuum Polarization Functions

In this section we give the ¢?-expanded results for the vacuum polarization functions, with the
LQ masses and couplings kept unexpanded

N, e?Q? 1 12 q?
(3 = -3 =2 g? | = +1
v (a7) e (5+ og(( 2y +10( o7 )

Q a
N, goe (TS — s2Q) Q 1 2 2
IPHUSEEDY <48aa2 - ) ¢ | 2 +log NQ 7]+ Q2]
) T Cw 2 (Ma ) 10(Ma )
N, ¢@T9 my  2¢2D% 2 (1 2
I 2y c aa "'"4 2-aa MQ - 1 e 1
ZZ(q ) % 1672 ( Co m%L 0121) ( a ) c + log (MGQ)Q +
N.g3 (TS - s2Q0uw) (T2 — s2Q0a 2 2
-y (7 2>2( a ) XF((Mgz) , (M) ) :
g 32m=cé
(6.41)
2 Ne QMW _ 220 oy (1 i
Mww(g®) =) 162 92Faam7}21 —g3Fgy | (My7) _ tlog W +1
Q a

~ 2
2(3) Nc92 Bcll 9
-y W’(M;4/3>2F(<M;4/3>2, (M, %) )
6472

a(b)=1
o2
3 Ncgg ng 2 2 2/3.2
-y 64’2<M;1/3> P, 0%)
a,b=1 &

12
3 Ncg%‘Bg" 2 2 2
_ 5/3 5/3 2/3

Z 647‘(2 (M ) F((M ) 9 (Mb ) ) )

where Q = {—1/3,2/3,—-4/3,5/3} with a and b running from 1 to 3, 3, 2, and 1, respectively.
Here we defined

2
2 2
F ((MC?)2’ (MbQ)Q) _ (Mg?)? fo+ (j\j(?)Q f1+ ((]\;(1@)2) fol, (6.42)
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with
2 Q2 Q
_ 9@ 1 [ 3Y | 2(zpg)" log(zy,)
ol ove(f)+3) 2t
5= 2(1 o (uz)) _ 5= 27a, +27(w)" — 5(efe)’ — 63 = o) @) log(aia) ¢ a
PT3\e ¢ Mg 9(:El?a—1)3 T
g, Tl 8a = 8(f)° + (ofy)! +12(a) log(f))
6(z, — 1)° |
where again
2
o _ (M)
Lo = Q2
(M)
6.7.4 Leading Order SM Amplitudes in Higgs Decays
The SM amplitudes for the hyy, hgg and hZ~ couplings in Eq. (6.24) read
_ 2 _
A () = (22* + 3z +x32(2x 1)f(x)) 7
2z + (¢ —1)f(z))
A =
1/2(7) 72 (6.44)
52 2, 52 2
01/2($7y) = II(:Ea y) - IQ(may) )
with
f(a) = arcsin(Vz) ,
g(z) =1/ 1o larcsin(y/),
x
2,2 —1y _ (-1 2 —1y _ (=1 6.45
Ly = " 5 (f(z™) g(y ) | *7ylga™) 2g(y ) (645)
2(x —y) 2(x —y) (z —y)
~ —ay(fe) - flyh)
12(1.73/)* 2(I—y) :
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Recently, both ATLAS and CMS measured the decay h — p*p~, finding a signal strength with
respect to the Standard Model expectation of 1.2 £+ 0.6 and 1.19f8:§éf8&g, respectively. This
provides, for the first time, evidence that the Standard Model Higgs couples to second gener-
ation fermions. This measurement is particularly interesting in the context of the intriguing
hints for lepton flavor universality violation, accumulated within recent years, as new physics
explanations could also be tested in the h — u™ = decay mode. Leptoquarks are prime candi-
dates to account for the flavor anomalies. In particular, they can provide the necessary chiral
enhancement (by a factor my/m,) to address a, with TeV scale new physics. In this letter
we point out that such explanations of a, also lead to enhanced effects in h — p*p~ and we
examine the correlations between h — ptp~ and a, within leptoquark models. We find that
the effect in the branching ratio of h — p*u~ ranges from several percent up to a factor three, if
one aims at accounting for a, at the 2 level. Hence, the new ATLAS and CMS measurements
already provide important constraints on the parameter space, rule out specific a,, explanations
and will be very important to test the flavor anomalies in the future.

7.1 Introduction

The Large Hadron Collider (LHC) at CERN confirmed the predictions of the Standard Model
(SM) of particle physics by discovering the Brout-Englert-Higgs boson [42}426] in 2012. How-
ever, until now, high energy searches did not discover any particles beyond the ones present
in the SM. Therefore, great hopes of finding new physics (NP) rest on low energy pre-
cision physics where flavor experiments have accumulated intriguing hints for physics be-
yond the SM within the recent years, most prominently in b — s¢t¢~ data [78,/79,374],
b — crv transitions [104,(109,/111] and the anomalous magnetic moment (AMM) of the muon
(ay = (9 —2),/2) |55,123|. Interestingly, these hints for NP fall into a common pattern: they
can be considered as signs of lepton flavor universality violation (LFUV) E], which is respected
by the SM gauge interactions and is only broken by the Higgs Yukawa couplings.

Among these anomalies, a, = (¢ — 2),/2, which displays a 3.7¢ deviation from the SM
prediction [124], is most closely related to Higgs interactions as it is a chirality changing observ-

Z5Recently, it has been pointed out that also the Cabibbo Angle Anomaly can be interpreted as a sign of
LFUV [427,428].
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Figure 7.1: Sample Feynman diagrams which contribute to h — p™u~ (top) and the AMM of the
muon (bottom). In addition, we have to include the diagrams where the Higgs and photon couple to the
LQ, as well as self-energy diagrams.

able. Le. it involves a chirality flip and therefore a violation of SU(2)y, is required to obtain a
non-zero contribution. Furthermore, the required NP effect to explain a, is of the order of the
electroweak (EW) SM contribution and TeV scale solutions need an enhancement mechanism,
called chiral enhancement, to be able to account for the deviation (see e.g. Ref. [286] for a
recent discussion). Obviously, also h — p*pu™ is a chirality changing process and any enhanced
effect in a, should also result in an enhanced effect here @ Recently, both ATLAS and CMS
measured h — ptp~, finding a signal strength w.r.t. the SM expectation of 1.2 £ 0.6 [433] and
11970357016 [434], respectively.

The mechanism of chiral enhancement, necessary to explain a,, has been well studied (see
Ref. [286] for a recent account). Here leptoquarks (LQs) are particularly interesting since they
can give rise to an enhancement factor of m;/m, ~ 1700 [48,238,241, 243, 277286, 309314,
368,375,379[3804435], allowing for a TeV scale explanation with perturbative couplings that are
not in conflict with direct LHC searches. In fact, there are only two LQs, out of the 10 possible
representations [147], that can yield this enhancement: the scalar LQ SU(2)r, singlet (S7) and
the scalar LQ SU(2)r, doublet (S2) with hypercharge —2/3 and —7/3, respectively. In addition,
there is the possibility that S; mixes with the SU(2)p, triplet LQ Ss, where S; only couples to
right-handed fermions [314].

Furthermore, LQs are also well motivated by the hints for LFUV in semi-leptonic B decays,
both in b — su™p~ [78,79,374] and b — crv data [104,109,/111], which deviate from the SM
with up to ~ 6 0 [97,98,100,209] and ~ 3¢ [119-122}315], respectively. Here possible solutions
include again Sy [47.[17611212.232,233,235, 236, 238-242}[244-247|249|[2501287,[311], So [234},235),
309,1319-325] and S3 [173,/175-177,180,:317,:332,[333], where S; and S35 together can provide a
common explanation of the B anomalies and the AMM of the muon [48,/176,[243.|326}327]. We
take this as a motivation to study these correlations for the LQs which can generate m;/m,,
enhanced effects by considering three scenarios: 1) Sy only, 2) Sy only, 3) S1 + S5 where S; only
couples to right-handed fermions. Note that these are the only scenarios which can give rise to
the desired m;/m,, enhanced effect.

7.2 Setup and Observables

The most precise measurement of the anomalous magnetic moment (AMM) of the muon (a, =
(9 — 2),/2) has been achieved by the E821 experiment at Brookhaven [55,[123], which differs
from the SM prediction by

day, = a® — ap = (279 £ 76) x 1071, (7.1)

*$Correlations between a, and h — p*u~ were considered in the EFT in Ref. [251] and in the context of
vector-like leptons (see Ref. [429] for a recent global analysis) in Ref. [286}/430432].
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Gsm Ly

2 R ~c L Ncs i
S (3,1,—3> (M a5t + M, QfimaLy ) ST+ he.

7 _ . =
So <3, 2, 3) ’y]}c%jL UfszTZTng + 7ij Qpl;S2 + h.c.

2 =
Ss (3,3,—3) K i Q;ZTQ (7"53)T Lj + h.c.

Table 7.1: Scalar LQ representations together with their couplings to quarks and leptons, generating
the desired m;/m,, enhanced effect in the AMM of the muon. Here Ggn refers to the SM gauge group
SU(3)exSU(2), xU(1)y, L (Q) is the lepton (quark) SU(2)r, doublet, u (£) the up-type quark (lepton)
singlet and ¢ refers to charge conjugation. Furthermore, j and f are flavor indices and 7 the Pauli
matrices.

corresponding to a 3.7 ¢ deviation [124]@ Therefore, it is very interesting to investigate if and
how this discrepancy can be explained by physics beyond the SM@

As we motivated in the introduction, we will focus on the three scalar LQs S, So and S3 for
explaing a,. These representations couple to fermions as given in Table 7.1F°| Since we are in
the following only interested in muon couplings to third generation quarks, we define A\ = )\3R2,
AL =N, ViR = V5 YR = V8% £ = K.

In addition to the gauge interactions, which are determined by the representation under the
SM gauge group, LQ can couple to the SM Higgs [335]

Ly =YisS| (H' (- 85) H) + hee. (7.2)

3
— YQQ(HiTQSQ)T (HiteS2) — Z(m% + YkHTH)S;LSk
k=1

Here m3 are the SU(2)y, invariant bi-linear masses of the LQs. After SU(2)y, breaking, the term
Y13 generates off-diagonal elements in the L() mass matrices and one has to diagonalize them
through unitary transformations in order to arrive at the physical basis. Therefore, non-zero
values of Y13 are necessary to generate m;/m,, enhanced effects in scenario 3). Y7 and Y5 99 are
phenomenologically relevant for h — utu™ in scenario 1) and 2), respectively, but not necessary
for an m¢/m,, enhancement.

2TThis result is based on Refs. [128}1304|133}135,/139}/142144L303,3044/3064/436/-1444]. The recent lattice result
of the Budapest-Marseilles-Wuppertal collaboration (BMWec) for the hadronic vacuum polarization (HVP) [302]
on the other hand is not included. This result would render the SM prediction of a, compatible with experiment.
However, the BMWec results are in tension with the HVP determined from e*e~ — hadrons data [130}/133,
135},/303,/304,|306]. Furthermore, the HVP also enters the global EW fit [307], whose (indirect) determination is
below the BMWec result [308]. Therefore, the BMWc determination of the HVP would increase tension in EW
fit [445,446] and we opted for using the community consensus of Ref. [124].

**Recently, also a discrepancy of ~ 2.5 in the AMM of the electron has been observed [125)/447H450], which
has interestingly opposite sign than in the muon case. While this discrepancy cannot be explained by a single LQ
representation or generation [286,/435], multiple LQs could account for both anomalies since the contributions
have a free phase. Note that our conclusions for the correlation between a, and h — u*pu~ are independent of
Ge.
2Note that “pure” LQs with couplings only to one quark and one lepton do not give rise to proton decays at
any perturbative order. In order to generate such an effect, di-quark couplings would be necessary, which can
however be avoided (again at any order in perturbation theory) by assigning baryon and/or lepton number to
the LQs.

116



Setup and Observables

S
F - | da, (10) 1.00F
) I8 (0] cERRRRRRRRRERREERRREERE 1o o SRR 1
t 0 da, (20)
t 0.98
108 """ """ — Y=
Z 1 2
= — Y=0 = 0.96
|
S 3
£} — Y=-1 K
1 1 0.94
= -=-= FCC—hh sensitivity =~ =
— =
Mm m
— FCC-ce sensitivity 0.92) oo A -~ - - -~ -
--- HL-LHC sensitivity (0 X 10 ERRRERRRRRTRRFR ONURRNN | T J

0 100 200 300 400 500 ... ILC sensitivity 0 100 200 300 400 500
da, x 10! da, x 10"

Figure 7.2: Correlations between the Br[h — ptu~], normalized to its SM value, and the NP
contribution in the AMM of the muon da, for scenario 1) (left) and scenario 2) (right) with mq o =
1.5 TeV. The predictions for different values of the LQ couplings to the Higgs are shown, where for
scenario 1) Y = Y7 while in scenario 2) Y = Y5 + Y35, Even though the current ATLAS and CMS results
are not yet constraining for these models, sizeable effects are predicted, which can be tested at future
colliders. Furthermore, scenario 1) yields a constructive effect in h — pu+ =~ while the one in scenario 2)
is destructive such that they can be clearly distinguished with increasing experimental precision.

Now we can calculate the effects in a,, and h — ptp~ mfor which sample diagrams are shown
in Fig. In both cases we have on-shell kinematics. For a, the self-energies can simply be
taken into account via the Lehmann-Symanzik-Zimmermann formalism and no renormalization
is necessary. This is however required for A — p ™ in order to express the result in terms of
the physical muon mass. Here, the effective Yukawa coupling, which enters h — ;ﬁi, is given

by Y:H = M +Aﬁﬁ, where ALR is the genuine vertex correction shown in Fig and ELR
is the chirahty changing part of the muon self-energy. In these conventions —ZELRPR equals
the expression of the Feynman diagram for the self-energy. Note that Ylfﬁ is finite without
introducing a counter-term. For a, we expand in the muon mass and external momenta up to
the first non-vanishing order, while in A — p*pu~ external momenta can be set to zero from
the outset but we expand in m3 / m%,m. The resulting amplitudes can be further simplified by
expanding the LQ mixing matrices and mass eigenvalues in v?/ m%72’3 and the loop functions in
m}% /m?2, which gives a very precise numerical approximation, resulting in

Br[h = pp] ~ ‘1 +— e N {)\R)\L (mt j(mh m?) +v2Y1> + 0P ARKY1s log {m5/m3) (3 /m7)

Brlh — pt i gy mu 872 mi \ 8 7 \mi m? mg — mi

* m2 m2 m2
+ILRTEL (tj<§, t) +02(Ya + Y22)> ]
8 )

2
my t 2

(7.
my, Nemy ’yLR’yRL m2 )\ 2 v2 m% m%
~ —b Y ks Ul
5a# 2 19 Re [ m2 &1 <m2 ml )\ng 1 + KY13 35 mg, mg ,
(7.4)

30Correlations between the related modes 7 — py and h — T were studied in Refs. [4511453] in the context
of LQs

2

)
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Figure 7.3: Correlations between the NP contribution to the AMM of the muon (da,) and Br{h —
uTp7], normalized to its SM value in scenario 3). This correlation depends to a good approximation
only on the ratio mj/ms. As the effect is symmetric in m; and mg, we fix one mass to 1.5 TeV and
obtain the dark-blue band by varying the other mass between 1.5 TeV and 3 TeV. The effect in h — p*pu~
within the preferred region for a,, is necessarily constructive and so large that an explanation is already
constrained by the ATLAS and CMS measurements of h — p*pu~.

with the loop functions given by

T (@y) =2 (z — 4)log(y) — 8 + %; , (7.5)

E1(x) =1+4log(x), E(x)=T+4log(x),
4log(z (7.6)
E3(w,y) = Ealy) + 2loglz) :
z—1

We only considered the m; enhanced effects and neglected small CKM rotations, which in
principle appear after EW symmetry breaking. As anticipated, in Eq. (7.4 one can see that
scenario 3) only contributes if Yi3 is non-zero. Furthermore, since in this scenario a, has a
relative suppression of v2/ mig with respect to h — pp~, one expects here the largest effects
in Higgs decays. In principle also Y7, Yo and Y29 enter in Eq. (7.4). However, their effect is
sub-leading as it is suppressed by v?/ m%Q.

7.3 Phenomenology

Let us now study the correlations between a,, and h — p*p~ in our three scenarios with my-
enhanced contributions. First, we consider scenario 1) and 2) where S; and Sy give separately
rise to my-enhanced effects in a, and h — p*p~. Since both processes involve the same product
of couplings to SM fermions, the correlation depends only weakly via a logarithm on m?/ m%’Q.
However, there is a dependence on Y7 and Y29+ Y5 which breaks the direct correlation but cannot
change the sign of the effect for order one couplings. This can be seen in Fig. where the
correlations are depicted for m; o = 1.5 TeV, respecting LHC bounds . The predicted
effect is not large enough such that the current ATLAS and CMS measurements are sensitive
to it. However, note that it is still sizeable due to the m; enhancement and therefore detectable
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at future colliders where the ILC [407], the HL-LHC [457], the FCC-ee [357], CEPC [423] or
the FCC-hh [424] aim at a precision of approximately 10%, 8%, 6% and below 1%, respectively.
Furthermore, the effect in Br[h — p*p~] in scenario 1) is necessarily constructive while in
scenario 2) it is destructive, such that in the future a L(Q explanation of a, by S; could be
clearly distinguished from the one involving Ss.

In scenario 3), where S; only couples to right-handed fermions, the effect in Br[h — pu*pu~]
is even more pronounced due to the relative suppression of the contribution to a, by v?/ m%g,
see Eq. (7.4). Furthermore, in this case the correlation between a, and h — p*p~ depends
to a good approximation only on the ratio mj/ms. As the effect is symmetric in m; and mg
we fix one mass to 1.5 TeV and obtain the band shown in Fig. by varying the other mass
between 1.5 and 3 TeV. The effect in h — ™y~ within the preferred region for a,, is necessarily
constructive and large enough that an explanation of the central value of a,, is already disfavored
by the ATLAS and CMS measurements of h — pu* . Clearly, with more data the LHC will
be able to support (disprove) this scenario if it finds a (no) significant enhancement of the
h — ptp~ decay, assuming da,, is confirmed. This scenario also leads to sizeable effects in
Zup [314] which are compatible with LEP data [353], but could be observed at the ILC [407],
CLIC [408| or the FCC-ee [357].

7.4 Conclusions

LQs are prime candidates for an explanation of the intriguing hints of LFUV. As LFUV within
the SM only originates from the Higgs, chirality changing observables as the AMM of the
muon and, of course, h — p*Tpu~ are especially interesting. In particular, there are three
possible LQ scenarios which can address the discrepancy in the AMM of the muon by an
m¢/m,, enhancement. This also leads to enhanced corrections in h — p* ™, which involve the
same coupling structure as the a, contribution. This leads to interesting correlations between
a, and h — ptp~, which we study in light of the recent ALTAS and CMS measurements.

We find that scenario 3), in which S; only couples to right-handed fermions and mixes after
EW symmetry breaking with S3, predicts large constructive effects in h — ™~ such that the
current ATLAS and CMS measurements are already excluding part of the parameter space. In
case day, is solely explained by Si or S the effect in Br[h — p*p7] is of the order of several
percent and therefore detectable at future colliders, in particular at the FCC-hh. Furthermore,
while the S; scenario predicts constructive interference in h — p*p~ for the currently preferred
range of a,, the Sy scenario predicts destructive interference such that they can be clearly
distinguished in the future.

Therefore, if the forthcoming measurements of a, by the Fermilab experiment [145] and
the independent (approved) experiment at J-PARC [146] confirm the a, anomaly, this will
strengthen the case for LQs and further enhance the importance of precision measurements
of h — ptp~. Furthermore, note that any model with a chirally enhanced effect in a, also
generates an enhanced effects in h — pu~ (similar to the LQ models studied here) making
the correlation among these observables particularly interesting.

Acknowledgements — Acknowledgements — A.C. thanks Martin Hoferichter for useful discus-
sions. The work of A.C. and D.M. supported by a Professorship Grant (PP0O0P2_176884) of the
Swiss National Science Foundation and the one of F.S. by the Swiss National Science Foundation grant
200020_175449/1.

119






Chapter 8

Scalar Leptoquarks in Leptonic
Processes

published in
JHEP 02 (2021) 182

arXiv: 2010.06593 [hep-ph]

121



Scalar Leptoquarks in Leptonic Processes

Scalar Leptoquarks in Leptonic Processes

Andreas Crivellin
Paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland
CERN Theory Division, CH-1211 Geneva 23, Switzerland
Physik-Institut, Universitat Zirich, Winterthurerstrasse 190, CH-8057 Ziirich, Switzerland

Christoph Greub
Albert Einstein Center for Fundamental Physics, Institute for Theoretical Physics, University
of Bern, CH-3012 Bern, Switzerland

Dario Miiller
Paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland
Physik-Institut, Universitdt Zirich, Winterthurerstrasse 190, CH-8057 Ziirich, Switzerland

Francesco Saturnino
Albert Einstein Center for Fundamental Physics, Institute for Theoretical Physics, University
of Bern, CH-3012 Bern, Switzerland

Leptoquarks are hypothetical new particles, which couple quarks directly to leptons. They
experienced a renaissance in recent years as they are prime candidates to explain the so-called
flavor anomalies, i.e. the deviations between the Standard Model predictions and measurements
in b — s¢T¢~ and b — cTv processes and in the anomalous magnetic moment of the muon. At
the one-loop level these particles unavoidably generate effects in the purely leptonic processes
like Z — Y0, Z — v, W — v and h — £7/~ and can even generate non-zero rates for lepton
flavor violating processes such as £ — 'y, Z — £Y¢'~, h — £*¢'~ and ¢ — 3¢'. In this article
we calculate these processes for all five representations of scalar Leptoquarks. We include their
most general interaction terms with the Standard Model Higgs boson, which leads to Leptoquark
mixing after the former acquires a vacuum expectation value. In our phenomenological analysis
we investigate the effects in modified lepton couplings to electroweak gauge bosons, we study the
correlations of the anomalous magnetic moment of the muon with h — p*p~ and Z — putpu~
as well as the interplay between different lepton flavor violating decays.

8.1 Introduction

Leptoquarks (LQs) are particles with an interaction vertex connecting leptons with quarks.
These particles are predicted by Grand Unified Theories [178,370-372] and were systematically
classified for the first time in Ref. [147] into ten possible representations under the Standard
Model (SM) gauge group (five representations of scalar particles and five representations of
vector particles). Their tree-level effects in low energy precision and flavor observables were
studied comprehensively in Ref. [27§]. After the disappearance of the HERA excess [458]459],
which could have been interpreted as a LQ, the interest in LQs decreased until in recent years
they experienced a renaissance due to the emergence of the flavor anomalies.

These flavor anomalies are hints for lepton flavor universality (LFU) violating NP in
R(D™) 104,105, 1091112, b — stte— [78,79,183,184,1373,374] and in the anomalous mag-
netic moment (AMM) of the muon (a,) [123], with a significance of > 3¢ [103}|119-122],
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2 1R -~ 1L Hc; T
| (31,3 ()\fj @505+ AL Qmej) of +h.c.
- 8 -
&, (3, 1, —3) AL ds0;0] + hec.

7 _
P, (3, 2, 3) )\ZRL Uf‘l) Z7'2Lj + )\%?R foj@g + h.c.
- 1 .
i3 <3, 2, 3) A% dy®LirL; + h.c.

2 _
Py <3,3,—3> )\?Cj Q;iTQ (1 - @3)T L;+h.c.

Table 8.1: The five different possible scalar representations of LQs under the SM gauge group and
their couplings to quarks and leptons. Note that in our conventions all LQs are SU(3). triplets. The
superscript T refers to transposition in SU(2), space, ¢ to charge conjugation and 7 to the Pauli matrices.
We did not include LQ couplings to two quarks, which are possible for some representations and which
would lead to proton decays. Note that such couplings can always be avoided by assigning quark or
lepton number to the SM fermions and to the LQs.

> 50 .,..—. and > 30 l respectlvelylﬂ In this context, it has been shown
that LQs can explain b — s~ data !|_|7 81/149/[1511[153,[156,[171177.[180,[184,)213}253,/317,
318,1332,[333,1361,1369,1375,376,461], R(D™)) [45,47,/48,[149,/151-153,[155,[171H173}/175/177,[180,
184/[2111-213,[232/[233,[236/238 1247 |249 |250|,|287|, 309,311}317,318,/32011327,[369,[375378] and /or
a,, [48][238|[241][243, [277}-286,[309} 1314 368, [369,[375] 379} 380} 435,461} 462], which makes them
prime candidates for extending the SM with new particles.

Therefore, the search for LQ effects in observables other than the flavor anomalies is very well
motivated. Complementary to direct LHC searches [274,363}1367,:381388|, oblique electroweak
(EW) parameters and Higgs couplings to gauge bosons can be used to test LQs indirectly
, as studied recently in detail in Ref. . In this article we focus on the purely
leptonic processes £ — Oy, ag, Z — (0~ Z — v, W — lv, h — 070~ ¢ — 3¢ and
¢ — l'vu. The correlations between h — 7 and 7 — py were studied in Refs. ,
between Z — ptp~ and a, in Ref. and between Z and W decays in Ref. . While in
the references above no LQ mixing, induced via couplings to the SM Higgs, was considered, this
has been done for a,, in Ref. and for the case of the singlet-triplet model in Refs. [369,/404].
However, a complete calculation of leptonic processes with scalar LQs, including all possible
interaction terms with the SM Higgs, is still missing. This is the purpose of this article.

In the next section we define our conventions before we discuss the self-energies, masses and
the renormalization in Sec. We then present the analytic results of LQ-induced effects in
leptonic amplitudes in Sec. In Sec. we perform our phenomenological analysis, followed
by the conclusions. The Appendix contains further helpful results, in particular the generic
expressions with exact diagonalization of the L(Q mixing matrices.

3 Also the (apparent) deficit in first row CKM unitarity can be interpreted as a sign of LFU violation [427

Az
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8.2 Setup and Conventions

As outlined in the introduction, LQs are prime candidates to explain the accumulated anomalies
in semi-leptonic B meson decays. Since vector LQs, as any massive vector particle, are not
renormalizable without a Higgs mechanism, and since we are interested in loop processes, we
will study only scalar LQs in the following.

The five different representations of scalar LQs transform under the SM gauge group
gSM = SU(?))C X SU(Z)L X U(l)y (8.1)

as given in Tab. Note that we have two singlets under SU(2);, (®; and ®;), two doublets
(@3 and ®5) and one triplet ®3. The fermion fields Q) and L are (charge-conjugated) quark
and lepton SU(2);, doublets, while u(®), d(®) and ¢ are the corresponding SU(2);, singlets of
up-quarks, down-quarks and charged leptons, respectively. The indices f and j refer to flavor
and 7 are the Pauli matrices, for which we use the convention

ﬁ:(g ;), 72:(3 0) 73:(; _01). 52)

We defined the hypercharge Y such that the electromagnetic charge is given by
1
Q= §Y + 1713, (8.3)
with T3 representing the third component of the weak isospin (£1/2 for SU(2);, doublets and

1,0,—1 for the SU(2), triplet). According to this relation, LQs can be decomposed into the
electromagnetic charge eigenstates as

o= o, 3, 8.4a)
&= o, (8.4b)
o, = <$§;2> , (8.4¢)
e () o
TPz = (\/(;i;—/j/g ﬁ?ii) ; (8.4e)

where the superscripts refer to the electric charge.

The LQs couple according to their representation under the SM gauge group to gauge bosons,
introduced for the first time in Ref. [463], where we use the following definition for the covariant
derivative

Y , - Aa g
5 Bu— ig2TiWi — igs - G) ® . (8.5)

D,® = (0, — i 5

Here, B,, is the U(1)y gauge boson, W, the one of SU(2)r and G, of SU(3). with the couplings
g1, g2 and gs, respectively. The index k runs from 1 to 3, a from 1 to 8. T} are the generators
of SU(2) and A, are the well-known Gell-Mann matrices. For SU(2), singlets we have T}, = 0,
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Figure 8.1: Feynman diagrams depicting the LQ-Higgs interactions induced by the terms in the first
two lines of Eq. (8.7). If the physical Higgs h is replaced by its vev, mixing among the LQ representations
is generated.

for doublets we have T}, = 7,/2 with the Pauli matrices from Eq. (8.2) while the SU(2), triplet
®3 is in the adjoint representation of SU(2). We use

00 0 0 0 i 0 —i 0
=10 0 —il, w=|0 0 0f, Ts=[i 0 of, (8.6)
0 i 0 —i 0 0 0 0 0

where @3 is defined according to Eq. (8.4¢]).

8.2.1 Leptoquark-Higgs Interactions and Electroweak Symmetry Breaking

In addition to their couplings to fermions and the gauge interactions, LQs can couple to the
SM-like Higgs doublet H (with hypercharge +1) via the Lagrangian [335]

Loo = (—Ag) (BYH) @1 + Agy (B (7 - @3) H) + Yop (9} H) (Hir D)
+Yyq (Hira (7 - y)f H)®y + Yis(H (- @3) H)@J{ + h.c.)

— Y22 (H’L'qu)g) (HiTQ(I)Q)T — YQQ (HiTQi)Q) (H’L'TQéQ)T (87)
- i3§3€1JKHTT1H‘I);K‘I)3,J
3 2
N (mi+viHTH)® 0, — Y (M} + Y HTH)®[ &y .
k=1 k=1

Here m% and ’I’h% represent the SU(2)y invariant mass terms of the LQs before EW symmetry
breaking and ek is the three-dimensional Levi-Civita tensor with €193 = 1. For simplicity, we
omitted the color indices, which are always contracted among the LQs. Note that A5, and As,
have mass dimension one, while the Y couplings are dimensionles@ The LQ-Higgs interactions
depicted in Fig. lead to mixing among the LQ representations after EW symmetry breaking.

32We did not include terms with three or four LQ fields since they do not contribute at the one-loop level to
the observables computed in this article.
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Once the Higgs acquires its vacuum expectation value (vev) v ~ 174 GeV, this generates
the mass matrices

LiP=->" o M%, (8.8)
Q

in the weak basis, with Q = {-1/3,2/3,—4/3,5/3} and

m% + %Y ’UA;1 U2Y13
M3 = vAs, m3 + v?Ys VA5, , (8.9a)
v2YY vAj, m3 + v*Y3
m3 + v2Ys v? Y5 0
M= | 2V md+0?(Yag + Y5) —V20 A5 : (8.9b)
0 —ﬂvA’ég m3 + v* (Y3 + Ya3)
72 2 2V *
_ + v°Y; V202Y%
M= (T 31 , 8.9¢
V2RYgr  mi A+ v? (Vs — Vi) (8.9
MO = m3 4+ 0% (Yaz + Y2) (8.9d)

where the eigenstates of the electric charge

—1/3
o
o =80, (8.10a)
—-1/3
oY
2/3
!
Dyy= | 977, (8.10D)
2/3
oY
(i)_4/3
(1)74/3 = ((1)1_4/3> ) (8.10C)
3
B3 = 0)° (8.10d)

are assembled from the LQ field components of Eq. (8.4)).

To work in the physical basis with mass eigenstates, in which the amplitudes are calculated,
we need to diagonalize the mass matrices in Eq. (8.9). This can be achieved by a unitary
transformation

MO = WOMOWeT (8.11)
such that M@ is diagonal. This means that the interaction eigenstates in (8.10)) are written as
W9, = o9, (8.12)

where &% are the mass eigenstates. The analytic expressions for the diagonalization matrices
W—1/3 and W2/3 are very lengthy or must be computed numerically. Therefore, we diagonalize
the mass matrices perturbatively up to O(v?/ m%Q), where m are the SU(2),, invariant mass
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terms of the LQs. The analytic expressions for the perturbative W read

|l v, 2(Via(md—) +A3 Az)
/ _Q(mz—mgﬁ , IAm‘Q—VhQ 2 (m%—mg)lgm?—mg)
-1/3 —vAs 22 5 5 —vA;
WA T 1= (2 + ) 23 :
—v? (Yi5(m3—m3)+A5, A% ) vAZ. 1_ _V2lAg?
(m3—m2)(mZ—m2) m3—m3 2(m2—m2)?
(8.13a)
2)/~
1 S 0
R m%;\mg 2 V2
—v°Y As. —V2vAs5.
LS = = = (8.15b)
0 ﬁvAga 1 v?|As)?
1 \/EUQYB*I
W | Sty mi—ms | (8.13¢)
I —mi 1
Then the physical LQ masses are
2 A, |2 As. |2 As. |2
(Ma—l/3) ~ (m%—FUQ(Yi— ~’2 31 2>’ m%—i—UQ(Yg—l— ~’2 51l S+ ~|2 53] 2>7
2
2 2 | Az >
Ya— 8.14
m3+v<3 7T — m3 a, (8.14a)
2 2| As,|?
2/3\% (.22 =2 2(y v 3
(Ma/ ) ~ <m2+11 Y27 m2+1) <Y22+Y2+M>,
2| Asq|?
m§+02<y3+ 1/33—”1’225;"12)) : (8.14b)
2—m3/ /).
M) & (2 + 025, md 402 (Ys — Ve 8.14
a ~ (M +vYg, my o (Ys = V) ) (8.14c)
2
(M5/3> ~ m% + v? (YQQ + Yg) , (8.14d)

keeping terms up to order v2. The index a runs from 1 to 3 for Q@ = —1/3 and Q = 2/3 and
from 1 to 2 for @ = —4/3, respectively.

8.2.2 Leptoquark-Fermion Couplings

EW symmetry breaking also leads to non-diagonal quark mass matrices in the weak basis,
originating from the SM Yukawa couplings. Note that we can work in the basis with a diagonal
lepton Yukawa coupling in the approximation of massless neutrinos. We therefore apply the
following unitary rotation matrices on the left-handed quark fields

uL—>UuL uy, , dL—>UdL dL, (8.15)

while the right-handed rotations can be absorbed by a redefinition of the LQ-quark-lepton
couplings and are therefore unphysical. We now choose to work in the so-called down basis such
that

Uit =Vij, Ul =6y, (8.16)
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with V;; being the CKM matrix. This means that CKM elements only appear in couplings
involving up-type quarks.
We now decompose the LQ-fermion interactions in Tab. into their SU(2)r components
and write them in terms of mass eigenstates
Lo = [a5(TF wit, PR+ rh ait, PL) +rdc“ dsPLv; +T f*DJPRd] ~1/3t
+ [di (D3 Pr+ T4 Po)t; + Ty v Prus + Tt i Prvy] 92/

. C(Fdn;g Pr +FchZ PL))b; 4% 4 [,(TR , P+ Tk, )] 69/ (8.17)
+hee
with
me =M Tl = Vi (P = N, wg' ),
r{j;g]* = Wt Tk = (WL )
e = MR g = Awa™, (8.18)
Tl = VRV AL W™, The = —2REw™,
RO R L
FRV = VyAZLR L, = \2AL.

Note that the index a runs from 1 to 3 for @ = —1/3 and @ = 2/3, while for Q@ = —4/3 only
from 1 to 2. Due to our choice of basis, the CKM matrix appears in all couplings involving left-
handed up-type quarks. Similarly, also the PMNS matrix would enter in all couplings involving
neutrinos in case they were taken to be massive. However, all processes that we are interested
in can be calculated for massless neutrinos such that the PMNS matrix drops out. Nonetheless,
we will return to the PMNS matrix in the next section when we discuss possible contributions
to Majorana mass terms and the renormalization of the W /v vertex.

8.2.3 Leptoquark-Higgs Couplings

Let us finally consider the couplings of the SM Higgs to LQs. The interaction terms are also
affected by the LQ rotations induced by EW symmetry breaking. Again, we express Eq. (8.7)
in terms of mass eigenstates as

S A X VEAR TS vl Y ICRT SO aig ¥ ST
_I3BRHO/B3TH/3 — A(llé3h2(i);1/3T(i);1/3 _ Ail/)3h2(i)§/3]“(i)§/3 (8.19)
. Aié3h2<f>c‘4/3T<i>;4/3 _ A5/3h2<i>5/37<1c>5/3,

Lue =

with h as the physical Higgs field, a,b = {1,2,3} and ¢,d = {1,2}. The couplings are defined
as

f\l/3 — W—1/3F1/3w—1/3T 7 Al/?) — W—1/3A1/3w—1/3T 7

[2/3 _ yr2/3r2/3y2/31 A28 = WA N2/By2/3T

[4/3 — w4343y —4/31 AY3 — AR /BT (8.20)
1

F5/3 \/>1)(Y22 + Yz) A5/3 = §(Y22 + Yg) ,
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where the T'? and A9 matrices read

1 2’UY1 A;l 2’UY13 1 Yl 0 Y13
V3 =—| A3 20Y; Asy A= 0 Y5 0 (8.21a)
V2 20Y5 AL 20Y3 Y5 0 Y3
1 2’[)Y2 2’[}Y2§ 1 Y2 YQQ 0
r2/3 — 75| 2 2(V;+ Yss)  —V24s, NP =Yg Vi Y 0
0 —V245,  20(Y3+ Ya) 0 0 Y3 + Y33
(8.21b)
1 [ 20Y; Y% 1(Y; Y
s L i 31 A3 = Z 71 31 ) 8.21c
ﬂ (21}1/31 QU(Yg — )/33) 2 )/31 YE% - YE%S ( )

The expanded expressions for I'@ and A€ are given in the Appendix

8.3 Self-Energies, Masses and Renormalization

Self-energies of SM fermions after SU(2), breaking are directly related to their masses and enter
the calculations of effective fermion-fermion-gauge-boson and fermion-fermion-Higgs couplings.
In this section, we will first calculate the self-energies, then discuss the issue of renormalization
and how the self-energies are included in the calculation of modified gauge-boson and Higgs
couplings.

First, let us define the mass and kinetic terms of the charged lepton and neutrino Lagrangian
in momentum space

£ = 550y (p—m) i+ vgpvi — m;yfyz). (8.22)

We allowed for the possibility of Majorana mass terms for the neutrinos, which can be generated
via LQs. We then moved to the physical basis in which all mass matrices are diagonal, such
that the CKM matrix V (the PMNS matrix V) appears in the Wud (W {v) vertex. Considering
only the leptonic part, we have explicitly

Ly = %Vﬂ?ﬂ%W; . (8.23)

We define the self-energies of charged leptons as follows

; Ly .
— —ixh (?), 8.24
; - o) (8:20
and decompose %4, (p?) as
S50 = p(SHEE 0 P+ SR Pr) + S0 P+ SER Y PR, (8.25)

and similarly for neutrinos, where only the LL self-energy exists, but a possible contribution to
the neutrino mass term arises.

We now expand Z?‘?B (p?) with A, B = {L, R} in terms of p?/ m%Q, where m represents the
LQ mass. Only the leading terms in this expansion (i.e. the ones independent of p?) are UV
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Figure 8.2: One-loop self-energy diagrams generating Majorana-like neutrino masses. On the left-
hand side, we have a down-type quark in the loop. In the case of up-type quarks, the leading contribution
only occurs at O(v?).

divergent and non-decoupling. Furthermore, they are the only relevant ones in the calculation
of Ztl, Zvv, Wiy and hll vertices to be discussed later. The terms linear in p?/m? are only
necessary to calculate £ — ¢'~y. However, as they are finite and do not affect the renormalization
of any parameter, they can be included in the calculation of £ — ¢~y in a straightforward way

and we do not give the explicit results here. The ones for Ef;;’ AB = Zf;;’ AB (0) are given in the

Appendix 8.7.1]

8.3.1 Neutrino Masses

The contribution to the Majorana mass term of the neutrinos can be calculated by considering
the vfv; two-point function. We have generically

L L Lx 1Lx
vLQ _ _mquC(FQkViFQij + FQijFQkVi)I <L2 mgk) (8.26)
Mg 1672 ASVEASVEVA '

where we neglected the external momenta. An implicit sum over all internal quarks u, d, u¢ and
d¢ as well as over their flavors and the corresponding LQs is understood. The loop function Zy
is given in the Appendix [8.7.1]

After summation one can expand this expression in terms of v/mrq. In this way, one
recovers the two diagrams shown in Fig. and finds

2
vLQ  Md Nev 1LY2 4. 1L% Y 2% g% my
Mgy~ ~ ﬁzmg <(/\ki Ak Azy + N AL AS ) Ha (Fn%)

2
332 4. Bx 3 2% g m3 3 /m?
+ (ArirkiAss + AkjAk A23)H1<m§)> +O(magv?/m’) (8.27)

52 2

2RLY/%\3 A. N 2R Lx* 3% A* * ~ 9 2
My Nev® AL VigAriAasYos + A VieA 5 A5, Y5 M5 m3
) 2 Hy 2) Hy 2

T ms(ms —m3) ms ms

+O(my,v* /m?)

where the first two lines agree with Ref. [337], originating from down-type quark contributions.
The third line, generated by couplings to up-type quarks, was not given previously in the
literature. Note that for the latter, the leading contribution only appears at O(v?), see Fig. (8.2
while for down-type quarks already a v! term exists and higher orders in v do not generate new,
independent coupling structures. The loop function H; is given in the Appendix [8.7.2]
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8.3.2 Renormalization

With these expressions at hand, we can include the loop effects into the Lagrangian of Eq. (8.22))
to obtain

£ =15 (p(05; — SH Py — SR PR) — m{Vop — SR PR — S PL) 6

v(0) vLQ
+m
+ (855 — D i — %ufyi. (8.28)
The superscript (0) indicates the bare (unrenormalized) quantities. Now we have to make
the kinetic terms canonical again and render the mass matrices diagonal in order to arrive at
the physical basis. We start with the kinetic terms, which are made diagonal and correctly
normalized once the shifts

by — (5]% + Em) lir,, (8.29a)
lrr — <5fz + ;EERR) lir, (8.29b)
Ve — <5f1 + Z”LL) vi, (8.29¢)

have been applied. These shifts enter in all observables with external lepton fields, i.e. they
also lead to effects in gauge-boson couplings to leptons. Therefore, we include them in this way
in our calculations later on.

In addition, these field redefinitions affect the mass terms for charged leptons, which then
read [464]

Lfn — 7!7]‘, ( ( )5]% + ZZLL ( ) + mf( )EZRR + EELRP + ZZRLPL) Eiv (830)

and for neutrinos we have

1 v v
LZ@ _ _55; < v(0 )6]% + 2m (O)EVLL + EVLL* ( )+m LQ> Vi . (8.31)

These matrices can now be diagonalized as

ZL* ELL 0 KRR (LR 77(R ‘
(8.32)
0 L w(0)gwLL LL L
U.)I;/f (ml}g )6]”1" —+ im;,( )2;11-/ —+ 52?/ -7 *m /( ) =+ m;,ﬁ) UV = mV(SfZ,
with mf and m; being the physical masses. The unitary matrix UL is given by
EZL ZZLR
1 12 RS IEZLL LA % SeLL

¢L Rx* (LR

Ut = | EET Lyl 1 Egg +Ang | (8.33)
LLR* (L Rx
EES v (S _apmee

We used the lepton mass hierarchy to simplify U and the fact that the self-energies are
just corrections to a diagonal matrix to get an explicit expression. U? is simply obtained by
exchanging L and R.
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Figure 8.3: The vertex diagrams which contribute to ¢; — £;v. Depending on the electric charge of
the LQ, we have (charge-conjugated) up- or down-type quarks in the loop.

These unitary rotations (or at leading order the unit matrix plus anti-hermitian corrections)
do not have a physical effect in the sense that they cannot be measured in observables. In
fact, they correspond to unphysical rotations, in case of U or they can be absorbed by a
renormalization of the PMNS matrix, in case of U and U”. This can also be seen by applying
these rotations to gauge bosons vertices, where they drop out for the Z interaction terms and
only enter the W /v vertex in the combination

S Ly r(0) r v
Vf’L —_— U lf f/,L-/ U’L/’L ) (8.34)
where V on the left-hand side of the equation is identified with the PMNS matrix, see Eq. [8.23

Finally, let us consider the hé¢ vertex. Here we have
~ 1 1
—hl U ((5f,j + iE%L)Yf(O) (5ﬁ, + izﬁﬁ’%) + AﬁﬁR) USRPRe; (8.35)

where Yje(o) = mﬁ(o) /v and A%R represents the genuine vertex correction. Therefore, the ef-
fective Yukawa coupling measured in h — ¢+~ decays can be expressed in terms of the physical
lepton mass and E%R as follows

mdg; — TN

]fﬁ eff
A
v

AR, (8.36)

8.4 Calculation of the One-Loop Effects

In this section, we compute the amplitudes governing the various purely leptonic observables.
For this we take into account the Higgs-induced mixing among the different LQ representations.
We will consider amplitudes involving the following fields:

ey

Z00 and Zvv
Wiy

htl

4/

6. 202v

For our purpose, the gauge bosons and the Higgs can be both on- and off-shell while the
leptons are all on-shell. We set all lepton masses to zero, except for ¢; — (v, where we

AN
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expand up to the first non-vanishing order. In addition, we expanded the loop integrals in
mew/mLq, where mgw =~ v can denote myy, myz, my or my. Furthermore, we expanded the
mass eigenvalues of the LQs and the mixing matrices in v/my,q, while the results obtained with
exact diagonalization of the LQ) mass matrices are given in the Appendix. Note that we do not
include Higgs or gauge-boson self-energies in our calculations. Such effects are flavor universal,
drop out at leading order if branching ratios are considered and are already included in the
oblique parameters [389}390] as studied in Ref. |49].

8.4.1 £t~

In case of an on-shell photon, we define the effective Hamiltonian as

o0
Heg = CL.4,00.0, + C10,00, (8.37)
with
L(R) _ € n v
Off&' - 1672 [Efo-u PL(R)KZ] F;Ll/ . (838)

Note that we have CERf 0= Cész due to the hermiticity of the Hamiltonian.

The coefficients are induced by the diagrams in Fig. and for a single LQ representation
only are given by

Ne(me, AN E + me A AR

Ldy
Cgfg - 24m?
Nmt LR* m? v2Y; m?
12 2 )\3f ‘[3]{))\ 51 <m7%> - mi%éb(mi%) B (839&)
1%
Ldy _mfi)‘ijji
Cele,' “hom? (8.39D)
Ly —N, (méf )\QLR*)\ZZLR + my, )\2RL*)\2RL)
byt ™ 8m2
Nemy 2L Rs \2RL m; v* (Yoo + Vo) ., rm}
+ o Vi N eg(m—%) - 84(@) , (8.39¢)
Cf)j” ~0, (8.39d)
—Nemyg A3EN3,
L,®3 _, My i
Cole* ™ —8m§J : (8.39%)

where the quark index j runs from 1 to 3. We expanded the results up to the first non-vanishing
order in external momenta and masses. Note that the Wilson coefficients are composed by two
parts: a contribution which is proportional to my, , and a contribution proportional to the quark
mass, originating from a chirality flip on the internal quark line. The latter term appears only
if a LQ couples simultaneously to left- and right-handed up- or down-type quarks. E.g. for the
AMM of the muon this effect dominates in cases where we couple to third generation quarks,
i.e. generates a relative enhancement by a factor m¢/m, ~ 1600 or my/m,, ~ 40, respectively.
Therefore, these terms are the most important ones from the phenomenological point of view.
And for our results with m; and m; we also include the O(v?/ m%Q) terms, originating from the
Higgs-LQ interaction, while we only present the leading order effects for the my, , terms.
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Turning to the contributions with multiple LQ representations, i.e. the terms involving LQ
mixing, we also focus on the terms proportional to m;; and we find

—_N Ax 2 2
Cg{}zi% cmtv {Aé}?’*ng)\lﬂ 21| 55< t ml)

12m? 3 m3
Y; m2 m2 Asq A% m2 m?2 m2
1R*y 7% 3 13 t ey 23751 ey Ty Tk
| Nemg? [A LR*%YQZ P (mj mj) L MR (% mi)
12 i *\m2 m2 mi \m2 m2/ |

The involved loop functions are given explicitly in the Appendix and the general analytical
results in Appendix Note that we assumed the quarks of the first two generations to be
massless and that we integrated out the bottom and top quark together with the LQs. This
means that Eq. and Eq. should be understood to be at the low scale, such that
the mixing of the four-fermion operators into the magnetic one is already included, reproducing
the logarithms.

Considering ¢; — £;v* transitions with a momentum configuration @ = (pi—p f)2, we define
the amplitude

Al — Lpy*) = —eq® u(py, mys) £*(q) (5fi EkPp+ uszR> u(pi, my) . (8.41)

We first give the separate contributions of each L(Q representation

_ —N, )\iL* ik 7)\}[/ m2. v2Y; m?2 v2| As. |2 m2. m2
:JL%TCI)I% Nk VIR Y I <]_-1( uQJ) 1]_—2< 1;;)+ |~£211‘ ]_—3( 737~;)>, (8.42a)

28872m] mj m3 mj ms my g
1R+ 1R 2 m2 2
=R TS (fl(m“j) - szlH( 7))+ v An P Fa(T mf)) (8.42b)
T s\ ) e T gt )
S ONJBRL o omE 2y
oL S UMl il ) i\ _ i d
T 14472m2 (f“(mg) 2 fB( -~ )) (8.42¢)
2RLx\2RL 2 2
L% NeAjr i ™ (mu]> (Y +Y22)}_ (muj) (5.424)
_,fl 28872m2 m% m% 6 m% ) .

2 2 2
N, my,. v2(Ya + Ya2) ms,.
—R®y _ 2LR* 2LR u 2 22
ufl2,\,4 c %( TR Vi (f( 2])— 5 fﬁ( ;)),

288m2m ms ms ms
m2 9,2V m2
2LR+\2LR dj\ 4V T3 d;
— oNZER )2 (ﬁ( m%) = 7s( 2 ))) : (8.42e)
2 3, 2 2 m2
:LCD2 ~ N)\f)\ <f7(mdj)_ UQ(YQ_’_YVQQ)FAL(de)_'_ ’A 3|2 dj > 842f
fi 14472, 3 3 M3 s m3 " m3
m2 2 m2 2 2
—N, v2Ys v2| Asy| .
=L,®3 . Ui\ _ 3 23 g 3
=5 %8aem (A 7VirY; Ah@( g) m2 B(mg)+ - f3( md mg)>
m2 — m2
_413%13 AN *(Y3 — Ya3) d;
ANEEND, (a( mg) o 7s( mg) . (8.42¢)

If we include LQ Higgs interactions, we find a new structure originating from ®;-®3 mixing

. 2 2
= ch2)\§*}vjkv*>\h (Yw}- (mu], Tﬁ) N A21A23]__ (muj m? m3)>
i 28872 mi” O\ m2 ms m2 md’ i
N Mg VikViidis (Yis . o, miy | AggAf —omi, mi m3
7f10( )-l- ]:11( ) )

2 1 20 2 56 52 0 20 32
288 ms ms  m3 ms msz s 1m;

(8.43)
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Figure 8.4: Vertex diagrams which contribute to Z — é;@' and Z — vyv;. Note that in case of
mixing among LQs, the Z coupling, unlike the photon, can connect different representations with each
other.

at O(v?/mi,). The quark index j runs from 1 to 3 and the loop functions are given in the
Appendix Note that we again assumed that the quarks can be integrated out at the
same scale as the LQs. This means that the expressions should be understood to be at the
low scale and include the mixing of two-quark-two-lepton operators into four-fermion ones.
Therefore, in case the quark is lighter than the corresponding leptonic process, one has to insert
the scale of that process (rather than the quark mass) into the logarithms of the loop functions

in Appendix
8.4.2 Z/¢f and Zvv

We now compute the LQ effects on the Z — E;ﬂj and Z — v;v; amplitudes, depicted in

Fig. [8.4]

A(Z — 0765) = Lalpg, me )1 (a) (M0 (0®) P+ AR (a®) Pr) v(pime), (3.44a)
A(Z = vyi) = Cgf@,,fl,i(qQ)ﬂ(pf)ﬁ(q)PLv(pi) : (8.44b)

with £#(q) as the polarization vector of the Z boson and ¢* = (ps + p;)?. In addition, there
is an magnetic form factor for Z — ¢T¢~ [465]. However, we do not give the form factor of
this amplitude explicitly, since it does not interfere with the SM for my, = 0. We perform this
calculation for vanishing lepton masses and decompose the form factors as

L(R L(R A
Aef(zi)(QQ) = As1$/1 )(q2)5fz‘ + Z A%(R)Ji (%) + AL(R),fis (8.45a)
B
Ousvi (¢°) = ©sm(q®)d5i + Z @% (¢%) + 6. (8.45Db)
P

The A%)(R),fi(‘f) and @j{?i(qQ) contain the part with no LQ mixing, grouped into ® =

{®1, D, By, Dy, D3}, while the AL(R)JZ» and éfi contain the part induced by LQ mixing. In
our conventions, the tree-level SM couplings read

| 1
Afv =50 — 5 Ay =52, Osn =3 (8.46)

with s, (cw) being the sine (cosine) of the Weinberg angle. Beyond tree-level, also the SM
couplings receive momentum dependent corrections, which are included in the predictions for
EW observables that we study later in the phenomenological analysis.

In our calculation we only include contributions of O(m%y/ m%Q), i.e. effects from the top
quark, the Z mass as well as the ones induced by LQ mixing, while setting all other masses to
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zerd>| In case where the Z boson has a squared momentum ¢ we find

A () ~

2
my

2
q
1652, — 9
180m1 m? ( S )]
2 N)‘lL*ijVﬁ)‘lliL

q° 2 2 2 ¢
_ > {3 — 3im(4ss, — 3) — bsi, + 3(4ss, — 3) log(m%)] ,

— NN Var Vst [ (m?> ¢

352 — ) - 18 2 (11 — 1052 4+ 2(3 — 452) log(ﬁ))

86472
sty S22t i)
* 18((1)2 gj% (165, - 3)}
. 2 N;;E;A}ﬁqi [53 +12ims? — 1252 1og(§;)} ,
A;{%}ﬁ(cf) ~ 23:1 ]\;3),\;:;]17%% [ — 3171'3 —|-3S lOg(m2 )] )
=

AP ~ A;;:AQRL [Ho(nmé) - gqnj%(l + 752, + 452 log(ang))
q2
T 80m3 m (168 3)}

2 2RL* 2RL
_ Z NeAjf "N 0 [3 — 262 + 24ims? — 245 log(Q)]
17287r2 v 2

2
mj
NV MR NALR m2 2 m?
A®2 (g2~ ek / { T - L (6782 + (3 — 452) log (=%
P2(q?) = 3%2 0<m§) om %( Swt (3—4s )og(mg»
C (16 -9)]
180m2m
* )\QLR*VI)\QLR 2 2
+Z Jk1728772 m3 {3+28 ~ Gim(ds, = 3) + 6(4s, ﬁmg(%ﬂ

3 N)\2LR*)\2LR 2

B Z 17287r

s 2 2 ¢
- [3 Gim(2s;, — 3) — 8s7, + 6(2s%, — 3) 10%(771%)} ,

& —N. )\2 ) .
2 ~ -
Ar%i(q ES ;:1 17287r ) {3 8s2 — 12ims? + 125> log( %)]
— NV AV q> m?2
D3 2y kit Vag A t _ t
AT(q7) ~ 392 HO 3 (11 1052 4 2(3 — 452 )log( %»

18%;3 %(1653, - 9)}

2 2 'S
{3 3im(4s% — 3) — 552 + 3(4s2 — 3) log(mg)]

B Z 86472

i=1 s

33Similar results for the diquark contribution to Z — £7¢~ have been obtained in Ref. [466].
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_ 23: NeXjiNi o [317?( 2 _3)— 252 —3(2s2 — 3) log(q)} (8.47g)
21671'2 m§ w w m3/ ]’

where we expanded the results in ¢/ m%Q and m? /m%Q Finally, the contributions from LQ

3
AL i %;6;:}722]:1 [ S A [P (- z) + (AN + 2R X2 ) | Ags PHa (23
mi mg)] (8.482)

3% * 1L* *
+ (NN A5y Afy + XY AQSAQI)HLL(m—%,mf%

mixing read
m3

(8.48b)

3 m2
X v? N, \LR*\1R
R,fiN2647T2~4 Jf )‘ |A21| Hd( 2)7

where the H-functions are given in Appendix
Now we turn to the Z — v;; amplitudes, where we show the contributions again separated

by each representation
3 N/\IL*)\ 2 2
0% (42) ~ ”q[3—2 3im(3 — 252) — 3(3 — 2521 } 8.49
Fa) 2 Setmr 2 |3 % 3in(3 = 250) =36 — 25 log (15 (8.492)

Sl &) (””"2) 2 (10 25t ()

Po 2\
05 (@) 3272 9m3
q q
— — 4
+ Tao %( )} (8.49b)
2 N )\2RL*A2RL q2 2
+Z e i {3—43 — 24ims? + 2452 log(%)]
By 2y o NeATA @ '
0,7(q7) = Z Trose2 2 [3 + 252 4+ 12ims?, — 125> log( %)] (8.49¢)
j=1
—N, ng/\?”?V -)\~ m2 m2
b3/ 2\ . c ki Y35 f my q _ 2 Q2 my
®fl- (q7) ~ = { 0( §> 8 ( 3—12s5 + (6 83w)log(m§>)
2
q q
— 2 2 (1652 -9
180m3 m? ( )]
2 N.V: )\3* *)\ 2
NeVipAViiy @° [o0 gi o g2y gy T
+j§ FETRs [sw 3im(3 — 4s2) — 3(4s2, 3)10g(m§)}
3 N)\3*)\ ¢
i q 2 . 2
— — 3im(3 —2s;,) — 3(3 — log(— 8.49d
#0099 260 —36 - 2bes()] . s
Finally, we again have the contributions from LQ mixing
3 2 2
S —v°N, 1Lsy1L | Y2%3y2 2 mi
O = ; 6amZd [ (MFAE + X353 ) 143 Hg(m—%)
(8.50)

+ (5A5A% + 2202 ) | AgglPHs (= z)
B (A}J]%)‘?;‘kAilAgzg + )‘?f)‘}z!:*AisA§1>H4<2; Tﬁrg)]
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Figure 8.5: Vertex diagrams contributing to W~ — ¢ vi. In the case of massless down-type quarks
the diagram on the left-hand side is only present with charge-conjugated quarks, since the W boson

couples to purely to left-handed quarks.

In case of zero momentum transfer, i.e. ¢> = 0, the form factors correspond to effective Z¢¢

and Zvv couplings. We define them for later purposes in an effective Lagrangian
cze - %2 U (A, (07 Pr + AL (01" Pr) ] 2, (8.51a)
(8.51b)

% 92 —
ﬁit = a@VfVi(O) [Vf’VMPLVi] z",

where only the A, © and the top contributions remain

8.4.3 Witv

We define the amplitude of this process, also considered for generic new scalars and fermions

in Ref. [289], as follows
(8.52)

AW~ = ;) = %Am(q%(mf,mef>¢<q>PLv<pm> ,

(8.53)

with
Aglf/w(qQ) = AS ( (5fz + ZAfz —|— Afl .

The diagrams are shown in Fig. The form factors A% (q2) again contain the parts with no
LQ mixing, grouped by representation with ® = {®q, @1,@2,<i)2, ®3}, while [\fi contains the

part with LQ mixing. In the SM we have at tree-level
A =1, (8.54)
The single LQ contributions read
N, ‘/:;k)\lL*V )\1L m m2 4 2 2 2 9
o, 3j t my q my 9
Ay (%) ~ 642 [m% (1+210g(m%)) 3 2( +log( %))—Fzm%m%}
N Vl)\lL* * )\ 2
_ gk a _
]Z e o {3 log(m%) + 3in 1} (8.552)
N, ¢ N2BL* \2RL
A‘I)? 2 ~ c Jf J? .
fi (a”) ]Z:: 28872 m2 ) (8.55b)
~ 2 )\2*)\
Do 2V Jif7y
AP (q) ~ Z 2887T2 2 (8.55¢)
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— NeVap A3 Vi A3 12 m2 4q> m? 2
D30 2y o CTSRTRf TIN50 Ty My _ 2 my a9
Api(a”) =~ 6472 {mi (1+210g(m§ ) 9m3 (4+3log(m§)) i 2mj3 m%]
2N, gerrng O q° ;

3
B Z 1447r 7

Additionally, we have the O(v?/ m%Q) effects from LQ mixing

A V"N, 2% 72 3x |A23| 12 |A 21| m
Agi ~ Z&Wl(A 02— 3G s 7‘[3( o) -5, i (—%)
1L 3* : 1L* 34 A%
4 4\ 527 =2
2 M2 (8.56)

YisAl PN = YisAi A omd
2 Hs <7>
3

2
m3

L L
)\1 AIAS Ay — A *A3iAQ3A;1H (mi m3 )

i \m2’ m2

2 2 My
with the loop functions given in the Appendix Note that the terms in the last two lines
in Eq. (8.56]) are anti-hermitian in flavor space. Therefore, like the anti-hermitian part of the
self-energy contributions, see Eq. (8.33), they are not physical. In fact, we checked that the
terms originating from LQ mixing for Z¢¢, Zvv and W{v respect the structure required by the

dim-6 operators with manifest SU(2), invariance if the anti-hermitian terms are absorbed by
the PMNS matrix.

At the level of effective couplings, we have to evaluate the contributions at ¢> = 0, which
can be treated in the context of an effective Lagrangian

v g n -
Lt — ﬁAngW(O) [y PLvs )W, (8.57)

The effective coupling AEf/w (0) then only receives LQ effects from loop-induced top quarks and
from LQ mixing.

8.4.4 htt

Let us turn next to the Higgs decays h — KJTKT. We define the amplitude analogously to the
leptonic W and Z decays as

A(h — £;6) = —%a(pf, mi,) (Th 0, () P+ T8, (%) Pr)o(pime,) (8.58)

with
5,0 (q%) = 05i + ZT”Z )+ Yo i, (8.59a)
it (¢%) = 05+ Z Y% i(a®) + Yryi- (8.59b)
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Figure 8.6: Vertex diagrams generating h — E;ﬁj at the 1-loop level.

The sum over ® refers to the LQ representations ® = {®y, Py, By, Py, D3}, TL(R)’ﬁ contain the
terms which are only generated by LQ mixing and

my; = max[my,, my,], = (ps+pi)°. (8.60)
Note that due to hermicity

If f # ¢ we can safely neglect the lighter lepton mass. The corresponding Feynman diagrams
are shown in Figure

We expand again in v?/ m%Q and set the lepton masses to zero. In the phenomenologically
most relevant case of an internal top quark, we additionally use the fact that for Higgs decays
m? > m% = ¢2, finding

N )le*V )\ 2
P 3 Tk (o qf mi )
N V AQLR*)\QRL m m2
T2, (42 SkThkf 730 t( 27 (0 Y g2y, 4 ) 8.62b
L4~ 64mw2m3 my; jt( m?’ m%) +80%(Yer + Ya) ( )

The mixing-induced terms read up to O(v?/ m%Q)

2 _U2N * ’ ’ 2
T X [ (9 A ()
J=1 s - (8.63)
S Y 5345 mi m
v G () Sy )|

The loop functions that we used in this section can be found in the Appendix In Ap-

pendix we additionally present the generic results for light quarks, i.e. for the case where
2 2 — 2

mqj << q = mh.

8.4.5 4¢

To describe processes involving four charged leptons, we define the effective Hamiltonian as
ZZ
Hif=Heg + Y (ChEOVE: + CYEFOY LT + ciblofly + Lo R), (8.64)
f?’bva b

with the effective operators
OFiay = [£7" Prti] [aruPrts] |
OFLE = [0p4" Ppti] [Cay Prby) (8.65)
Ofiay = [LsPLti] [LaPLby) .
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Figure 8.7: Feynman diagrams giving rise to £¢;¢,¢, amplitudes. Left and center: Penguin diagrams
with off-shell Z boson or photon exchange. Right: Box diagram involving two LQs.

Note that we sum over all flavor indices. Therefore, all other operators can be reduced to the
ones in (8.64)), using Fierz identities. As an advantage, we do not need to distinguish between
decays involving the same or different flavors.

There are two types of diagrams which give a contribution to these operators: penguins and
boxes, see Fig Starting with the photon penguin, we have

Ol = —ma(ht + =hak) .
C}/;l{j,R = —27rozE]]—?l-E§b,
with
—L(R =L(R
=i = gy + 21, (8.67)
The Z boson gives an analogous contribution
Cliab” = V2Gr (AL, (0)A7,4,(0) + AZ 4, (0)AZ4,(0)) ,
(8.68)

AGF
CYLR = WAZLféi(O)AZeb(O) :

The coefficients C'}/iﬁ)L and C}/iﬁ)R are obtained in a straightforward way by simply exchanging
L < R.

The box diagrams generate the following contributions

Ne [AEMEOIPME £ AENE) | RO + )

CcYLL —
Jiab = 95672 m? m3
ME O AL + M) + L OSME + M%)
+ m% Hy <m7§)
SN ORI R + NP)  R ( +
N o n . , (8.69)
p 2
1L+ 1Ly 1R+ \1R 2RL+ \2RL \2LR* \2LR
C}/'IBR _ N [)‘jf Aji Mea Aib n AT N Akb (8.60D)
wa 12872 m? m3 ’ ‘
Ry\1R(\1R*\1R Rx\1Rx
CV RR _ Nc )‘}i )‘Ilfb ()‘}f*)‘llm* + )‘I%:f*/\jl’a )
fiab = 95672 m2
LR\2LR (\2LR* \2LR LR+ \2LR 151 (31%3 {1 3,
2>‘§i Aoy OGN N *)+ Ak (AJ 7 A + AL (8.69¢)
2 ~ 9 ) .
m m
2 1

where the loop function H; is again given in Appendix The indices j and k£ run from 1
to 3. Note that we only consider the leading effects in v/m. In scenarios where the A-couplings
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are smaller than the gauge couplings (e =~ 0.3 and g2 =~ 0.6), the box contributions are typically
less important than the gauge boson penguins.

8.4.6 202v

For these fields we use the effective Hamiltonian

(2v L.,ab ~L,ab R,ab ~R,ab
HAY = Dwi Oef&_ + Dﬁf& nggi (8.70)
with
L(R),ab = _
Oef(ei) = [LpyuPrir)li] [Pay" PLwb) - (8.71)

There are three types of contributions: Z penguins, W penguins and boxes. The Z boson yields

La _ SGF RrRab _ SGF
Dy = WAgf&(())@yayb(()), D)y = WA% 4,(0)0,,,(0) , (8.72)

while we have for the W boson

o AGE .
DeLf’zf = WAZVV& (0)A7},,(0). (8.73)

The box diagrams yield

N PMFMENEME | A
2

DL,ab _ Jf i
Eli ™ 642 m% ms

AN N+ KRN (o)

2

5 (8.74a)
m3 m3

= 5 (8.74b)

1R+ \1R \ 1L+ \1L 9LRx\2LR \2RL* \2RL
Ne r‘jf Aji Aka Akb n ASFAT N Ak
m% my

R,ab
Db —
brli ™ G4g2

Again the indices j and k run from 1 to 3 and we only considered the leading order LQ effects
in v/mpq.

8.5 Phenomenology

Let us now study the phenomenology of scalar LQs in leptonic processes. Due to the large
number of observables and the many free parameters, we will choose some exemplary processes
of special interest and use simplifying assumptions for the couplings in order to show the effects
and the possible correlations between observables. In particular, we will consider:

o EW gauge-boson couplings to leptons: the effects of scalar LQs in (effective) off-shell Z¢¢,
Zvv and Wy couplings and the associated gauge-boson decays.

o Muonic observables: correlations between the AMM of the muon, Z — ¢/, effective
W pv couplings and h — ptp~.

e Charged lepton flavor violation: correlations between 7 — pvy, Z — 7 and 7 — 3u as
well as the analogues in u — e transitions.
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Figure 8.8: LQ effects in Z¢¢ , Zvv and Wlv couplings for the scalar LQ representations which
give rise to m? effects (®;, ®» and ®3) as a function of the LQ mass. We neglected LQ mixing and
considered only the couplings of third generation quarks to a single lepton flavor with unit strength, i.e.
As¢ = 1. Here, Ay g, © and A stand for the corrections in Z¢¢, Zvv and W{v couplings, respectively (see
Sec. . The solid (dashed) lines refer to the couplings entering on-shell decays (effective couplings
at ¢> = 0). The green region is excluded by LEP data [353] from Z — v decays. The blue region is
excluded by Z — 77~ which is more constraining than Z — p*u~ (not shown explicitly). Note that
we also do not show Z — eTe™ exclusions here for the sake of clarity since couplings to electrons are
usually much smaller in setups motivated by the B anomalies, leading to suppressed effects.

8.5.1 Electroweak Gauge-Boson Couplings to Leptons: Z£¢, Zvv and W v

We start our phenomenological analysis by considering the effects of scalar LQs in Z¢¢, Zvv and
Wty effective couplings (at ¢* = 0) and the associated gauge boson decays (at ¢> = m%,m,),
calculated in Sec. While among Z — (¢~ decays NP effects are strongly bounded
by LEP [353] measurements, the effective Wev couplings are best constrained by low-energy

observables, testing LFU of the charged current (see Ref. [275] for an overview).

We first focus on the LQ representations which generate an m?/ m%Q effect in EW gauge-
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Figure 8.9: Modified Z¢¢, Zvv and W{v couplings in the Az;-As; plane (in units of GeV) for my =
my =ms3 = 1TeV and [\3,| = 1.

boson couplings to leptons, i.e. ®1, ®3 and P3. In the absence of LQ mixing, we can expect
this effect to be dominant and couplings to third generation quarks are well motivated by the
flavor anomalies. Note that we nonetheless included the ¢* = {m%, m%,} terms which, due to
SU(2)r, invariance, can also arise from bottom loops for some of the representations shown in
Fig. In order to keep the number of free parameters small, we did not include mixing
among the LQs and assumed that only couplings to one lepton flavor ¢ = e, u, 7 at a time exist.
This avoids limits from charged lepton flavor violating observables, which we consider later in
this article. Furthermore, we normalized the LQ effect to the respective SM coupling and the
LQ-quark-lepton coupling to one (i.e. Azy = 1) while all other couplings are zero. Note that
the effect in Fig.|8.8) given for couplings of unit strength, are consistent with Z — ¢*/~ bounds
for masses around 1.5TeV or more. Furthermore, Z — vv is constrained by the number of
neutrino families

pFS @?i (¢%) + Oy

N, =S 6 + : 8.75
v % fi @SM(mQZ) ( )

where the experimental value lies at [353]
N, = 2.9840 + 0.0082 (8.76)

while the LQ effect is predicted to be constructive. Future colliders are expected to reach a 20
times better precision [409].

Let us now turn to the case of non-vanishing LQ couplings to the SM Higgs. We study
as an example the scalar doublet ®5 which couples only down-type quarks to leptons such
that the v?/m3 effects from the mixing with ®; (generated by Asz,) and/or ®3 (generated by
Asq) are expected to be dominant compared to the m2Z /m3 effects. In Fig. we present
the impact of LQs on on-shell Z and W couplings. Again, we set 5\?,)@ = 1 and we assume
e = m1 = mg = 1TeV, which is compatible with current LHC limits . Note that
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Figure 8.10: Correlations between Br[h — ptpu~], normalized to its SM value, and the NP contri-
bution to the AMM of the muon (da,) for scenario ®; (left) and ®, (right) with m; o = 1.5TeV. The
predictions for different values of the LQ couplings to the Higgs are shown, where for ®; Y = Y; while
for 5 Y = Y5 + Y55, Even though the current ATLAS and CMS results are not yet constraining this
model, sizeable effects are predicted, which can be tested at future colliders. Furthermore, ®; yields
a constructive effect in h — ptu~ while the one of ®, is destructive such that they can be clearly
distinguished with increasing experimental precision.

a non-zero As; yields a destructive effect in Z¢¢ and W/v couplings while the terms with As,
are constructive.

8.5.2 Correlating the AMM of the Muon with Z — ¢4~ and h — puTpu~

In this sub-section, we focus on possible LQ explanations of the long-standing anomaly in
the AMM of the muon. The discrepancy between its measurement [123] and the SM predic-
tion [124]@ amounts to

Sa, = (2794 76) x 1071 (8.77)

corresponding to a 3.70 tension. Note that this tension is quite large, i.e. of the order of the EW
contribution of the SM. Since LQs are colored, the LHC bounds rule out masses significantly
below 1 TeV such that an enhancement in a, is needed to compensate for the mass suppression.
In fact, there are LQ representations that are able to generate m;/m, enhanced contributions,
see Eq. . These NP effects enter the AMM of the muon as

My
= g2
with the Wilson coefficient defined in Eq.(8.37)).

First of all, we can expect a direct correlation with h — p*u~ [50] since both processes
are chirality changing and therefore involve the same couplings of LQs to fermionﬂ We can

Re[CR] (8.78)

34This result is based on Refs. [128}1301/133}1351/139}/142-144L303,[304}/3061/436/1444]. The recent lattice result
of the Budapest-Marseille-Wuppertal collaboration (BMWec) for the hadronic vacuum polarization (HVP) [302]
on the other hand is not included. This result would render the SM prediction of a, compatible with experiment.
However, the BMWc results are in tension with the HVP determined from e*e™ — hadrons data [130,/133,/135,
303./304,/306]. Furthermore, the HVP also enters the global EW fit [307], whose (indirect) determination is below
the BMWc result [308]. Therefore, the BMWc determination of the HVP would increase the tension in EW
fits [445,/446] and we opted for using the community consensus of Ref. [124].

35Similar results for 7 — py were obtained in Refs. [451}453].
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Figure 8.11: Allowed parameter space by LEP (light green) for the couplings to left- and right-
handed muons. In addition, we give the expected sensitivities of future collider experiments, see Tab.
The finite renormalization of g, induced by the effect in the Fermi constant, yields a LFU effect which
is depicted by the blue lines in the plot on the left.

express the NP effect in terms of Y¢ and Y, defined in (8.58), as

Br(h — utp”]
Br[h — ptp~]

2
o -
SILED DR S AE S (8.79)
SM [<3]
The resulting correlations are shown in Fig. for ®; and ®5. Note that even though the
current CMS and ATLAS measurements [433,/434] are not able to constrain these models yet,
a FCC-hh [424] can test them.

The LQ interactions with top quarks and muons also generate effects in Zup couplings.
Therefore, let us as a next step consider the correlations of a, with Z — ¢T¢~ where we
refine the analysis of Ref. [368] by including the indirect effect, originating from the finite
renormalization of the very precisely measured Fermi constant

Grp =1.1663787(6) x 107° GeV ™2, (8.80)

which can be expressed in terms of the SM parameters

V243

Grp = .
F 8m12/V

(8.81)

Since myy itself is measured in W decays, go can be determined once G is measured via the
muon lifetime. However, also NP contributions enter such that

Gr — Gp(1+ AL (0)(1+ AL, (0)), (8.82)

resulting in a redefinition of go.

The SU(2),, singlet ®; with non-zero real couplings A} and A1 affects Zuu as well as
W v, while the effect on Zvv is very small, see Fig. The modified W coupling by /\éé
then yields a finite, LFU renormalization of gs. This has been included in our analysis depicted
in Fig. leading to the allowed, green region deviating slightly from a circled shape.

The SU(2);, doublet ®; with non-zero couplings A35% and A3FY only yields a negligible
contribution to Wpuv,,. However, there is an my effect in Z — v, affecting NV,,, which has been
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4 d4%/g9asm LEP [353]  FCC-ee [357]  ILC [467] CEPC [423] CLIC [408r
e | 0.999681 +0.000698227 +4.1 x 1076 +4.1 x107° 87 x 1070 +£44x107°
0.99986 & 0.00107726  +6.3 x 1076  +6.3x 107° £1.3 x 107> =46.7 x 107
T 1.00154 £ 0.00127676  £7.5x 1076 £7.5x107° 1.6 x 107> =£8.0 x 107°
LFU | 0.99992 4+ 0.000518683 4+3.1 x 1079 4+3.0x107° =£6.5x107% +3.2x107°

Table 8.2: Experimental values for Z¢¢ couplings, extracted from LEP [353| data and normalized to
their SM values with ¢4 = AL (m%) — A% (m%). We further show various expected sensitivities for future
colliders (second to fifth row) under the assumption that the measurements of g4 are improved by the
same factor as s>

precisely measured, see Eq. (8.76)). This then constrains /\?2% as we show in the plot in the

right-hand side of Fig. We additionally show in Fig. the expected sensitivities of
future experiments for Zuu, which are summarized in Tab.

8.5.3 Charged Lepton Flavor Violation

Let us now correlate different charged lepton flavor violating observables, i.e. £ — 0'~, Z — 00’
and ¢ — 3¢". We do not study pu — e conversion in nuclei, which could be dominant in case of
couplings to first generation quarks, but rather again assume only couplings to third generation
quarks.

The branching ratios for lepton flavor violating radiative lepton decays, as a function of the
(effective) Wilson coefficients in Eq. (8.37)), are given by

25674

Br [&' — efﬂ =

L
Céf&

L[Ch ) (8.83)

with 74, as the life time of the decaying lepton. Similarly, the branching ratio for Z — ¢T¢'~ is
given by

_ Gpm3
Br[Z — 007 = ——2
I'[ % f] 3\/§7TPtZOt

with T%" = 2.495 GeV [468| being the total Z boson decay width and the AZ’Z(qz) are defined
in (541).

For the three body decays we have

(IAf 0, (mB)]” + (AL (D)) | (8.84)

Br [7F = pFpty| = 76”53% [ﬁICfTIQ(log(Zé) -~ %)

(8.85)

mZ SLL |2 VLL |2 VLR |2 VLR)|2
+T ’CMWT| +16|Cm/m| +4|CI“’MH| +4|CHH#T

20 L (~VRL VRR
— “me Re| O (Ol + 20000 |+ Lo R

with the Wilson coefficients defined in Eq. . The analogous expression for yu — 3e can be
obtained by obvious replacements. These rates have to be compared to the experimental limits
given in Tab. where we also quote the expected future sensitivities. We do not consider
decays like 7T — pFeTeT as the experimental constraints are slightly worse.

In our numerical analysis, we again assume that the LQs only couple to third generation
quarks but now allow for the possibility that they couple to more than one lepton flavor at
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Br[Z — '] Ref. Br[¢ — ¢'4] Ref. Br[¢ — 3/ Ref.
Z —etpT <75x1077 [354] | p—ey<42x1073  [351] | u— 3e< 1.0 x 10712 [469r
Z — ettt <98x107% [356] | T —ey<33x1078 [352] | T — pee < 1.5 x 107%  [359)
Z 5 ptrF <12%x 1075 [355] | 7o puy <44 x 1078 [352] | 7= 3u<21x10°%  [359]
Z = putrT <1.0x 1078 467 | p = ey <6.0x 107  MU70] | p—3e<55x 1071 [471r
Z - putrT<1.0x107° [357) | T =y <1.0x 107 472] | T = 3u<1.0x107° [274]
T—3u<33x10710  [472|

Table 8.3: Current experimental limits (top panel) and projected future experimental sensitivities
(bottom panel) on lepton flavor violating decays of charged leptons.

the same time. Let us start by examining the correlations between 7 — pvy and Z2 — 7u
in Fig. One can see that this correlation is very direct under the assumption that only
one representation contributes and that for ®; and @5 only either the left- or the right-handed
couplings to leptons are non-zero at the same time such that chirality enhanced effects in 7 — py
are absent. Although currently 7 — p7 is more constraining, even in the absence of chirality
enhanced contributions, in the future Z — 7 can provide competitive or even superior bounds.
The situation for 7 — e transitions is very similar and therefore not shown explicitly.

In Fig. [8.13|we show the correlations between 7 — py and 7 — 3. These correlations are not
as clear as in the case of Z — 7 due to the additional box contributions to 7 — 3u. Therefore,
one obtains a cone instead of a straight line. Interestingly, for ®; the effect in 7 — py is smallest
among the LQ representations due to the electric charge of the LQ. Hence, even though phase
space suppressed, 7 — 3u is more sensitive to this particular LQ than 7 — uvy. Again, the
situation in 7 — e transitions is very similar and therefore not shown explicitly. However, we
show our analysis for 4 — e transitions in Fig. For the u — e scenario we do not show
Z — pe since the low energy bounds are so stringent that the former cannot compete, even
when taking into account future prospects. The (lower) upper boundary of the cone is obtained
for a hierarchic flavor structure, i.e. Ag3 (>>) < As2 for 7 — p and A32 (>) < A3p for p — e
transitions, respectively, such that the box contributions are (sub)dominant. The opening angle
of the cone is determined by the size of the box contributions to £ — 3¢'. For example, the LQ
triplet yields the biggest box contribution, which can easily be seen from Eq. (8.69).

8.6 Conclusions

Leptoquarks are prime candidates to explain the flavor anomalies, i.e. the discrepancies between
measurements and the SM predictions in b — s¢7¢~, b — crv and the AMM of the muon. With
this motivation in mind, we calculated the one-loop amplitudes generated by scalar LQs for the
purely leptonic transitions, involving;:

o Uy
e ZUl and Zvv
o Wiv
o hi¢
o 44
o 202v
Taking into account the most general set of interactions of the LQs with the SM Higgs doublet,

we obtained relatively simple analytic expressions for the amplitudes by expanding the LQ
mixing matrices in v/my,q, corresponding to a mass insertion approximation.
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Figure 8.12: Correlations between 7 — uvy and Z — 7 for the three LQ representations which
generate an m? /m%Q effect in Z4¢ couplings. We assume that ®; and ®5 couple either to left or to
right-handed leptons only such that chirally enhanced effects (which would result in dominant effects in
T — y) are absent.

In our phenomenological analysis, we illustrated the results of our calculation by studying:

o LQ effects in effective Z¢¢, Zvv and W /v couplings and the associated gauge boson decays.
Here we found for the three representations which generate m?/ m%Q enhanced effects (P,
®5 and o) that Z — £7¢~ is smaller than within the SM while Z — vv is enhanced. For
order one couplings, the effect is at the percent level for TeV scale LQs.

Correlations between the AMM of the muon, Z — £T¢~, effective Wuv couplings and
h — pTp~. Here we found that, since an explanation of the (g — 2), anomaly requires
a my/m,, enhanced effect, also the contribution in h — p*p~ is pronounced by the same
factor. Furthermore, effects scaling like m?/ m%Q in Z — putu~ are generated which are
most relevant in case where the left-handed couplings are much larger than the right
handed ones and vice versa.

Correlations between 7 — vy, Z — 7 and 7 — 3u, as well as the analogues in y — e
transitions. Here we observed that 7 — py and Z — 71 can be directly correlated under
the assumption the LQs couple only to left-handed or to right-handed leptons (but not
to both of the same time). Furthermore, in this setup 7 — vy and g — ey do not receive
chirally enhanced effects such that 7 — 3u and p — 3e can give competitive bounds,
which is in particular the case for ®;.

These interesting correlations can be tested at future precision experiments and high-energy
colliders.
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Figure 8.13: The correlations between 7 — py and 7 — 3 for a LQ mass of 1.5 TeV where we
scanned Asz3 and Ao in the range [—1.5,1.5]. The gray regions are currently excluded by experiment.

The dashed (solid) lines show the projected sensitivities for the HL-LHC (Belle II), see Tab. for the
numerical values.
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8.7 Appendix

8.7.1 Self-Energies

Focusing on the non-decoupling, momentum-independent parts of the self-energies, we have

generically
2 2
(LR —Mg; Ne 1 v Roa p= My
5= Tipnr Tats Tt IO<M2’ M2) (8.862)
—N., 2 m?
OLL _ LaxL,a H q
S = syt Tat T (£ 7 ;) (8.86D)

with E%R and E%L obtained by interchanging chiralities and E#L by replacing ¢ with v. We
set all quark masses within the loop equal to zero, except for the top mass. Additionally, one
has to sum over all internal quarks u;, d;, uj and dj, as well as over their flavors j = {1,2,3}.
The loop functions take the simple form

1

Io(l), y) = g +1+ log(a:) + leg(y) ) (887&)
11

Ti(w,y) = — + 5 +log(z) —y, (8.87b)

where the last terms in Zy and Z; are only relevant for the top quark and can be neglected in
all other cases.

Now we expand the expressions in Eq. (8.86)) in terms of v/myq up to O(v?/ m%Q)

3 2 2 2 02 2
Layrx 1L pe My, v7Y] | Az, |
v e (2 ) - T+ i )

K i~
f 1 2
2 2 2 02 2 2 2
pe My, (SYEg — 2Y33) v ’AQ?)’ ms
+ Vi AL Vi ( ( §’E)+211( 0)-= mZ 14(7773)
A3 AL Ly —|—>\ >\3»iY 2
e ( 5fNi Y13 AP <m1)
m3 m3
)\?}/\;ZLAQIA* )\IL*)\siA* m3 %
: * A iy o 7
v2 2 m2
{2+ 12 (Ys+ Y3s) | 20%|A; | 3
+AZN (Zl(~2,o) = 2) %23 (ﬁ@)
u 2(Yy + Y;
)\ZRL*)\QRL (L( s ) 2+ 22))} ’ (8.880)
mj
3 2 02 2 2 2
—N, 2 my, Y1 v®|As| m
RR AR\ LR 31 1
St~ 2 g N (B ()~ S+ et m(G))
j=1 1 2 2
2
)\QLR*‘/jl)\QLR (21’1 (% UJ ) . v (2}/2 ;‘YQQ))
my )
2
1k y v7Yy
+ AL (zl(ﬂ, )— m%l)}, (8.88b)
3 2 2 2 2 2 2
_muN my, . v Yl v ’A~ ’ m
EKRL j /\1R* -*)\1-L<I L i\ 21l 7 (™M1 >
Z 1671'2 k ki O(m%’ m%> m% + mg 4(m%)

7j=1
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Y m2 A3 As m? m?
2 IR* * 3 13 i 21 1 3
A 'W‘( Hl(mg) T I5(mgmg)>
2
% \JERs \2RL <Il(,u My, ) v (Y + Y22)):|
)\2LR*A2 Y mg 2,02)\1 )\3 Y* mg
jit 23 PANE Jt” 31 ey
22:1677 [ = Hl(mg) 77”3 M (mg)} (8.88¢)
with L = B and
1 —x+ zlog(x)
L) = — o1 (8.89a)
log(z) log(y)
T = 8.89b
V[P I OE V Py (5.590)
x—1—log(x

For neutrinos we have

3 2 2 2 2 2
_N, L Y1 | v7|As| m
vLL 1Lxy1L Ll _ 21 it}
Efi Z 3972 {)\ A Ju (Il(m%’o) m% * Th% I4(m%))
2 m; 2 v2(3Y3 + 2Y33)  Bv?|Assl? . ymE
V. )\3* V. A3< (I 2 7 Uj T 12 70 . 3 33 23 T 3 )
+ VikAks Vit A 1( m3 mg)+ 1(m§ ) m2 + mi 4<m§)
AL )\SY + AL Ly 2
_U2< if 13 T AjfA 13711(@)

2
m3 ms3

e 5 m%7 ~2
2
1

my
02 2 02 2 2
W VY3 | v?| A 7| Ag| m3
+)\2 )\2< —,0 — +—— 1s —i ZLs| =
() -5+~ (@) = ()
2 2
N my,. VY5
+ AZRL )\ziRL(Il(%’ 1127) - 22)]_
ma My ma

(8.90)
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8.7.2 Loop Functions

The loop-functions for ¢~ with on-shell photons read

E1(x) =7+ 4log(x)

E(z) = 11 + 4log(x)

E3(z) =1+ 4log(x)

Ea(z) =5+ 4log(x)

4 Ty — 11 2y —1
&5(z,y) = - log(x) + Jo— T e log(y)
log(y)

Eola,y) = E1(0) + 42

4 (log(y) _ x log(2) )

y—2z\y—1 z(z—-1)
S =y
Eolmy) = —2 + 4105( z) 4105%/) ’

see Eqs. and (| -

For off-shell photons, the results are given in Egs. and ( -, we have

Fi(z) =5+ log(z)
Fao(z) =9+ 4log(x)

4 5y—9 42y —1)lo
Fale,y) = - log(e) + yé* o+ ( z(y >1>§<y>
Fa(z) = 2 + log()

Fs(x) =7+ 4log(x)
Fo(z) = 11 + 4log(z)
Fr(x) =1+ log(x)
Fs(x) =3 —|—10g( )
22y —1)  2log(y)
Fo(z,y) = log( )+ yy—1) _y(y—1)2
_ 4 5y — 5+ 4log(y)
Froly) = o) + T Ty
b 4log(y) 4log(2)

4
Py ) ==l T =2 - Dw—2)
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The H-functions are defined for the Z and W decays in Sections and

Ho(z) = z(1 + log()) (8.93a)
Hi(z) = 1;)g_(ﬁ> (8.93b)
Ho(z) = 3(a” - (i:iq):gog(x)) (8.93¢)
H(z) = 22 J(rx(l_“;)ﬁ) log(z) (8.93d)
Ha(z,y) = 1 z log(x) ylog(y) (8.93¢)

(z-Dy-1) (z-1*(r-y) (y-1*(y—2)
22z + (x+1)log(x)

Hs(z) = @17 : (8.93f)
_ 2-x—y (22° — 2 —y)log(x)  (2y* —z —y)log(y)
) et R o 1 o U Vet
Finally, we have the loop functions used for Higgs decays in Section
Te(x,y) = 2(x — 4)log(y) — 8 + ?m - x;y (8.94a)
_x—1—xlog(x)
Ji(x) = 1) (8.94b)
_ log(z)  y  log(y) .
PN =Gy ey (8010
Fyr) = T L= wlosla) (8.94d)

(z—1)?

8.7.3 Exact Result for £~

If we expand the amplitudes obtained from the diagrams in Fig. [8.3| up to first non-vanishing
order in the external masses and momenta, we obtain [286},361]

L,ax-L,a R,axR,a
N, Lo Ly +me D

_ my k _ T T,
L = qily gl i~ qily ~ qil;
Crre, = 4 Z[ = ]6M2 (14 3Q)

q a

R,axL,a (895)

PP 120 (1))]

where ¢ can be, depending on the LQ representations, either a (charge-conjugated) up- or down-
type quark and @) refers to its electric charge, i.e. Q, = {£1/3,4+2/3}. The quark flavour index
j runs from 1 to 3.

Note that we naively integrated out the internal LQs and quarks at the same scale. There-
fore, in the case of light internal quarks, i.e. all except the top quark, the contribution contains
both the hard matching part, the mixing within the effective theory and the soft contribution.
For this reason, care is required if the internal quarks are lighter than the incoming lepton (e.g.
the charm contribution to 7 — ) since the RGE only contributes from the LQ scale down to

155



Scalar Leptoquarks in Leptonic Processes

the scale of the process and not to the scale of the internal quark. Therefore, we defined gy in

Eq. (8.95) as follows

pe =4 @ T h (8.96)
me, Mg < My,

Next we give the exact results for off-shell photons, whereof the expanded expressions are given
in Egs. (8.42) and (8.43). They read

N, FL a*FL a m2
aL aifs " aits qj
k=% F 8.97
Jo o 5T6m2 M2 Qq(Mg)’ (8.97a)
R,axR,a m2
SR C"qily ~ gits aj
2R = F 8.97b
fi zq: BT6m2 M2 Qq(Mg)’ (8.97b)
with 22 defined in (8.41) and
\_dfz .
Fa, () = 24+ 18Q, + 12Q, log(y) . (8.98)

Again, j runs from 1 to 3.
8.7.4 Exact Results for Z¢¢, Zvv, Wlv and hél

In this section we give the exact expressions for the Z and W decays. The T9 and B"i matrices,
used in this section, are given in Appendix In this whole section, the M; stand for the
diagonal bilinear mass terms in the charge eigenstates, given in Eq. . It is implied by the
corresponding coupling matrix I with same index ¢ which of the eigenstates is concerned, e.g.
[',es corresponds to M ~Y3. For the Z decays, we use the conventions defined in Eq. , this

time with

L(R .
Aef(zi)<q2) = As( ()3 + ZAL(R) pild®) + ACL?(R)J,-, (8.99a)

O, (@*) = Osm(a®) i + ZG 6%, (8.99D)

where contrary to Eq. (8.45)) we show the results sorted by the charges of the LQs, since we do
not distinguish between the cases with and without LQ mixing. Hence, the results cannot be
grouped by representation. For @ = —1/3 we have for the m;-enhanced contributions

L,axL,b
AZ,lf/f’(QQ) = NE;C:;J;FM [Anzé [%b(l + log(]\nfz)) _1/37{1(%2)}
o 2T e (30 4 6 (11— 1057+ 263 - a5 o ()| (s.1000)
R,ax1R,b
Arfi(a) = W{MQ [5ab(1+log(M22>> ‘1/3”;%1( )}
+ 18M2 [2T Yy (%2) —5ab(3+1os +8s2 log(MZ))H (8.100b)
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and the case with light up-type quarks yields

L,axL,b
1/3 2 ZQ: Nel cffru% ¢ 3T 1/3% (MbQ)
Apgil 864r2 M2

—

.

2
. 2 2 2 q
— 0y (3 — 3im(4s%, — 8) — 5%, + 3(4s3, — 3) log(Mg)ﬂ :
2 N FR G*FRCZE

13, oy _ i @ [ar1ysy, My
AR,fi () = ]Z=:1 8647r M2 [3T H2(M2)

+ 0y (552 + 12352, — 1252 log QQQ))} .

The terms, induced by LQ mixing, read

L,ax1L,b
3 Nel'yéo Duce,

Ailf/f' = 2647r2 ;1/3(3+210g<]\;3) — 2%1(%:2)) ,

‘1/3(3+210g(]\‘52) - 2%1(M‘z)) .

Jj=1
R,ax~R,b
3 ue
iy NLEGTE,

R.fi 6472
j=1

For @@ = 2/3 we have (massless) down-type quark effects

L,bx L
A2 ( 3 =Ny Tah o2 372/
ALrila Zl Roan? 2|0 2(M )
]:
_5ab(4sfu—|—6i7rs —65 log ]
Rb+pR.a
2/3 &) 5, Ny, Taje, ¢ T2/3H MbQ
Agpild ;WMG Z(MQ)

.

2

+ 60y (3 — 8im(287, — 3) — s, + 3(2s7, — 3)log (5
a

again with a,b = {1,2,3} and the mixing terms read

sorks 2
A2/3 Nl'y v, ((2T2/3 5up) 1 ~9/3
— Ogp) lOg + 6T — Ogp—
AL = z:: 12872 ¢ (Mg) ¢
FRb* R,a 9

12872
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A2/ deslde 2/3 % ~2/3 ~0/3,, (M?
R/fl Z ! < (2T / + 5(11)) log(M(%) + 6T / + 6ab_ 4Tab/ Hl( )) .
(

(8.100c)

(8.100d)

(8.101a)

(8.101b)

(8.102a)

] , (8.102b)

722, (M ).
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For the LQs with electric charge @QQ = —4/3 we have

LyaxpLyb
4/3 2 iNFdC? chz q {3T4/3’H (Mf)
Api ( = 864n? M2 M,
2
+ dap (8 = Bim(253, — 3) + 252, + 3(25% — 3) 1og(]\q42))] , (8.104a)
a
R,axR,b
_4/3 2) 23: NPdC? ché Ve {31;_4/3% (%1,2)
A il = 864n? M2z |[7Tab TRy,
72
+ 8ap (252, — Gims?, + 65 log M2))] (8.104b)
with a,b = {1,2} and
3 N.ILGThD 2
A-4/3 _ ]fj(2 T—4/3 5 loe (H
L,f’L j:1 647T2 ( + ab) Og<Ma)
o M?
N 2Tab4/3H1(Mg)> , (8.105a)
b
Aot/ s s T s oy o M
ARy, _j; ST, 210g(Ma) +3 2%1(M2) (8.105b)
and for Q =5/3
~N.IE 1Lk 2 2
5/3 2\ Chtly te; my B q A
A vila )_32#2[7{ (M2> 9M2< + 752 + 452, log ] (8.106a)
2 —N.TIL+ TL
5/3 . Cruilys uil; 4 2 .
sz = ;172]8772]]\42{3 — 252 + 24ims? — 2452 log )] (8.106b)
NIfTf 2 2 2
5/3 (2 tey myN 4 52 42 my
AR = =55 {7—[ (372) ~ a6 - Ts0 + G 45w)log(M2))], (8.106¢)
2 NJIBx TR 2
5/3 2y _ uglstuiti 4 @ 2 _ 2 a
AYS(a )_jz::l e {3+25 Gim(4s2 — 3) + 6(4s2 — 3) log<M2>], (8.106d)
with M2 = m3 + v?(Yay + Y2).
For Z — wvy with left-handed neutrinos only, we have for Q = —1/3 with (charge-
conjugated) down-type quarks
LyaxLb
o- 1/3( ) = 3 Ncrdgufrdgm 7 [BT sy, (Mb)
fi o 864 M2 M2
2
+ dap (8 = % + 3im(3 — 253) — 3(3 — 252) 1og(]\(142))]
a (8.107)

3 NFLa* L,b

2
_ djvy— djv; qf _1/3
jz::l 864m2 M2 [ H2<

M2
)
2

1))

— Oub (s%v—i— 6i7r5 — 652 log<
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The LQ indices run like a,b = {1,2,3}. Analogously to Z — E;ﬁj we have the © terms,
originating from the L(Q mixing

L,bx
3 Nel'ge, chuz

2 2
~—1/3 ~_1/3 _ M;
6,/% = j§:lj T, (3 +2 log(M3> 2H, (M2)>
3 NchL Ja* Cl;b B 2
N L Ay djvi ~1/3 o
o 12872 (2(2Tab + dap) log Mg) (8.108)

_ M?
6T, 4 60y — AT, P, a).
b <Mb2)

In case of @ = 2/3, we have the diagrams which include a heavy top quark

L.bxL,a
02 (¢ W{Eﬁ s (—2)—5@( +log<z\ﬂﬁ>)]

- 18qj\242 21, 2/57-[2 (M?) — b (3 + 1255, + 855 log(Mz))H (8.109)
La* |
R s 2 ) oo )
¢ T

- 18M2[ 2/37{2(M2) +5ab( 1—12sa+(6—882)log(M ))H,

a

and light up-type quarks

bx
2/3 2 :Z Nru]ufrujuz q2 [ 2/3%2(Mb2)
862 M? M2

. (2312” + 12ims? — 1252 log(]\q;g))]

8.110
9 NFL ax Lb M2 ( )
+3 —f [ 22, (20
= 86472 2

— b (3 — 252 + 3im(3 — 4s2) + 3(4s2 — 3) 1og( ¢ ))} .

The LQ indices take the values a,b = {1,2,3}. We finally have

3 NFLb*F 2 M2
2/3 UV f u]Vl 2/3 1% 2/3 - 2/3 a
g—m% ((QT +6ab)log(Ma)+6Tb + bap ) ( 5))
s NrheTEL b "2
B AR O R AR )
a b
(8.111)

For W — 6]7 v; decays, our definition of the amplitude is given in Eq. (8.52)) and contrary to

Eq. (8.53)), we use

AP () = A (@®)d5i + A% (%) + A% + A% (%) + A%, (8.112)
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where we choose to group the results by the fact whether a quark (¢) or a charge-conjugated
quark (¢°) runs in the loop. Because of obvious reasons, a grouping by representation is again
not possible. We have

c N. [m?2 m? m?
AL () = =< [frlyb*rlyb, —tiphapla gy phlarpla o0 (8
fz(q ) 647'('2 Mb2 tevy =ty + M(% |: tely = tel; 3k+t Ly dei Og(Mg)

— 2By T Ty, Ha (%g)} + ;]\Z [6VaT LT (14 1og(]\”2)) (8.113)
VEY v Btz (35)]].

7
a

Wi L,cx~L,a
+ Bca PbCZf Fbcuz-,H2
and its massless case

2 2 9
c N. q Lokl q .
2 c % , ,
A @) =2 sem e {4 AT, (log( 1) — 1+ 3ir)
= ’ ’ (8.114)

B M2 _ M2
WinL,cxL,a WopL,axL,b b
+ 2Bcalrd§€frd§.yi7{2 (MZQ) + 2Bab2ru§€fru§w7—[2 (W)] .

The LQ indices a and b run from 1 to 3, while ¢ = {1,2}. In case of quarks in the loop we have

~ M? mi
LbepLb Wy L 2Lib i pLepL
wy Vi, — 2By *Tig, T, Hl(m)) + ol i,
b

N, [m?
q 2y _ Ve t
Afi(q ) = 64n2 {]\4/1)2 (F
2q2

; o 2 2 (8.115)
HPWapL,bx~L,a Ha PW3pLx 1L,b el
+]21 gMbQ (Bab FdjéfrdjViHQ(MbQ) + Bb Fujéfrujw,HQ(MbQ))} '

Here, the index b runs from 1 to 3. The A’s read

i N

fi = G4n2
2
L,axL,a I _ pLbxpLb
_Fujffru‘§€i> log( ) | B

2 2
’LL L7C* L7c /,117
M2 vyt usw; 10%(@2) —LaceLace, log( M§> (8.116a)

Wit L,cxL,a HPWomL,axL,b pLaxpLia L,axL,a
|:(2Bca Fd;ﬁfrd;‘?ui + 2Bab Fu?ZfF - 2VkJFuz€de§V,- - L

C C c
uV; d]uf cl]uZ

+ 2B T T (1-# (%Zz)) + 2B T, (1-7 (%:z))} )
8, = o [(eBtrl ke + Thnh Yoo (2) + v T s (1)

2
SW. L,bxL,b , , 1%
+ (2Bl Tt Ty TR T ) 1og(ﬁb?) (8.116b)

F2BTEL (1= 90 (3)) 280 rh, T (- (55))].

again with a,b = {1,2,3} and ¢ = {1, 2}.
Next, we give the results for the Higgs decay into a pair of charged leptons, where our ampli-

tude is defined in Eq. (8.58]). Again, we sort the results by the charge eigenstate contributions

L(R ~
T @) = 0+ D Ty 1@ + Ty i (8.117)
Q
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In case of a heavy top quark in the loop, the results read

_N FR,a*FL,b 9 9 A2
—1/3, 2y Chtely ~tel; My 9 . miN ~_1/3 My
T, (@)= GAIMZ  my, (mt 5ab\7t(m%, Mg) 4ol Hl(M3)> , (8.118a)

—N.Ifrk, 2 m? 2y,
313 (2 _ eyt e, mt< % t(q mt>_8v2)’ (8.118Db)

Lil) = Tgne oy, w2 a2) 8
with M? = m3 + v?(Yas + Ya).
In all the scenarios where ¢ = m% > mgj > m?z the Higgs mass gives the dominant
contribution

Nc R,ax~L,b
aly " ati Ma; -Q, 2
17 56" =3 s gy Jab (@) (8.119a)
] a
2 N FR* FL
5/3 c Y .ei M, .
TR = 3~ m: T, (8.119D)
with
§ . . M2
T = %u(2 log(]qwz) —2im — 1) = w0 GH (T 5) (8.120a)
a a
§ Y,
T3¢ = ¢*(2 log(%) —2im—1) - 872§v2 . (8.120D)

In Eq. (8.119a]) the range of j depends on whether we have up- (j = {1,2}) or down-type
( = {1,2,3}) quarks in the loop, since we treat the top separately. Finally, we consider as a
last scenario my; > mg; ~ 0 and we have

~ L,axL,b R,ax—~R,b
oNI9 rmy, U0 T M? my, | s M2
Q2 cab( et et o (MEN L me et gt a), 8.121
L,fi 3272 myi Mf j3<M3) + My Mbg ..73(Mb2) ( a)
—\/51)2]\7 Yo (e My,
5/3 c ( ! \2RL* \2RL ZA?LR*)\Q.LR) . 8.121b
L,fi 6AnZ M2 My if i + myi Jf ji ( )

8.7.5 Higgs, Z and W Boson Coupling Matrices

The Higgs-LQ interaction matrices T, used in Egs. (8.120a]) and (8.1184)), and A expanded up
to (’)(UQ/m%Q) read

|As ‘2 Asz3 AL (m%—i—mg—?ﬁlg)
s 1 21+ frtg) Ay (- )
Fi ~ — A~ F_ A" 9
V2 v AQIA%‘Z%mﬁer%fQTh%) 22* 20 (v 23|A§3|2
o(h - ) Ak oY+ o)
- Az |? | Ags|?
ith T3 = au(y, - Anl__ |4a : 8.122
it T =0 = o~ ) .
20Y5 2vY3, 0
- 1 % 2| As4]?
23 ~ —_ | 20Y5, 20 (Yz + Va5 — m'gfi,'lg) V245, , (8.122b)
ﬂ « 2| As,|?
0 —\/QAQ?) 27] (1/23 + Y33 + m§77ﬁ§>
D43 x5 (8.122¢)
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and
Ya1 AL, (Ya—Y1) AL,
/ 1 Y Asg Yl(y Y)A U(m% n% i ) Y31 As Ylfy Y)A
A—1/3 o = 1 - 31 3
A - 2 <m2 m3 : mi— T”%Ql) Y2 U(mz ”2”‘11 + m3— m223> ’
Y Az (Y3—Y3)AZ
Yis v(agor ) ¥
(8.123a)
V2vY5, A
Ys Yi2 ni; 2%323
RBa | vy YVi+Yy  chomlin (8.123b)
fY*A* V20(Y3—Y3—Y33) A%
Fpagt IR Y Yy
A3 s A3 (8.123c)

Next, we will give the expressions for the weak isospin matrices T9, expanded in terms of

v. They read in case of no LQ mixing

0 0 0 200 0 0
=10 -3 o|, =0 L of, T4/3=<0 1>, TP =2, (8.124)
0 0 0 0 0 1

using the basis defined in Eq.

(8.10).

A unitary redefinition of the LQ fields in order to

also affects the T® matrices
Q _— WwRTRWR

diagonalize the mass matrices in Eq.
(8.125)

Note that the LQ field redefinition has no impact the electromagnetic interaction, since the
coupling matrix is proportional to the unit matrix and the W then cancel due to unitarity. If
we use the perturbative diagonalization ansatz, we obtain

—v?|Az, |2 vAZ, U2A§3A§1
2(m?Am§)2 , i&mélfm?) " 2(m§*m2(m§*m§)
F1/3 vAg) _1+L< al” o |43 S - 8.126a
23 —n%) 22 \Gag=ny® T G- ma)? gy |0 (81263)
v AélAig vA§3 —1}2‘A§3‘2
2(m3 —m3) (3 —m3) 2(m2—m32) 2(mZ—m?)?
2
_1 VY59
2 m% m% 0
2V *
72/3 vYG, v?|Ass? VA3
T° = = — 2+(m “m2)? V2(m2—2) , (8.126b)
0 v, | PlAg]?
V2 (m% m%) (m3—m3)?
0 V2vY
~ 2 ~2
T_4/3% m3—mj 8.126¢
\fv Yaq 1 ? ( )
ms m%

valid up to O(UQ/mLQ). T5/3 is not affected, since the LQ with charge Q = 5/3 does not mix.

Analogously to the isospin coupling ot the Z boson, different LQ generations mix under W
interactions. Without LQ mixing, the interactions with the W boson can be written in terms
of the following matrices

0
V2]

, BYs = (1 0 0) , (8.127)
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arranging the LQ in their charge eigenstates according to Eq.
interaction of LQs with electric charges @ = —4/3 and Q = —1/3, B

8.10). B"1 describes the

W2 the ones with Q = —1/3

and Q = 2/3, B"3 with Q = 5/3 and Q = 2/3. If we include LQ mixing, the matrices expanded

up to (’)(vz/m%Q), then read

PAVES
2v Y3i
W 0 0 - (8.128a)
~ « % . a
V20?2 <A51A§3 +Y*> \/gvAig \/>_ 02| As)? ’
A AR O = o
vAZ Va2 [(AszAj
21 v 21
0 o 2 (mg_mg Ya)
- 2y % 2 2
Wa o | VY5 _ w2 |As] |A55] )
B mI—2 1 5 (m%—mé)f I—m2)? 02 2 , (8.128b)
0 vAZ, G N [Aszs]
mi—m3 V2(m32—m2)?
~ —U2Y~*
BWSN(I — ﬁ2122 O> . (8.128C)
2~y
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8.7.6 44

Besides the penguin diagrams, mediated by the off-shell photon and Z boson, we also have the
box diagrams. The matching results on ¢;7 — KJZE; 0 read

—N,
CV LL _ c |:<1—\L,a*FL,b FL,b* FL,a + FL,a*FL,b FL,b* FL,a >D2 (m%’ m?a ng Mb2)

firr = 9rGr2 u§y T uStiT ugly ugle uSly ™ u§li uf by ugly
Lx* L Lx L Lx* L Lx L 2 2 2 2
+ (Fujﬁfruj-ﬁiruképrukf,- + FujﬁpFUjZiFukaFukﬁ,.)D2 (mka my, M=, M )

L,ax1~L,b (~L,bx ~L, L,axL,b wL,bx 1L, 2 2
+ (Fdef Fdjfirdkfprdka@r + Fdj?p Fdjfirdkffrdk{;r)co (07 Ma ? Mb ) (81298‘)

L,axL,b +L,bx 1 L,a L,axL,b +L,bx —~L,a 2 2
+ (Fd;zf LaceLate, Vace, + Lace, Fd;éirdszrdzfr)co (0, MavMb)] ;

_N
VLR _ c L,axL,b 1R,bxR,a 2 2 2 2
Clin = T5a3 [% G Do Do, Da(mi,m3, M, M)

L,axpL,apRbxRb 2 2 2 2 2
- 2Ft6€f Ftﬂéirtczp Ft%mt Dy (mt y My Ma ) Mb )

+ 0% T (T Tit o Da(mi, m3, M?, M?) (8.129b)

il wily ™ uply ™ uply
L L 1R 1R 2 2 2 2 2
- ZFthFtﬁiFtethérmt Dy (mtvmtvM M )
LaxL,b ~Rbx-R,a 2 12 LyaxL,b ~Rbx-R,a 2 22
+ Fdjff Fdjéirdkfprdkfr CO (07 Ma ) Mb ) + Fd;ff Fd;éirdzZdeiér OO (07 Ma’ Mb ):| )
2
oscr _ —Nem;
fir ™ G4n2

R,axL,b ~R,bxL,a 2 2 2 2
- PMP Ft%vrtcef Pt% Do(mj, mi, Mg, My) (8.129c¢)

R,axL,b wR,bx~L,a 2 2 2 2
[2Ftc£f Ui Uier, Uicl, Do(mi, mi, Mg, My)

R+pL 1R 1L 2 2 52 a2
+FtefrteirtéprterDO(mwmtaM M )j|7

where C}EPR;R, C]Yipﬂ;L and C’ﬁ»ﬁR are obtained by simply exchanging I'" « ',

8.7.7 202v
Here we show the box contributions, induced by the @ = —1/3 and @ = 2/3 LQs. We obtain
for ¢; — €]7yp17r

_N * * *
o A —— [er” rka (era rhkb _ plbpla )Co(mij,Mg,ME)

Crli ™ Gap2 | sty usl \ " dgyp divr dyvp dyvr
Lbx pLya (pL,axpLib LbxLya 2 2 2
+ deefrdkzi (Fujyprujl’r - Fujc.llp]‘—‘uﬁy,ﬁ)co (muj ) Ma ) Mb ):| ) (8130&)
pRpr _ —N, [RY*pRa (pLaxpLd  _ pLbspLa o2 42 pr2
Crli ™ @42 | usls T uils " divp T divr dxvp™ divr O(m'le7 a’ b)
RbxR,a L,ax1L,b L.bx ~L,a 2 2 2
+ Lo, Lage, (Pujuprujur - Tu;upru;w)Co(muj Mg, My )} : (8.130Db)
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Chapter 9

Towards Full m. Dependence of the
O2 Contribution at O(a?) in b — sv

Rare inclusive B decays like B — X7 offer the unique possibility to access potential NP at scales
much higher than currently within direct experimental reach. This is due to the fact that such
processes only occur via loops in the SM. If BSM particles contribute at the same order, assuming
a NP scale that is not orders of magnitude above the EW scale, the contributions stemming from
NP relative to the SM can be expected to be large (see also Sec.[L.4)). In order to constrain such
NP models, precise SM predictions of the branching ratios of such processes are needed. This is
especially true in the light of the recent flavor anomalies, which we have explored in much detail
throughout this thesis. Already at the current level of precision, NP in b — s contained in the
Wilson coefficient C7 is highly constrained to the region —0.01 < CX?(m;) < 0.05 [98]. In this
chapter we compute a subset of three-loop diagrams induced by the operator Oy contributing
to b — sy at O(a?) while retaining the full dependence on the charm mass m.. Such diagrams
have so far only beeen calculated in the limits of m. = 0 [473] and m, > my/2 [474]. These
results were used in Ref. [473] to estimate the contribution at the physical charm mass via
interpolation in m.. The error associated with the interpolation is the largest contribution to
the theory prediction uncertainty after nonperturbative effects.

First, we give an overview of the current status of the theoretical calculations. We then
describe some technical details about our calculation procedure and, as a preparatory step,
present results for the two-loop diagrams shown in Fig. which can be compared to the
literature [475]. In this step, we give the amplitudes up to O(e), where € is the dimensional
regulator, which is needed to obtain O(a?) contributions stemming from counterterm insertions.
Finally, we will present our results for the mentioned subset of diagrams.

9.1 Current Status

The CP- and isospin-averaged measurements of Br[B — Xyv] by CLEO [476], Belle [477,478]
and BaBar [479H482] lead to the combined result of [483]

Br[B — X,y] = (3.43+£0.21 £0.07) x 1074 (9.1)
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UL R

Figure 9.1: The six diagrams My, Ms, Ms,, Msy, My, and My, associated with the operator O, at
O(ay).

for a photon energy of £, > FEy = 1.6 GeV in the decaying meson rest frame. In the SM,
radiative B meson decays can be described by the effective Hamiltonian

H ACry, v 28: Ci(p)O
eff = — 7= VitbVis i )
\/5 =1
O1= (57 PLTc)(cy" PLT"b) Oy = (57, Prc) (cy" Ppb)
O3 = (57, PLb) > (q"q) , Oy = (8, PLT b)Y (3" T"q) ,
q q
Os = (5797 PLb) Y (47" vq) Os = (571 PLT b)Y (G747 T"q)
q q
€ _ - _
Or = 16 [50" (Muy(p) Pr+ms(u) Pr) b By (9.2)
Os = 7955 [50" (1) Pr+ s() PL) T*B] G,

which completes the basis given in Eq. (1.54). The sums in the operators O3-Op run over all
active flavors ¢ = {u, d, s, c,b}. The branching ratio for B — X4y can be written as

Br[B — Xy] = Br[b — Xy] + 6Br[B — X, (9.3)
where Br[b — X, | represents the contribution calculable in perturbation theory and

(5Br[B — X¢7] are nonperturbative contributions. The perturbative part can further be written
as

Br(b = XV|p,>m ~ Y Ci(w)Cj(1)Gij(Eo, 1) (9.4)

]
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where Ej is the energy cut in the photon spectrum and G;; represent the interference contri-
butions associated with the operators O; and O;. Several groups have performed involved and
laborious calculations, leading to the current SM prediction of [484]

Br[B — Xsy|sm = (3.36 +0.23) x 1074 (9.5)

for £y = 1.6 GeV. The individual contributions to the cited uncertainty are of nonperturbative
(£5%), higher-order (+3%), interpolation (£3%) and parametric (£2%) origin. The interpo-
lation uncertainties stem from the Ga7 contribution at O(a?) as mentioned in this chapter’s
introduction. Even though the reduction of nonperturbative uncertainties seems unlikely [485],
the goal of the community is to reduce the remaining uncertainties to a minimum, which is neces-
sary to compete with the planned measurements at Belle II [486]. The completion of the NNLL
calculation is also needed with regards to the strong dependence on the renormalization scheme
of the charm mass at NLL, which is induced due to the fact that the current-current operator Oy
only contributes to the process at O(a;). To date, the NNLO calculation is almost completed.
The matching of the Wilson coefficients has been completed at O(a?) in Refs. [487.488,488], and
the four-loop anomalous dimension matrix allowing for NNLL resummation has been worked
out in Ref. [489]. The contributions to G77 were computed in Refs. [490H493]. Effects of charm
and bottom quark masses in loops on gluon lines were obtained for G77 [494], Grg [495] and
G (1,2)7 [496] and a complete calculation of G'7g is also available [497]. For details on the (N)LO
calculations see e.g. Refs. [484,/493/|498//499]. The challenging calculation of G(1,2)7 with full m,
dependence remains an open task which we will partly address in the following.

9.2 Details about the Calculation

In this section we present the calculation, which we performed fully analytic and hence exact
in me, of the matrix element associated with the operator Oy for b — sy at O(a,) and partially
at O(a?). In the former case we can directly compare our results to the ones obtained as an
expansion in m./m; in Ref. [475]. We denote the contributions by

MNYO = My + My + Msq + Map + Maq + May (9.6)
10
MNNEO =3N"D; (9.7)
i
where MNO is the two-loop result and MNNEO is the result of the subset of diagrams at O(a?)

considered in this work. The diagrams are labeled according to Fig. (two-loop) and Fig.
(three-loop). The consideration of diagrams where the photon is radiated from an external
quark line is not necessary. Since only O7 contributes to b — sy at tree-level, the contribution
of Oy is necessarily proportional to it at any order

62
(57]O2]b) ~ (57|07|b) tree = mbwﬂ(psﬁﬁu(pb) ~ u(ps) (¢PrLmy —2(p-€) Pr)u(py) , (9.8)

where py5) is the b (s) quark momentum and ¢ the photon momentum. Since diagrams with
external photons will be proportional to the Dirac structure ¢ Py, it is sufficient to compute the
contributions proportional to (p - €) Pg in every diagram to retain the full contribution.

Let us now describe the procedure of the calculation. First, we simplified the Dirac algebra
with the algebraic program REDUCE. We then used the Kira program [500] to reduce the scalar
integrals contained in the amplitudes to a set of master integrals (MIs), which allowed us to
formulate a set of differential equations governing the m. dependence of the Mls. In a next
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D1 D2
D3 Dy
Ds Dg

S
D=
=/

Figure 9.2: The ten diagrams D;-Djo associated with the operator Oy at O(a?) considered in this
work.

step, we used the CANONICA package to perform the basis change to a canonical form
(see Sec. . This required the application of a variable change in the differential equations.
In the case of the diagrams where the gluon(s) is (are) exchanged between the s and ¢ quark,
the substitution reads

- = (9.9)
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Results for the Matrix Elements

where z = m2/ mz. For a gluon exchange between the b and ¢ quark, we used

t— 21 24/1 -4
u=_—t =V RE (9.10)
2 — 27 142z
Both variables have the same distinct behavior for extreme values of z
lim z = lim v =0, limz =limu=1. (9.11)

2—00 2—00 z—0 z—0

Having the canonical basis at hand, the main task was to fix the integration constants arising
when iteratively constructing the solution in terms of the Goncharov polylogarithms (GPLs),
see Eq. . Some constants could be fixed right away by calculating the simplest of the
MIs by hand. We fixed the remaining constants using information about the solution in the
asymptotic limit z — oo. This finally allowed us to obtain a fully analytic result for the matrix
elements expressed in terms of GPLs and some irrational constants. A numerical result for the
matrix elements was then easily obtained with the help of the Ginac library [502] which allows
to evaluate the GPLs to arbitrary precision. Finally, to obtain an approximate expression for
the matrix elements in terms of powers and logarithms of z, we also deployed an expansion of
the GPLs around z = 1 and u = 1, corresponding to an expansion around z = 0, as described
in Sec.

While the steps for the two- and three-loop calculations were in principle the same, the
computational challenges increased drastically. In the two-loop case, our problem contained
four MIs (eight in the case where the gluon is exchanged between the b and ¢ quark), which in
the canonical basis had to be calculated over four powers of € in order to obtain a result up to
O(e). In the three-loop case, we encountered up to 44 Mls, which on the other hand had to be
calculated over ten e powers in the canonical basis to obtain a result at O(e?). We expect the
diagrams involving gluons on the b line to be even more involved.

9.3 Results for the Matrix Elements

In this section we present the results of our calculations. The approximate results, obtained
after expanding the GPLs as described above, contain irrational constants and constant GPLs.
To shorten the notation, we evaluated those constants numerically again using the Ginac library.
Our results can be expressed in a compact form

M(D)a= > amnz™L", (9.12)

m,n=0

with numerical coefficients a,,, and L = log(z). Note that we took into account all occurring
powers of L to any given order of z.

Two-Loop Results

For convenience, we directly calculated the sums of the diagrams 3, + 3; and 4, + 4. Our
results read

1 37 1T 5 .
Ml_{?ﬁe+216+18+4_L_(2+mﬂ 919

422 [ <L + (1 - 6.28319i) L + (7.36960 + i) |
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2
+ 23 {3L2 — (1.11111 — 4.18879i) L — (7.20937 + 3.490661’)}
+ e<0.110471 +1.076286i + = [L2 + (4.2645 — 15.7080@')]

5
+2° [LS - (2 - m) L? + (16.6595 — 9.4248i) L + (0.7522 + 36.62932‘)}

2 2
+2%] - SU0+ (3 - 2.09440i> L? — (9.88409 + 2.79253i) L

. Qs me —4e
+(16.4092 — 35.00797)] | ¢ x ~CrQa(s7|01b)iree (u) :

-5 13 1
My =4 2 + =2 111449342 — 6.579742%/2 1 22 [ L? —6L+6 } 9.14
2 {366+216+ z it 2( +> (9.14)

4 L
+ 23 {3 (L2 +or 3.02206)}

+ e( — 0.726892 + 7.69509z + z*/2 [13.1595L + 7.97361]

1 9 19
+ 22 {—QL?’ + ZL2 — ZL — 33.1417]

+ 2572 {293@ - 12.8589)]

4 3L2 61
— (13— = — =L +5.70675

—4e
g m
X CFQd<3’Y’O7‘b>tree X ( b) )
T 1

+ 23

1 1 L3 1
Mz = { LB 7853980 + 2 {6 + (4 + 1.570802‘) L2 (9.15)

— (2.93480 — 1.57080¢)L — (3.37151 — 1.11547@)]

L3 1
+ 22 5 (2 — 1.57080i> L? - (4.43480 + im) L 4 (3.78069 — 3.596921)
17
+ 23 {L 15 iw}

+ e( —1.98323 — 5.89049:

1
+ z[ (4 - 1.57080i) L® + (1.14493 + 3.92699i) L°
— (6.89222 + 0.910654) L — (11.89070 — 3.67302@)}

5
- z2[ (6 - 1.57080i> L? 4 (0.39493 + 4.71239i) L?

— (4.8378 + 15.0478i) L + (29.7761 — 1.77912‘)})}
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—4e
Qg m
x 7CFQU<S’Y|O7‘b>tree X (b) ,
g I

1 7 1 4
M, = { “R +z [—121: —1.96740L — 1.024524} (9.16)
1 L? L
21 713 = -
+z 121: + T3 +4.549051

1
+ 23 [—43L2 +L— 2.21740}
1
+ e< —3.70743 + 2 [—4/:3 +1.233701L% — 10.54612L — 22.5418]

139.478423/2 1 22

1 512
iy = 2.06788L — 5.08920]

4
3.3 3L2
—21.93252%/2 4 ;3 s 2.39583L + 13.55839] ) }

—4e
Ol m
X CFQu<5r7|O7‘b>tree X < b> ,
™ 1%

where «a; is the strong coupling constant, Cr = 4/3 a color factor and Qq(u) the down (up)
quark electric charge. The matrix elements up to O(e%) are in perfect agreement with the ones
obtained in Ref. [475].

Three-Loop Results

We present the three-loop results in the same manner as previously the two-loop results. Here,
the additional color factor C'4 arises. To shorten the notation, we introduced coefficient matrices
Qimn and finy, which are listed in the Appendix Note that in this case we expanded our
results up to z° since the agreement to our exact result was not satisfactory at lower orders of
the expansion.

204 — 5CF
Diy2 = {28863 (9.17)

1
+ — ((0.0438683 —+ 0.06544982')C’A — (0.145959 + 0.163625i)CF
€
5 3
S5 (a2, + Fi2aCr) L)
m=1n=1

+ 0.0540364 — 1.375637)C'r — (0.203523 — 0.413449:7)C 4

a | =

+ 3.34448 — 4.33545:1)Cr — (2.00146 — 0.01972997)C 4

+
(
5 4
e 3 5 e o))
m=1n=1
(

171



Towards Full m, Dependence of the Oy Contribution at O(a?) in b — sy

5 5
£ 303 (i Ca+ ) 1) |
n=1

m=

—

mp

042 —6e
X S5 CeQulsOrlbhues x (T2)
™ [

1
D34 = {62 (0.005095140,4 —0.0412139CF

5 3
+ 3 3 (a5maCa + F5mnCr) sz”)
n=1

m=1

1
_i_f
€

((0.0970453 +0.04802067)C 4 — (0.418501 + 0.388432i)C

5 4
+ 32 " (@30 Ca + fonCr) sz”>
n=1

m=

—_

+ ((0.799133 +0.9146317)C 4 — (1.16206 + 3.94428:)C

5 5
+ Z Z (agmnCA + fi?mnCF) szn> }
m=1n=1
a2 m —6e
X S CrQu(1/Onfbhme x (2]
m ©

5CEr — 2C4
Ds+6 = { 288¢3

1
+ = ((0.249673 + 0.163625i)Cr — (0.101047 + 0.0654498i)C 4
€

5 3
F0S (432,00 + Fi2.Cr) zmm)

m=1n=1

1
+ - ((1.04676 + 2.353114)CF — (0.353214 + 0.952343i)C 4
€
5 4
+ 3" (a5maCa + fomaCr) ZmL")
m=1n=1
+ ((1.68832 —5.266857)Cr — (1.2017 — 14.71024)C'4

5 5
F303 (i + FCr) zmm)}
n=1

m=1

042 m —6e
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m 7

Ca
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1
+ = ((—0.0078125 - 0.00545415i)C’A>

1
+ p (0.0241312CF — (0.032069 + 0.07363117)C4

5 4
+Y > a;}mCAz’”L">

m=1n=1

+ ((0.153411 +0.227431i)CF + (0.0504689 — 0.463735:)C' 4

5 5
+ Z Z (agmnCA =+ f?mnCF) Zan) }
m=1n=1

a2 m —6e
X %CFQd<37’O7‘b>tree X <b> y
™ I

17Cy
Dyy10 = { T 179863 (9.21)

1
+ 5 <0.00694444CF — (0.0752315 + 0.09272061')CA>
€

1
+ - ((0.0706534 —0.709043)C'4 + (0.0267947 + 0.0654498:)C'

€
5 4
+2 > (ag_nlch + f9_ﬂinCF> 2mL”>
m=1n=1

+ [ (2.07777 — 2.07946i)C4 — (0.310375 — 0.2525347)C'p

/N

5 5
+ Z Z (agmnCA =+ fE())mnCF> szn> }
n=1

m=1

042 m —6e
% 5 CpQa(59] 01 |bisee X <b> |
m 7

9.4 Appendix

Here we list the coefficient matrices ajpm, and fimn, encoded in our results explicitly. Note that
the coefficients are in principle available to arbitrary precision.

—0.125 + 0.19635¢ 0.03125 0
—0.0831085 — 0.883573¢  —0.140625 + 0.0981748: 0.0104167
al_fm = —0.138889 + 0.1309¢ 0.0208333 0 , (9.22)
—0.0651042 + 0.0981748: 0.015625 0
—0.0611111 4 0.1309: 0.0208333 0
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0.125 — 0.785398i —0.125 0
0.894934 +2.35619;  0.375 — 0.392699i —0.0416667
2 =1 0.305556 — 0.523599i —0.0833333 0 : (9.23)
0.0729167 — 0.392699i —0.0625 0
—0.00555556 — 0.523599i  —0.0833333 0
—1.90308 — 0.785398i 0.0625 —0.03125 0
0.138377 + 1.82692i  0.621042 +2.79798;  0.4375 — 0.261799 —0.0286458
apl, = | —6.74501 —16.4715i  —2.41319 + 2.94524i 0.291667 0 ,
—4.00269 + 2.81434i  0.545573 + 0.245437i 0.0104167 0
—3.35865 4 2.40637i  0.474653 + 0.327249i 0.0138889 0
(9.24)
6.71795 + 4.77501i  1.39493 + 0.392699i  0.166667 — 0.261799;  —0.0208333
~10.1678 — 11.3271i  —3.5564 — 4.61421i  —0.864583 + 0.916298;  0.104167
ol =1 324592 +53.7125i  8.09028 — 11.781 —1.16667 0 :
11.8572 — 14.1917i  —2.36806 — 0.490874i 0.0104167 0
7.8209 —10.4982i  —1.6625 — 0.654498i 0.0138889 0
(9.25)
0.586291 — 5.602367 1.65456 + 0.785398¢  0.0208333 — 0.19635¢ 0.0078125 0
—9.00333 — 9.97666¢  —5.86453 + 12.1779¢ 0.739608 — 2.97536¢  —0.564897 + 0.3027067 0.0364583
a?mn = 88.2687 — 0.5092047 —0.655595 — 3.56227¢ 2.03523 — 2.683441 —0.432292 0
—36.2101 — 53.9965:  —3.51506 + 7.69036¢  0.270399 — 0.343612¢ —0.0351563 0
—49.106 — 19.273;  0.736926 + 7.23003;  0.292477 — 0.458149i —0.046875 0
(9.26)
—2.92857 + 19.2604¢ —2.89921 — 1.488287  —1.55285 — 0.916298: —0.197917 + 0.392699¢ 0.0375
34.7211 4 1.01355:¢ 16.7987 — 27.6265¢ 0.350983 + 5.25306% 1.06646 — 1.01447¢ —0.127083
ffmn = —284.672 + 34.5018; —1.6631 4 10.0603% —7.02285 + 11.1265¢ 1.76042 0
148.011 + 172.287¢ 12.1019 — 26.15277 —0.406829 + 0.7853984 0.0546875 0
170.688 + 42.62317 —1.65786 — 23.66241 —0.848148 4 1.0472: 0.0729167 0
(9.27)
0.125 + 0.19635i 0.03125 0
—0.458109 — 0.0981748; —0.015625 + 0.0981748 0.0104167
az’, = | 0.0277778 + 0.1309i 0.0208333 0 : (9.28)
0.0598958 + 0.0981748i 0.015625 0
0.105556 + 0.1309i 0.0208333 0
—0.5 — 0.785398i —0.125 0
1.83243 +0.392699i  0.0625 — 0.392699i —0.0416667
fa2 = —0.111111 — 0.523599i —0.0833333 0 , (9.29)
—0.239583 — 0.392699i —0.0625 0
—0.422222 — 0.523599i —0.0833333 0
—2.40518 4 0.557736i  —0.509967 + 0.392699i  0.0104167 +0.1309i  0.0104167
347161 —3.38703;  0.250909 — 0.343612i  —0.0208333 — 0.220074i —0.0260417
azl, = | —7.03021+1.63625  0.21875 4 0.981748i 0.0833333 0 :
—0.0748058 + 2.86616i  0.366319 — 0.0490874i —0.0208333 0
0.47593 +3.16777i  0.345833 — 0.0654498i —0.0277778 0
(9.30)
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5.93809 — 4.25707i  0.894934 — 0.785398i 0.0416667 — 0.261799i —0.0208333
—12.6171 4 5.23881i  —3.14857 + 1.37445i  0.0833333 + 1.1781 0.125
f3_711n = 28.0375 — 4.97419:¢ —0.625 — 3.92699: —0.333333 0 ,
0.722834 — 10.592:  —1.32639 + 0.19635: 0.0833333 0
—1.1308 — 11.6021z —1.21319 + 0.261799: 0.111111 0
(9.31)
—2.62273 — 1.5548;  0.173252 — 0.2532657 0.483095 — 0.0654498;  —0.0130208 — 0.196357 —0.01875
8.75567 — 0.999793¢  —1.65725 + 4.12201% 0.220719 — 0.3462217¢ —0.0119264 + 0.261799: 0.0322917
agmn = —19.371 — 12.6559:¢ 9.55915 + 2.686531 0.134838 — 2.48709¢ —0.260417 — 0.0163625¢ —0.00104167 s
—17.9008 + 7.687617 —0.309202 — 2.653457 —0.647859 + 0.474511% 0.0533854 0
—14.2314 + 18.3841 1.04685 — 2.471554% —0.608073 + 0.3054331 0.0451389 0
(9.32)
12.0371 — 3.459547  —2.46812 + 2.077337 —0.674523 + 0.523599: 0.0104167 + 0.392699: 0.0375
—8.69495 4 9.454691 8.79664 — 2.8529: 3.32564 4 0.365193¢ —0.0334389 — 1.58716¢ —0.176042
fgmn = 42.8319 +48.92217  —32.5338 — 2.03444¢ 0.180674 4 8.086691 0.893519 + 0.0545415¢ 0.00347222 s
67.871 — 24.3428; 0.594441 + 8.57121% 2.23582 — 1.5708: —0.1875 0
56.0738 — 59.36541 —3.77677 + 7.81423 2.0423 — 1.003564 —0.163194 0
(9.33)
—0.392699i —0.0625 0
0.541217 +0.981748;  0.15625 — 0.19635; —0.0208333
az2 =] 0.111111 — 0.261799i —0.0416667 0 : (9.34)
0.00520833 — 0.19635i —0.03125 0
—0.0444444 — 0.261799i —0.0416667 0
0.375 + 1.5708i 0.25 0
—2.72737 — 2.74889i  —0.4375 + 0.785398i 0.0833333
2 = | —0.194444 + 1.0472i 0.166667 0 , (9.35)
0.166667 + 0.785398i 0.125 0
0.427778 + 1.0472i 0.166667 0
1 +0.785398i 0.145833 0
—5.1927 — 4.16534i  —2.19442 — 1.66897;  —0.333333 4 0.621774i 0.0651042
agl = 14.2336 +15.6207i  2.31944 — 3.92699; —0.375 0 :
456707 — 5.24417i  —0.842448 — 0.19635i 0.0104167 0
3.60946 — 5.03964i —0.735417 — 0.261799; 0.0138889 0
(9.36)
—10.4558 — 1.69605i —2.47737 — 0.785398i —0.333333 + 0.523599i  0.0416667
26.111 + 8.4445i  7.07997 + 2.06167i 0.65625 —2.0944i  —0.229167
Sl — | —61.2467 —48.7383i  —7.46528 + 15.708i 1.5 0 ,
—12.9967 + 24.7837i  3.69444 + 0.294524i —0.09375 0
—7.20051 + 22.1002i  2.87569 + 0.392699i —0.125 0
(9.37)
—4.06365 + 0.2874617 —3.71603 + 3.84447:; 0.682067 — 0.261799: —0.130208 — 0.0654498: —0.00416667
25.1275 — 20.6835¢ 4.44577 — 14.0329¢ 0.328536 + 1.88167¢ 0.39974 — 0.6954051¢ —0.0833333
A5 = —b7.4362 + 58.15767  —4.72635 — 8.64175% —3.3049 + 5.90139¢ 0.750868 + 0.0163625% 0.00104167 s
55.3826 + 21.47331 —4.15271 — 5.49233¢ 0.259693 + 0.9162983 0.0651042 0
63.0421 + 29.5963: 3.75148 — 5.13345¢  0.190741 — 0.501782% —0.0503472 0
(9.38)
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7.61581 — 31.9124¢ 4.025 — 11.0582% 0.755745 4 1.309: 0.354167 — 0.654498¢ —0.0666667
—20.2979 + 96.5113¢  —17.6377 + 33.05467 —1.58512 — 1.96349: —0.648438 + 2.07803:¢ 0.269792
fgmn = 144.62 — 285.148% 5.75246 4 29.3679: 10.8098 — 20.0204:  —2.71817 — 0.0545415¢ —0.00347222
—208.708 4 69.8459¢ 43.976 + 12.0788: —2.41291 — 6.02139¢ —0.408854 0
—202.565 — 142.899: —36.4801 + 9.22952¢ —1.89641 + 5.45415¢ 0.527778 0
(9.39)
—0.0443832 0 0 0
0.599504 + 0.956145 0.152175 0 0
azl =] —2.18369 —1.39626i  —0.222222 + 0.523599; 0.0555556 0 | , (9.40)
—0.0868056 + 0.785398i 0.125 0 0
0.178125 + 0.523599i 0.0833333 0 0
~0.196903 0.0665749 0 0 0
—3.79152 4+ 0.92215¢ —0.752492 4 0.5193321¢ —0.0970723 0 0
agmn = 8.18238 — 1.52317:¢ 0.154474 — 1.32061:  0.082101 — 0.13097 —0.0520833 0 ,
—6.73632 — 3.2597Ti  —0.3886 + 0.981748i ~0.0208333 0 0
—4.72912 + 1.86718i  0.0209841 + 0.368155;  —0.0442708 0 0
(9.41)
—0.57954 4 1.192524 0.189795 0 0 0
—1.86758 — 7.93934i  0.586965 + 0.500821i  0.0531387 — 0.580049i —0.046875 0
£ =1 378214 4578728 1.675 — 0922478 —0.097878 — 0.239983i —0.0190972 0
14128 — 1.21173i  —0.192853 — 0.490874i —0.0520833 0 0
0.136517 — 1.4353¢ —0.228435 — 0.0818123: —0.00868056 0 0
(9.42)
—0.4375 0 00
0.198715 — 3.19851i  —0.509058 0 0
agl, = | —0.576689 +2.61799; 0.416667 0 0 | , (9.43)
0.697917 0 00
0.500463 0 00
0.75 0 0 0
—0.75+4.7123%  0.75 0 0
forl = | 0.833333 —3.14159i —0.5 0 0 | , (9.44)
—0.75 0 0 0
—0.5 0 0 0
—0.790823 — 1.88819i 0.355736 0 0 0
21.8428 — 9.06134i  —1.74023 — 0.772597i 0.427083 0 0
ad,.. = | —31.3912-840017i  1.58427 + 50458  0.118709 — 0.654498i —0.0520833 0 | ,
0.63742 +23.1565i  2.6386 — 4.51604i —0.479167 0 0
14.2629 + 7.03331: 0.368692 — 3.50157% —0.371528 0 0
(9.45)
1.75712 + 2.35619i ~0.75 0 0 0
—25.2637 + 23.5864i  3.02834 — 1.79275i  —0.940217 + 0.580049i  0.046875 0
fgmn = 21.9485 — 5.32201¢  —2.85095 — 0.5501447  0.441628 + 0.239983¢ 0.0190972 0
—7.86975 — 15.318:  —1.31293 + 3.04342¢ 0.322917 0 0
—12.2499 — 4.25566i  0.072691 + 2.78162 0.295139 0 0
(9.46)
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Chapter 10

Complete Bremsstrahlung
Corrections to the Oy — Or
Interference Contribution for

B — Xgvy

We have encountered FCNCs many times during this thesis and have emphasized the necessity
for precise SM predictions of the single radiative decay B — X7 in the previous chapter. Even
though its branching ratio is much larger than the one of the double radiative decay B — X7,
the latter has some distinct advantages. The current-current operators Oy o already contribute
at LO to this process, leading to interesting interference patterns with the dipole operator O7.
Therefore, potential NP contributions to Qs should be clearly visible not only at the level of
the branching ratio but also in the (double) differential decay width. A precise determination
of Br[B — X,7y7] is also desirable with regards to the planned experiments at Belle IT [486,(503].
In this chapter, we calculate bremsstrahlung corrections to the Oy — Oz interference con-
tribution@ associated with the double differential decay with dI'/dsdss of this process, where
si = (pp — qi)? /mg Here, pp corresponds to the momentum of the b quark and ¢; are the
momenta of the individual photons. We will first give an overview of the current status of the
calculation, proceed with some details about our calculation and then present our results.

10.1 Current Status

The LL results for the branching ratio of B — X4y have been known for a long time [504-507]
and are summarized in Ref. [508]. Concerning NLL contributions, the numerically dominant
self-interference contribution of the dipole operator O7; has been worked out in Refs. [509,
510] in a certain approximation and was completed in Ref. [508]. The self-interference of the
chromomagnetic dipole operator Og was computed in Ref. [511]. A relevant contribution that
has not yet been calculated is the Oy — Oy interference contribution at O(ay), which is the task
of this chapter. One of the main challenges of this endeavor is the treatment of singularities
stemming from collinear photon or gluon emissions. In principle this requires nonperturbative
methods such as fragmentation functions, which however suffer from experimental uncertainties.
Therefore, following the argumentation of Refs. [508,/510,/512], we will use the strange quark
mass mg as a regulator and interpret it to be a constituent mass and vary it in the typical range

36Even though not explicitly mentioned in this chapter, we also include the ©@; — Q7 interference contribution
in our numerical analysis, which can be obtained from the Oz — O7 contribution in a straightforward manner.
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Figure 10.1: Diagrams associated with the operator Oy and O; contributing to b — sy~vg. Diagrams
not shown explicitly here are obtained by an exchange of the photon momenta.

PO
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Figure 10.2: Diagrams associated with the operator @5 and @7 contributing to b — syvyg. Interfer-
ences among these diagrams give rise to the IR singularities. Diagrams not shown explicitly here are
obtained by an exchange of the photon momenta.

of 400-600 MeV [513]. This method has been employed previously [508,[510-512,514] and is
expected to give comparable results as the one using fragmentation functions.

10.2 Theoretical Framework and Calculation

The b — sy transitions can be described by the same effective Hamiltonian as b — sv, given
in Eq. . In the previous chapter we saw that the Wilson coefficients for a NLL calculation
are available to sufficient precision. This is not true for the matrix elements (syv|O;|b) and
(s7v9|O;|b) which to NLL precision have so far only been worked out for the self-interference
contributions of O7 and Og. In this work we focus on the four particle final state b — syvyg,
i.e. on bremsstrahlung corrections to b — svyy. To be more precise, we want to work out
its contribution to the double differential decay width dI'/dsidsy of the branching ratio of
B — X,vv, where

2 2
P —q1 Db — Q2
gz o e (10.1)
mb mb
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Theoretical Framework and Calculation

: ;
U S S

Figure 10.3: Virtual corrections associated with the operator O7; and Os. These diagrams in addition
to counterterm insertions cancel the IR singularities. Diagrams not shown explicitly here are obtained
by an exchange of the photon momenta.

with pp being the b quark momentum and ¢; the momenta of the photons. Furthermore we
write the normalized total squared hadronic mass as

2
sy = (ps +2k) , (10.2)
my,
where ps; and k are the momenta of the strange quark and the gluon, respectively. Writing
T4 = m? /m% we see that s; > x4 > 0 which avoids collinear singularities for the photons and
the gluon.

In total there are 18 diagrams associated with the operator Oy and 12 diagrams associ-
ated with O7 that contribute to b — svyvyg, leading to a total of 196 interference terms, see
Figs. and The infrared singularities arise from interference terms of diagrams where
the gluon is radiated from an external leg as depicted in Fig. Note that interferences with
only one radiation from an external leg are IR finite. We write the bremsstrahlung corrections
to the double differential spectrum as

arys dri, | dogl,
dSldSQ a d81d82 dsldSQ ’

(10.3)

where dF?i’fgw /dsidss contains the IR singularities. We worked this part out analytically, using
the soft gluon approximation described in Sec. and obtain

127 _ Y a7
d51d52 d51d82

ff LO
drt . drid,

(Ill(/'l’7w7 6) + 122(M7w7 6) - 2112(/"7‘*)7 6)) ’ (104)

where df%&)? /ds1dss is the leading order contribution of the O 2 —O7 interference contribution
whose analytical form can be found e.g. in Ref. [508]. After the application of the approximation,
the gluon is excluded from the phase space and the soft function is automatically in double dif-
ferential form. The functions I(u,w,e) explicitly contain the 1/ejg poles and are given in
Appendix One easily verifies that the IR singularities are canceled by the UV divergences
arising from the virtual corrections depicted in Fig. and counterterm insertions on the LO
contribution. In the soft gluon approximation, a cut is applied on the gluon momentum, which
we restrict to be smaller than some energy w, i.e. |k| < w. The finite part of the soft expression
is dependent on this cutoff, which also appears in the hard part. There, the gluon energy is
required to be larger than this cutoff, i.e. |k| > w and therefore, IR singularities are avoided. In
principle, one only needs to apply this cutoff to the interferences that are susceptible to those IR
divergences. For computational convenience however, we applied this cutoff to all interferences
and made sure that our numerical simulation remained unchanged for different small values
of w. This also ensures the validity of the soft gluon approximation. Concerning the hard
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contribution, we used the phase space formulas derived in Ref. [515] and adopted to our case
in Ref. [508|, which we give explicitly in the Appendix m In that way the phase space is
described by five dimensionless variables (including s1, so and s3), three of which we integrated
numerically to obtain the double differential spectrum. We used the CUBA library [516] for the
Monte-Carlo integration of the phase space and the Fortran library Collier [517] to numerically
calculate the one-loop integrals, where we also did some crosschecks with LoopTools [518]. Our
results for the bremsstrahlung corrections only are shown in Fig. for different values of
the renormalization scale p and the constituent mass ms. The results contain the complete
bremsstrahlung corrections as defined in Egs. (10.3) and (10.4) where we only removed the
IR singularities, since these will eventually cancel once virtual corrections are also taken into
account. We find a sizable m; dependence in the region where the contribution is the largest.
The effects on the complete double differential spectrum are shown in Fig. and the relative
effect is shown in Fig. While the effect of the bremsstrahlung corrections calculated in this
work are small for y = my,/2, this changes for larger values of i, where the corrections reach up
to 15% in a certain region of the spectrum. We emphasize that while our calculations without
the inclusion of O(ay) virtual corrections are not very meaningful by themselves, the large
relative effect of the bremsstrahlung contributions on the complete double differential spectrum
should provide enough argumentation for the necessity of a completion of the NLL calculation.

0.05
000l ]

-0.05F ]

-0,10; :
ms = 600MeV

ms = 500MeV ]
ms = 400MeV ]

e =02 ms; = 600MeV |
061 ;:—m'b ms = 500MeV ]
ms = 400MeV

=08bL e e
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

52 52

-015) 53 =0.2

—020f

dr?;e;;; /ds1dsz (10 ~29GeV)
drl(”lrg); /ds1 dsa (10 ~29GeV)

ms = 600MeV

ms = 500MeV ]
ms = 400MeV ]

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

drylregg /ds1 dsy (10 ~29GeV)

Figure 10.4: Overall contribution of the O(«;) bremsstrahlung corrections for the Oy 5 — O7 interfer-
ence contribution to the double differential spectrum dI'[B — X,y7]/dsidss for different values of the
constituent mass m, and renormalization scale p for s; fixed at s; = 0.2. The points are exact data
points while the lines are interpolated functions.
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s1= 02 &u=m,

mg =500MeV ms =500MeV

dI'NEL /dsy dsy (10 ~20GeV)

dI'NEL /dsy dsy (10 ~20GeV)

my =400 MeV | D) my =400 MeV
2f my= 600MeV | my= 600MeV |
0 . . 0 - . . .
0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
52 S9

s1= 02 &u=2m,,

dI'NEL /dsy dsy (10 ~20GeV)

FN mg =500MeV
[ mg =400 MeV
20 ]
r my= 600 MeV
0 " " L L
0.2 0.4 0.6 0.8 1.0

52
Figure 10.5: NLL spectrum for exact ms based on all operator contributions available. The colored
lines are taken from Ref. [508] and do not include the corrections calculated in this work; the black crosses

represent the complete double differential spectrum when our bremsstrahlung corrections are added. For
simplicity, we only show the data points for ms = 500 MeV.

10.3 Appendix

Soft Functions

The analytic form of the functions introduced in Eq. reads
1 1 4w? p? 2 —p
IhWw=—F+4+-—1 — =1 = z
H 472e + 472 [Og < 2 ) * Ds ©8 (]32 + s
1 1 4uw?
Ipo=——F++— |1 = ]1-2
22 47T26+47T2 l0g<u2> ] ’

1 (1 0 _ 402 0 _ 2 2
Ly = | -log pg Ps) log % log p(s] Ps) 4Ly (Ps 0) — Liy < Ps 0)
8w \ € Py + s ] Py + s Ds — Py Ps + Dy

(10.5)

I

where ps = |ps| with ps the three-momentum of the strange quark and p? is its energy. In the
rest frame of the b quark, we can write

m
P=F s+ s) (10.6)

and as usual p, = \/p0? — m2.
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Figure 10.6: Relative effect of the bremsstrahlung corrections calculated in this work on the complete
NLL double differential spectrum in % for s; fixed at s; = 0.2 and m, = 500 MeV for different values
of the renormalization scale u. The data points are exact values while the lines represent interpolated
functions.

Phase Space Formula for the Four Particle Final State

The differential decay width I of a particle with mass M decaying into n final states can always
be written as

Ty
dl' = — |M|* D®(1 — 10.7
o M Dol = ) | (10.7)

where W2 is the squared matrix element, summed and averaged over spins and colors of the
initial and final state particles and m is the mass of the decaying particle. Derived in Ref. [515]
and adopted to our case in Ref. [508], the four particle phase space can be written in terms of
five dimensionless quantities A; which all run independently in the interval [0, 1]

22d_7F d—2
(d— 3)F(Ez . 3))2 (1= T (1= A1 = A2)A]
245 - _ 2-¢ (10.8)
X A1 A (1 —xq) + 24) (A A2(1 — 24) + 24)]

d—4

X [(1—=A3)A3(1 — Ag)Aq] 2 [(1— )\5))\5]% dA1 dAa dAsdAyd)s

dD(1 — 4) =(47) 2" 348

where x4 = m42/my? and d = 4 — 2¢. All scalar products in our application can be expressed in
terms of the variables s;; = (p; —i—pj)?/mg and sij, = (pi +pj —i—pk)?/mg with p1 = q1, p2 = g9,
p3 = k and py = ps, which relates to the variables s1, so and s3 of the main text as so34 = s1,
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5134 = s2 and s34 = s3. The parameters \; are related to s;; and s;;; via

5234 = M(1 —24) + 14 ,
S34 = )\1)\2(1 — .734) + T4 ,
)\12(1 — )\2))\2)\4(1 — 1'4)2
$93 = ’
)\1)\2(1 — $4) + x4 (109)
A1 = z4) P21 — (1= A)A3(L — 24)) + A3(1 — M) (1 — z4)] + 24
)\1(1 — $4) —+ x4

5134 =

)

s13 = (sfy — s73) A5 + 573,

where
+ (1 - )\1))\1)\2(1 - 1‘4)2
= 1—X3)(1— Xg) + AgA
L W W TE W) VTR v vy {334 [( 3)( 1) + A3\
+ (1 — 334))\1 [/\2(1 — )\3)(1 — )\4) + )\3/\4] (10'10)

T 2\/(1 — Ag)/\3(1 — )\4)A4(/\1 + T4 — /\1x4)()\1)\2 + x4 — )\1)\2%4)} .
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